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PREFACE 

 

Distinguished BalkanLight’2024 participants, 

We are very pleased to be able to hold our eighth BalkanLight organization in Istanbul this 

year, after having to pause it for a while due to the pandemic. 

The BalkanLight Conference, known as the leading international event in the field of lighting 

and to be repeated every three years, has previously been hosted by the Balkan countries in 

the years and cities listed below. 

1999 - Varna, Bulgaria 

2002 - İstanbul, Türkiye

2005 - Cluj-Napoca, Romania 

2008 - Ljubljana, Slovenia 

2012 - Belgrade, Serbia 

2015 - Athens, Greece 

2018 - Sofia, Bulgaria & Varna, Bulgaria 

We  give  great  importance to the  continuity  of  this  organization,  which  shares  technological 

knowledge and experiences with the aim of developing cooperation between academia and 

industry, primarily in the Balkan countries but also in terms of vision, within the scope of all 

countries. Our aim is to ensure that the organization is adopted by all Balkan countries, and 

that it grows and expands, especially with the voluntary participation of our young colleagues. 

Hence, while organizing this conference, which we have hosted for the second time as Turkish 

National Committee on Illumination (ATMK), our primary goal has been to increase the number 

of participating countries. We consider the fact that the BalkanLight’2024 conference, which 

includes  nine  Balkan  countries,  namely  Bulgaria,  Bosnia-Herzegovina,  Croatia, 

North Macedonia, Romania, Serbia, Slovenia, Türkiye and Greece, is held with participation

from 17 countries from different continents as a measure of success. 

The BalkanLight’2024 conference program, which has been determined on the basis of the 

theme  “Future  of  Lighting:  Efficient  and  Intelligent”,  includes  research  on  energy  efficiency, 

digitalization technologies, control techniques, human-centered lighting, as well as studies on 

the illumination of Balkan cities, historical artifacts and structures where the cultural heritage 

is rich and common. 

As  a  result  of  two-stage  referee  evaluation  carried  out,  abstract  and  full  text,  43  papers, 

including 22 oral, 12 presented poster and 9 poster, were deemed worthy for the presentation 

at the conference and were included in this proceedings book. I hope that this proceedings 

book will be a valuable resource for your studies and research and will inspire innovative ideas 

for the future. 

I would like to extend my sincere gratitude to all authors for their excellent contributions and 

for shairing their expertise. A special thanks go to members of the Board, Advisory Board and 

Paper  Committee  whose  dedication  and  meticulous  work  have  been  instrumental  in 

maintaining the high academic standards of this conference.  

Finally,  on  behalf  of  the  BalkanLight’2024  Organizing  Committee,  I  would  like  to  thank  our 

ATMK board members who were with us throughout the event, our sponsors for their valuable 

support, and our Congress Secretariat for their devoted and enthusiastic work. 

Warm regards, 
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Sermin Onaygil, Prof. Dr.,  

Chairperson, BalkanLight'2024 
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Abstract

İstanbul Textile Traders’ Market is a building complex that is one of the first significant examples of

modern architecture in Turkey designed by the architects Doğan Tekeli, Sami Sisa, and Metin

Hepgüler in 1960 in Fatih, İstanbul. In time, the building has faced some changes in terms of

architecture due to changing needs and functions, and the building has lost its former character.

Today, the functionality of the building has decreased even more. However, it has great potential as a

public space that can serve local people, students, and tourists thanks to its architecture and important

location related to the Golden Horn, university campuses, and historical and touristic places. The

paper aims to understand the role of lighting in bringing the building back to the public by offering

punctual interventions as a consequence of analyzing the current situation and needs of the building

and its users.

Keywords: urban design, urban acupuncture, urban intervention, intervention by lighting, urban

acupuncture by lighting, urban lighting design, sustainability

1 Introduction

Urban acupuncture is an urban design theory inspired by traditional Chinese medicine's acupuncture

principles, focusing on alleviating stress by targeting specific points (Casagrande, 2015). This theory

applies to urban environments by implementing small, targeted interventions to address specific

issues and relieve stress in the built environment. Key figures such as Manuel De Sol Morales, Jaime

Lerner, and Marco Casagrande have contributed to its development. Morales emphasizes that the size

of an intervention does not determine its impact; small interventions can have significant effects if the

site is chosen correctly. Lerner highlights the importance of interactions created by interventions,

which can involve music, sounds, scents, colors, and light (Lerner, 2014). Casagrande focuses on the

relationship between nature and human activity, believing that well-planned interventions can lead to

sustainable cities. Despite differing methods, these thinkers agree on the importance of precise

solutions for specific problems, which requires understanding the current situation and future potential

of space. This paper suggests that lighting design can serve as a form of urban acupuncture, offering

sustainable changes to urban spaces using these methods.

2   İstanbul Textile Traders’ Market

The building and the site were chosen to explore the potential of lighting design as acupuncture

because of the changes it has undergone since its construction and its potential in public space today.

To understand this change and its potential, it is important to understand the history and present of the

building.

2.1 History and Architecture

In the 19th century, Istanbul maintained its architectural identity despite challenges like fires and

earthquakes. However, significant changes occurred later with modern avenues and buildings (Benli,

Güner, 2017, p.131). Urban planners Henri Prost and Luigi Piccinato were invited to modernize the

city, leading to the creation of Atatürk Boulevard in 1941, connecting the Zeyrek and Süleymaniye

districts, now a UNESCO World Heritage Site.

Istanbul Textile Traders’ Cooperative needed a larger area for expansion and planned a complex near

Atatürk Boulevard, between the Aqueduct of Valens and the Golden Horn. Istanbul Municipality

approved the plan, requiring an urban design competition led by Luigi Piccinato and an architectural

project competition (Tekeli, Mimarlık Zor Sanat, p.162). The design aimed to preserve the historical

texture of the area, including the Süleymaniye Complex and the Aqueduct of Valens. Architects Doğan

 

1

BalkanLight'2024 Proceedings

 

Tekeli, Sami Sisa, and Metin Hepgüler won the architectural project competition for the Istanbul Traders’ Market, which included over 1,100 shops and other facilities (Isikkaya, 2013).

The architects blended the new architecture with the historical context, drawing inspiration from traditional Turkish-Islamic bazaar architecture (Kızılkayak, 2009). They designed the complex as an open system with continuous circulation, respecting the relationship with the neighborhood and topography. The design balanced voids and masses to allow views of historical buildings and featured contemporary Turkish artworks at the entrances, integrating art with architecture.

[image: ]

 

Figure 1 – Site Section, Sketch of the Architects

The complex served as a transitional space between the existing neighborhood and Atatürk Boulevard, bridging “old” and “new.” This approach summarized the design concept of learning from history while creating a modern style.

2.2 Change of İstanbul Textile Traders’ Market

Turkey’s first modern shopping complex, designed for traders, opened in 1967. Initially quiet, the market gained more visitors after velvet drapers moved in around 1970 (Benli, Güner, 2017, p.131) and became successful in 1985 with sewing machine importers (Kızılkayak, 2009). In the 1980s, record dealers transformed the market into a music hub, attracting music lovers from all over Turkey (Ergin, 2020) and evolving into both a music and textile bazaar.

In 2005, plans to demolish the building for residential development were opposed by architects and NGOs (UCTEA Chamber of Architects, İstanbul Metropolitan Branch, 2008), leading to a 2008 State Council ruling that recognized its cultural heritage value (Benli, Güner, 2017, p.150). Over the years, new shopping centers and technology reduced its role as a drapers' and music bazaar.

Although it lost its appeal over the years, various initiatives, and institutions like İMÇ5533, MÇPS (Manifaturacılar Çarşısı Plakçılık Sunar) recognizing the bazaar's value have tried to revive it. Hou Hanru, curator of the 2007 Istanbul Design Biennale, included the Traders’ Market as an exhibition space, describing it as a microcosm of Istanbul and a reflection of Turkey’s modernization and diversity (Hanru, 2007, p. 55). These initiatives are crucial for revitalizing the bazaar, making it visible in the artistic and public spheres despite its diminished original identity and user base. The market's location also holds potential for touristic, economic, and educational connections. By addressing its problems and needs, the building can be brought back to life.

3 Lighting Design as an Urban Acupuncture in Today’s Textile Traders’ Market

Originally, the İstanbul Textile Traders’ Market served as a critical link between the modern and historic urban textures of İstanbul. Its design was intended to facilitate the seamless integration of public and commercial spaces, making it a transitional zone that connected the past and the present. However, the current state of the building, marked by structural alterations and underutilized spaces, calls for targeted interventions to restore its vitality.

Lighting design offers a powerful tool to achieve this revitalization. It is possible to enhance the market’s functionality, highlight its architectural features, re-establish its connection with the surrounding urban environment and transform the market into a more inviting and engaging public space by focusing on strategic lighting interventions that address key issues such as visibility, safety, use, and the overall aesthetic experience.
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The following analysis explores how lighting design can be leveraged to activate underutilized areas,

improve the pedestrian experience, and emphasize the historical and cultural significance of the

İstanbul Textile Traders’ Market, ensuring its relevance in the contemporary urban landscape.

 

3.1 Analysis

[image: ]

 

Figure 2 – Site Analysis

Any intervention applied to the İstanbul Textile Traders’ Market, which connects the urban textures of

Süleymaniye and Zeyrek, can influence the strength of these connections, functioning as urban

acupuncture. Viewing the building not as a boundary but as a transitional space can reveal its potential

relationships with local users and public space.

The building, stretching almost 1 km parallel to the boulevard, directly links the Süleymaniye and

Zeyrek neighborhoods. It serves as a transit space on a route from the Grand Bazaar to Balat,

functioning like an open-air museum. This area features heritage sites such as the Aqueduct of

Valens, Saraçhane Archaeological Park, Süleymaniye Complex, Zeyrek Mosque, Şepsefa Mosque,

and SSK Zeyrek Complex, representing the Byzantine, Ottoman, and Republic periods.

The area also includes educational institutions like İstanbul University, Kadir Has University, Medipol

University, and the İstanbul Metropolitan Municipality Theatre, integrating the market into the city's

cultural and educational fabric.

[image: ]

3.1.1 Images of the City

 

Figure 3 – Elements of the Site

Urban planner Kevin Lynch identifies five elements that define a city's identity and visibility: districts,

paths, edges, nodes, and landmarks (Lynch, 1960, p.46). Analyzing the İstanbul Textile Traders’

Market using these elements reveals its role as a transitional space between the Süleymaniye and

Zeyrek districts. It acts as a district that connects these areas, with pedestrian roads and decks within

the bazaar serving as paths. The area between the complex and Atatürk Boulevard functions as an

edge, while nodes include entrance areas, courtyards, and spaces around the Şepsefa Hatun

Mosque. Landmarks such as the Şepsefa Hatun Mosque and artworks within the building enhance its

identity. To use these elements as urban acupuncture points, their social meanings and connections

should be examined. For example, nodes like the cemetery and mosque area do not function as

junctions due to specific uses and topography, and the pedestrian road along the boulevard is often

 

3

BalkanLight'2024 Proceedings

 

blocked by parked cars. Understanding these dynamics can inform effective interventions to enhance the area’s identity and visibility.

3.1.2   Commercial Function Analysis

[image: ]

 

Figure 4 – Distribution of Functions

To understand the social meaning of urban elements, analyzing their functions is crucial. This involves examining the activities that occur in the space and the relationships with different users. The area surrounding the bazaar includes commercial, historical, educational, and residential buildings, as well as recreational areas. The bazaar itself is situated in a commercial zone, as defined by the zoning plan. Originally designed and named as a textile traders’ market, the building has evolved to accommodate new sectors over time. The complex comprises six blocks, including one administration block. Blocks 1 and 2 primarily remain textile and machine markets, while blocks 5 and 6 are predominantly occupied by the music and art sectors.

3.1.3 Spatial Analysis

To ensure effective urban interventions, it's crucial to evaluate the relationship between the building complex and its environment by examining its character and potential issues. After a detailed review of the building complex, such as its entrances, views, perceptions, and pedestrian ways, several issues were identified (Kayir, 2023, p.24). The pedestrian path from the Golden Horn to the Valens Aqueduct is frequently blocked by parked cars, disrupting flow. Potential gathering areas are poorly defined, and the building has significantly diverged from its original architectural design, highlighting the need for strategic interventions to restore and enhance its functionality and aesthetic integrity.

3.1.4 View Analysis

The building's design resembles an open-air museum, showcasing nearby architectural landmarks such as the Süleymaniye Mosque, Zeyrek Mosque, Şepsefa Hatun Mosque, and the Aqueduct of Valens. However, the experience is often interrupted by environmental factors like uneven and excessive retail lighting, visible light fixtures, and glaring sources. These elements disrupt the intended visual experience, highlighting the need for better lighting management to enhance the viewing of these significant sites.

3.1.5 User Analysis

Urban acupuncture can serve as a catalyst for enhancing interactions among different user groups such as local users, shop owners, customers, tourists, and students by identifying potential gathering spots to strengthen social connections. To understand the diversity of users and functions in different areas of the Istanbul Traders’ Market a survey was conducted with the shop owners (Kayir, 2023, p. 27). The survey provided valuable insights, despite a low response rate. The respondents praised the market’s location but were critical of its density, functionality, and lack of appeal. They suggested that better use of common areas could revitalize the market, and highlighted the need for improvements in advertising, cleanliness, security, lighting, and architecture. Notably, addressing the parking issue and adding more cafes and restaurants were popular suggestions to boost the market’s vitality.

3.1.6 User Function Analysis

To effectively intervene in the Istanbul Textile Traders’ Market, it's crucial to understand user interaction patterns with the building complex and its surroundings. The market operates from 7 am to 7 p.m. daily, except Sundays. While most shops close at 7 p.m., some food and beverage outlets with direct boulevard access stay open later. However, the closure of shops and entrances after 7 p.m.
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restricts the flow between Atatürk Boulevard and the Süleymaniye district, which the architecture aims

to facilitate. This creates a strong contrast in building usage between day and night, with variations

across winter and summer. As noted by ARUP in 2015, time flows in overlapping cycles rather than

being strictly segmented into morning, noon, and evening. Understanding these cycles can help to

propose strategic interventions to enhance the market’s functionality and accessibility throughout the

day.

3.1.6.1 Sunlight and Daylight Analysis

[image: ]

Outdoor Analysis

Observations of the building complex reveal distinct usage patterns during the day and night. Shaded

decks and courtyards can be used for daytime activities, with solar radiation analysis showing how

daylight varies across the complex due to its layout. To enhance evening use, it is suggested to use

artificial lighting in these shaded areas, improving the complex’s functionality throughout the day and

making it more inviting during nighttime hours.

 

Figure 5 – Solar Radiation Analysis

Indoor Analysis

In addition to outdoor analysis, examining the interiors of the shops is essential to assess the impact of

shading panels on the building facades that the users removed over time. An analysis of a shop in the

6th block facing Atatürk Boulevard showed that the removal of these panels hasn't significantly altered

the daylight entering the shop, but there is a noticeable difference in annual sunlight exposure at the

window edge. Although this change doesn't drastically affect interior conditions, reintroducing the

panels could enhance visual comfort at the window edges and help restore the building's original

architectural aesthetics.

[image: ]

 

Figure 6 – Annual Sunlight Exposure Analysis

[image: ]

3.1.6.2 Artificial Lighting Analysis

Examining the artificial lighting of the building and its surroundings reveals opportunities to improve

nighttime use. Although the bazaar closes at 7 p.m., areas near restaurants remain active, while

places like the Unkapanı pedestrian underpass become deserted.

The lack of a cohesive lighting strategy and inadequate fixtures fail to highlight artworks and

sometimes damage them. Inconsistent retail sign lighting adds visual clutter. Addressing these issues

could enhance the building's nighttime functionality and aesthetics, making it more inviting and

accessible.
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Figure 7 – Artificial Lighting Analysis

3.1.7 Current Studies About Site

The Istanbul Lighting Master Plan, developed with ARUP Istanbul, focuses on the Golden Horn and Historic Peninsula to create a distinctive urban night image through six layers: general lighting, illuminated history, lost stories, visual integrity, urban playscapes, and festival lighting. However, it does not fully address the pedestrian axis on Atatürk Boulevard or connections created by the İstanbul Textile Traders’ Market. While Atatürk Boulevard is not included in the pedestrian lighting plan, a proposal for festival lighting exists. The market's architecture and artworks can enhance this, creating a vibrant nighttime environment. Incorporating the lighting master plan's proposals can strengthen the market's connection to the city, transforming it into an attractive nighttime destination within Istanbul's historical context.

3.2 Design Proposal

A lighting design to be developed based on the findings of various analyses of the site can make urban acupuncture possible by making the use of the building more active in the public space, adding a positive value for the building itself and its surroundings.

 

3.2.1 Design Principles

As a result of the analysis and observations, design decisions are made:

● The pedestrian paths along Atatürk Boulevard and those connecting the neighborhood to

the boulevard through the building should be included in the city's lighting master plan.

● The illumination of the pathway should be designed with landscape elements considering

the result of the solar radiation analysis to provide areas protected from the sun during the day to create a spatial and functional continuity throughout the day.

● The lighting design should facilitate interactions between people, encouraging activities

and social engagement.

● Nodes and squares should be illuminated based on their density and function, creating a

hierarchy by lighting.

● The pedestrian path along Atatürk Boulevard should be reorganized on an urban scale to

ensure a continuous walking experience and be sheltered from the boulevard.

● Interventions on the building facade that could damage its perception alongside

Süleymaniye Mosque should be avoided.

● Illumination of the historical monuments and buildings around the site should be included in

the lighting master plan.

● Artworks exhibited in the building should be incorporated into the general lighting master

plan for orientation with the right illumination differing for each artwork.

● Design decisions should avoid disturbing views of different landscapes perceived from

different parts of the building.

● Solar panels on the facade should be relocated and utilized as backlit elements for lighting

during nighttime.

● Two pedestrian underpasses connecting neighborhoods should be included in the lighting

master plan.

● An art route incorporating artworks, vista points, and exhibition spaces should be designed

with appropriate lighting for orientation.
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● Lighting should enable efficient internal circulation with dimmable products. ● Lighting design should comply with EN 12464-2 standards for outdoor lighting and relevant

regulations.

By implementing these lighting design proposals, the İstanbul Textile Traders’ Market can be transformed into an inviting, user-friendly, and vibrant public space, strengthening its connection with the surrounding urban fabric and historical monuments.

 

3.2.2 Hierarchy

The lighting design aims to create a hierarchy between the main square and other gathering areas, or

nodes, by varying the intensity of light. This is achieved using adjustable lighting fixtures to create

different scenarios.

[image: ]

 

Figure 8 – Hierarchy by Lighting in İstanbul Textile Traders’ Market

3.2.3 Continuous Pedestrian Experience

The pathway along Atatürk Boulevard is illuminated by light poles with two luminaries at different

heights, lighting both the pathway and the boulevard. Areas protected from direct sunlight, identified

through solar radiation analysis, serve as waiting and sitting areas which are illuminated at night to

sustain the use of the space throughout the day. The Unkapanı Underpass and Zeyrek Underground

Bazaar are key pedestrian passages providing direct access to the Istanbul Traders’ Market zone. To

address desolation and safety issues after shops close, these passages can benefit from interactive

and dynamic lighting designs, enhancing safety and encouraging engagement.

3.2.4 Spatial Solutions

Hidden threshold

[image: ]

 

Figure 9 – Lighting sketch for the area between the passage and Block 6

The area between the 6th block's dynamic facade and the passage entrance serves as a hidden

pedestrian threshold. Downlights on the facade and linear lighting on the motorway wall guide

pedestrians to the entrance, while integrated linear lighting in the landscape offers a seating area. The

facade is a key visual from Atatürk Bridge and Boulevard. Proposed lighting solutions include using

original shading panels as backlit elements in shops.
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Preserve the view

 

Figure 10 – Lighting sketch showing the proposal on the deck with Galata Tower view

The illumination in the areas which act as a vista point on the decks of the building complex is important in terms of framing the view without any light pollution or glare. The illumination on the floor of the decks is enhanced with the downlights which are mounted to the structure of the overhangs in a way that the light source cannot be seen.

 

The welcoming node

[image: ]

 

Figure 11 – Lighting sketch showing the entrance between blocks 5 and 6

Blocks 5 and 6 are separated from other blocks by a mosque and Hacı Kadın Street, forming a "district." This area, known for its recording studios, music shops, and exhibition spaces, serves as a center for artistic activities. The small square connecting these blocks features lighting that highlights the artwork on the walls and the light poles for the illumination of the pathway. Backlit shading panels further enhance the facade illumination, drawing attention to this vibrant cultural hub.

 

The lively and lovely courtyard

[image: ]

 

Figure 12 – Lighting sketch for the courtyard

 

The courtyard between Blocks 5 and 6 of the İstanbul Textile Traders’ Market is envisioned as a vibrant art center when not in use as a shopping area. Colored fabrics on deck railings add movement and color through sunlight. The space is intended for temporary art installations during events, with
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seating reoriented to create a resting area. For evening events, flexible lighting adapts to activities,

with festive lights on upper-level railings. The staircase to the upper level is illuminated for orientation,

while dimming general deck lighting highlights the art route.

Follow the art!

Blocks 5 and 6 of the İstanbul Textile Traders’ Market have transformed into a music bazaar with

integrated art exhibitions. To strengthen the building's artistic visibility, a continuous artistic route is

proposed, enhancing the circulation experience and showcasing artworks throughout the building. This

route includes artworks in blocks 5 and 6, İMÇ 5533, and important vista points. Illuminated circulation

elements follow a defined hierarchy, creating a vibrant atmosphere. Courtyards serve as spaces for

temporary art installations, articulating the artistic route. The aim is to provide an uninterrupted and

immersive circulation experience for visitors, allowing the building to be experienced even during

evening hours when shops are closed.

[image: ]

 

Figure 13 – Axonometric Drawing showing the artistic route through the building

[image: ]

The square for all

 

Figure 14 – Lighting sketch for the square

The square at the İstanbul Textile Traders’ Market is an essential urban space connecting the

boulevard to the neighborhood and supporting various activities. The lighting design enhances both

vertical and horizontal circulation, guiding pedestrians effectively. Adjustable light poles accommodate

events like concerts and workshops, adding to the square without overwhelming it. The fountain, a key

landmark, will be renovated to its original design with indirect lighting for its shelter. Seating areas,

shaded from direct sunlight, are illuminated for evening use. The square supports static and dynamic

functions, hosting diverse events throughout the year, making it a vibrant public space for both locals

and visitors. The adaptable lighting design suits different occasions and events.
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From Valens to “Birds”

[image: ]

 

Figure 15 – Lighting sketch for the perception of the building from Aqueduct of Valens

The main entrance of the 1st block and the façade facing Atatürk Boulevard are key to the first impression of the İstanbul Textile Traders’ Market from the Valens Aqueduct. A new landscape and parklet design will provide shaded areas for pedestrians during sunny hours, enhancing the entrances and ensuring pedestrian continuity by removing obstacles like parked cars. Solar panels backlight the facade, while spotlights illuminate the mounted sculpture, harmonizing the building's perception with the surroundings, particularly the Süleymaniye Complex. The design aims to preserve the architectural context while creating a welcoming and visually balanced atmosphere.

4 Conclusion

In the context of the İstanbul Textile Traders’ Market, it is believed that a lighting design developed based on thorough analyses of the area can significantly improve the quality of public spaces. The proposed lighting design can make the public spaces more defined, readable, and safer, encouraging various activities and bringing together different users. Such improvements would not only benefit the building but also contribute positively to the neighborhood and the city.

Therefore, lighting design can indeed play a role as an urban acupuncture, where the right interventions in the right places can transform public spaces and enhance the overall urban experience. By considering the unique characteristics of the İstanbul Textile Traders’ Market and its surroundings, the lighting design can create a more inviting, vibrant, and socially engaging public space, fostering a stronger connection with the community and enriching the urban fabric.
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Abstract 

This paper investigates the design of a paraboloidal reflector designed by Anthemius one of the architects of Hagia Sophia. In his extant writings, “About Paradoxical Machines”, he states that he seeks to reconstruct Archimedes’ focusing reflector. However, his design is far more advanced placing himself in the scientific Avant-guard of his time. Apart from inventing a flexible new weapon, certain design peculiarities indicate a possible intention to employ it for the enhancement of the religious atmosphere in the church. We posit that the reflector design was intended to form visible light beams – an image of singular religious significance – as well as generate light flashes in specific locations. This is the first contemporary attempt to investigate this reflector in detail using computational methods. Pivotal features are its three-dimensional form and that it works irrespective of the direction of sunrays. The paper pinpoints the idiosyncrasies in its resolution which reveal its true purpose. 

 

Keywords: Paraboloidal reflector, Anthemius, Hagia Sophia, Light beam, Light flash, Archimedes, Burning mirror 

 

1       Introduction 

Τhe  solid  geometrical  reflectors  created  by  Anthemius  have  been  taken  literally  both  by  his contemporary and by recent researchers. The absence of urgency for such designs led to the assumption that they were but exercises on paper. In his extant writings three such reflectors are described. 

These authors have thoroughly studied the potential use of the first two reflectors in Hagia Sophia, and this is their first attempt to investigate the relevance of the third one. Thus far, it has been proven conclusively that the first two reflectors, one  ellipsoidal and the other part-spherical, were meant for this church (Potamianos, 2022). It is reasonable to expect the third one would be too. The way it is described, however, has rendered elusive the purpose it might have served until now. 

To be sure, none of the reflector descriptions offer any clear indication they were intended for Hagia Sophia, so, for centuries, they had not been linked to it. Clues were identified only when each reflector was meticulously studied while considering its probable application to the church. An assortment of details in the phrasing and resolution process provided indirect hints and eventually revealed their true objective. 

It is suspected that by presenting those reflectors as exercises on paper, Anthemius aimed at artfully concealing their actual purpose. This would have had achieved several goals at once. First, to pass on his discoveries to subsequent engineers but in the abstract, second, to secure posterity for himself in the pantheon of great engineers and mathematicians, third, to conceal they were intended for Hagia Sophia so as to not risk being accused of blasphemy by the clergy, and fourth, to bolster the Hellenistic art of “thaumatopoiiki” [miracle-making], i.e., generating a magical sensation within a building. 
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In this paper, it will be attempted to establish that the paraboloidal reflector aimed at generating 

light beams within the church, on the one hand, and on the other, to cause the sudden 

appearance of light flashes as one moved passed a certain point, so as to attract attention to 

particular pictorial representations. 

2       The Paraboloidal Reflector 

In a more general framework, when pondering the relationship of a sacred building to heavenly 

bodies and by extension to sunlight, from an archaeoastronomical point of view, the orientation 

of the building’s longitudinal axis is usually deemed most crucial as related to sunrise or some 

other time of day. Such investigations have proven their worth in understanding ancient 

civilizations and their eagerness to tie earthly matters to divine powers and the order of the 

heavens. Therefore, as a general concept may not constitute an erroneous assumption, but it 

does not mean that all religions followed the same pattern. 

Since ancient and even prehistoric times significant knowledge had been accumulated which 

had evolved into quite sophisticated approaches in the attempt to establish a connection to the 

divine order or enhance a sense of divine presence in sacred sites and buildings. In churches, 

the aforesaid directionality would occasionally result in “targeting”, i.e., the appearance of a 

light spot at the place and time of the happening of a ritual. Yet, from the point of view of 

experiential appeal, blotches of light occurring within buildings are rather commonplace and go 

largely unnoticed. When such a blotch of light is accompanied by a religious event taking place 

at that spot it may actually become perceptible and sensed perhaps as significant. But such an 

occurrence can be immensely reinforced by a visible light beam, and it is only then that it may 

truly engender a sense of wonder and sacred presence. 

An effect of this kind can give rise to such a powerful and lasting impression that the light beam 

had acquired excessive significance not only in the Christian theological tradition but even long 

before. Before its significance was theoretically established, Anthemius’ paraboloid was thought 

to be just what he claimed, i.e., an exercise on paper of a reflector that could have achieved 

Archimedes’ alleged feat in Syracuse - to ignite fire on the invading Roman ships (212 B.C.). It 

was only when the “visibility” of a light beam had been documented as a matter of utmost 

importance (Potamianos, 2023; Potamianos 2021) and some of the conditions necessary for its 

formation were identified that the paraboloidal reflector emerged as potentially relevant to the 

church atmosphere. An additional phenomenon noted by other scholars was that light flashes 

were occasionally produced as one moved towards or through the church. The paraboloidal 

reflector might be responsible for such effects as well.  

[image: ]

 

Figure 1a – Each point is equidistant from focus and directrix. 1b. It is a cross-section 

[image: ]

of a cone parallel to its side. 

To support this argument, an examination of Anthemius’ text will take place, drawing attention 

to certain peculiar comments and justifications provided in the process of the geometric 

resolution which will be followed by an attempt to comprehend the reasoning behind the 

physical construction proposed. To those not familiar with what a paraboloidal reflector a 

short presentation is provided. A parabola is a two-dimensional shape (Figure 1a) which 

results from the section of a cone (Figure 1b). 
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If rotated about its axis of symmetry it becomes a paraboloid, i.e. a three-dimensional form (Figure 2a). If the internal surface of this form is coated with a reflective material it becomes a paraboloidal reflector. When sunrays enter this shell, parallel to the axis of symmetry, they are reflected to the focus, which lies on the axis and on which fire can ignite (Figure 2b). 

[image: ]

 

Figure 2a – A paraboloid of revolution. 2b. A paraboloidal reflector lighting the Olympic 

[image: ]

flame. 

This reflector (Figure 2b) admits in its cavity sunrays coming from the front, i.e. the sun is directly opposite to it. Paraboloidal reflectors are used in various applications such as car headlights, antennas, and radars. 

3       A Brief Description of Anthemius’ Paraboloidal Reflector 

Anthemius’ paraboloidal reflector was made up of a central flat hexagonal mirror to which twenty-four similar mirrors were attached, a number he found adequate to ignite fire at bowshot distance (Huxley, 1959). According to this description the form of this composite reflector would look like the one below (Figure 3a). 

[image: ]
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Figure 3a. – Anthemius’ paraboloidal reflector with exaggerated curvature (W. Jabi’s 

drawing) 3b. Geometrical proof of a parabolic mirror reflective properties. Sunrays πΒ//ρΤ//ΔΕ are reflected to focus Δ. Continuous parabolic curve ΒΞΤΥ (Anthemius’ 

drawing). 

The reflector is three-dimensional. Anthemius proceeds to provide a geometrical demonstration 

of its reflective properties in a two-dimensional drawing (Huxley, 1959) (Figure 3b). 

4       Commentary 

Just as in the first two reflectors, elsewhere analyzed (Jabi & Potamianos, 2006; Potamianos, 

2022), certain peculiarities appear right at the postulation of the problem. 

How shall we cause burning by means of the sun’s rays in a given position, which is not less distant than the range of bowshot? (Huxley, 1959) 

In this terse statement there is no mention to sunray direction. The only reference to position is 

to the focus which must be at bowshot distance, a specification demarcating a circle rather than 

a point. The focus could be anywhere on the circumference of bowshot radius around a centrally 

placed reflector (Figure 4).  

[image: ]

 

Figure 4 – If the reflector is centrally placed, the focus can be at any circumference 

point. 

It may be implicitly presumed that the reflector would be placed directly opposite the sun. But 

this is neither what the problem statement says nor what Anthemius intended, as is made clear 

in the impending discussion . He plainly states that he seeks to design a reflector focusing light 

regardless of the direction of sunrays. Moreover, he confirms his awareness that the ancients 

would have thought this “impossible” (Huxley, 1959). So, this reflector is presented, right from 

the start, as his own breakthrough. He also states that his experiment is considered impossible 

in more ways than one. 

4.1     The three impossibilities 

These impossibilities consist of the direction of sunrays, the distance of the focal point and the 

reflector size. 

4.1.1  The direction of sunrays 

The sunrays, he says, may be coming either directly from the front or obliquely from the front, 

or even from behind the reflector. The reason for this statement is unclear if one takes literally 

that all he wants is to simulate the conditions Archimedes faced in Syracuse (Huxley, 1959).

Why would anyone turn the reflector away from the sun in the Syracuse battle? The city is faced 

toward the East and partly to the South (Figure 5a, b). 
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Figure 5a. – Map of Sicily 5b. Ancient Syracuse oriented to the East and South. 

[image: ]

The city’s orientation provides an ideal location for the placement of a parabolic reflector facing both the sun and the attacking Roman ships, provided they attacked at daytime. It would be improbable to attack late in the afternoon because the navy would  not have enough time to overcome the defenders and would be blinded by the setting sun. Hence such a concern could not be relevant. 

Archimedes’ reflector had no fixed form. It was generated by the soldiers’ shields coated with a reflective material (Huxley, 1959). It was flexible depending solely on the location of the upcoming ship, the soldiers’ formation, and the tilting of their shields. In fact, it was so flexible that there was no need for the soldiers to even stand in a parabolic formation. The crucial issue was to aim at the same point. There was nothing new in Anthemius’ solution, except the reflector’s three-dimensionality. 

4.1.2  Focal point at bowshot distance 

To determine the distance of the focal point the distance of a bowshot must be established. According to a study the distance of a bowshot can vary from less than 50 m in ancient times for regular bows to much greater distances in medieval and later times (McLeod, 1965). 

A basic rule of the parabola is that its curvature depends on the distance equality of each parabola point from the focus and the directrix, a line perpendicular to the axis which is located below the vertex. Based on this rule, the further away the focus is the shallower the reflector curvature ends up being. For this paper 30 m distance from focus to vertex is assumed. 

4.1.3  Reflector size 

He makes no reference to the size of the individual reflectors. Size matters because the more rays focus on a point the greater the chance of fire ignition. However, there are energy losses. Even the most perfect reflecting surface cannot reflect a sunray in its full strength, part of the energy is absorbed by the mirror and part is scattered. Also, a certain portion of the heat is absorbed by the air particles. 

Anthemius states that the ancients would have considered the size required “unobtainable”. Several attempts have been made in ancient (Huxley, 1959) and modern times to verify whether Archimedes had been able to ignite fire on an oncoming ship. In one modern experiment by I. Saccas this distance was reckoned to be 50 m (Time, 1973) while in another the MIT students reckoned it to be 30 m. Both attempts required many reflectors (Wikipedia Archimedes; Archimedes Death Ray). 

Contrarily, Anthemius asserts that, to avoid enlisting the help of many persons, twenty-four reflections would suffice to produce combustion. It is evident that the problem has a physical dimension alongside the geometrical one. On the one hand, the alleged adequacy of the twenty-four reflections could not have been hypothetical. On the other, there was no point in limiting the number of reflectors so severely for the trivial reason of not soliciting the assistance of many persons. Certainly, many more men could be allocated to the task. Anthemius’ argument makes 
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even lesser sense for two reasons; first, because his composite reflector is three-dimensional 

and second, because he uses connectors that enable it to stand alone. 

From a mathematical point of view twenty-four reflectors would be as good as any. The 

effectiveness of any specific number, however, would have to be backed up by physical 

evidence. Anthemius’ assertion of their adequacy must have been derived experimentally. This 

is corroborated by the phrase “we find that not less than twenty-four reflections are necessary”

(Huxley, 1959). At no point does he mention the required size of an individual reflector. He 

might have conducted the experiment in a smaller scale, but then he would not have referred 

to the enlisting of persons; therefore, it might be safely assumed that the experiment was 

conducted at physical scale. For this paper a reflector of 1 meter in diameter is inferred, which 

is about the size of a shield. 

4.2     Various Peculiarities. 

There are several peculiarities in this design. First, the choice of hexagon, second, the ball and 

socket joints, third, the reflector’s three- dimensionality, fourth, the criss-crossing of rays, and 

fifth, the reflector’s eccentricity. 

4.2.1  The Choice of Hexagon. 

The reason for the choice of hexagonal reflectors is unclear. To be historically accurate he must 

have opted for a form replicating the Syracusan soldiers’ shields, but according to an image 

available from that era and locale they were round, instead (Figure 6a). 

[image: ]

 

Figure 6a. – Syracusan soldiers’ shields, 212 B.C. 6b. James Webb telescope, 2021. 

[image: ]

Since this choice was not based on historical evidence, the hexagon must have offered an 

advantage. This shape along with the square and the equilateral triangle are the only shapes 

that can be tidily tessellated (Kizilörenli & Maden, 2021), i.e., form a continuous pattern without 

gaps on a plane. The advantage of the hexagon over the other two shapes is that if the tessellae 

are slightly tilted in respect to the horizontal surface the joints created would be fewer and 

diverge comparatively less (Figure 6b). The reflector curvature depends on the distance of the 

focus, i.e., the farther the focus the shallower the curvature. So, the reflector curvature will be 

very shallow, and the joints would diverge very little. 

4.2.2  The ball and socket joints 

The use of ball and socket (γιγλυμιων) joints aims, as he says, to avoid enlisting the help of 

persons (Huxley, 1959). So, he creates a stand-alone composite reflector of changeable shape 

depending on focus location and sunray direction. On the first hexagon he attaches barely 

smaller hexagons slightly inclined, employing such joints (Huxley, 1959), that allow free rotation 

(Figure 7a) in any direction. 

The position of each reflector is governed by its capacity to reflect a ray to the focus depending 

on the location of the sun at each given moment. Thus, the reflector will have to be able to 

move unobstructedly to assume any position in plan and section relative to the incident sunrays. 

Such flexibility is evidently a crucial property of Anthemius’ new design. 
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Figure 7a. – Ball and socket joint. 7b. Sunrays focus even if the reflector is off axis. 

[image: ]

4.2.3  Three-dimensional versus two-dimensional 

In the Syracuse battle, the most likely setup would be of soldiers standing next to each other with reflective shields forming a parabolic line in two dimensions. There could not be a close three-dimensional assembly of men because soldiers would have to stand on each other’s shoulders trying to balance their weight and aim the shields right, at the same time! Thus, Archimedes is unlikely to have had arranged the soldiers three-dimensionally and consequently Anthemius could not have aimed, in fact, at proving Archimedes’ feat! 

He also offers a geometrical proof. He says the ancients did not provide such proof but treated the matter only “mechanically”. He starts from the far upper point Β and gradually moves through Ξ, Τ, Υ towards the center (Figures 3b, 8a). He completes only the upper part providing proof that the reflector’s eccentric portion directs the rays onto the focus, inadvertently indicating that this is what mostly interests him. He demonstrates that sunrays hitting the reflector obliquely, end up on the focus (Huxley, 1959). 

[image: ]

 

Figure 8a – Parabola ΒΞΤΥ focuses rays on Δ. 8b. If each piece is turned by 90º can 

[image: ]

reflect sunrays coming from the opposite direction ∅Β to Δ. 8c. Further modified with the pieces moved to form a constant curve at 90º to the original still reflects opposite 

[image: ]

rays. 

By claiming that the sunrays could come from anywhere, even from behind, certainly would not ensure Archimedes’ fame, whom he calls “most divine”  (Huxley, 1959) but instead his own, since by this invention he surpasses him. Based on the resolution process (Figure 8a) it can readily  be  deduced  that  rotating  by  90º  each  individual  reflector  placed  at  points  B,  Ξ,  Τ,  Υ would guide a sunray coming from behind, i.e., ΖΒ, to end up on Δ (Figure 8b). Moreover, if 
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these rotated reflectors are gathered next to each other they would form a continuous reflector 

at 90º to the original (Figure 8c). This justifies the flexibility sought using ball and socket hinges 

so that the reflector can change at will according to sunray direction. 

4.2.4  The criss-crossing of rays 

While talking about focusing the reflected rays at a single point he notes a side effect of this 

arrangement related to the heating of the air around the focus. This is a purely physical aspect. 

The more the sunrays are forced to change toward a focus the more they develop heat but also 

visibility (Wikipedia, light beam). The blatant discord between an “unobtainable” reflector size 

and Anthemius’ quite small sized reflector seems to lie with the denser concentration of 

reflections. He notes that reflectors placed in close proximity form acute angles between the 

converging rays. The contiguity of the rays heats up the greater area “which bursts into flame” 

(Huxley, 1959). 

4.2.5  Eccentricity 

In cases where sunrays come obliquely from the front or from behind, the part of the curvature 

able to direct the rays to the focus would necessarily be on the sides or the fringes of the overall 

paraboloidal curve. The focal point still remains fixed onto the axis of symmetry, but this axis 

no longer pierces the surface actively sending reflected rays to the focus (Figure 7b). 

5       Potential application in Hagia Sophia 

The geometry of the hexagonal reflectors (Figures 3a, 9a, 9b) was modelled parametrically in 

topologicpy (Jabi, 2024; Jabi and Chatzivasileiadi, 2021) which is an advanced open-source 

python-based spatial and topological modelling software developed by Professor Wassim Jabi. 

A custom python script was developed to create a paraboloid surface given a focal length, a 

width, a length, and the number of subdivisions. Two more functions were created. The first 

function placed points linearly at equal distances from each other along the parabolic curve. 

The second function computed the normal (perpendicular) direction at each of these points. 

Given a location and a direction, the script then placed a hexagonal panel at that location, 

oriented correctly to be perpendicular to the surface of the paraboloid. The completed row of 

hexagonal panels was then rotated five more times with an increment of 60 degrees. The same 

logic was used to create and place the needed additional hexagonal panels. The end result is 

a fully parametric solution where the user can choose the focal length of the paraboloid, and 

the script correctly places planar hexagonal panels to create the final mirror geometry. 

[image: ]

 

Figure 9a – Actual curvature of reflector, focus at 30 m. 9b. Closeup view (W. Jabi’s 

[image: ]

drawing). 
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Figure 10a – Reflector at the side of the parabola. 10b. Sun and moon light beams are 

[image: ]

formed in H. Sophia when Anthemius’ reflector is placed on the window reveals. 

In Hagia Sophia imperceptibly shallow curvatures made of reflective tessellae must have been built-in into certain window reveals, which, according to our earlier research, have been thought crucial for the generation of light beams. These are the windows of the apse as well as the five windows of the quarter dome above the apse - whose altitude in respect to the church center - conforms to the ecliptic of the moon. The sun beam was necessary for the reinforcement of the impression during morning mass. The moon beam aimed at intensifying the impression of the ritual of baptism, which originally took place at night, right at the center of the church. 

Light beam formation depends mostly on two factors. First, on the collision of sunrays with air particles (Minnaert, 1954) and second, on more or less abrupt changes from light to shadow (Potamianos, 2021; 2023). Also, it must be kept in mind that the parabolic curvature becomes shallower as the focal distance increases. Anthemius chief interest lay with the forced density, i.e., the crisscrossing of reflected rays in acute angles, and the resulting interception by the largest possible number of air particles along the way. Thus, it was possible to create light beams either with sunlight through the apse windows or with moonlight though the windows of the quarter dome above the apse (Figure 10a, b).

An additional effect that has been observed is that on the lunette at the South end of the narthex of Hagia Sophia the mosaic of “Mother and Child” has a shallow curvature and intricate measuring and angling of the tessellae (which allude to the freely moving individual reflectors of Anthemius’ paraboloid) and has been reported to be seen most clearly and to create a light flash at 13 m (Mathew, 1938) (Figure 11b).

[image: ]

 

Figure 11a. – Light beam, St. Astvatsatsin, Aveni, Armenia. 11b. Mother & Child mosaic, 

[image: ]

H. Sophia.

[image: ]
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Archimedes’ alleged feat evidently served Anthemius as a point of departure for something else. 

If we consider that Hagia Sophia was in his mind all along then such a concept might have 

helped him to generate the most ethereal of all impressions, an impression of miracle 

everlasting in the visitor’s psyche (Figure 11a)!  

This is an initial attempt to investigate not any kind of paraboloidal reflector but only the specific 

one designed by Anthemius. The computer simulation created is part of an endeavor to decipher 

the true purpose of this design through a close examination  of its idiosyncratic nature. 

Paraboloidal reflectors, either symmetrical or offset are in use today in a variety of applications 

from antennas to satellite communications to solar panels. Certainly, the visibility of light beams 

can be enhanced by the presence of air dust or fog and devices producing artificial smoke are 

frequently used in various artistic performances from theatrical plays to concerts. In a religious 

setting such a role may be played by the presence of smoke due to the use of incense. However, 

this study aims at understanding the formation of a light beam even without such additional 

aids. This effort must be coordinated with reflectivity values assigned to the mirror surfaces as 

well as several additional physical values that must be tested, regarding their visual effect, in a 

lighting laboratory. This testing will be part of future work. 

References 

Huxley, G. L. (1959). *Anthemius of Tralles: A Study in Later Greek Geometry*. Cambridge. 

Jabi, W. (2024). topologicpy. pypi.org. http://doi.org/10.5281/zenodo.11555172 

Jabi, W., & Chatzivasileiadi, A. (2021). Topologic: Exploring Spatial Reasoning Through 

Geometry, Topology, and Semantics. In S. Eloy, D. Leite Viana, F. Morais, & J. Vieira Vaz 

(Eds.), Formal Methods in Architecture (pp. 277–285).  Springer  International 

Publishing. https://doi.org/10.1007/978-3-030-57509-0_25 

Jabi, W., & Potamianos, I. (2006). A Parametric Exploration of the Lighting Method of the Hagia 

Sophia Dome. In *Proceedings of the 7th  International Symposium on Virtual Reality, 

Archaeology and Intelligent Cultural Heritage* (pp. 257-265). A K Peters/CRC Press. 

Kizilörenli, E., & Maden, F., (2021). Tessellation in Architecture from Past to Present. *IOP 

Conference Series: Materials Science and Engineering 1203 032062. IOP Publishing Ltd. DOI 

10.1088/1757-899X/1203/3/032062

Mathew. G. (1938). *Byzantine Aesthetics*. Viking Press.

McLeod, W. (1965). The range of the ancient bow. *Phoenix*, volume (19), pp. 1–14. 

Minnaert, M. (1954). *The Nature of Light and Colour in the Open Air*. Dover.  

Potamianos, I. (2023). Space and Light: Aesthetics of Light in the Byzantine Church. Ιn Vladimir 

Ivanovici & Alice Isabella Sullivan (Eds.), *Natural Light in Medieval Churches* (pp. 151-172). 

Brill. 

Potamianos, I. (2022). The Handling of Light: Its Effect on Form and Space in the Greek Temple 

and the Byzantine Church. In C. Papadopoulos & H. Moyes (Eds.) *The Oxford Handbook of 

Light in Archaeology* (pp. 284-302). Oxford University Press. 

Potamianos, I. (2021). The Concept of Temenos and the Sectioning of Light. In Jelena 

Bogdanovich (Ed.), *Icons of Space. Advances in Hierotopy* (pp. 68-91). Routledge. 

(1973). Archimedes’ Weapon. *Time Magazine*, 102 (22), Retrieved from 

https://time.com/archive/6842017/science-archimedes-weapon/  

 

Wikipedia, entry *light beam* Retrieved from https://en.wikipedia.org/wiki/Light_beam. 

Wikipedia, entry *Archimedes* Retrieved from https://en.wikipedia.org/wiki/Archimedes 

 

21

BalkanLight'2024 Proceedings

 

Archimedes Death Ray: Testing with Myth Busters, *2.009 Product Engineering Processes* Retrieved from

https://web.archive.org/web/20061120030352/http://web.mit.edu/2.009/www//experiments/dea

thray/10_Mythbusters.html  

 

22

BalkanLight'2024 Proceedings

NIGHT LIGHTING FOR THE CASTLE OF CHORA IN SAMOTHRACE, NORTHERN
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Abstract

On the island of Samothrace evidence exists of several of the most important examples of post-Byzantine fortress architecture in Greece. The most famous of these is located high on the steep, rocky outcrop at Chora and is dated to the period of the Gattilusi family from Genova. Both the castle and rock mass are located at Chora’s northern edge and stand in dimmed conditions. The town’s insufficient urban illumination also has little to no effect on the monument. Therefore, on the one hand, there should be a balance of lighting intensity between the monument and the village, while on the other hand, the monument needs to be clearly visible from afar at night.  The aesthetic effect of lighting must be consistent with both the state of the monument and the nature of its surroundings. Optimal results greatly depend on luminance, the color of light, the positioning of the luminaires and, indeed, the formation of shadows.

Keywords : Monuments, Lighting Design, Night Lighting, Led Technology, Samothrace  

1  Introduction 

On the island of Samothrace evidence exists of several of the most important examples of post-

Byzantine fortress architecture in Greece.5 The most famous of these is located high on the steep, rocky hill at Chora and is dated to the period of the Gattilusi family from Genova (Fig. 1). 

[image: ]

 

Figure 1  – The Castle of Chora at Samothrace, looking from South and North 

[image: ]

Two fortified yards, one exterior and one interior, constitute the area of the castle. The exterior yard consists of an eastern sector with its rectangular tower, the entrance and circular tower to the south east, in the northern and the southern fortification walls (Fig.1,2). At the southern corner of the rectangular tower, in the exterior fortification, there is an integrated marble plaque of the Gattilusi coat of arms, on which the single-headed eagle and the monogram of the Palaeologian family can be found depicted as well as the text of an epigraphy. A large under-roof cistern was constructed on the first floor of the tower, serving the water needs of the soldiers who lived in the castle as well as the island’s residents. 

 

1Ergo Culture Human Traces, Greece Nafpliou 1 Str. Krindes – Kavala, Greece,  2Ergo Culture Human Traces, Greece Kolokotroni 161  Str. Kavala, Greece,  3Ergo Culture Human Traces, Greece Rua Antero Henriques da Silva Nr 408, Guimaraes, Portugal 4Ergo Culture Human Traces, Greece Kolokotroni 161  Str. Kavala, Greece,  

5 Hellenic Ministry of Culture : Ephorate of Antiquities of Evros
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Figure 2 – The Castle of Chora at Samothrace, the eastern sector 

 

The interior yard was laid out on the western section of the rocky hill. The rectangular tower in the south east can be distinguished, while a wall with a stone staircase that leads through the arched gate to the interior of the fortification is visible in the northern sector. The tower was built with hewn and semi-hewn stones pointed with mortar and fragments of roof tiles fitted into the joints. In the middle of the tower’s eastern façade, the rectangular plaque of the Gattilusi coat of arms and its epigraphy can be found. The Ephorate of Antiquities, within the remit of ESPA Framework 2007-2013, carried out a series of masonry restoration and maintenance projects, completed the construction of the main visitor corridor, starting from the main entrance towards the stone staircase that leads through an arched gate inside the fortification, and shaped the exterior spaces in the eastern and northern sections of the castle. After the completion of the aforementioned work, the Municipality of Samothrace, in a spirit of cooperation with the Ephorate of Antiquities, commissioned the cooperative enterprise Ergo Culture-Human Traces  to prepare a study of suggestions for lighting solutions for the castle of Chora at Samothrace. The lighting proposals were completed in 2020. 

2  Qualitative and Quantitative Specifications. 

2.1  The Rock and the Castle 

Access to the highest and most inaccessible sector of the castle’s rocky hill, where the internal fortification is built, was afforded by a stone staircase leading to the arched gate that had been opened in the north section of the internal fortification wall. 

The western section of the castle is located almost on the very edge of the vertical side of the rocky outcrop which forms a 5 to 7m natural plateau 10m higher from the road..The northern section is located at the border where the ground begins to slope to a steep 20-30°. The south section is also located at the edge of a slope arranged in graduated levels to accommodate residential houses. A twenty-one-step stone staircase runs along the eastern section and leads through an arched entrance to the castle’s interior. 

Access to the monument is restricted to the northern provincial road route and that from the town centre of Chora along a narrow path. There is only one entrance to the interior yard: through the arched gate and the staircase at the eastern end. Visitors are guided from the gate to the interior of the tower through the stone staircase along a contemporary pathway. 

2.2  View Distance of the Monument 

The settlement has expanded on the mountain slope to the east and south of the monument. Consequently, the castle is a beacon for the inhabitants of Chora since it is constantly in their line of sight.The visitor can observe the monument mainly from up close, while from afar only the outline of the rock mass can be seen. Specifically: a) from the south, west and north of Chora; b) to the west and close to the base of the rock mass there is a secondary road that connects Chora with Paleopolis at the northern end of the island and c) travelling by boat, which, while approaching the port of Kamariotissa only affords a view of the bulk of the rock. 

2.3  The Aesthetic Effect of Lighting 
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The morphology of the rock, with its steep outcrops and fissures, presents no few difficulties in achieving the desired uniformity of lighting as defined by international standards. Taking the existing conditions into consideration, achieving lighting uniformity on the rock on the north and south sides of the fortification is not our primary objective. Therefore, priority was given to highlighting the form of the rock relief with its color alterations and the form of the masonry of the façades. The masonry of the rectangular exterior and interior towers present a structural uniformity without protrusions and with compact joins between the stones. 

The aesthetic effect of lighting must be consistent with both the state of the monument and the nature of its surroundings. Optimal results greatly depend on luminance, the color of light, the positioning of the luminaires and, indeed, the formation of shadows.

3  Lighting Criteria 

While preparing the lighting study for the area in question, no one lighting solution was evident. Chora had formerly been dimly illuminated by means of municipal street lighting that hardly had any effect on the monument. 

The standards for illumination and the Greek directive for outdoor lighting were taken into account in designing the lighting of the exterior façades, the towers, the interior areas, the main path, the cistern, and the protection of flora and fauna, together with the minimization of the direct upward light, the spill light and glare for residents, visitors and passing drivers. 

According to table 4 four environmental zones are mentioned (CIE 234:2019). The castle falls into Zone E2. In table 5, entitled: ‘Luminance level limits’, 5cd/m2 is the maximum permitted values of average surface luminance and 10cd/m2 is maximum permitted values for specific emphasis. For the purpose of estimating luminance, reflectance measurements were carried out at various points around the rock mass and the fortification. 

Apart from the aforementioned measurements, lighting tests with portable led luminaires were carried out on designated sections of the monument, such as on the plateau of the western rock, on the eastern façade of the interior tower, on the eastern inner façade of the fortification and in the cistern. The data from these measurements suggests: a) average reflectance on the fortification wall and towers of 18%-24%, respectively, b) 20% for the north rock mass, c) 15% for the western and southern rock mass, d) an average values of illuminace 25lx for the enhancement of the rock and 30-35lx for the enhancement of the fortification and towers, e) a light color temperature of 4000K. As a result 1,72-2,7cd/m2 luminance on the fortification wall and towers and 1,6cd/m2-1,2cd/m2 luminance on the western and southern rock mass were recommended. 

In order to determine the luminance, we also took into consideration the measurements from previous lighting studies for monuments that we have implemented, where luminance lays between 2 to 2.5cd/m2. These values are an acceptable limit when it comes to the enhancement of the castle through night lighting, since the monument is mainly observed from closer distance (Iliades, et al, 2021; Iliadis, 2008). 

In addition, RGB floodlights were proposed for installation on the western plateau of the rock mass in response to the municipality’s request for possible light color changing options on special celebration days. 

Finally, a 3D model of the entire monument was designed in which the actual textures of the building materials were added. 

4  Exterior Lighting 

4.1   Northern Section 

The northern section covers a branch of the fortification wall and the rocky outcrops. The fortification wall is preserved in an irregular arrangement: one section, 15m in length and 2.5m in height, is in a consistent state of repair and stands on a lower, more even rock; the second section, 10m in length, is reclaimed to a height of 0.80m and stands on a rock surface with multiple outcrops; whereas the third one, approximately 15m in length and 2.5m in height, runs along a 25% inclined rocky slope. The northern gate is located in the middle of this section. 

Moving out from the gate towards the NW corner, the rock is gradually shaped into two vertical fringes of 15-20m in height, which form a roughly 90o corner. The first faces east and the second faces north. The alluvial soil surrounding the rock mass has formed steep inclination angles. Due to the particular geomorphology of the northern section, different types of luminaires were proposed. 

4.1.1  Section of Northern Fortification Façade 

The undulating landscape does not permit the installation of luminaires so close to the fortification wall, except for where the rocky outcrop meets the slope. 

For the illumination of this particular section, the installation of seven (7) turtle type luminaires was proposed instead of floodlights. These luminaires are made of copper, translucent glass and wired rack. 
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An 800lm/4000K IP65 led bulb with 10W power consumption can be easily placed inside. The luminaires 

can be mounted on 0.5m metallic pillars, fastened to the rock 1.5m away from the fortification. By assessing the lighting simulation data from the 3D model, illuminance can be estimated at 8lx with a luminance of 0.45cd/m2. These calculations are lower than the initial specifications. For this reason, the lighting is reinforced by both the exterior floodlight at the NW corner of the castle as well as by the floodlight at the section of the northern verge of the rock and is estimated at 16lx. 

4.1.2  Section of the Northern Verge of the  Rock 

Initial lighting proposal 

For illuminating the rock initially was proposed the installation of: 

● One (1) led floodlight of 125W, 6400lm, 53lm/W efficacy, circular light beam 43ο and 3500K light

color temperature.

● Four (4) led floodlights of 125W, 6300lm, 53lm/W efficacy, circular light beam

63ο and 3500K light color temperature

By assessing the lighting simulation data from the 3D model, illuminance can be estimated at 12lx with a luminance of 0.76cd/m2. These calculations are lower than the initial specifications. 

Improved lighting proposal 

The improved lighting proposal included floodlights with the following technical specifications: 

● Τhree (3) floodlights with circular light beam, 4000K light color temperature ,

64W power consumption, 11500lm and 70lm/W efficacy.

The 3D model process also indicated that the value of illuminance reaches approximately 20lx. The luminance on this area, from only the 4000K floodlights, is estimated at 1.30cd/m2 < 1.62cd/m2 (Fig. 3).The results are very close to initial specifications. 

[image: ]

 

Figure 3 – Northern section of fortification and rock. Improved lighting proposal 

[image: ]

On each post, along with the 4000K floodlight, an additional elliptical horizontal beam led RGBW floodlight is also installed with 120W power consumption, 6200lm and 52lm/W efficacy. The RGBW 

floodlights will only operate on special occasions . 

4.2  Western section 

Initial lighting proposal 

The illumination of the western section of the rock, and specifically the area between the NW and SW corner, will involve five floodlight points with the following technical specifications (Fig.4): 

 

● Seven (7) RGB 3500K floodlights,3850lm,135W power consumption,circular light beam ο 43 , 28,8lm/W efficacy. ● Seven (7) RGB 3500K, 3825lm, 135W power consumption,circular light beam 63 ο ,28,5lm/W efficacy.
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Figure 4 – Western section of the rock. Light distribution with RGB 3500K 

[image: ]

According to the lighting simulation tests on the 3D render, illuminance reaches 14lx with luminance at 0,67cd/m2. 

Improved lighting proposal 

It was recommended that ten (10) 4000K floodlights and ten (10) RGBW at five points will be installed so as to enhance the lighting in this specific sector. 

● Τwo  (2)  floodlights:  one  with  164W  power  consumption,11500lm  with  circular  light  beam,  and

70lm/W efficacy while a second floodlight would have 212W power  consumption,14000lm elliptical light beam and 67lm/W efficacy. The 164W floodlights will target the area between the foot of the rock up  to half of its height and the 212W lights will cover the rest of the space to the peak of the outcrop.

● Two  (2) supplementary Elliptical Horizontal beam led RGBW floodlights will also   be installed in

.       each point with 6200lm, 120W power consumption, 52lm/W  efficacy. The RGBW floodlights will

only operate on special occasions.

The distance between the floodlights is 15m. They will be installed at the edge of the plateau (7 to 10m apart), on low concrete pedestals that painted to match the color of the rock. As such, the floodlights will be integrated into the landscape without being visually intrusive. The different targeted areas for the floodlights and their overlapping beams results in an illuminance estimated at 30lx at the foot of the western section of the rock, reaching approximately 1/3 of its total height, with illuminances of 20lx in the middle third and 5-8lx on the top third. With this progressive lighting distribution, the full extent of the rock’s height is appropriately enhanced. Luminance is estimated at 1,43 cd/m2 in the lower third, 0,95 cd/m2 in the middle third and 0.38 cd/m2 in the top third (Fig.5). 

[image: ]

 

Figure 5 – Western section. Light distribution with 4000K floodlights in the specific 

[image: ]

zones (lower, middle, higher) 

4.3  Southern Section of the Fortification 

The southern fortification wall is visible from all points of the village of Chora and includes the section of fortification starting from the SW edge of the rocky hill and runs to the circular tower located in the SE 
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corner. One of three residential houses lies almost adjacent to the fortification wall while the remaining two are located close by (2.5m away) (Fig. 1). 

Initial lighting proposal 

● Two (2) led floodlights of 6325lm, 125W power consumption, circular light beam 63ο, 3500K light

color temperature, 52,3 lm/W efficacy.

● Two (2) led floodlights of  6325lm, 125W power consumption, circular light beam 63ο, 3500K light

color temperature, 52,3 lm/W efficacy.

● Three (3) led floodlights of 2700lm, 50W power consumption, circular light beam 60ο, 3500Κ, 55

lm/W efficacy.

According to the lighting simulation tests on the 3D render, illuminance reaches 13lx with luminance at 0.62cd/m2. These calculations are lower than the initial specifications.. 

Improved lighting proposal 

With regard to the enhancement of the initial lighting proposal, the installation of both 4000K and RGBW floodlights was recommended. 

For the illumination of the SW section, the following was suggested: Installation of three (3) floodlights. 

● Two (2) 164W 11500lm circular beam floodlights of 70lmW efficacy ● One (1) RGBW elliptical horizontal beam floodlight, 6200lm, 120W power consumption, 52 lm/W

efficacy. The RGBW floodlights will only operate on special occasions

The 3D render lighting simulation tests gave an estimated illuminance on the rock mass  and on the fortification wall of 25lx with luminance of 1,20 cd/m2 and 1,6 cd/m2 . 

To illuminate the section between the residential house and the circular tower: 

● A single elliptical horizontal beam Led floodlight with164W power consumption, 11500lm, 70lm/W

accompanied by a circular beam Led floodlight with 66W power consumption, 4200lm and 64.7lm/W efficacy.

The 3D render lighting simulation tests gave an estimated illuminance on the fortification wall of 25lx with luminance of 1,6 cd/m2. 

The installation of 4000K wall mounted led luminaires on the facades of the residential houses close was also recommended for the illumination of section of the circular tower nearby. 

4.4  Eastern Section 

The eastern section includes the circular tower, the curtain wall with the staircase and the two façades of the rectangular tower. After the completion of restoration works, a small plaza was constructed at the NE corner of the monument. 

Initial lighting proposal 

● Two led floodlights of 2700lm,50W power consumption, 55 lm/W efficacy, circular  light beam 60ο,

3500K light color temperature. According  to  the  lighting  simulation  tests on  the  3D  render, illuminance reaches  10lx with luminance at 0.79 cd/m2. These calculations are lower than the initial specifications.

Improved lighting proposal 

● Two floodlights 12000lm, 164Wpower consumption, 71,1 lm/W efficacy, circular light beam, 4000K

light color temperature. The illuminance  on the  circular and rectangular tower is estimated at 27lx, that of the curtain wall with the staircase,20lx with luminance of approximately 2,15 cd/m2 and 1,60cd/m2.(Fig. 6).

 

4.5  Northern Fortification Wall and Tower 

An additional floodlight was suggested to supplement the lighting of the northern fortification wall (the section with the turtle-type luminaires). The technical specifications are: 4500lm, 4000K, 66W, 64.2 lm/W with circular light beam.. 

 

28

BalkanLight'2024 Proceedings

[image: ]

 

Figure 6 – Eastern section. Lighting over view with 4000K floodlights
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5  Interior Lighting 

The interior of the castle is relatively clearly visible from the village of Chora so the illumination of certain interior structures is called for: 

● the entire length of the main visitor’s path.

● the interior rectangular tower.

● the interior façades of the eastern tower above the cistern

● the stone staircase leading to the interior of the fortification through an arched gate

 

5.1   Visitor’s Path 

The path begins at the main entrance to the east, reaches the interior central tower up to the stone staircase and continues through the arched gate to the western interior façade of the tower. At the edge of the path, short 1.1m-high wooden pillars have been erected at intervals of 1.6m. A double array of ropes has been also arranged for additional safety measures. With regard to the illumination, IP 65 oval shaped turtle luminaires were suggested. An E27 spherical led bulb equipped with 5W power consumption, 500lm and 4000K color temperature can be installed inside the casement. These are 20cm in length and 13cm in width. The average luminance on the path is estimated to be between 5 and 10lx. 

5.2   The Main Tower and the Northern Section with the Stone Staircase 

5.2.1   Southern and eastern façades of the Tower.  

Initial lighting proposal 

● Two (2) floodlights of 2700lm, 50W power consumption, 3500Κ, 55lm/W efficacy, circular light beam

60ο. According to the lighting simulation tests on the 3D render, illuminance reaches 10lx with luminance at 0.79 cd/m2. These calculations are lower than the initial specifications.

Improved lighting proposal 

The southern and eastern façades will be illuminated by two floodlights be installed either in the cavities 

of the rock or on a concrete pedestal, angled diagonally facing the tower. 

● A 4500lm circular beam floodlight with 66W power consumption, 4000K color temperature and

64lm/W efficacy.

● An 11500lm elliptical vertical beam floodlight with 164W power consumption,4000K color

temperature and 70lm/W efficacy.

Average illuminance on the rectangular tower approaches 35lx with 2,78 cd/m2 luminance (Fig. 7). 

5.2.2  Northern Façade of the Tower 

Initial lighting proposal 

● Two  (2)  floodlights  2700lm  output  flux,  3500K,  50W  power  consumption,  55lm/W  efficacy,

 

According to the lighting simulation tests on the 3D render, illuminance reaches 10lx with 2 luminance at 0.79 cd/m circular light beam 60ο .These calculations are lower than the initial specifications 
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Figure 7 –  Eastern façade of the interior tower using 4000K floodlights 
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Improved lighting proposal 

The tower’s northern façade will be illuminated by a floodlight installed on a concrete pedestal and 

positioned NE of the main tower on the plateau. 

● A 12000lm elliptical horizontal beam floodlight with 164W power consumption, 4000K color

temperature and 72.3 lm/W efficacy was recommended for this purpose.

The 3D light simulation model estimates illuminance at 25lx with luminance of 1.9 cd/m2 (Fig. 7). 

5.3  Western Section with Arched Gate 

Initial lighting proposal 

● One (1) floodlight of 2700lm, 3500K, 50W power consumption, 55lm/W efficacy, circular light beam

60ο

According to the lighting simulation tests on the 3D render, illuminance reaches 10lx with luminance at 

0.79 cd/m2. These calculations are lower than the initial specifications.. 

Improved lighting proposal 

The western section of the interior fortification wall will be illuminated by a floodlight installed at the height of the tower’s western façade. More precisely: one circular beam floodlight with 66W power consumption, 4500lm, 4000K and 64,2lm/W efficacy. The illuminance on the rectangular tower approaches 20lx and luminance of 1.59 cd/cm2

5.4  The Cistern 

To illuminate the interior arches above the cistern, the IP 65 oval shape turtle type luminaires were suggested. The luminaires are made of copper, translucent glass and are protected by wired grid. They are 20cm long and 13cm wide. They can be equipped with E27 spherical Led bulbs with 10W power consumption, 800lm /4000K color temperature (Fig. 8). 

. 
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Figure 8 –  Illumination of the cistern. Lighting distribution with4000K luminaires
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30

BalkanLight'2024 Proceedings

6   Overall illumination aspect of the castle 

In Figure 9, both the final lighting solution and lighting distribution are simulated on the 3D model. In the same illustration the position of the floodlights is also indicated. 

[image: ]

 

Figure 9 – Photometric depiction of illumination for the castle of Chora in Samothrace 
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7   Concluding Remarks 

As was noted in chapter 2, the castle is located beneath the village of Chora, and on this basis the majority of the floodlights will be situated in the line of sight of residents and visitors. Priority has, therefore, been given to both the minimization of glare and the reduction of light scattering towards the settlement and the surroundings. To this effect, the floodlights recommended come equipped with non-lateral spill light beams (CIE 150:2017). This specific floodlight set-up  for the minimization of glare scales down their efficacy, however, only reaching 70-80lm/W while in certain other instances it can reach 150lm/W. Further emplacement of protectors and filters on the floodlights limit the light spill but also reduce their efficacy. It was suggested that the luminance on the rocky hill and the fortification wall could be decreased to 50% of the highest value for section E2 in table 5 (maximum permitted values of average surface luminance). 

The following scenarios were proposed for the effectiveness of the lighting solution: 

● Installation of an electricity circuit for the independent operation of the RGBW floodlights. ● Installation of an electricity circuit for the operation of the 4000K floodlights for the exterior lighting. ● Installation of an electricity circuit for the operation of the 4000K floodlights for the interior lighting. ● DMX-RDM /1-10V DALI control protocol, customizable dimming profile. ● Remote control management.

The future implementation of the aforementioned scenarios will substantially help to reduce the lighting impact on flora and fauna. 

Finally, during the implementation of the lighting study, measurements on light spill in the atmosphere and the surroundings will be carried out so the floodlights can be properly adjusted. 
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Abstract 

One of the main goals of lighting designers is to achieve a certain perceptual result via a suitable 

lighting design, especially when they deal with monuments and buildings with great cultural 

interest. A useful tool for both lighting designers and architects would be a parametric model 

that could provide solutions for lighting but also architectural parameters that would lead to 

specific desired visual effects. 

The present paper refers to research which aims at the creation, through machine learning 

methods, of such a parametric model that could receive parameterized visual results as inputs 

and produce certain values for lighting parameters as outputs. Parameterization issues are 

discussed, and an implementation of the model is then presented, for the optimization of certain 

architectural parameters that influence the desired visual effect, for the specific case of lighting 

of the dome of Hagia Sophia in Istanbul, considering the needs and restrictions of such a 

monument.  


Keywords : Lighting Design, Parametric Models, Machine Learning. 

 

1       Introduction 

Light, natural or artificial, is undoubtedly the main factor in the human perception of space. 

Without it objects and space cannot be seen. The human eye takes in the light emitted or 

reflected from various objects, transfers it to the brain which translates it into images to realize 

the environment. In fact, the human visual perception system does not only include the eyes 

and the optic nerves. Vision is a complex, primarily mental process involving the entire human 

brain and nervous system (Arnheim, 2005), (Gibson, 2002). Principles of optics apply and are 

critical to defining the basic process, but there are also principles from other fields such as 

psychology that must be considered to fully understand the mechanism of perception. 

Psychologists of the beginning of the 20th century have dealt with this topic and some of them 

came up with the so-called "Gestalt" theory, which states that the human mind "tends to 

organize visual information into ensembles by applying certain principles" (Desolneux, et al., 

2008). An example of a principle governing visual perception is that the apparent distance of 

an object, viewed from a particular angle, depends on the light contrast between the object and 

its surrounding background. The more the contrast between the subject and the background 

decreases, the more the apparent distance between the subject and the viewer increases. 

The objects in the space have characteristics which are mostly geometric, e.g. shape, size, 

position or orientation, but also non-geometric features such as color and texture. These 

features are not always perceived in the same way, and lighting plays an important role in this 

fact. Lighting parameters such as direction, intensity, or color of light by creating contrast, 

shadows, etc. affect not only the image that will be created for the viewer but also in general 

the way in which he will perceive the objects and the space they are located in. The influence 

of these parameters is not simple and unequivocal but is dynamic and varies depending on the 

range of values of the parameters and on the correlation between them (Arnheim, 2005) 

(Gibson, 2002).  

One of the main pursuits for lighting designers is to achieve certain perceptual goals through 

lighting design. At this point, a distinction is made between these goals, either those that serve 
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to highlight reality by showing things as they are, or the exact opposite: those that attempt to create an illusion. In any case the perceptual goal should be defined. Then there should be a lighting design that could achieve this goal. In lighting design generally, the most basic concern is usually the adequate lighting of the space according to general specifications, so that the objects are visible and there is a satisfactory level of safety and functionality in the space. However, very often, in addition to functionality, aesthetics is also sought. For example, highlighting specific features of objects or creating impressions or a specific atmosphere are also key elements in the lighting designer's thinking that determine perceptual goals. 

Usually lighting designers are asked to imagine the image of a desired effect and predict what would be the appropriate lighting installation that would lead to it. They should start with some design solutions that, depending on their experience, they consider to be the most suitable by determining the corresponding lighting parameters and then carry out a series of tests for the result, either in a computer simulation or in the field, in a trial-and-error way. This process is laborious and time-consuming. It is also not certain that it will lead to the desired result. Thus, they are often forced to make compromises. Consequently, it becomes apparent that a so-called "reverse engineering" process is somehow needed. During this process, information is extracted from the final result and the parameters for the lighting are determined. After that a model is created which will, in a fairly safe way, extract values for the parameters such that, if used, they will give a result as close to the desired one as possible. It becomes obvious that it would be very useful to have a tool that performs the above reverse engineering process in a more automated way, based on well-defined methods, so that lighting designers start from more stable data and do not have to rely so much on their intuition.  

In the creation of the above-mentioned tool, it is very important to determine the lighting parameters that affect each visual effect and to study the relationships between them. These parameters will be the structural element of the model that will relate the visual effect to the appropriate lighting design. The purpose is to turn a more general qualitative description of the visual result into a parametric description of measurable and controllable quantities, with clear correlations between them, so that  finally modelling becomes possible. It is clear that the number of parameters and above all the complexity of their correlations make it almost impossible to create the model in the form of a set of mathematical deterministic functions. In such cases, machine learning methods are usually used, which offer modelling based on data analysis methodologies.  

The present research, resulting from the identification of the aforementioned needs, aims to create a parametric model, in the form of an input-output system, which will accept a certain desired lighting effect as input and lead to a specific lighting design as output. The input parameters result from the parameterization of perceptual objectives according to the relevant principles of visual perception that govern them. This parametrization has the concept of defining specific parameters, mainly geometrical, that could be limited and measurable and describe the visual result. Accordingly, the output parameters consist of specific parameters of the lighting design relevant to its implementation, such as for example the position, orientation or intensity of the luminaires.  

The creation of the model will be done with the help of machine learning methods oriented in cases of multiple output models, e.g. Multi-target Regression. Regarding these methods, there will be a comparative evaluation and documentation depending on the specific use. The model is intended to be eventually translated into software routines, which could, in the form of plugins in lighting design software, serve as automated design tools.  

2       Study of parameters and their interrelations 

Extensive research has been carried out generally on the parameterization and quantification of visual effects. It is generally accepted that by looking in space one actually perceives specific characteristics, mainly geometrical, such as the shape, size or position, but also others such as the colour or texture of objects. Studies have been done to define perceptual objectives in the sense of identifying specific visual features that could be measured and how these contribute to the final visual outcome. In much of the relevant literature, the perceptual goal is for the viewer to realize mainly the structural form and structural details of objects in a scene, in order to recognize them (Tao, et al., 2012), (Moeck, 2005), (Shacked & Lischinski, 2001). In 
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many other studies, in addition to the perception of specific visual characteristics of objects 

within illuminated scenes, the creation of atmosphere or specific emotions has also been 

studied as a perceptual goal (Schielke, 2015), (Van Bommel, 2005), (Veitch, 2001), (Edensor, 

2015) and (Liu, et al., 2015).  

In general, some key conclusions that can be drawn from the relative literature are as follows: 

● Parameterization leads to the association of the perceptual target with luminance contrasts.

Essentially, what ultimately ends up as a desired result, in order to perceive the visual characteristics of the objects in a scene, is to obtain a specific brightness value for each of all the points in the observer's field of view. In fact, it is not the absolute brightness values that are more important, but the relative ones, i.e. the brightness differences between neighbouring points or otherwise the contrast. The total value range of brightnesses for the entire field of view also plays a role. So finally, the perceptual goal which is the recognition of the characteristics of objects, whether geometric such as shape or size or others such as colour, brightness or texture, is somehow translated into a set of luminance values with specific relationships between them. In the vast majority of studies, this correspondence is done in a more qualitative than quantitative sense. However, this parameterization is very important because it leads to a measurable result such as brightnesses, which can be an element of an algorithm that results in an appropriate lighting design.

● The matching between the perceptual target and the luminance distribution during

parameterization is mainly done either through comparative analysis with reference images that are examples of achieving the perceptual target, or by collecting information with the help of questionnaires, where subjects are asked about the perceptual target in images with specific luminance distributions and a statistical analysis of the responses is performed.

● The process of parameterization in almost all of the cases follows a course that has a

straight forward direction. In particular, images are created, mainly by computer simulation, which have specific distributions of luminances, and the achievement of the perceptual goal is examined at various levels and from various points of view. The process is repeated as necessary in a one-way trial-and-error fashion.

The parameters of the perceptual targets, as already mentioned, are interrelated with the 

lighting parameters that affect them. Lighting parameters almost always include: number, 

location, orientation and luminous intensity distribution of light sources (point light sources in 

most cases) and studies focus on mathematical relationships and functions that could describe 

this influence (Moeck, 2005), (Shacked & Lischinski, 2001), (Moeck, 1999). More generally, in 

this process of describing essentially how to depict an illuminated scene and imprint it on the 

viewer's eye or on the screen, principles and methodologies of Digital Graphics and Digital 

Visualization are used to simulate the way light is emitted or reflected from surfaces of a space, 

however complex they may be. Obviously, in these methodologies, geometric relations derived 

from basic optics, such as the laws of reflection or diffusion, are mainly involved. In recent 

years, with the rapid development of computer systems, various models and algorithms  for 

lighting a 3D scene have been developed for its digital visualization.  

Most lighting models are based on the separation of light in four coefficients: reflected light, 

diffused light, absorbed light and transmitted light and simulate each light separately with 

particular functions or relationships.  

An important relationship for lighting models is the relationship between light incident on a 

surface from one direction, light reflected from another direction, and light transmitted through 

the object (in the case of transparency). This relationship is incorporated into the bidirectional 

reflectance distribution function (BRDF). The BRDF function depends on many parameters such 

as illumination and observation direction, wavelength, shadows, optical properties of the object, 

reflectivity, absorptivity, etc. (Theoharis, et al., 2012). It is expressed by the following formula: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵     𝑑𝑑𝑑𝑑 𝑟𝑟 =                                                                                                                              (1) 

𝑑𝑑𝑑𝑑𝑖𝑖

where: 

dLr    the outgoing Luminance from a point of a surface in the direction (θr, φr) 
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dEi  the incident illumination at this point from the direction (θi, φi) 

and characterizes the elementary surface in the neighbourhood of this point (see Figure 1). 
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Figure 1 - Schematic representation of the incidence (I) and reflection (v) vectors of 
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light at a point p of a surface. n is the normal vector at p. 
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The BRDF function is very useful in the creation of illumination models because it encodes the contribution of surfaces with their reflective characteristics to the illumination of a space in relation to other parameters such as observation and illumination directions, etc. There are several studies on the development of BRDF functions for various kinds of surfaces, either through analytical mathematical formulation or through experimental measurements (Montes & Ureña, 2012).  

[image: ]

Lighting models can be divided into two major categories (Theoharis, et al., 2012): 

[image: ]

● Local lighting models, where lighting is calculated locally for each visible surface of the

[image: ]

scene, taking into account only the direct effect of light sources and not the interaction of light between objects.

[image: ]

● Global lighting models, where lighting is calculated as a whole for a scene, also

[image: ]

considering the interaction of light between objects, ie how objects are lit indirectly by light reflected from other objects.
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Global lighting models are clearly a more complete solution when it comes to calculating the Luminances of the field of view and creating a realistic image. They use the so-called rendering equation :  

[image: ]

 

𝐿𝐿𝑟𝑟(𝜑𝜑𝑟𝑟, 𝜃𝜃𝑟𝑟) = 𝐿𝐿𝑒𝑒(𝜑𝜑𝑟𝑟, 𝜃𝜃𝑟𝑟) +          𝐿𝐿𝑖𝑖(𝜑𝜑𝑖𝑖, 𝜃𝜃𝑖𝑖) 𝑓𝑓 𝑟𝑟(𝜑𝜑𝑟𝑟, 𝜃𝜃𝑟𝑟, 𝜑𝜑𝑖𝑖, 𝜃𝜃𝑖𝑖) 𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐 (𝜃𝜃                                                (2) ∫ 𝑖𝑖 ) 𝑑𝑑𝑑𝑑 𝑖𝑖 𝛺𝛺 𝑖𝑖

[image: ]

where 

[image: ]

Lr      the outgoing luminance, 

fr          the BRDF at the point where the illumination is incident, 

Le     the constant term corresponding to self-luminous surfaces, ( φr,θr) the direction of outgoing luminance, 

( φi,θi) the direction of incoming luminance, 

dωi  the differential solid angle to the direction of incident illumination, Ωi     the hemisphere above the specific point on which the integral is applied. 

The rendering equation expresses the outgoing luminance from a point on a surface in a particular direction ( φr,θr) as a function of the incoming luminance from all directions within a hemisphere above the point on the surface as well as the bidirectional reflectance distribution function-BRDF for this point. The integral is calculated by means of “Monte Carlo integration” and the incoming luminance from all directions is found by means of ray-tracing methods.  
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3       The parametric model 

The ongoing research, via the application in specific cases of perceptual objectives, reveals 

and makes understandable the ways in which the parameterization of the visual results as well 

as the correlation with the lighting parameters can be done. Accordingly, a sufficient amount of 

data is collected, in order to be used to create the parametric "reverse engineering" model that 

will find the appropriate lighting design to achieve a specific perceptual goal. Also, the research 

allows the identification and understanding of limitations that must be taken into account in the 

development of the model, whether they are of a general nature or arise from the particularities 

of each specific objective.  

First, a three-dimensional model of Hagia Sophia in Istanbul is created; a scene with particular 

geometric characteristics, which are of special interest in terms of their lighting and visual effect. 

In this space the interest is focused on the existence of a dome, which is geometrically based 

on 4 semicircular arches. The relative geometrical characteristics of the internal surfaces of the 

dome, the possible mathematical formulas that describe them and the possible ways in which 

they could affect the final lighting result are studied.  

Afterwards, various artificial and natural lighting scenarios are applied to this model and the 

result is simulated with the help of visualization computer programs. This process, on the one 

hand, enables conclusions to be drawn about the interrelationship of the lighting parameters 

and, on the other hand, provides the elements that will be used as data for the creation of the 

parametric model.  

3.1     The 3D model 

The choice of the monument of Hagia Sophia in Istanbul as illuminated space was made based 

on the special interest of the dome lighting in Byzantine churches (Potamianos, 2000). The 

hemispherical or almost hemispherical shape of the dome with its circular symmetry as a 

geometric feature can lead to a distinct perception of space, in combination with the special 

management of light. The inner surface of the dome in the model is treated as a mosaic, as it 

was in its original form, therefore it is divided into small elementary surfaces with their geometric 

characteristics such as for example their normal vector being among the basic parameters in 

the study. We focus our attention on the existence of forty openings around the base of the 

dome. These openings have a specific shape and form to direct the natural light towards the 

dome in a particular way and achieve a very impressive visual effect (Jabi & Potamianos, 2016), 

(Potamianos, 2000) (Potamianos & Jabi, 2023). 

The 3D model was created in its actual dimensions with the maximum possible accuracy, with 

the help of the AutoCAD ® 2023 software, based on the work of Mainstone (Mainstone, 1997). 

In practice, two 3D models have been created (Figure 2), one with the original dome designed 

by Anthemius of Tralles and being the most interesting of the two, and the other with the second 

dome that was built after the collapse of the first by an earthquake in 557 AD. In the first dome, 

the openings have an ellipsoidal shape with a large eccentricity. In other words, they are quite 

long and narrow as can be seen in Figure 3. And the direction of their major axis, contrary to 

what one would expect, has an upward slope towards the center of the dome. The dome itself 

is not perfectly hemispherical, its base is not the greatest circle of the sphere having its radius, 

or else the height of the dome is less than its radius. Evidence for all these emerged from more 

recent studies (Potamianos & Jabi, 2023) based on texts and plans of Anthemius which were 

studied in comparison with the existing Hagia Sophia’s plans of Mainstone.  

The shape of the dome and the windows are not accidental. The ellipsoidal shape of the 

windows in particular was consciously designed to take advantage of one of the properties of 

the ellipse, that of the reflectivity between the two foci. According to this property, for each point 

of the ellipse, the perpendicular line to the tangent at that point bisects the angle formed by the 

two lines passing through that point and the two foci of the ellipse. This means that any ray that 

passes through one focus of the ellipse and is reflected inside the ellipse also passes through 

the other focus. In Anthemius' designs, one focus is placed exactly at the window opening while 

the other is at the central point of the dome, a fact which leads us to the conclusion that it was 

a conscious intention to direct the natural light passing through the windows of the dome 

towards the center of the dome.  

 

37

BalkanLight'2024 Proceedings

[image: ]

 

Figure 2 - 3D models of Hagia Sophia, Istanbul, the first with the original dome of 537 

[image: ]

A.D. and the second with the dome of 557 A.D., including all interior and exterior

details. 
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Figure 3 – Section plan of the original dome of Hagia Sophia with the relevant 

dimensions. 

3.2     The lighting scenarios 

It must be noted here that all this study is part of an ongoing research that at this point is at a 

stage of collecting data for the lighting parameters and their interrelationship. The parameters 

that influence the visual result are mainly the number, the position and the orientation of the 

luminaires, their intensity and their light distribution. The position of the viewer and the 

properties of the illuminated surfaces are also playing a role. Due to their large number, the 

different parameters cannot be studied all at the same time, so the values of certain parameters 

are kept unchanged, and the lighting scenarios have various values for the rest parameters to 

realize their influence.  

For the example of the illumination of Hagia Sophia in Istanbul, the complete and detailed 3D 

model of Hagia Sophia is imported in the photorealistic program 3ds Max® by Autodesk® and 

the lighting effect is calculated with a global lighting algorithm. The 3D model is kept unchanged, 

so the properties of the surfaces keep the same values. Also, the position of the viewer is kept 

unchanged too. Various fixtures are placed at various locations and orientations, primarily at 

the base of the dome, and data is collected by appropriately processing the output file from 3ds 

Max® software. The data of the output file are actually a 2D array of luminance values 

corresponding to the luminance coming towards the eye of the observer from all the visible 

points of the field of view. This array is visualized as a photorealistic image and also as an 

image depicting the luminance values in pseudocolor scale. In Figure 4 there are two examples 

of lighting scenarios with different positions and orientations of 10 luminaires with specific light 

distribution (spotlights) placed evenly around the base of the recent dome (557 A.D.), and one 

can see the different visual results on the surface of the dome We have chosen to experiment 

with the values of the luminaire parameters mostly because these parameters are the first we 

want to train the parametric model with, so as to be able to predict specific artificial lighting for 

certain visual effects.  
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Figure 4  Example of a lighting scenario with artificial lighting of the inner side of the 

[image: ]

dome. 

[image: ]

The case of the natural lighting of the original dome of 537 AD is of particular interest, because the visual effect was significantly impressive, according to the descriptions of the time: “Indeed, one might say that its interior (Hagia Sofia) is not illuminated from without by the sun, but that the radiance comes into being within it… Yet it (the dome of Hagia Sofia) seems not to rest upon solid masonry, but to cover the space with its golden dome suspended from Heaven…” (Procopius of Caesarea, 1940). It is known from the relevant literature (Potamianos & Jabi, 2023) that for the visual effect in the original dome, which was the concentration of a special glow at the center of the dome, to achieve the impression mentioned by Procopius, even in the early morning hours, before the sun's rays even entered from the other openings, the parameters that played a dominant role were the geometrical parameters of the windows at the base of the dome, as described in subsection 3.1, as well as the reflectivity properties of the surfaces of the window. In fact, this effect was constant for all days, that is, it did not change despite the change of the position of the sun in the sky from day to day. The above lead to the decision to deal with this case.  

[image: ]

Therefore, the relevant values from the literature for the geometrical parameters of the windows were used (the 3D model with the original dome) and tested for different directions of sunlight (different dates of the year were simulated). In Figure 5 the natural lighting of the inner side of the original dome is shown for the 25th of September at 13:00 am.  
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Figure 5 - natural lighting of the inner side of the original dome. 

[image: ]

The tests showed that there are little differences between the different dates, which confirms 

the relevant literature (Potamianos & Jabi, 2023), nevertheless the visual result from the 

simulations is darker than the expected. One obvious explanation is the accuracy issues of the 

simulation program, although special attention was paid to scale factors and use of real values. 

However, to start distinguishing if the problem is due to the reflectivity properties of the windows 

of the dome and their geometrical  parameters or something else about the external 

environment, the natural lighting was replaced by artificial lighting and luminaires were placed 

at all windows with position, orientation and intensity that would give the same light beams as 

these of the sun. The results are shown in Figure 6 and are slightly different, a fact showing 

that further investigation is needed.  

[image: ]

 

Figure 6 – artificial lighting of the inner side of the original dome. 

[image: ]

3.3     The machine learning model 

After obtaining the corresponding data base from the simulation of the lighting scenarios for 

various combinations of the lighting parameter values, the machine learning model can be 

created, that will take as input the luminance values of all the points of the field of view and 

give as output the values for the lighting design parameters. The input data of the luminance 

values matrix is modified to a proper format for the machine learning model to be trained and 

tested. The same applies also to the output data of the lighting design parameters. The number 

of sample matrices for the training and testing of the model was decided to be 1000, 800 to 

provide the training data and 200 the testing data.  

An application of MATLAB®, that applies several algorithms for multi-task regression and assess 

them, is used for the implementation of the machine learning model. One of its main tasks is to 

provide the accuracy of each algorithm, for the user to be able to choose the one that better 

meets the requirements. The root mean square error (RMSE) is used as a measure of accuracy 

for each model algorithm. Apart from the validation with the testing data, a cross-validation is 

made automatically by the application during the training procedure of the algorithms. It must 

be mentioned here that the algorithms applied and assessed at a first stage are single target 

regression algorithms which at a second stage are to be combined in regressor chains or 

ensembles to be utilized for the multi-target regression problem.  
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After running on a computer with a quad-core CPU, in parallel mode, the application gave the results for 26 regression algorithms. The one with the best accuracy i.e., the lowest RMSE was the Trilayered Neural Network with RMSE equal to 0.063493, which is quite satisfactory. These were the results of the implementation of the final machine learning model and its assessment. 

One first example of the use of the machine learning model is shown in Figure 7. The input data is represented by the image of Figure 6. The output data, that concern the luminaire parameters, when used by the simulation program give the result of Figure 7. The two images differ. It must be noted that the machine learning model is at a very early stage and much more data are needed for its training. Multiple applications of the model with different sets of data will not only improve its accuracy but will also give the opportunity to recognize the role of the parameters.  

[image: ]

 

Figure 7 – The simulation for the results of the machine learning model. 

[image: ]

4       Conclusions - Discussion 

A parametric machine learning model, that will take a matrix with the luminance values of all the points of the field of view as input and give the values for the lighting design parameters as output is indeed attainable and can lead to acceptable results. The tests gave results close to the desired ones, but much more data are needed for the optimization of the lighting design parameter values, especially for complicated cases like the one of the lighting of the Hagia Sophia in Istanbul that is being studied. More data should be collected, as future work, for a variety of luminance distributions and lighting parameters, coming either from simulations or from real-life data measured in situ.  

The concept and method used rely on physics-based principles and formulas, therefore the model does not lose its generality. Thus, one can use a model like this to find out the proper lighting installation for achieving a particular desired visual result in terms of light brightness and contrast of a specific scene. Conclusively this model could constitute a great tool for lighting design, giving the professionals the opportunity to create special visual effects e.g., particular impressions in places like monuments and other buildings with cultural interest that have an emotive character. A tool like this could give an impulse to creativity.  
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Abstract 

Nowadays, Human-Centric Lighting (HCL) has emerged as a vital area of study, emphasizing 

the impact of light on human perception, biological rhythms, and emotional states. Unlike 

traditional lighting, HCL integrates insights from biology, psychology, and design to  create 

environments that enhance comfort, productivity, and well-being. This study uses theoretical 

and empirical approach outlines to explore HCL's effects in office settings, focusing on metrics 

like Equivalent Melanopic Lux (EML) and Circadian Stimulus (CS). It examines how various 

lighting configurations affect vertical illuminance (Ev) and horizontal illuminance (Eh), 

emphasizing the role of luminaire types, placement, and surface properties. Results highlight 

the importance of tailored lighting designs, integrating temporal variations and automation to 

optimize circadian alignment, energy efficiency, and operational performance. The study 

advocates for further research to validate criteria and enhance HCL applications, aiming to 

improve indoor environments for human comfort and productivity.  

Keywords:  Human-Centric Lighting,  Equivalent Melanopic Lux,  Circadian Stimulus,  Energy 

Efficiency, Lighting Design.  

 

1  Introduction 

In today's rapidly evolving digital world, characterized by continuous technological innovations, 

Human-Centric Lighting (HCL) has become an increasingly significant and intricate area of 

research  (Gooley., 2018). As we confront ongoing global challenges, there is a growing 

recognition of the need to create environments that reflect human needs and preferences, 

bringing HCL to the forefront of lighting design. HCL takes a deeper look at the complex effects 

of light on human experiences, including visual perception, biological rhythms,  cognitive 

function, and emotional well-being  (Blume et al., 2019). It  leverages a multidisciplinary 

approach, integrating insights from biology, psychology, and environmental design to develop 

lighting systems that not only satisfy functional requirements but also promote health, comfort, 

and productivity (Lok et al, 2018). By understanding how different wavelengths, intensities, and 

light patterns affect circadian rhythms and mood, HCL aims to create environments that foster 

alertness, improve sleep quality, and enhance overall well-being (Gotlieb et al., 2018).  

In any settings, particularly those without access to natural daylight, the importance of circadian 

lighting becomes even more pronounced. Research shows that exposure to specific light 

spectra and intensities during daytime hours can help regulate sleep-wake cycles, thereby 

enhancing alertness, concentration, and overall performance  (Cajochen, 2007). In these 

environments, HCL focuses on delivering the right balance of light to stimulate alertness and 

maintain energy consumption levels throughout the day. Traditionally, artificial lighting has often 

been static and unable to provide the necessary light to support our natural biological rhythms. 

However, the advent of LED technology has revolutionized the industry and paved the way for 

the development of HCL (Cajochen et al., 2019). LED lighting offers advantages such as energy 

efficiency, longer lifespan, and precise control over lighting parameters. 

2  Understanding Human-Centric lighting design and implementation 

This study presents  outcomes of advanced computational modelling to predict lighting 

conditions and their effects on occupants, providing valuable insights into how various lighting 

designs can enhance energy efficiency, cost-effectiveness, and overall lighting strategies 

(Aliparast et al., 2022).  
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This approach deepens the understanding of HCL and underscores its potential to create more sustainable, economical, and human-centered indoor environments (Aliparast & Onaygil., 2023, 2021). Applying HCL principles enables the creation of lighting solutions that adapt to individual needs and specific tasks, promoting both physical health and mental comfort. This involves adjusting light color temperature and intensity throughout the day to replicate natural daylight patterns, which is crucial for maintaining the body's circadian rhythm. As indoor environments evolve, HCL is becoming increasingly important in designing spaces that foster health and well-being.  The CIE emphasizes the importance of high melanopic exposure during the day for alertness and sleep quality, reduced light exposure in the evening to facilitate sleep, and maintaining darkness at night to support a strong circadian rhythm and overall well-being (CIE, 2024). The advent of advanced lighting technologies and real-time automation systems, which can adjust light settings based on environmental conditions and user preferences, enhances HCL's ability to transform indoor spaces into healthier and more productive environments.  

The study uses a detailed, multifaceted approach to investigate the complexities of HCL and its impact on indoor lighting design, combining theoretical models with practical experiments. By implementing specific lighting designs in controlled indoor settings, the study tests real-world scenarios, optimizing for Equivalent Melanopic Lux (EML) (Lucas et al, 2014) and Circadian Stimulus (CS)  (Rea & Figueiro., 2018)  to enhance alertness and productivity.  Computer simulations are important to analyse the effects of various luminaires and lighting configurations on vertical (Ev) and horizontal (Eh) illuminance, adhering to indoor lighting standards such as EN 12464 (EN, 2022). The study evaluates how lighting reaches eye level at 1.2 meters while maintaining the required horizontal illuminance at a working plane height of 0.8 meters, also considering the reflectance characteristics of room surfaces and furnishings, which play a significant role in light distribution. Crucial elements such as luminaire type, positioning, and light distribution curve are systematically examined to ensure they meet target levels for EML and CS. The study provides an in-depth outcomes of analysis of lighting parameters like vertical and horizontal illuminance, spectral power distribution (SPD), and color correlated temperature (CCT) to determine the effectiveness of various configurations. It also explores how different light distribution patterns, mounting heights, and surface reflectance properties impact vertical illuminance and the achievement of desired EML and CS values (Aliparast & Onaygil., 2024). 

The research outcomes includes a simulation phase and a series of experiments. The primary objective of these experiments is to examine the impact of different lighting conditions on the experiences of occupants. The CS metric, defined in UL 24480 (UL., 2019), and the EML metric, referenced in CIE S 026:2018 (CIE., 2018), are used as evaluation criteria for the proposed HCL design. The study sets its targets according to the recommended metric thresholds of UL 24480 and WELL v2 2023 Q2 (Well Certified., 2023), which are based on CIE S 026:2018. The experiments were carried out in a selected room measuring with dimensions of 4.9 × 4.6 × 2.8 meters. The simulation results are continuously compared with experimental measurements to validate the findings. The SPD values were within the wavelength range of 380-730 nm for each individual luminaire which is measured with Labsphere integrating sphere spectroradiometer (Labsphere, 2020, Aliparast & Onaygil., 2024). 

3  Key Findings from the Study on Human-Centric Lighting Design 

The study provides an in-depth understanding of the HCL experience in indoor environments. By carefully examining a range of lighting designs  (Aliparast & Onaygil, 2023), the research demonstrates how different configurations vary in their ability to meet the required thresholds for EML and CS. These findings highlight the importance of customized lighting solutions that enhance user comfort, productivity, and overall well-being. 

A key finding of the study is the identification of optimal CS and EML values, which are crucial for shaping HCL design decisions (Aliparast, 2024, Aliparast & Onaygil, 2024). To achieve this, the study findings are: 

• Indoor furniture arrangement: The study highlights that seating arrangements and view

direction significantly affect vertical illuminance levels, which impacts the effectiveness of achieving the desired CS and EML values. This finding emphasizes the importance of considering furniture placement and its adaptability to luminaire positioning to enhance  the overall lighting design. A holistic approach to lighting design should

 

46

BalkanLight'2024 Proceedings

 

consider both the spatial layout and the occupants' positions. Ensuring that occupants have a clear view of the central part of the environment or toward the light source can contribute to the success of the design. 

• Importance of accurate SPD data for luminaires: The accurate SPD data of a luminaire

is crucial not only for obtaining detailed and reliable simulation results but also for accurately measuring EML and CS levels. These measurements are essential for designing lighting systems that support human health, well-being, and productivity by aligning with natural circadian rhythms. Without precise SPD data, it is challenging to determine the true impact of the light on both visual and non-visual biological responses.

• Importance of EML and CS: It is important to evaluate and adapt not only the EML target

but also CS, due to the high dependency of EML on Correlated CCT, which is not directly related to CS. Additionally, the type of place significantly affects EML and CS targets, which vary based on duration and time zone of day.

• Significance of light beam curve: Proper light beam distribution is essential to optimize

luminous flux and deliver adequate vertical illuminance at eye level. This ensures that light is effectively directed to where it is needed, minimizing waste and enhancing visual comfort. Vertical illuminance is particularly important for tasks that require visual attention or for maintaining circadian entrainment in indoor environments, as it directly affects how light reaches the human eye. Efficient light distribution can lead to better energy use, improved visual clarity, and a healthier lighting environment. For example, in workspaces, a suspended linear luminaire with a wide, well-designed light beam curve can effectively distribute light, enhancing vertical illumination at eye level.

• Luminaire  height  positioning and importance of illuminance: Proper management of

luminaire height is essential for enhancing user comfort and satisfaction. The study found that variations in height significantly affect performance, with notable differences in response to varying light levels. Managing the height of luminaires can have a substantial impact on user comfort and overall satisfaction with the lighting environment. Additionally, the proposed luminaire height of approximately 1.8 to 2.3 meters is strongly influenced by the light beam curve and its effectiveness in enhancing vertical illumination.

• Influence of CCT: The study outcomes suggest incorporating temporal variations in CCT

to  mimic natural daylight patterns throughout the day, which can help align indoor occupants' circadian rhythms with their external environment. Achieving the correct CS and EML values at specific times is crucial for maintaining optimal lighting conditions, regardless of the CCT. The findings indicate that luminaires with the same CCT can still meet the desired CS and EML values by adjusting the luminous flux at different times of the day, without changing the CCT.

• Energy Efficiency: The study underscores the importance of advanced automation

systems that use algorithms to create dynamic lighting environments. These systems can adjust light source mounting height, CCT, intensity, and distribution based on predefined criteria and the contribution of natural daylight. Such systems are essential for maximizing operational efficiency and energy savings in HCL applications.

• Importance of indoor users’ characteristics: The study found significant differences in

lighting preferences among different age groups, indicating that younger and older groups have different preferences for light levels. This suggests that age is an important factor to consider when designing HCL systems to ensure they meet the needs of all occupants.

Future studies should explore optimal furniture arrangements to improve lighting, utilize 

suspended mounting designs, and integrate personalized, energy-efficient lighting systems 

tailored to individual needs. Personalized lighting systems could enhance both comfort and 

productivity in office settings.  The  HCL  study demonstrates that a carefully designed and 

dynamic system can significantly improve indoor environments by promoting human health and 

productivity while also being energy-efficient and sustainable (Aliparast & Onaygil 2024). 
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4  Conclusion 

In conclusion, the study significantly enhances the understanding HCL and its impact on indoor lighting design. It highlights the necessity for ongoing research to validate the proposed criteria and values in real-world applications. Additionally, the study  outcomes  emphasizes the importance of developing advanced automation systems that can dynamically adjust lighting conditions to optimize both operational efficiency and energy use in HCL environments. By integrating insights from multiple disciplines such as biology, psychology, and engineering, and utilizing the latest technological advancements, the study paves the way for a new era of human-centered lighting solutions. These innovative approaches are designed to prioritize the comfort, health, and productivity of indoor occupants, creating more responsive and adaptable lighting systems that align with human needs. As the field of HCL evolves, these findings will be instrumental in guiding future developments, fostering environments that enhance well-being and performance in various indoor settings. 

. 
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Abstract 

A significant portion of global energy demand is directly attributable to artificial lighting systems in buildings. Consequently, improving their energy efficiency is crucial for achieving current climate and environmental policy goals. However, the prevailing discrepancies between predicted and actual energy demand present a major challenge as a comprehensive understanding of the factors influencing energy consumption of artificial lighting systems is still lacking. Based on minute-by-minute long-term monitoring of an open-plan office in Austria several dedicated studies have been conducted in recent years to systematically and comprehensively quantify the impact of individual and organizational factors on energy consumption. In addition to quantifying workplace usage behaviour, the analyses also considered various control concepts and the influence of user combinations, both on an individual and probability-based level. The results emphasize the need for a greater integration of behavioural aspects into the strategic planning and operation of artificial lighting systems to optimize energy efficiency.  

Keywords: energy efficiency, energy performance gap, building simulation, user modelling 

 

1  Introduction 

Despite numerous efforts to enhance energy efficiency, the building sector remains responsible for approximately 30% of greenhouse gas emissions and about 40% of global energy demand, with artificial lighting being a major energy consumer (Dubois & Blomsterberg, 2011). In recent years, both building-related  modelling  techniques and energy-efficient technologies have achieved significant improvements. Despite these advancements, buildings often fail to meet the energy targets anticipated during planning and simulation phases. Current studies (Liang et al., 2019; Calì et al., 2016) show that actual energy consumption can exceed estimates made during the planning phase by up to threefold. Additionally, the efficiency of implemented control systems is rarely evaluated after they have been put into operation, leading to substantial challenges in meeting energy and environmental policy objectives. To improve the energy efficiency of lighting systems and reduce the risk of incorrect design estimates of energy demand, a deeper understanding of the causes of energy performance gaps (EPGs) (Cozza et al., 2021) and a comprehensive quantification of their magnitude is needed to both improve the accuracy of building performance design and simulation and ensure a positive contribution to societal challenges. 

As a result, numerous studies on this topic have been conducted to date (Zou et al., 2019; De Wilde, 2014; Menezes et al., 2012). These studies reveal that the existing discrepancy between actual energy consumption and simulated forecasts, as described by the EPG, is closely linked to concepts of optimal energy usage. Therefore, they not only relate to the optimal functioning of a building, focusing on structural and design factors, but also to ensuring user-related requirements are met (Cozza et al., 2021). Estimating building energy consumption is therefore highly complex, and deviations during actual operation often result from the interaction of multiple factors (De Wilde, 2014). 

Potential influences on deviations in operational energy consumption range from insufficient fine-tuning of control systems and suboptimal settings of technical components (Zou  et al., 2019)  to inaccuracies in measurement techniques and uncertainties in building modelling specifications (Calì et al., 2016). Unrealistic assumptions and forecasting errors in climate data 
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(Erba et al., 2017) and occupancy models during the planning phase (De Wilde, 2014) further 

contribute to the manifestation of EPGs. System errors or improper use of systems by building 

occupants (Cozza et al., 2021; Menezes et al., 2012) can also have a significant impact. It is 

important to understand that it is almost impossible for building users to  assess the energy 

impacts of system interventions, as they lack appropriate quantification mechanisms. As a 

result, decisions are primarily based on the satisfaction of immediate personal needs 

(Barthelmes et al., 2016), which may not necessarily align with long-term strategic and energy-

saving control concepts. Consequently, it is currently assumed that uncertainty in user 

behaviour significantly influences the accuracy of energy demand performance forecasts made 

during the planning phase (Yoshino et al., 2017). 

From a planning perspective, this  critical role of user behaviour  in contributing to the 

performance gap arises from a lack of detailed information about organizational and socio-

cultural factors during the planning phase. The assumptions about occupancy behaviour used 

in planning and simulation are primarily based on empirically validated and standardized 

models, which are formulated as broadly as possible to ensure wide applicability (Wang et al., 

2016). However, workplace occupancy dynamics are significantly influenced by individual 

factors such as job tasks, professional position within the organization, and social conditions, 

all of which can vary considerably between organizations  and individuals. Consequently, the 

energy impacts of occupancy profiles are often stochastic (Zhou  et al., 2015) and do not 

correspond to the static occupancy models used today. The issues arising from current model 

assumptions become evident in contexts with flexible social structures, such as flex-time 

regulations and remote work. Furthermore, workplace-specific dynamics, such as the proportion 

of meetings depending on the job position in an organisation (Panko & Kinney, 1995), present 

a practical challenge insufficiently addressed by current assumptions. 

Currently, several approaches exist to address these problems in building energy simulations. 

For example, discrete Markov processes, based on predictors selected for statistical 

significance through forward and backward selection (Haldi  et al., 2017), offer the advantage 

of capturing individual behaviour  on a statistical basis. In recent years, machine learning 

techniques have also been increasingly used (Yılmaz et al., 2023; Weninger & Hammes, 2024). 

The development of improved methods for modelling user behaviour and their integration into 

simulation environments has been the subject of both past and current research efforts within 

the framework of the “Energy in Buildings and Communities” program of the International 

Energy Agency (IEA EBC;  Yoshino  et al., 2017). However, a comprehensive and suitable 

quantification of the multidimensional factors influencing energy demand and contributing to the 

performance gap is still lacking. Thus, the quantification of EPG and the development of 

appropriate counterstrategies remain key research topics to avoid inefficient building operation 

and ensure the achievement of energy targets. 

1.1  Scope of this work 

In 2019, a Living Lab was established in the open-plan office of the R&D department of 

Bartenbach GmbH in Aldrans, Austria.  Since then, high-resolution user and building-related 

data have been collected as part of a post-occupancy evaluation. In comparison with simulation 

models,  these data  have been used in multiple  studies to evaluate the building's energy 

consumption.  In addition to the goal of thoroughly breaking down and weighting the factors 

influencing energy consumption, targeted approaches were pursued to mitigate existing 

performance issues. Due to the significant impact of occupancy behaviour on the success or 

failure of predictions made during the planning phase regarding the building's energy efficiency, 

the analyses focused primarily on individual and organizational influences and their relationship 

to other relevant factors such as daylight availability, season, time of day, and building usage. 

Using statistical methods, machine learning, and mathematical optimization techniques, the 

available data were analysed both using real datasets and synthetic datasets generated through 

sampling methods. In addition to quantifying workplace usage behaviour, the analyses also 

considered various control concepts and the influence of user combinations, both on an 

individual and probability-based level. The findings underscore the need for increased 

integration of behavioural aspects into the strategic planning and operation of artificial lighting 

systems to optimize energy efficiency. Consolidated results from individual studies are 

presented, and future research perspectives are derived. 
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2  Description of the study object 

The research and development building of Bartenbach GmbH in Aldrans, Austria, features a 160 m² open-plan office accommodating up to 28 workstations. To ensure optimal operation and comfort, the office is primarily used by 18 individuals, distributed across nine workstation zones. Four zones, each designed for two people, are located along the north side under a skylight, while five additional zones, also standard for two but expandable to four people, are situated along the south facade (see Figure 1, left). 

[image: ]

 

Figure 1 – Interior (left) and exterior view (right) of the Bartenbach R&D building in Aldrans, 

[image: ]

Austria. In the right part of the interior area, the skylights of the north façade can be seen, the 

exterior view shows the static daylight system on the south façade. 

Both the daylight and artificial lighting systems in the office space have been optimized over several years. As a result, the lighting systems in the study object can be controlled separately for each workstation zone to accommodate individual lighting preferences (Boyce et al., 2000; Despenic et al., 2017; Veitch & Newsham, 2000), avoid associated conflicts (cf. Chraibi et al., 2016), and significantly reduce the system's overall energy consumption (cf. Hammes  et al., 2020). The artificial lighting system provides two colour temperatures, ranging from 5,000 K in the morning to 2,200 K in the evening, to support the users' circadian rhythms. It is controlled by ceiling-mounted passive infrared sensors (PIR; Thermokon, RDI) that respond to occupancy. The implemented switch-off delays have been adjusted to an industry standard of 15 minutes (cf.  Nagy  et al., 2016) to prevent incorrect system shutdowns. Additionally, the necessary artificial lighting is reduced by desk-mounted horizontal light sensors (Thermokon, LDF 1000A) based on the available amount of daylight. In this context, a normative standard of 500 lx according to EN 12464-1 is assumed as the target value. 

The office is characterized by a large, glazed area on the south facade, ensuring high levels of daylight integration. On average, horizontal illuminance levels of over 500 lx are achieved at workstations between 9:00 AM and 4:00 PM, resulting in a daylight autonomy (DA) of 81.56% (Figure  2). To prevent glare and overheating, automatically controlled shading systems are installed on the exterior of the south facade and the interior of the northern skylights, along with an external static daylight system (see Figure 1, right), adapted to the specific conditions and geographic location of the building. The automated control logic for both artificial and daylight can be overridden by users within each workstation zone via switches, ensuring high user acceptance (Despenic et al., 2017). 

The occupancy structure in the building is highly dynamic. Core working hours are from Monday to Thursday, 9:00 AM to 12:00 PM and 2:00 PM to 5:00 PM, and Friday from 9:00 AM to 12:00 PM. Additionally, the organizational framework includes the option for remote work and flexible hours between 6:00 AM and 8:00 PM. To capture individual occupancy behaviour, PIR sensors (NodOn, PIR 2 1 01) are installed under each workstation, with detection areas limited to the specific desk. The building is centrally controlled by a programmable logic controller (PLC, BECKHOFF, CX5140-0141), which also logs all sensor data and actuator system states. With over 100 sensors in the R&D building, comprehensive monitoring of the indoor and outdoor climate, as well as the presence and absence of users at their workstations, is ensured in compliance with data protection regulations. 
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Figure 2 – Daylight simulation of the study object, implemented with Radiance; simulation 

related to the normative minimum illuminance of 500 lx according to EN 12464-1; reference 

time: 8:00-18:00, daylight savings time not considered, calculated with glare protection. 

Since 2019, all sensor data in the building have been collected in high resolution and stored in 

a machine-readable data format (.csv). Continuous data, such as those from lighting and 

environmental quality sensors, are recorded every minute. Status-based  data, such as 

workstation occupancy or window opening states, are recorded on an individual level upon 

status changes. The collected data has  been  partially  made available for research purposes 

(Hammes & Weninger, 2023). 

3  Study results 

3.1   Simulated and real energy consumption 

In general, energy consumption always results from a causal relationship, which arises from 

various influencing factors and their implementation in control systems. The extent to which this 

interdependence  affects the results energy consumption simulations, especially in relation to 

the used occupancy model, was examined in a study conducted in 2021 (Hammes et al., 2021). 

In this study, the building's energy consumption from September 2020 to October 2020 was 

simulated under several different control methods for the daylighting system, which included 

various assumptions about glare assessment and the corresponding limitation of available 

daylight indoors. Additionally, both static and dynamic occupancy models were simulated and 

compared to actual energy consumption data. To validate the accuracy of the simulations, a 

comparative energy consumption simulation was also conducted using actual measured 

workplace occupancy data. 

The results showed a generally strong alignment with actual energy consumption, with an 

underestimation of approximately 14%  due to hourly resolution of the weather data, in 

comparison to the real consumption of 121 kWh when using actual occupancy data in the 

simulation. Although this study found that both the assumed control method and the occupancy 

model had a significant impact on the simulated energy consumption, the influence of the 

occupancy models was notably higher. Moreover, there was a considerable underestimation of 

the resulting energy consumption by approximately 50% on average. These discrepancies can 

largely be explained by the high availability of daylight, which, in many cases, shifts the primary 

use of artificial lighting to the early morning and late afternoon (Figure 3). In the building, due 

to the flexible working hours of employees, these times are characterized by high variability in 

occupancy, with considerable differences in the start and end times of the working day. Static 

occupancy models are inherently unable to capture these organizationally enabled variations, 

which manifest through individual behaviour. Adequately accounting for this variability in 

dynamic models also proves to be highly challenging. Although the dynamically assumed 

occupancy models in the study produced better simulation results, the deviations from actual 

energy consumption were still significantly underestimated. 
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Figure 3 – Average energy demand of different occupancy models, supplemented by the 

simulated and measured illuminance and the real energy demand (cf. Hammes et al., 2021). 

Thus, assumptions regarding user behaviour in simulations must be considered primarily responsible for existing energy performance gaps. However, despite this insight, the study did not directly quantify the impact of user behaviour itself on the building's overall energy demand. 

Influence of user behaviour 

[image: ]

In the context of integral, sensor-coupled control approaches, the energy demand for artificial lighting is determined, on the one hand, by the currently available amount of daylight, which is supplemented by artificial lighting to reach the normative minimum illumination level at the workplace, and on the other hand, by the utilization of the workplace. In most cases, the presence and absence of individual users must be considered in conjunction, as general lighting typically illuminates multiple workstations simultaneously. As a result, the energy efficiency of the overall system is directly influenced by the alignment of individual presence patterns (see Figure 4). 

[image: ]

 

Figure 4 – Exemplary representation of three real workplace occupancy profiles in the open-

[image: ]

plan office, averaged daily in the period from September 2nd, 2020, to November 3rd, 2020 

(yellow greenish: high occupancy, blue to grey: low occupancy, transparent: no occupancy). 

In terms of fully quantifying the influence of individual user behaviour on the resulting energy consumption of a building, this circumstance presents a significant challenge, as substantial distortions can occur due to better or worse-suited user combinations, when only one specific room usage scenario is considered. Therefore, it is necessary to examine all possible combinations of users within a workplace zone and simultaneously account for their distribution across all available zones to obtain a comprehensive representation. However, even for smaller 
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office spaces, such as the building studied with 18 users, this leads to more than 3 x 1029

possible spatial distributions of individuals. Consequently, this task cannot be solved within a 

finite amount of time.  To nonetheless achieve a possible quantification of the influence of 

individual behaviour, a two-step optimization process using graph-theoretical algorithms was 

applied in a simulation-based study conducted in 2022 (Hammes et al., 2022). Real occupancy 

data for building users from July 2021 to November 2021 were paired for all combinations of 

two users, and the corresponding energy consumption was calculated using the zonally 

measured daylight availability. These data were then optimized for both user combinations and 

zonal assignment for best and worst-case scenarios. 

The results show an increase in artificial lighting energy demand of approximately 83% from 

the best-case to the worst-case scenario (Table  1). For comparison, the actual energy 

consumption of the artificial lighting system during the nearly 100-day study period was around 

83.8 kWh. Since the values were calculated using the same system configuration, the derived 

range only reflects user-related influences. The significant impact of individual behaviour on 

the overall energy demand of a building is not only confirmed by the present findings but also 

illustrates why current simulation assumptions, which would generally result in the same energy 

consumption for all scenarios due to the lack of individual variations, are insufficient for 

adequately estimating the performance indicators of real-world operations. To meet the 

requirements arising from this influence and to address the hidden potentials, the 

implementation of appropriate control strategies proves indispensable. 

Table 1 – Overview of the influence of user combination and room positioning on the 

energy consumption of the artificial lighting system in the open-plan office for  

the period from July 1, 2021, to November 19, 2021 (cf. Hammes et al., 2022) 

Adjustment of Room Position 

Occupancy Schemes 

Best-case scenario  Worst-case scenario 

Adjustment of the       Best-case scenario     58.4 kWh              88.2 kWh 

user pairing             Worst-case scenario  86.4 kWh               96.7 kWh 

 

Effects of using user-centred information 

[image: ]

Given the nature of individual influences, the effects of users or user combinations are spatially 

highly zonal. To effectively address these effects, the implementation of finely zoned lighting 

concepts is necessary. However, compared to comprehensive room-wide lighting controls, such 

concepts require an increased use of sensors. This heightened system  complexity also 

necessitates the use of more powerful control components, which can in turn have adverse 

effects on energy consumption. A direct comparison of differently zoned control systems was 

conducted in 2020 (Hammes et al., 2020). In a simulation-based study, the energy consumption 

of room-wide, as well as north- and south-facing, and individually zoned control concepts was 

calculated. As additional benchmark value, energy consumption for a room-wide manual control 

scenario was considered in the study. The simulations were based on real data for occupancy 

and daylight availability from March 2021 to December 2021. The results clearly indicated the 

advantages of more fine-grained zoning, showing a reduction of approximately 55% in energy 

consumption compared to the sensor-based room-wide control approach (Table 2), highlighting 

the superior ability of smaller zones to respond to individual variations more effectively. 

Table 2 – Simulation-based, normalized energy consumption of the artificial lighting system in 

the open-plan office according to differently zoned control concepts (cf. Hammes et al., 2020) 

Room-wide        Room-wide        North/South        9 workplace 

controls, manual    controls, sensor     zoning, sensor      zones, sensor 

normalized 

energy           117%              100%              88%               45% 

consumption 
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In addition, zoned lighting concepts offer further crucial advantages by allowing the integration of personalization methods through the connection of the lighting system to individual room areas. Beyond general comfort criteria, such as adjusting individually preferred lighting conditions, these systems can also contribute to energy optimization at a higher level. For example, a study conducted in 2021 (Hammes et al., 2021) developed a method that adjusts the otherwise generalized switch-off times for PIR-based presence-controlled artificial lighting after leaving the workspace based on individual occupancy patterns. The method employed probabilistic approaches to individualize the switch-off times based on past information regarding the duration of absence from the workplace. The artificial lighting was turned off as soon as the probability of a longer absence exceeded the probability of a prompt return. This procedure was implemented within the control system of the open-plan office and evaluated under real usage conditions during the period from September 2020 to October 2020. Despite the  relatively short periods of artificial lighting use in the open-plan office due to the high availability of daylight,  the implemented  method reduced overall artificial lighting energy consumption by 17%. A concurrent user survey also revealed that individual lighting control had no negative effects on user acceptance. 

4  Discussion 

The presented results clearly demonstrate that the expected energy consumption of buildings is significantly shaped by the individual behaviour of their occupants. This fact currently poses substantial challenges for the planning and simulation process, as the existing variability cannot be adequately accounted for in the related estimates due to generalized model assumptions. As a result, not only do significant deviations from the predicted energy consumption arise, but there is also a risk of incorrect system sizing, flawed specification of requirements, or ineffective definitions of control strategies. 

Although it is currently very difficult to estimate the real impact of individual behaviour in planning processes, even low-threshold considerations of the potential variability of building users have proven to be highly beneficial. Zonal, sensor-controlled lighting designs are often effective approaches to significantly mitigate uncertainties in planning processes. Moreover, these concepts offer expanded possibilities, enabling the broader utilization of energy-saving potentials through personalized control strategies. 

In theory, a targeted use of personalized lighting concepts can also be used to promote non-visual light effects. In typical general lighting setups, non-visual effects are usually achieved through continuous exposure to specific lighting settings, as individual factors are not adequately represented in the lighting concept. However, there is emerging evidence that intermittent light interventions may also produce acute light effects (Chang et al., 2012; Weninger et al., 2022; Canazei et al., 2023), by showing not only improved cognitive performance but also reduced heart rate variability.  These interventions not only potentially possess a greater effectiveness compared to continuous interventions (Güler et al., 2008), but they could also have energy-saving effects in comparison to current health-promoting lighting solutions, as they are based on a significant reduction in the periods during which high vertical illuminance is required. 

Limitations 

[image: ]

Even though the consolidated study results clearly indicate the significant influence of individual user behaviour on the building's energy consumption, they nevertheless constitute a case study. Personal influences on energy consumption are fundamentally tied to individual behaviour. Different building users, varying usage scenarios, or alternative organizational uses of the building may therefore lead to different outcomes. While the study results generally provide similar indicators, it must be assumed that further case studies with different usage patterns are required to make a universally valid statement. 

Additionally, it should be noted that the evaluated building is characterized by above-average daylight availability. As a result, large parts of the day do not require the use of artificial light in terms of normative requirements, which leads to greater variability in energy consumption at the edges of the day. Given that there is typically a higher fluctuation in occupancy times during these periods, it is potentially possible that the influence  of occupancy behaviour  is 
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overestimated in the presented results. However, whether this overestimation exists, and to 

what extent it manifests, would require comparative studies, which are currently unavailable. 

5  Conclusion and future research directions 

Considering current climate and environmental policy discussions, improving the energy 

efficiency of buildings has become crucial for achieving increasingly important societal 

objectives. The lighting sector, as one of the largest electrical consumers in buildings, can make 

significant contributions. However, the realization of these potentials is currently hindered by 

inaccuracies in both the planning process and energy simulations as well as inefficient control 

strategies. User behaviour, which is influenced by both individual factors and organizational 

and social conditions, can therefore be considered as a central factor, as its impact on both the 

planning processes and the operation of controlled artificial lighting systems proves to be 

essential. 

Both in relation to the improvement of user models and the design of user-centred  lighting 

control systems, there are currently a variety of approaches (see, for example, Hammes et al., 

2024). Specifically, advanced approaches utilizing data-intensive  modelling techniques, such 

as machine learning algorithms, are becoming increasingly important in this field. However, the 

availability of relevant data remains significantly limited, as data collection is complex, and post-

occupancy evaluations of building performance are still rarely conducted, despite their potential 

to address existing opportunities effectively. The primary reasons for this are often the cost and 

resource intensity associated with adapting control systems during operation. 

In the context of personalized lighting control systems, this issue could be significantly 

mitigated. The adequate integration of user information generally aims not only to account for 

interindividual differences in the design of personal environments but  also to recognize 

intrinsically or extrinsically motivated behavioural changes at an intraindividual level and to 

adjust control decisions accordingly. As a result, costly adjustments of implemented control 

logics would become a thing of the past in a fully personalized system, as these systems would 

operate within a framework of continuous re-evaluation of current decision-making and 

automatically perform necessary adaptations. In this context, reinforcement learning methods 

currently hold significant future potential. 

However, from a planning perspective, such methods could exacerbate existing challenges. 

Current model assumptions about user behaviour, particularly in terms of hourly resolution in 

both planning and simulation, are unsuitable for effectively capturing individual differences. 

Should control systems significantly improve by adequately integrating individual behavioural 

patterns into decision-making processes, this would automatically widen the existing gap 

between predicted and actual energy consumption. Therefore, improving user behaviour 

modelling assumptions during the planning and simulation phase is of great importance to 

accurately estimate the processes of intelligent control systems and the resulting key energy 

performance indicators of buildings. 

Improvements to currently applied methods and models are therefore necessary both for the 

design and operation of artificial lighting control systems. However, to develop and, more 

importantly, sufficiently validate current approaches on a generalized level, very large datasets 

are required, which are, from today's perspective, still far from being available in sufficient 

quantities. It is important to understand, that this challenge pertains not only to the impact of 

user behaviour on building performance but also to the understanding of user behaviour itself. 

Today, it remains unclear to what extent user behaviour is truly driven by individual factors or 

whether cultural or organizational influences significantly limit individuality. If the latter is true, 

it could potentially lead to a substantial reduction in the complexity of user modelling, as only 

phenotypological considerations would be necessary. However, whether this simplification is 

feasible, and if so, whether and to what extent existing phenotypes can be transferred across 

different application areas, has not yet been adequately investigated. 
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Abstract 

This study aims to identify user preferences and human-centric lighting in work environments. Referring  to  the  EN12461-1  (2021)  standard,  a  questionnaire  was  created  using  3D interior  models  prepared  using  Dialux  Evo. After  a  pilot  study,  the  questionnaire  was distributed  to  office  workers  from  various  professions and  demographic  data  was  collected. The results show 5000K  is  the  most  preferred  choice  (42.16%),  followed  by  3000K  (33.62%), 4000K  (17.95%)  and  6000K  (6.27%).  Furthermore,  300  lx  was  found  to  be  the  least preferred  level  (23.9%), followed  by  750  lx  (36.8%)  and  500  lx  (39.3%).  A  chi-square  test indicated  a  significant relationship  between  gender  and  color  temperature  preferences,  with women  favoring  3000K  and  5000K,  while  men  preferred  cooler  tones. Workplace  lighting conditions and  preferences undoubtedly  vary,  but  they  can  be  categorized.  An  adaptable lighting  system  that  utilizes modern technology would be a more appropriate choice for work environments.

Keywords: human-centered lighting, user preferences, working environment

 

1  Introduction 

Lighting design, a key component of the physical environment, significantly influences how we perceive  space.  The  arrangement  of  lighting  fixtures,  light  intensity  (brightness  of light), distribution  (uniformity),  the  characteristics  of  light  (directionality,  shadows  and contrast  etc...) and  light  sources  (color  temperature,  color  rendering index etc.)  all  play  a crucial role in shaping our spatial experience. For over 150 years, it was believed that the only photoreceptor  cells  in  the  eye  were  rods  and  cones.  However,  in  2002,  a  new,  third  type  of photoreceptor  cell  in  the  retinas  of  mammals was  discovered.  This  new  photoreceptor, identified as a subtype of certain retina  ganglion  cells (ipRGCs),  plays  an  important  role  in revealing  the  biological  effects controlled by light and darkness. Along with extensive studies conducted over the past 25 years, this finding revealed that good lighting is not only limited to visual  effects  but  also  has  biological  effects  such  as  health,  well-being,  alertness,  and sleep  quality  (Manav,  2019).  Besides supporting  visual  perception,  lighting  design influences  human  physiology  and  psychology  through  its  impacts  on  our  mood, productivity,  cognition,  and  circadian  system.  Since  the  beginning  of  the 21st century, research  has  emphasized  that  light  should  be  considered  for  both  its  visual  and  non-visual effects. 

Light  plays  a  crucial  role  in  synchronizing  our  circadian  rhythm  and  regulating  our biological clock, which is in the suprachiasmatic nucleus (SCN) of the human brain (Dai et al., 2018).  This understanding  highlights  the  importance  of  designing  lighting  environments  that support  not  only  visual  tasks  but  also  health  and  well-being.  It  is  well  established  that  the amount  of  light  entering  our  eyes  significantly  impacts  our  bodies.  Light  stimulates  the suprachiasmatic  nucleus  (SCN),  which  in  turn  regulates  the  production  of  hormones  such  as cortisol and melatonin,

influencing  our  sleep-wake  cycles (Boyce,  2014).  Therefore,  the  wavelength,  color,  and illuminance  we  are  exposed  to  throughout  the  day  can  significantly  impact  our  health. Research  on  the  relationship  between  light  and  health  continues  to  be  explored  from  an interdisciplinary  perspective  (van  de  Meugheuvel  et  al.,  2014;  Sahin  and  Figueiro,  2022; Lucas et al., 2014) .                             60
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Recent studies also focus on the effects of various factors, such as illuminance, light spectrum, 

angle  of  incidence,  and  duration  of  exposure,  to  enhance  human  health  and  comfort  in  built 

environments(Rea and Figueiro, 2018; Alkhatatbeh and Asadi, 2021; Houser et al., 2021).  In 

literature,  this  approach  is  referred  to as  human-centric,  dynamic,  biodynamic,  circadian,  or 

integrative  lighting  systems,  which  emphasizes  the  role  of  light  in  regulating  our  biological 

rhythms. The intensity, spectral power distribution, and direction of daylight vary with the time 

of day and seasons, making it an ideal light source for activating our circadian system (Figueiro 

and Rea, 2016; Acosta et al., 2019; Rossi, 2019). In this context, Human-Centric Lighting (HCL) 

focuses  on  how  variations  in  natural  light  levels  and  color  temperature  throughout  the  day 

stimulate circadian rhythms (Neberich and Opferkuch, 2021) and should not be confused with 

the implementation of dynamic lighting automation systems. By integrating both visual and non-

visual effects of light, this approach highlights how to design artificial environments that align 

with users' visual comfort and biological rhythms (Rossi, 2019; Houser et al., 2021). Research 

emphasizes the importance of considering illuminance, color temperature, angle of incidence, 

and  light  distribution  to  keep  body's  biological  clock  in  balance  (Rea  et  al.,  2012;  Rea  and 

Figueiro, 2018;Arendt, 2010).  

The CS (circad ian system) measurement approach, EML calculations and IWBI (International 

Well Building Institute) along with the CIE System for Metrology of Optical Radiation for ipRGC-

Influenced  Responses  to  Light  (CIE  S  026/E,  2018),  demonstrate  that  both  visual  and  non-

visual effects of light are important considerations for defining visual comfort. Additionally, the 

TS  EN  12464-1, "Light  and  Lighting - Lighting  of  Workplaces - Part  1:  Indoor  Workplaces" 

standard  was  revised  in  2021  to  include  updates  on  the  visual  and  non-visual  (non-image 

forming) effects of light.  

Therefore, in recent years, lighting experts and engineers have shown particular interest in the 

concept of human-centric lighting (HCL). HCL proposes the use of light that benefits people by 

considering the full range of visual and non-visual effects. In particular, the changing nature of 

work environments in modern offices has led to significant changes in lighting dynamics. Recent 

studies  have  focused  on emerging  lighting  technologies that offer diverse lighting scenarios, 

aiming to improve psychological well-being, boost work efficiency, serve user preferences, and 

achieve energy savings. Current literature indicates that effective lighting design can positively 

impact  employee  performance,  visual  comfort,  and  psychological  well-being.  In  work 

environments such  as offices and classrooms, the concept  of  Human-Centric  Lighting (HCL) 

emphasizes  that  users  should  have  control  over  lighting  to  enhance  its  effects  on  mood, 

cognitive performance, productivity, and overall satisfaction (Rossi, 2019) . 

In  2018,  an  extensive  survey  involving  over  thousand  end-users  from  various  European 

countries was conducted online to gather requirements for future workplace lighting. This study 

also  included  a  comprehensive  literature  review  and  evaluations  with  multiple  professional 

focus groups (Tanzer and Rudolph, 2018). The findings revealed that 55% of participants (full-

time  employees)  believed  that  workplace  lighting  needed  improvement.  Additionally,  50%  of 

younger respondents felt that luminaires should be redesigned with a focus on aesthetics, while 

40% noted that glare was a problem, high illuminance was positive but inadequate, and personal 

lighting preferences were important. This suggests that while high illuminance may provide the 

necessary  brightness  for  some  tasks,  it  lacks  the  flexibility  to  personalize  other  important 

aspects  of  lighting,  such  as  color  temperature  and  light  distribution.  In  addition,  some  users 

found the preset light level in automatic mode to be too bright or glaring, which reduced overall 

satisfaction despite the high illuminance levels. As such, 70% preferred to have control over 

the lighting system in their workspace, 80% preferred a lighting system that has an adjustable 

color temperature (under warm color temperature, brightness decreases, and the space gets 

darker),  and  80%  desired  a  lighting  system  that  caters  to  personal  needs  in  their  work 

environment. The study by Be Beld (2003) also demonstrates that when users are given control 

over  the  physical  conditions  in  their  workspace  including  lighting,  their  work  motivation  and 

productivity are positively influenced, leading to increased work quality and efficiency. With this 

transformation, companies have started  to  invest  more  in  workplace  environments to  ensure 

the  comfort  and  safety  of  employees.  These  investments  can  be  rewarded  with  increased 

employee  productivity and satisfaction. Therefore, lighting  design in  workplaces  has become 

an important component of contemporary work environments.
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The dynamic lighting scenarios explored in the literature vary in terms of illuminance levels and color  temperatures.  For  instance,  Perdahçı  and  Ünsalan  (2022) investigated  the  impact  of dynamic  lighting  changes  between  250  lx  and  1000  lx,  and  2700K  and  6300K  on  students' concentration through on-site measurements taken at specific time intervals.Moon, Kwon and Lim  (2016)defined  dynamic  scenarios  as  6500K  and  600  lx  for  math  problem-solving  tasks requiring high concentration, 4500K and 400 lx for language skill assessments, 3500K and 300 lx for creativity, 3500K and 180 lx for rest, and 3000K and 300 lx for sleep. (Sun, Tang and Zuo, 2020) tested scenarios in educational settings with 350 lx and 5500K for standard conditions, 500 lx and 6500K for science study, and 500 lx and 5000K for personal study. 

2  Method 

The study involves a web-based quantitative data collection focusing on key variables for HCL such as illuminance, light distribution, luminance, and color temperature of light source based on  insights  from  literature  review.  The  three-dimensional  interior  visuals  used  in  the  survey were  created  in  Dialux  Evo  Program  with  reference  to EN12464-1 (2021)  Standard. The selected  luminaires with their  technical  data  (specifications) are  given  in  Table  1. Firstly,  a questionnaire  was  prepared  and  distributed  to  a  group  of office  workers  across  various professions. Based on the feedback received, it is revised and redistributed to a targeted group of  various  professions  for  further  evaluation. 117  people were  participated  in  the  survey, Qualtrics  (data  analysis)  and  Jamovi  (statistical  analysis)  are  used  for  quantitative  data analysis.

Table 1 – Light Distribution,Technical Data (Specifications) of Selected LED Luminaires 

 

Mounting Mode and      Light        Product Name                        Technical Data Product Image Distribution

[image: ]

NT 2002.9399 - CHAN-   P: 43.4 W      P: 43.4 W      P: 43.4 W      P: 43.4 W

[image: ]

SUP-BO PEN1250-Φ: 3840 lm     Φ: 3840 lm     Φ: 3840 lm     Φ: 3840 lm

E                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      DID DALI NDA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      1500 LED3840-830                                                        CCT: 3000 K                                                                                         CCT: 4000 K                                                                       CCT: 5000 K                                                              CCT: 6000 K P                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      CRI: 90                                                                                                                                                                                                                                                                                                                                                                                                                            CRI: 90                                                                                                                                                                                                                                                                                                                                                                           CRI: 90                                                                                                                                                                                                                                                                                                                                              CRI: 90
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CE D                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      2005.9924 - GEO4                                                                                  P: 33.0 W                                                                                                                                                                                             P: 33.0 W                                                                                                                                                                  P: 33.0 W                                                                                                                                                  P: 33.0 W  E  A  CR596x596 CLD  Φ: 3600 lm  Φ: 3600 lm  Φ: 3600 lm  Φ: 3600 lm  UNT  LED3600-830 WH  CCT: 3000 K  CCT: 4000 K  CCT: 5000 K  CCT: 6000 K  URF  O  S  M  ONF  CRI: 90  CRI: 90  CRI: 90  CRI: 90

[image: ]

 

SPO DL CR155 LED1520-Φ: 1520 lm      Φ: 1520 lm     Φ: 1520 lm     Φ: 1520 lm CCT: 3000 K CCT: 4000 K CCT: 5000 K CCT: 6000 K  830105 WH DALI  T                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      2009.2340 - VIVA                                                                                                                         P: 15.0 W       P: 15.0 W      P: 15.0 W      P: 15.0 W
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CRI: 90        CRI: 90        CRI: 90        CRI: 90

[image: ]

 

3  Results 

In  the  study,  demographic  data  analysis  is  conducted  based  on  the  gender,  age,  and professions  of  the  participant  group. Figure  1  illustrates  that,  the  age  distribution  of  female respondents is predominantly in the 25-34 age range, comprising 25.9% of the total, while male respondents  primarily  fall  within  the  35-44  age  category  at  17.9%.  Following  this,  female respondents in the 35-44 age range account for 17.1%, and male respondents in the 25-34 age group represent 11.1%.
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Figure 1 – Demographic Data Distribution 
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According to the Danielsson and Bodin’s study, office types can be classified regarding their 

[image: ]

spatial organization, such as open plan office, traditional closed office plan, partitioned office 

[image: ]

plan, team-based office plan, mixed plan office and home office. Hence, studies show that office 

[image: ]

types can affect employees' health, performance, and visual perception (Danielsson and Bodin, 

[image: ]

2008). It is important to consider how employees interact with the organization of the space, 

[image: ]

and other spatial elements, and how these factors integrate with human-centred lighting design, 

[image: ]

as our study which focuses on human-centred lighting design in office spaces. Therefore, with 

[image: ]

the help of descriptive sample images for office types, participants were asked about the types 


[image: ]

of  offices  they  are  familiar  to.  As  shown  in  Figure  2,  the  traditional  closed  office  plan  was 

[image: ]

preferred by the highest percentage. (37.6%), followed by the open plan office (29.9%) . 
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Figure 2 – The Type of Offices 
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Participants  were  asked  to  define  the  lighting  types  currently  used  in  their  offices  and  their 

[image: ]

preferred lighting types in their personal workspaces. The aim was to understand the extent to 

[image: ]

which the current lighting system is in line with personal preferences and needs, and what types 

[image: ]

of  lighting  fixtures  are  preferred.  Figure  3  shows  that,  surface-mounted  light is  the  most 

[image: ]

preferred one with a range of 45.71% in both workspaces and 27.58% in personal workspaces. 
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This  is  followed  by  pendant  and  spot  lighting.  Among  the  binary  combinations,  the  pendant-

[image: ]

table  lamp  combination  is  preferred  by  19.35%  and  28.57%  in  both  cases.  Among  the  triple 

[image: ]

combinations, the pendant  light - wall  lamp - spot  light  and pendant  light - floor  lamp - desk 

[image: ]

lamp are the most frequently used combinations in offices, while the pendant light - spot light - 

[image: ]

surface light and other combinations are less preferred. In the personal work area, the pendant-

[image: ]

floor  lamp-table  lamp  combination  has  increased  significantly,  while  the  pendant-spot  lamp-

[image: ]

surface lamp and other combinations have changed. The quartile combinations are significantly 

[image: ]

the lowest. 
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Figure 3 – Lighting Conditions and Lighting Preferences at Workplaces 
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The participants were asked to evaluate the daylight availability in their offices (Figure 4). While 44%  of female  participants  stated  that  daylight  was  sufficient,  44.0% stated that  it  was insufficient,  and  12.0%  indicated that  their  offices  did  not  receive  daylight.  Daylight  was sufficient for 69.0% of the males, while for 21.4% it was insufficient, and 9.5% indicated that they did not receive daylight. 
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Figure 4 –Daylight Sufficiency results 
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The  Chi-Squared  Test  was  run  for  the  relationship  between  the  adequacy  of  daylight  and gender .  As seen in Table  2, there  is  a  strong  relationship  between  gender  and  daylight preference, men were more likely to find daylight sufficient than women. The analysis revealed a statistically significant difference  in  daylight  preference  based  on gender ( 𝜒𝜒2 = 7.16, 𝑑𝑑𝑑𝑑 = 2, 𝑝𝑝 > 0.01).  
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Table 2 – Chi-Squared Test Results for Daylight and Gender 
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Value      df                 p

[image: ]

χ²                          7.16         2                     0.028 

[image: ]

Likelihood Ratio Testi    7.38        2                    0.025 
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Fisher's Exact Test      XXX        2                   0.027
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According  to  the  literature  (Huang  et  al.,  2020),  the  color  temperature  preference  can  vary 

according to the physical characteristics of the space/object (illuminance, colour characteristics 

of  illuminated  objects  etc.)  and  the  user's  background  (regional  or  cultural  differences).  The 

participants were also asked to evaluate their color temperature preferences for 3000K, 4000K, 

5000K and 6000K in regard to different luminaire types (surface mounted lighting, spot light and 

pendant light) on rendered office images. Figure 5 shows distribution of the results including

gender, color temperature and luminaire types. According to responses, 5000K was the most 

preferred  color  temperature value  in  all  three  questions  with  43.6%,  43.6%  and  39.3% 

respectively. Contrary to our data, Shamsul et al. and Kang et al. (Kang et al., 2013; Shamsul 

et al., 2013) suggested that 4000K was preferred as the most comfortable value among 3000K, 

4000K and 6500K. Lin et al. (Lin RF et al., 2012) found that the preferred color temperature

values in an office with 600 Lux were 4000K and 7000K.

 

ue 100%                                                                           60   s 11 9 16 6 9 13 14 6 13 11 12 6 51 51 50 80%  46ndent  al  40  41  40  Vpo  60%  37es  ge  30 R  ta  40%  en  28  23  29  22  34  35  37  28  20vey  rc  18  9  12ur  Pe  20%  9  10f S  2  8  7  7 o  1  1  0%  0ber  3000K 4000K 5000K 6000K 3000K 4000K 5000K 6000K 3000K 4000K 5000K 6000KNum  Surface Mounted Lighting  Spot Light  Pendant Light

[image: ]

Lighting Fixture Kelvin Choices

[image: ]

Female         Male         Total

[image: ]

 

Figure 5 – Color Temperature, Lighting Types and Gender Relationship
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Table 3 summarizes  the  results  of  the  Likelihood  Ratio  test, Fisher's  Exact  test  and  three 
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different Chi-square (χ²) tests that were run for examining the relationship between gender and 
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preferred  color  temperature values  (3000K,  4000K,  5000K,  6000K)  across  different  lighting 
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types  (surface  mounted,  spot  and  pendant).  The  results  show  that  there  is  a  statistically 
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significant relationship between gender and lighting type preference ( 𝜒𝜒2 = 16.4, 𝑑𝑑𝑑𝑑 = 3, 𝑝𝑝 < 0.01) 
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and ( 𝜒𝜒2 = 11.2, 𝑑𝑑𝑑𝑑 = 3, 𝑝𝑝 < 0.01). Women generally prefer lower and medium  color temperature
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values (3000K, 5000K), while men tend to prefer higher color temperature values (6000K). This 
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trend  is  observed  across  all  three  lighting  types;  however,  the  differences  are  particularly 
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pronounced in preferences for spotlight.
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Table 3 – Statistical Test Results for Three Lighting Types And Gender 
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Surface Mounted         Spot Light           Pendant Light

[image: ]

 

χ²                                𝑝𝑝 = 0.036                  𝑝𝑝 < 0.001                  𝑝𝑝 = 0.011 ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 8.55, 𝑑𝑑𝑑𝑑 = 3) ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 16.4, 𝑑𝑑𝑑𝑑 = 3) ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 11.2, 𝑑𝑑𝑑𝑑 = 3)
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Likelihood Ratio Testi         𝑝𝑝 = 0.040                  𝑝𝑝 = 0.001                  𝑝𝑝 = 0.011 ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 8.31) ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 16.3) ( 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 11.2)
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Fisher's Exact Test            𝑝𝑝 = 0.039               𝑝𝑝 = 0.001                𝑝𝑝 = 0.012
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Previous  studies  have  measured  sensitivity  to  light  and  brightness    (Knez  and  Kers,  2000; 
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Chellappa et al., 2017; Cirrincione et al., 2018), revealing a relationship with gender, which is 
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further supported by Haselsteiner's results (2021). According to Haselsteiner’s (2021) results, 
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men  had  higher  brightness  perception  and  faster  reaction  times  in  tasks  requiring  attention 
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under blue-enhanced light. And this difference between men and women was observed even 
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under very low illuminance, such as 40 lx. The authors found that women preferred light at 2500 
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K  (87.5%)  compared  to  6500  K  (12.5%),  while  the  opposite  was  observed  in  men  (6500  K  - 
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62.5%,  2500  K  -37.5%)  (Chellappa  et  al.,  2017). The  results  showed  that  there  are  gender differences in brightness perception and light preference (Haselsteiner, 2021) . These results are aligned with the findings of our research.
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Figure 6 – The Illuminance Preferences 
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In the last question, participants were asked to rate the preferred illuminance based on the 3D model renderings where the lighting fixture is constant. It was recorded that, the most preferred illuminance was 500 lx with a range of 39.31%, followed by 750 lx with a range of 36.75%. While women's preference was concentrated at 500 lx with a range of 44%, men preferred 750 lx with a range of 47.61%. 

[image: ]

4  Conclusion 

This  study  aims  to  identify  user  preferences  and  human-centric  lighting  concepts  in  working environments  with  reference  to  the  EN12461-1:2021.  According  to  the  results  of  an  online survey, it  was  concluded  that  daylighting  adequacy  and  color  temperature  preferences  were found to be statistically related to gender. Although lighting conditions and lighting preferences in  workplaces  are  variable,  they  can  be  categorized  under  certain  categories.  Therefore,  a flexible lighting system configuration designed with current technology seems to be the most suitable for workplaces.

The use of an online survey for data collection in the study presents a limitation, as the survey results regarding preferred illumination levels and color temperatures were not tested in a real-world  environment. Therefore,  in  the  next  stage of  the  study,  experimental  studies  will  be conducted using the biodynamic lighting luminaire specifically developed for this project. These studies  will  be  carried  out  under  the  guidance  of  psychology  experts,  incorporating psychological tests and obtaining repeated measurements.
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Abstract 

Sustainable lighting design protocols aim to enhance energy efficiency by employing dynamic lighting controls that adjust luminance based on occupancy. However, such systems face resistance in commercial settings due to misunderstanding of human perception  to changes in light levels, and potential disruptions caused by varying light levels. This research investigates how human perception of light changes, particularly between central and peripheral vision, impacts the effectiveness of dynamic lighting controls. A full-scale experiment conducted at the California Lighting Technology Center tested the Just Noticeable Difference (JND) in lighting, focusing on central and peripheral vision using various dimming ramp rates (5, 10, and 20 seconds). Results showed that a 20% reduction in light levels, with ramp rates, was less perceptible than previously assumed, with up to 80% of participants not perceiving changes. The study concludes that incorporating ramping functions effectively minimizes disruptions, as longer ramp durations marginally improved perception reduction, suggesting a potential for broader implementation in commercial buildings to enhance energy efficiency without significant occupant disturbance. 

Keywords: Just Noticeable Difference (JND), human vision, lighting design. 

 

1  Literature review 

1.1 Just noticeable difference to light levels testing 

In 2003 a human subject experiment to understand occupants’ ability to detect and willingness to accept illuminance reductions was conducted by Y Akashi and J Neches. These studies, a bias study and a low-illuminance study were conducted. In these studies, subjects detected and evaluated acceptance of dimming while the illuminance was changed. The bias study informed subjects about the importance of load-shedding and its potential effect on electricity bills, neighborhoods, and the environment, in one of two experimental sessions. This study compared acceptance to dimming between biased and non-biased responses. It was concluded that fifty percent of the subjects could not detect illuminance reductions within 22% of illuminance levels when performing paper tasks and 25% performing VDT tasks. 80% of the subjects would accept illuminance reductions up to about 30% of illuminance levels to perform paper task and a 47% reduction for VDT tasks. 

Previous research has investigated strategies for reducing the energy consumed by lighting by reducing the illuminance levels inside buildings. Research suggests that occupants cannot detect   illuminance reductions   of   up   to   20%   (Wenye   Hu,   2016). Wenye Hu investigated step-dimming lighting controls in 2016 to use knowledge of detectability, acceptability, and usability of illuminance differences to reduce lighting energy consumption. For this research a human subject experiment was conducted utilizing a psych ophysical forced choice answer (Yes/No). 

During this experiment participants were shown two light boxes where lights were illuminated to different amount of light output, and they were asked which of the boxes was brighter. The result of this experiment showed that observers can barely detect an illuminance difference when the difference is 7.4% of the given illuminance. In other words, observers’ detection threshold for illuminance differences was 7.4%.
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In 2018 a study carried out by S Chraibi, P Creemers, C Rosenk ötter, EJ van Loenen, MBC Aries, and 

ALP Rosemann, explored acceptance of dimming strategies for office environments. This study 

investigated through a human subject experiment with 17 particip ants between 30 and 50 years of age, 

with an occupancy-based dimming in a mock-up office different dimming speeds were tested. 

Participants experienced changes in light levels triggered by other co - workers approaching and leaving 

workstations. The participants evaluated the dimming conditions in terms of noticeability and 

acceptability. The study showed that the noticeability of light changes due to dimming, increases when 

fading times become shorter. Dimming with a fading (ramping) time of at least two  seconds was 

experienced as acceptable by more than 70% of the participants. 

Lighting perception differences between central and peripheral field of vision 

[image: ]

Anatomical and physiological evidence indicates that vision-for-perception and vision-for-action may 

exhibit differential sensitivity to stimuli located at increasingly peripheral locations in the visual field, as 

well as to stimuli situated in the upper and lower visual fields (Brown et al., 2005). This distinction is 

crucial for understanding how the visual system processes and responds to various types of stimuli. 

The concept of cortical magnification, as described by the authors, refers to the disproportionate 

allocation of neural resources dedicated to processing centrally presented stimuli compared to those 

presented peripherally. This phenomenon results in a higher density of neural tissue and greater spatial 

resolution in the central visual field, which contributes to the enhanced perceptual clarity experienced in 

central vision. Neuroanatomical differences between central and peripheral vision are therefore 

fundamental to explaining why central vision is more adept at resolving fine details, whereas peripheral 

vision excels in detecting movement and changes in light levels. 

This research aims to explore whether changes in light levels are perceived as movement and whether 

peripheral vision provides more accurate detection of such changes compared to central vision. This 

contrasts with previous studies that primarily focused o n examining vision- for-action and vision-for-

perception in isolation. Understanding these differences is important for a comprehensive assessment 

of how peripheral vision functions in dynamic visual environments. 

The anatomical differences between central and peripheral visual fields account for the observed 

reduction in visual acuity in peripheral vision, while sensitivity to movement is significantly increased. 

Central vision, primarily mediated by the fovea and surrounding perifoveal regions, is characterized by 

high spatial resolution but lower sensitivity to motion. In contrast, peripheral vision, which relies on the 

retinal regions outside the fovea, is optimized for detecting movement and changes in light intensity. 

Differences between photopic (daylight) and scotopic (low-light) vision are also significant in this context. 

Photopic vision, which operates under well-lit conditions, is associated with the central visual field and 

provides detailed color vision. Scotopi c vision, on the other hand, functions under low-light conditions 

and is primarily mediated by the rod cells in the peripheral retina. According to Poppel and Harvey 

(1973), under scotopic conditions, the fovea and perifoveal areas exhibit reduced sensitivity compared 

to the peripheral retina. The peripheral retina, including the iris, becomes more sensitive in night vision, 

making it crucial for detecting faint stimuli and movement in low-light environments. 

This expanded understanding of how vision-for-perception and vision-for-action interact with different 

visual fields and light conditions provides valuable insights into the adaptive mechanisms of the visual 

system and informs the development of interventi ons for visual impairments.
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Occupancy sensing lighting controls 

[image: ]

Lighting systems have a large opportunity for energy savings (Desroches and Gabersy 2011). Among the control schemes used for lighting automation, occupancy sensor technologies have been used for a long time and are used widely. Occupancy sensor controls for lighting systems automatically turn lights off when spaces are unoccupied, resulting in a typical estimated energy savings potential from one-fourth to more than one-half of lighting energy consumption (Von Neida et al., 2013). Occupancy sensing is a popular energy-saving technique due to its ease of implementation and effectiveness. Occupancy sensing technologies have been heavily promoted in North American and European building codes, standards, and recommended practice documen ts (R. Melfi et al., 2011). However, these energy-saving techniques are usually applied to turn lights on and off with time delay periods from 5 to 30 minutes, depending on the occupancy of the space. Occupancy sensors detect the presence of occupants in a certain space, so the lights are activated when an occupant is detected, and turned off when there is no occupant detected within a predetermined period. 

Classification of occupancy based-control schemes. Occupancy controls can be based in two situations to control light levels, which are the following. 

a) Motion-based switching. As the name states the operation, depending on the movement

detected by the occupancy sensor, the system can switch lights on and off. When the space where the sensor is located is unoccupied for a pre-determined period, lights will turn off and when the sensor detects motion, lights will turn on. (M.A.u. Haq et al., 2014). The shortest delay setting, the more savings can be achieved by this system, but when spaces work with frequent incoming and outgoing of visitors, it can cause di ssatisfaction to enter a dark room.

b) Motion-based dimming. This type of system works with similar motion sensors but instead of

turning lights completely off, it can dim lights to a determined light output percentage. This type of system is more adequate for spaces with more frequent incoming and outgoing of visitors like museums and retail. This provides a smoother contrast between occupied and unoccupied spaces, instead of completely bright and dark spaces which can cause visual and psychological discomfort (M.A.u. Haq et al., 2014).

 

2  Methodology 

In order to understand Just Noticeable Difference to changes in light levels, a human subject experiment at full scale was conducted testing central and peripheral field of vision, with two laboratory configurations. The purpose testing central and peripheral vision sensitivity is to contrast if there’s any perception difference between the complete human field of vision. In this experiment varying dimming ramp rates of 5 seconds, 10 seconds and 20 seconds were used as well as a series of instant changes, comparing perception to instant changes vs with ramping applications. With a total of 70 participants, lighting conditio ns were randomized between subjects to avoid anticipatory responses or learning through the experiment. This study of JND used a controlled experiment with three alternative forced choice (yes/no/maybe). 

 

2.1   Central vision JND experiment 

A human subject experiment was conducted in a closed, controlled room at the California Lighting Technology Center. This research setting was composed of a 9 ft by 9ft room with walls and surfaces covered with black fabric and surfaces to avoid light reflectance. Participants were seated and positioned at 6 ft from the viewing target.
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The following figure (Fig. 1) is a rendering of the experiment configuration with a grey scale for 

representation purposes, showing how the room was organized, with the participants seated in front of 

a 3x3 ft white canvas to function as a viewing target c overing participant’s central field of vision where 

light changes could be perceived. 

 

Fig 1. Render of laboratory organization for central vision experiment.

The research setting was designed to avoid potential distraction such as glare, noise, and reflection of 

light coming from different surfaces so that the participants can focus on visual environments only. 

 

Peripheral vision JND experiment 

[image: ]

The laboratory designed for the second part of this experiment is shown in the next figure (Fig. 2) with 

[image: ]

a section of the room. Since the goal was to test participants' peripheral field of view, the white canvas 

was in the same position 6 ft from the participant, and the participant was seated in perpendicular having 

the canvas at 45 degrees covering participant’s peripheral field of vision. To keep the participants' 

attention facing straight, they were instructed to view a white statue in front of them. A black fabric 

separated the area to avoid light coming to the statue. 

[image: ]

 

Fig. 2 Render of laboratory organization for peripheral vision experiment
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3  Experiment results 

Central field of vision results 

[image: ]

A total of fifty responses were collected for the first part of this experiment, each participant was shown four sections with seven lighting conditions in each section. Table shows the results in perception percentage (the percentage of people from the total that said they can see the changes) to four sections are represented in the following table. 

Sections were organized first where the one where lights were dimmed instantly by switching, second dimming lights with a five second ramp rate, third dimming lights with a ten second ramp rate and fourth dimming lights with a ramp rate of twenty seconds. 

Table 1 – Central field of vision results 

 

Amount of      No          ramp                                          20      seconds dimming 5 seconds ramp 10 seconds ramp (switching) ramp reduction 

5 %              18%                12%               10%               2% 

10%            70%              14%              14%              16% 

15%            90%              14%              20%              20% 

20%            92%              26%              22%              16% 

25%            94%              44%              62%              26% 

30%            92%              70%              58%              39% 

For each one of the sections, researched implemented a control condition where lights didn’t change to test participants attention to the experiment and is represented in the following results as experiment uncertainty. Meaning that some participants affirmed to see changes in light levels when nothing actually changed. 

 

3.2  Peripheral field of vision results 

A total of 20 participants were tested for the second part of this experiment, where 4 lighting conditions were tested. One of the lighting conditions in each section, maintained the same illuminance levels through the whole time, working as a control condition to measure experiment uncertainty and is expressed in conclusion chart’s as “experiment uncertainty”. It was found that participants had less experiment uncertainty, through the peripheral vision experiment, possibly originated by the fact that focusing on a statue in front of them, less distractions can take them away from focusing on the lights. 

 

Table 2 – Peripheral field of vision results 

 

Amount of      No          ramp dimming 5 seconds ramp      10 seconds ramp (switching) reduction 

No change        -6%               -4%               -4%

10%            70%              10%              5% 

20%            80%              25%              10% 

30%            90%              65%              35% 
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4  Research Conclusions 

The experiment aimed to evaluate the perception of dimming changes in lighting conditions through 

both central and peripheral fields of vision. The results indicate clear patterns in how participants 

perceive lighting changes based on both the rate of dimming and the field of vision. 

 

4.1 Central Field of Vision 

Effect of Dimming Rate: The results from the central field of vision experiment demonstrate a strong 

dependency on the rate of dimming. Participants were most accurate at detecting changes when there 

was no ramping (instant dimming), with a clear decrease in perception accuracy as the ramp duration 

increased. For instance, with a 5% reduction in light, only 2% of participants noticed the change with a 

20-second ramp, compared to 18% with instant switching. This trend was consistent across various

levels of dimming reduction.

Perception Accuracy: As the percentage of dimming increased, the accuracy in detecting changes

improved, especially under the no ramp condition. For instance, at a 30% dimming reduction, 92% of

participants noticed the change instantly, while only 39% noticed it with a 20 -  second ramp. This

suggests that larger reductions in light are more noticeable regardless of the ramp duration.

Experiment Uncertainty: Control conditions were used to measure experiment uncertainty, which

revealed that some participants reported detecting changes even when there were none. This

uncertainty was present across all dimming conditions but did not significantly affect the overall trend of

detection accuracy based on the ramp rate.

4.2 Peripheral Field of Vision 

Perception of Lighting Changes: Participants in the peripheral field of vision experiment generally 

showed high accuracy in detecting lighting changes compared to the central vision experiment. For 

instance, at a 30% dimming reduction, 90% of participants noticed the change with instant switching, 

compared to 65% with a 10-second ramp. This suggests that peripheral vision might be less sensitive 

to the rate of change compared to central vision, possibly due to reduced attentional focus. 

Experiment Uncertainty: The control condition results indicated lower experiment uncertainty in the 

peripheral vision tests compared to central vision. This could be attributed to the controlled focus on a 

single point (a statue), which likely minimized distractions and enhanced participants' ability to perceive 

lighting changes. 

4.3 Summary 

This experiment investigated how the rate of dimming affects the perception of lighting changes and 

compared the accuracy of detection between central and peripheral vision. The results demonstrate that 

the rate of dimming has a significant impact on human perception, with instantaneous changes being 

more readily detected than gradual dimming. 

Central vs. Peripheral Vision : Central vision showed a marked decrease in accuracy with longer ramp 

durations, indicating greater sensitivity to the rate of light change. In contrast, peripheral vision 

maintained relatively high accuracy regardless of ramp duration, suggesting that peripheral perception 

is less influenced by gradual transitions. Additionally, peripheral vision exhibited lower experiment 

uncertainty, likely due to reduced attentional distractions associated with the focused visual task. 

Impact of Dimming Rates : The experiment found that dimming lights with a ramping rate considerably 

diminishes human perception compared to instant changes. Specifically, when dimming was applied 

using ramp rates of 5, 10, and 20 seconds, participants could only perceive changes 25% of the time 

when the light was reduced by up to 20%. This implies that even if participants are directly in front of the 

light source, a 20% reduction in light levels is likely to go unnoticed by up to 80% of observers, with this 

figure potentially rising to 90% when accounting for experiment uncertainty. 

Comparison of Ramp Rates: Among the ramp rates tested, the 5-second and 10-second ramps had 

similar effects on reducing perceptual accuracy, with only a marginal difference between them. 

Extending the ramp duration to 20 seconds slightly increased the reduction in perception, suggesting 

that longer ramp rates might further diminish the ability to detect light changes. 

These findings underscore the importance of considering the rate of light dimming in the design of 

lighting systems and other visual environments. By understanding how different fields of
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vision and ramp rates influence perceptual accuracy, designers can optimize lighting conditions to suit various observational contexts and enhance visual clarity. 

 

5  Lighting Design Applications 

The findings from this experiment offer valuable insights for lighting designers, particularly in the realm of dynamic lighting controls in environments with regular human activity. The research demonstrates that incorporating dynamic lighting controls with appropriate ramping functions can effectively mitigate visual distractions caused by abrupt changes in lighting. This approach not only facilitates the successful integration of lighting controls within the design process but also contributes to energy conservation. 

Specifically, the study suggests that lighting designers should avoid abrupt dimming by switching light levels without ramping functions in spaces with frequent human engagement, such as offices, schools, and recreational areas. The research indicates that  even minor reductions in lighting levels can be perceived by occupants, potentially leading to disturbances. Therefore, the application of ramping functions, which provide a gradual transition, is recommended to minimize the perception of sudden changes and maintain visual comfort. 

Conversely, in spaces with infrequent use, such as warehouses or storage areas, switching functions without ramping can be employed effectively. In these environments, the infrequent nature of human activity means that abrupt changes in lighting are less l ikely to impact occupant comfort. Dynamic lighting controls employing ramping functions can significantly enhance energy efficiency, particularly in environments with intermittent occupancy, such as galleries and retail stores. The potential to reduce energy consumption by up to 20% during periods of low occupancy, while maintaining visitor comfort and visual experience, is substantial. Occupancy sensing protocols that adjust lighting levels based on motion detection, utilizing ramping functions, can be activated promptly without distracting visitors, thereby optimizing energy use. Moreover, integrating dynamic lighting controls with daylighting strategies in interior spaces offers additional benefits. Research indicates that it is possible to reduce illuminance levels by up to 20% within 20 seconds using ramping functions, without causing significant visual distraction to visitors. This gradual reduction not only conserves energy but also minimizes any adverse effects on the visual experience of the occupants. 

In summary, the integration of dynamic lighting controls that utilize ramping functions, combined with occupancy sensing and daylighting strategies, represents an effective approach to optimizing energy consumption while preserving visual comfort in a vari ety of contexts. This approach ensures that lighting transitions are managed smoothly, enhancing both energy efficiency and user experience in diverse environments.
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Abstract 

In today's world, Energy efficiency and Integrated Smart City applications have become an inevitable necessity. As a result, the demand for Smart Street Lighting Control Systems is increasing day by day. Different technological solutions are emerging over time in different countries of the world to meet this demand. It confuses the end user which of these solutions should be chosen and how the different solutions will work integrated. As a solution to this issue, standardization efforts continue at the same pace. In the future’s world, there is a need for products that are integrated with other smart city applications and can share information with each other through standard interfaces that can be used independently of the manufacturer. In this study, a situation assessment is made for different technologies and different application types and a guide is proposed on how to choose technology. Thus, it is aimed to contribute to institutions that want to install a Smart Street Lighting System, to make the right choice and thus to obtain cost-effective, integrated and efficient solutions.  

Keywords : StreetLighting, IoT, LED, DALI, Zhaga, LoRaWAN, FUOTA, CMS 

1       Introduction 

In the study, first of all, the requirements and user expectations for various street lighting applications such as park, urban and highway lightings are discussed. The budget considerations and the financial models for the projects are also explained. Then the technology dimension is analyzed. In this context, alternative technologies, standardization studies, and the pros and cons of the technologies related to Smart Street Lighting Control Systems, from mechanical interfaces to communication technologies are evaluated. In the following section, a guide is proposed on how to choose technology and solutions according to application type and user requirements. Finally, the application of the Guide for a sample project is presented. 

2       Smart Street Lighting Technology Selection Decision Inputs 

Smart Street Lighting refers to an advanced system of street lighting that uses modern technology to enhance the efficiency, functionality, and management of outdoor lighting infrastructure. Smart Street Lighting Systems are the one of the main Smart City Applications.  

In order to select the Technologies for the Smart Street Lighting System, the necessary inputs should be defined. These are mainly as given below: 

● Objectives and Requirements

● Application Types

● Budget Considerations

 

2.1     Objectives and Requirements 

The main Features of a Smart Street Lighting Systems are given below. The decision makers should define the required set of Features for their system:  

Remote Monitoring and Control, Fault Detection, Scheduling and Automation, Adaptive Lighting, Energy Management, Data Analytics and Reporting, Public Safety and Security, Environmental and Sustainability, Solar-Powered Streetlights, IoT and Connectivity, Predictive Maintenance, User Interface and Accessibility, Mobile Access, Security and Data Protection, Scalability and Future-Proofing, Plan for Growth 
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2.2     Application Types 

Smart street lighting applications can be tailored to various environments and use cases, each 

with specific requirements and benefits, including urban areas, parks, highways, and more. 

Here’s a detailed look at different types of smart street lighting applications: 

● Urban Streets and City Centers: Adjusts luminance based on traffic flow, pedestrian

activity, and time of day. Requirements are safety and reduced energy consumption.

● Parks and Recreational Areas: Dynamic Park Lighting Adjusts lighting based on park

usage, events, or time of day. Can include motion sensors and programmable settings. Enhances safety and security during nighttime use while saving energy when the park is unoccupied.

● Highways and Major Roadways: Adaptive Highway Lighting Adjusts luminance based

on traffic density, weather conditions, and daylight. Improves safety for emergency responders and drivers, and facilitates quicker response times

● Parking Lots and Garages. Adjusts lighting based on occupancy levels and activity.

Often integrates with parking management systems.

● Specific Sites: Industrial Areas / Transport Areas / Hospitals / Educational Campuses.

Improves safety and visibility for users, specific lighting schedules for the application.

 

2.3     Budget Considerations 

The Budget and the financial model are very important for the project implementation. The main 

aspects of the budget considerations are given below:  

● Initial Costs:

o   Equipment: Costs for lights, controls, sensors, and communication devices.

o   Installation: Costs for labor, wiring, and setup.

● Operational Costs:

o   Energy Consumption: Ongoing costs for power, especially for grid-powered

systems.

o   Communication: Costs for communication infrastructure

o   Maintenance: Costs for upkeep, repairs, and replacements.

● Long-Term Savings:

o   Energy Savings: Potential reductions in energy costs with efficient lighting.

o   Maintenance Savings: Lower costs with durable, low-maintenance equipment.

 

2.4     Financial Model 

The financial models for smart street lighting applications vary based on the project scale, 

objectives, and funding sources. These models typically aim to balance initial investments with 

long-term savings and benefits. Here’s a detailed overview of various financial models used in 

smart street lighting projects: 

2.4.1  Direct Purchase Model (CapEx Model) 

The organization directly purchases and installs the street lighting infrastructure. This model 

involves a significant upfront capital expenditure. It is also called CapEx Model. 

2.4.2  Lease or Rental Model (OpEx Model) 

The organization leases or rents the smart street lighting equipment from a vendor. This model 

usually involves periodic payments (monthly or annually). It is also called OpEx Model 

(operating expenses) 
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2.4.3  Performance Contracting (Energy Service Company - ESCO) 

An ESCO partners with the organization to design, install, and maintain the smart street lighting system. The ESCO is typically paid based on the energy savings achieved through the new system. 

2.4.4  Public-Private Partnership (PPP) 

A partnership between the public sector (municipality) and private companies to finance, build, and operate the smart street lighting system. 

2.4.5  Pay-for-Performance Model 

The organization pays for the smart street lighting system based on its performance outcomes, such as energy savings or improvements in efficiency. Payments are linked to the achievement. 

2.4.6  Tax Increment Financing (TIF) 

A financing method where future tax revenue increases resulting from the improved infrastructure are used to pay back the initial investment in smart street lighting. This model is often used for projects that are expected to stimulate local economic development. 

2.4.7  Grant and Subsidy Model 

Funding for smart street lighting is obtained through grants or subsidies from government agencies, non-profits, or other organizations. These funds can cover all or part of the project costs. 

2.4.8  Energy Savings Performance Contracting (ESPC) 

Similar to performance contracting, but specifically focuses on energy savings. The contractor invests in the street lighting system and is paid through the cost savings achieved from reduced energy consumption. 

2.4.9  Municipal Bonds 

The municipality issues bonds to raise capital for the smart street lighting project. The bonds are repaid over time with interest, typically from future savings or tax revenues. 

Choosing the right financial model for smart street lighting depends on various factors, including the municipality's budget, project scale, desired control level, and risk tolerance. 

3       Technologies 

Smart street lighting technologies are designed to enhance the efficiency, functionality, and management of street lighting systems. Here’s an overview of key technologies used in smart street lighting:  

● LED Interfaces

● Communication Technologies

● Controller Interfaces

● CMS Deployment Types

● CMS Interoperability Protocols

● Maintenance Technologies

● Energy Source

 

3.1     LED Interfaces 

LEDs (Lighting: Light Emitting Diodes) are energy-efficient, long-lasting light sources. LEDs consume significantly less power compared to traditional streetlights. LEDs can be dimmed or brightened according to needs. The control interface for the LEDs can be DALI or analog: 
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3.1.1  DALI 

DALI (Digital Addressable Lighting Interface) is a 2-way communications protocol that is used 

to provide control over, and communication between, the components in a lighting system. 

DALI originated in the late 1990s and was defined in IEC60929. Since then it has been 

substantially modified. The current (2020) version of DALI is called DALI-2 and this is defined 

in IEC62386. 

[image: ]

 

Figure 1– DALI 

[image: ]

All devices have their own unique address. Communication is digital, not analogue, so the exact 

same dimming values can be received by multiple devices resulting in very stable and precise 

dimming performance. 

3.1.2  0–10V 

A 0–10V dimming driver sends a low DC voltage signal to the LED driver. The lighting changes 

as the voltage is varied. So, at zero volts the light will dim to 0% and turn off. At 10 volts the 

system is operating at 100% and the light will be fully on. 

3.1.3  1–10V 

It works in a similar fashion to 0-10v dimming, but the voltage is ‘sinked’ by the driver and will 

only go as low as 10% before the power to the circuit needs to be physically switched off. This 

method provides a very smooth dimming curve which is especially useful for colour changing 

LEDs. 

Table 1 – DALI – 0-10V / 1-10V 

Aspect       DALI                            0-10V / 1-10V

A digital communication protocol for An analog control protocol that adjusts 

Description   controlling lighting systems with lighting intensity using a variable voltage 

addressable devices.                   signal. 

Type         Digital                                 Analog 

 

Method  communication, allowing for individual light intensity, with simpler analog  addressing   Control  Uses digital signals for control and Uses a varying voltage (0-10V) to control 

signal. 

Supports individual addressing of No individual addressing; controls all 

Addressing devices, enabling control of specific lights connected to the same circuit 

lights or groups of lights.                 simultaneously. 

 

Feedback     Provides feedback on the status and No feedback capabilities; only adjusts performance of devices (e.g., actual Capability output based on input voltage. light level). 

 

Application Ideal for complex lighting systems, and Suitable for simpler applications with applications requiring precise control straightforward dimming needs. and feedback. 

 

3.2     Communication Technologies 

Here’s a comparison of the main communication technologies used in smart street lighting: 
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3.2.1  Cellular Networks (e.g., 4G, 5G): 

Uses cellular networks to connect streetlights, providing data communication via mobile network infrastructure. 

● Pros:

o Wide Coverage: Utilizes existing cellular infrastructure, broad geographical

coverage.

o   High Data Rates: Supports high-speed data transmission.

o   Reliability: Reliable with strong support for mobile networks.

● Cons:

o   Cost: Can be expensive due to cellular data charges.

o   Power Consumption: Higher power consumption

o Network Congestion: Low performance by network congestion in dense areas.

Use Cases: Urban areas with existing cellular coverage, high data transmission needs. 

3.2.2  LoRaWAN (Long Range Wide Area Network):  

A low-power, long-range wireless communication protocol designed for IoT applications. 

[image: ]

 

Figure 2 – LoRa Network 

● Pros:

o   Low Power Consumption: Ideal for battery-operated devices.

o Long Range: Effective over long distances, particularly in rural or suburban areas.

o Cost-Effective: Lower cost for deployment and operation compared to cellular.

● Cons:

o Low Data Rate: Limited data transmission speeds, suitable for small, infrequent

data

o   Network Density: Requires gateways to cover large areas

Use Cases: Large-scale deployments in areas where long-range and low power consumption are critical. 

3.2.3  NB-IoT (Narrowband IoT) 

A cellular technology specifically designed for low-power, wide-area applications. 

● Pros:

o Wide Coverage: Utilizes existing cellular networks, offering extensive coverage.

o   Low Power: Designed for low-power, battery-operated devices.

o   Scalability: Supports a high number of connected devices per cell.

● Cons:

o Data Rate: Lower compared to 4G and 5G, but sufficient for control and monitoring
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o   Cost: Costs may include cellular data charges.

Use Cases: Urban and rural areas with existing cellular infrastructure, where low data rates and 

extensive coverage are sufficient. 

[image: ]

 

Figure 3 – NB-IoT Network 

3.2.4  Sigfox 

An LPWAN technology using ultra-narrowband (UNB) for low-power, long-range 

communication. 

● Pros

o   Low Power: Very low power consumption, extending battery life.

o   Long Range: Effective for long-distance communication.

o   Simple Communication: Suitable for simple, infrequent messaging.

● Cons:

o   Very Low Data Rate: Limited to very low data rates,

o   Network Dependency: Requires coverage from Sigfox network providers.

Use Cases: Applications with infrequent data transmission needs in areas covered by Sigfox. 

3.2.5  Zigbee 

Description: A short-range, low-power wireless communication protocol often used in mesh 

networking. 

● Pros:

o   Low Power: Designed for low-power applications.

o Mesh Networking: Allows devices to relay signals, extending range and reliability

● Cons:

o   Limited Range: Shorter range compared to LPWAN technologies.

o   Scalability: Mesh networks can become complex with many devices.

Use Cases: Small to medium-sized deployments where mesh networking and low power are 

needed. 

[image: ]

 

Figure 4 – Zigbee Network 
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3.2.6  Power Line Communication (PLC) 

PLC uses existing power lines to transmit data, leveraging the electrical wiring infrastructure. 

● Pros:

o   Utilizes Existing Infrastructure: No need for additional cabling if power lines are

already in place.

o   Cost-Effective: Reduces installation costs by using existing power lines.

● Cons:

o   Data Rate: Generally lower data rates compared to Ethernet or fiber optics.

o   Interference: Electrical noise can affect communication quality.

Use Cases: Suitable for areas with extensive existing power line infrastructure where adding new cabling is impractical. 

Table 2 – Most Common Communication Technologies 

Cellular 

Feature       Networks      LoRaWAN   NB-IoT     Sigfox       Zigbee      PLC

(4G/5G)

 

Description Uses cellular                                       Short-LPWAN Cellular LPWAN networks for range        Power Line  technology  technology  using ultra- communicatio  mesh  Commç  for IoT  for IoT  narrowband  n  networking 

 

Frequency    Licensed                     Licensed Sub-GHz cellular     Unlicensed cellular bands (e.g., 868 bands (e.g., 868 (e.g., 700 2.4 GHz Bands MHz, 915 (e.g., 700 MHz, 902     - MHz, 800 MHz) MHz, 800 MHz) MHz) MHz) 

 

Data Rate  High (up to Low to Low (up to 250 kbps           Moderate moderate Very low (up    Low to  several  downlink,  (up to 250  (0.3 kbps  to 0.6 kbps)  moderate  Mbps)  20 kbps  kbps)  to 27 kbps)  uplink) 

 

Range  Wide (urban Long-       Long-       Long-range    Short-range (up        Limited by range (up (up to 50 km range (10- and rural  to 15 km  power line  to 35 km  rural, 10 km  100  coverage)  rural, 2-5  length  rural)  urban)  meters)  km urban) 

 

Power                                                                   Uses Moderate to Consumptio Very low Low Very low Low existing high n power lines 

 

Network       Cellular         Star-of-      Cellular      Star           Mesh         Mesh Topology network stars 

 

Cost          Higher (data Lower       Moderate                 Moderate (cheaper Lower charges, (depends (depends deploymen (network    Moderate infrastructure on cellular on network t and costs) ) provider) size) operation) 

 

Reliability  High                         High         Moderate      Moderate     Moderate High (good (established (cellular (depends on (depends (depends on  in rural  infrastructure  network  network  on network  infrastructur  areas)  )  reliability)  coverage)  conditions)  e 
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Security       High (cellular End-to-      Cellular                     (depends Encrypted network Moderate 

security)  end          network                    on            Moderate data  encryption  security  implement  ation) 

 

Use Cases  Urban areas, Large-                   Sigfox          Small to Urban and network medium-existing scale rural, low coverage, high data sized power line  deploymen  data rates,  infrequent  transmission  deploymen  infrastructur  ts, rural  extensive  data  needs  ts, local  e  areas  coverage  transmissio  networks  n 

 

3.3     Controller Interfaces 

NEMA and Zhaga are two organizations that have established standards for lighting control and 

fixtures, including street lighting. They address different aspects of lighting technology and 

infrastructure. Here’s a breakdown of each and a comparison of their roles: 

[image: ]

 

Figure 5 – NEMA and Zhaga Socket 

[image: ]

3.3.1  NEMA 

NEMA (National Electrical Manufacturers Association) standard originates from North America 

ANSI C136.411. ANSI stands for American National Standard for Lighting Systems. It is one of 

the old conventional standards, mainly used in AngloSaxon region, namely US, UK, Australia, 

New Zealand. And later followed by some countries 

Common standards include the NEMA 7-pin and NEMA 3-pin sockets used for street lighting. 

These standards define the physical and electrical interfaces between lighting fixtures and 

controllers or power sources. 

3.3.2  Zhaga 

Zhaga is an international consortium that focuses on creating standards for the 

interchangeability of LED light sources and components. 

Zhaga (book 18) 2 is the latest industry standard for street lighting application launched and 

supported by global Zhaga Consortium. This standard originated in Europe, and now widely 

adopted as a de facto standard in most countries. The last remaining country, USA, also 

adopted this standard as part of their ANSI C136.58 standard4 in 2019. Zhaga (book 18) 

became extremely powerful and popular due to interoperability with DALI D4i standard5. 

Table 3 – NEMA - Zhaga 

NEMA (ANSI C136.41 receptacle ZHAGA (book 18) socket standard standard) 

Electrical     NEMA receptacle (and controller) use Zhaga (book 18) significantly simplified Contacts     3-pin, 5-pin or 7-pin. This includes NEMA 7-pin to Zhaga 4-pin. High-voltage 

high voltage lines (115V/ 230V).       is not used in Zhaga system. 

Phsical       Typical NEMA controller requires Zhaga Controller are typically half to one Shape      significantly more components when third size of a typical conventional NEMA 
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size          compared to a Zhaga controller. Controller. Main reason for this is that 

Therefore, Nema Controllers are often Zhaga Controller needs significantly less large in size.   components. For example, need for AC/ 

DC conversion and power-metering circuit 

[image: ]

is completely eliminated 

[image: ]

 

Power       AC power supply (115V/ 230V) from DC Input 24VDC 

[image: ]

the powergrid.  

[image: ]

Product      The AC components often fail over a Zhaga Controllers have a significant Lifetime      period of time due to voltage better lifetime and reliability. They are 

fluctuations and surges on the power based on DC input, and does not need an grid. AC/ DC conversion requires AC/ DC conversion.  electronic components, which also 

typically fail over a period of time.  

Product      NEMA controller often requires much Zhaga Controller does not need AC/ DC Cost         more components when compared to conversion. It also does not need inbuilt 

a Zhaga controller.   power-metering chip – all power-metering 

data is provided by standard D4i Driver.  

Market       NEMA was available since 20 years ZHAGA (book 18) standard is 5 – 6 years Adoption     ago.                                   old. 

 

3.4     CMS Deployment Types 

Central Management Systems (CMS) for smart street lighting and other smart city applications can be deployed in various configurations depending on the requirements, scale, and specific use cases. Here’s a detailed overview of different CMS deployment types: 

3.4.1  On-Premises Deployment 

In an on-premises deployment, the CMS software is installed and operated on local servers within the organization's facilities. Complete control over the hardware, software, and data. Greater flexibility for customization and integration is provided. 

● Pros:

o   Data Security: Full control over data security and privacy.

o   Integration: Easier integration with legacy systems and local databases.

o   Customization: High level of customization based on specific needs.

● Cons:

o   Maintenance: Requires ongoing maintenance of hardware and software.

o   Costs: Higher initial capital expenditure for hardware and infrastructure. o Scalability: Scaling up may require significant investment in additional hardware.

Use Cases: Large municipalities with existing IT infrastructure. Stringent data control and security. 

3.4.2  Cloud-Based Deployment 

In a cloud-based deployment, the CMS software is hosted on cloud servers provided by a third-party vendor, such as AWS, Azure, or Google Cloud. 

● Pros:

o   Accessibility: Accessible from anywhere with an internet connection.

o Cost-Effective: Lower initial investment with pay-as-you-go models. Reduced

Maintenance
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o   Scalability: Easy to scale up or down based on demand.

● Cons:

o   Data Privacy: Data is stored off-site, which may raise privacy concerns.

o Dependency: Dependent on internet connectivity and the cloud provider's reliability.

o   Customization: May have limitations based on the cloud provider’s platform.

Use Cases: Smaller municipalities or organizations looking for cost-effective solutions. Rapid 

deployment and scalability. 

3.4.3  Hybrid Deployment 

Hybrid deployment combines both on-premises and cloud-based components. Critical functions 

or sensitive data might be kept on-premises, while less sensitive tasks and data are handled in 

the cloud. Balances data security with cloud scalability 

● Pros:

o Best of Both Worlds: Combines the control of on-premises with the scalability of the

cloud.

o Data Security: Sensitive data can remain on-premises, reducing privacy concerns.

o Scalability: Cloud components provide scalability without the need for extensive on-

site infrastructure.

●   Cons:

o   Complexity: More complex to set up and manage.

o Integration: Requires careful integration between on-premises and cloud

components.

o Cost: May involve higher costs due to managing both on-premises and cloud

resources.

Use Cases: Large organizations with specific data security needs but also requiring cloud 

scalability. Projects needing both high levels of control and the flexibility of cloud resources. 

3.4.4  Hosted Deployment 

The CMS being managed and operated by a service provider on a dedicated server or virtual 

private server. 

● Pros:

o Less Overhead: Reduced need for in-house IT infrastructure and management.

o Dedicated Resources: Resources are dedicated to the organization, offering better

performance

o   Support: Typically includes service and support from the provider.

● Cons:

o   Cost: Can be more expensive than shared cloud solutions.

o Less Control: Less control over infrastructure and potential customization compared

to on-premises.

o   Dependency: Dependent on the hosting provider's reliability and performance.

Use Cases: Organizations preferring to outsource infrastructure management while retaining 

dedicated resources. Situations where a balance between cloud flexibility and on-premises 

control is needed. 

3.5     CMS Interoperability Standards 

Central Management System (CMS) protocols for smart street lighting are standardized 

frameworks and communication methods that enable interoperability, efficient management, 

and integration of smart street lighting systems. These protocols ensure that different devices, 

systems, and technologies can work together seamlessly. Here’s an overview of some key CMS 

protocols used in smart street lighting: 
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3.5.1  TALQ (Smart City Central Management Protocol) 

TALQ is an open standard developed to unify the management of smart city lighting systems. It enables interoperability between different smart street lighting systems and central management platforms. 

Key Features: Interoperability: Scalability and Flexibility. 

Usage: Commonly used in urban areas to manage diverse lighting systems from multiple vendors, providing a unified management interface. 

3.5.2  uCIFI (Universal Connected Internet of Things) 

uCIFI is a standard focused on ensuring interoperability between IoT devices, including smart street lighting. It provides a common framework for device communication and data exchange. 

Key Features: Interoperability: Scalability and Flexibility. 

Usage: Ideal for environments where multiple types of IoT devices need to work together, such as smart cities with diverse smart infrastructure. 

3.5.3  FIWARE 

An open-source platform providing a comprehensive framework for developing smart applications with APIs and tools for data and context management. 

Key Features: Modular architecture, extensive APIs, open-source and context management. 

Usage: Versatile and broad, supports a wide range of smart city applications, open-source and community-driven 

3.5.4  Kurrant 

A smart city IoT platform providing real-time monitoring and analytics, focusing on smart lighting and other urban infrastructure 

Key Features: Real-time data analytics, IoT integration, urban infrastructure management., 

Usage: Integrates various urban systems, provides real-time insights, and supports smart city applications beyond lighting. 

3.5.5  OCF (Open Connectivity Foundation) 

A standard for IoT device interoperability and communication, aiming to create a unified IoT ecosystem. 

Key Features: Standardized device profiles and Interoperability 

Usage: Ensures broad device compatibility. 

3.5.6  oneM2M 

A global standard for IoT service platforms, providing a common framework for different IoT applications and services. 

Key Features: Platform-independence, scalability and Flexibility 

Usage: Supports various IoT applications, promotes standardization 

Table 4 – CMS Standards 


Feature      Kurrant        TALQ       FIWARE       uCIFI        OCF        oneM2M 

[image: ]

Logo 
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Description providing real-A smart city  A standard     A standard      A global  A standard  An open- for IoT  for IoT  standard for  IoT platform  for  source  device  device  IoT service  interoperabili  platform  interoperabili  interoperabili  platforms,  time  ty in smart  framework  ty in smart  ty and  providing a  monitoring  street  for  cities,  communicati  common  and analytics,  lighting  developing  enabling  on, aiming to  framework  focusing on  systems and  smart  communicati  create a  for different  smart lighting  central  applications  on between  unified IoT  IoT  and other  management  with APIs  IoT devices  ecosystem  applications  urban  platforms.  and tools  and  and services  infrastructure.  platforms. 

 

Features Key  data analytics, Real-time  Interoperabili Device     Standardized    Platform- Modular  interoperabili  device  independent,  ty, flexibility,  architecture,  ty,  profiles,  scalable,  and  IoT  extensive  standardizati  interoperabili  flexible  certification  integration,  APIs, open- on, focus on  ty.  for smart  urban  source,  seamless  street  infrastructure  context  communicati  lighting  management.  management.  on across IoT  systems.  devices. 

 

3.6     Maintenance Technologies 

Maintenance technologies, including NFC (Near Field Communication) and FUOTA (Firmware 

Update Over-The-Air), play crucial roles in managing and maintaining smart infrastructure, such 

as street lighting systems. These technologies help streamline the maintenance process, 

enhance operational efficiency, and ensure that systems remain up-to-date and secure. Here’s 

an overview of these technologies and how they can be applied to smart street lighting systems 

3.6.1  NFC 

NFC (Near Field Communication) is a short-range wireless communication technology that 

enables devices to exchange data over very short distances, (up to 10 cm), which helps in 

preventing unauthorized access. Simple and user-friendly, often requiring just a tap or scan to 

initiate communication. Consumes very little power. 

● Pros:

o   Efficiency: Speeds up configuration and maintenance by providing quick access to

data.

o   Security: Short-range communication reduces the risk of unauthorized access.

o   Convenience: Simplifies the interaction between maintenance personnel and

equipment.

● Cons:

o   Limited Range: Requires close proximity to the device, which may not be practical

for all maintenance tasks.

o   Data Capacity: Limited in the amount of data that can be stored or transmitted.

Usage: 

● Configuration and Maintenance: Technicians can use NFC-enabled devices to quickly

configure or update settings

● Asset Management: NFC tags can be attached to lighting fixtures to store and access

information about each unit, such as installation date, maintenance history, and specifications.

●   Fault Detection: NFC can be used to read diagnostic information from fixtures
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3.6.2  FUOTA 

FUOTA (Firmware Update Over-The-Air) is a technology that allows the remote updating and management of firmware on devices over a wireless network without needing physical access to the device. Reduces the need for manual intervention and on-site visits, saving time and resources. Allows for updates to be applied to multiple devices simultaneously 

● Pros:

o Convenience: Updates can be performed remotely, reducing the need for field

visits.

o   Cost-Effective: Saves on labor and travel costs.

o Scalability: Facilitates the management of large-scale deployments by allowing

updates to be applied across many devices at once.

● Cons:

o Security Risks: Remote updates can pose security risks if not properly secured

o Network Dependency: Requires a reliable network connection for successful

updates,

Usage:

● Firmware Updates: FUOTA can be used to remotely update the firmware of street

lighting controllers and sensors

● Configuration Changes: Enables remote reconfiguration of lighting systems, such as

adjusting dimming settings or operational schedules.

● Bug Fixes and Enhancements: Allows for the deployment of bug fixes and

performance improvements

 

Table 5 – NFC - FUOTA 

Aspect         NFC                        FUOTA

 

Functionality    Short-range communication for    Remote firmware updates and configuration and asset configuration changes management 

 

Range          Very short range (up to 10 cm)  Long-range (depends on network coverage) 

 

Use Case       Quick configuration and           Firmware updates, bug fixes, and diagnostics enhancements 

 

Security         Secure due to short range        Requires secure protocols to prevent unauthorized access 

 

Maintenance                                 Remote updates reduce the need for Physical presence required physical maintenance 

 

Scalability       Less scalable for large            Highly scalable, suitable for large deployments networks 

 

3.7     Energy Source 

When evaluating energy sources for smart street lighting systems, two major options are often considered: solar power and traditional grid power. Each has its advantages and limitations 

3.7.1  Solar Power for Smart Street Lighting 

Solar power uses photovoltaic (PV) panels to convert sunlight into electricity, which is then used to power street lights. Solar-powered street lighting systems are often used in areas with abundant sunlight and where extending the electrical grid is impractical. It reduces dependence on fossil fuels and lowers carbon emissions. 

● Pros:

o   Energy Independence: Reduces reliance on the electrical grid
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o   Environmental Benefits: Reduces greenhouse gas emissions

o Installation Flexibility: Can be installed in areas where grid power is costly or

impractical.

o   Low Operating Costs: Once installed, sunlight is free.

● Cons:

o   High Initial Cost: The initial investment can be high.

o Weather Dependent: Performance can be affected by weather conditions and

daylight

o Maintenance: Solar panels and batteries require periodic maintenance and

replacement

Usage: 

● Remote Areas: Ideal for locations far from the grid, such as rural roads, parks, and

trails.

3.7.2  Grid Power for Smart Street Lighting 

Grid power refers to electricity supplied through the traditional electrical grid. Provides a 

consistent and reliable power source, unaffected by weather conditions 

● Pros:

o   Reliability: Provides a steady and reliable power source

o   Lower Upfront Investment: Often less expensive to install initially

o   Scalability: Easily scalable with existing infrastructure

● Cons:

o   Operational Costs: Ongoing electricity costs can be significant

o Environmental Impact: It can involve fossil fuels and contribute to greenhouse gas

emissions.

o Dependence on Grid: Any power outages or grid issues will affect the operation

Usage: 

● Urban Areas, High-Traffic Areas: Commonly used in cities and densely populated

areas where the electrical grid is already established.

 

Table 6 – Energy Source 

Aspect           Solar Power                      Grid Power

Energy Source     Renewable solar energy             Conventional electrical grid 

 

Cost             High initial investment, low ongoing    Lower initial cost, ongoing costs electricity costs 

 

Reliability           Weather-dependent, variable          Reliable and consistent performance 

 

Environmental  Depends on the energy mix of the  Low, reduces carbon footprint  Impact  grid 

Installation          Suitable for off-grid and remote        Best for areas with existing 

locations                               electrical infrastructure 

 

Maintenance  Panels and batteries require periodic Lower maintenance, mainly wiring  maintenance  and fixture issues 

 

4       The Guide 

For selecting the right technologies for Smart Street Lighting Projects, a guide is proposed. This 

step-by-step guide helps selecting the right technology for smart street lighting systems by 

considering project objectives, budget constraints, and application-specific requirements 
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By following these steps, you can ensure that the chosen technology meets your needs for efficiency, functionality, and integration while providing long-term value and sustainability.  

 

Table 7 – The GUIDE 

Step      Action          Input           Criteria                              Output 

 

Step-1  Determine       Customer                                          Application  Application  Request  Type  Type 

 

Step-2  Identify           Customer                                                Features and  Features and  Request  Requirements  Requirements 

Establish                                                                 Initial 

Budget          Customer,                                          Investment, 

Step-3    Determine the Project                                                Operational 

Finance         Requirements                                      Cost, 

Model:  Finance Model 

 

Step-4    Evaluate                        Energy efficiency, long lifespan,  low LED Budget, maintenance Lighting Requirements Technologies Low cost Sodium Light 

 

Step-5  Choose LED    Budget,         Precise Dimming, Diagnostic Data,    DALI Energy Consumption Reading Interface Requirements Dimming 0-10V

Choose         Location,       US, Grid Powered                   NEMA 

Step-6    Luminaire       Power Interface                          Europe, 24VDC Powered            Zhaga Infrastructure 

Small Application, Short Range        Zigbee 

 

Rural area, Highway, Long Range,  LoRaWAN  No GSM 

Urban Area, Wide coverage, Low 

Operatinal Cost, Low Power  LoRaWAN 

 

Step-7    Communicatio                                                 Cellular Cost, High Power Consumption Telecom n Infrastructure, Rural area, Highway, High Data Technologies Budget Select           Application      Urban Area, High Data Rate, High Type, Range, Consumption Rate, High Power Consumption,       Cellular 

GSM Connectivity 

Urban Area, Low Data Rate, 

Moderate Cost, Low Power           NB-IoT 

Consumption, GSM Connectivity 

 

Solid Power Line Infrastructure, No    PLC wireless preferred 

 

Step-8  Choose Power Location,        Rural areas, High Initial Investment, Solar Low Operational Cost Initial Investment, Central areas, Low Initial Source Operational Investment, Medium Operational Grid Powered Cost Cost 

Select           Location,        Small Project, Short Range            NFC 

Step-9    Maintenance    Range, 

Technology                    Big Project, Long range               FUOTA Customer, 
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Project 

Requirements 

Sensitive Data should be kept 

 

Step-10  Select CMS     Initial               Maintenance Cost Investment, Regulations,     internal, Initial Investment, Medium    On -Prem 

 

Deployment                   Low Initial Investment, Medium Operational Maintenance Cost, Access via        Cloud Cost, Security Internet 

Smart Lighting Application with 

Location,        Extentions Other Smart City Application           TALQ Customer, 

Project  Smart City Applications  Kurrant 

 

Step-11  Select CMS     Requirements, A broad open-source framework for Protocol Integration building smart applications across    FIWARE requirements, multiple domains Future Plans IoT device interoperability for smart uCIFI, OCF, 

cities, smart homes  oneM2M 

 

5       Application 

The proposed GUIDE is used in a project. The project information and selected Technology 

outputs are given below: 

Table 8 – The Application of the GUIDE 

Step      Action                                Output 

 

Step-1  Determine Application Type            Highyway Lighting Turkey 

 

Step-2  Identify Features and Requirements     Diagnostic Data is required Easy Installation, SW Update on Data is sensitive 

the field 

 

Step-3  Establish Budget                      operational and Maintenance Determine the Finance Model: Savings Direct Purchase, Long-Term 

Step-4  Evaluate Lighting Technologies         LED 

Step-5  Choose LED Interface                 DALI 

Step-6  Choose Luminaire Interface            Zhaga 

LoRaWAN (Big Application in 

Step-7  Select Communication Technologies    Urban area with limited or no 

Cellular) 

Step-8  Choose Power Source                Grid Powered 

NFC 

Step-9  Select Maintenance Technology 

FUOTA 

Step-10  Select CMS Deployment               On -Prem 

Step-11  Select CMS Protocol                   TALQ 
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Figure 6 – Application Project Pictures 

[image: ]

The solution and technologies used in this application are as follows: Lotec LCU (Lighting Control Unit) with Zhaga connector, DALI and LoRaWAN interfaces; LoRaWAN Gateway; Lotec CMS (Central Management System) with the TALQ interface. Figure 6 shows some pictures from the project implementation. 

[image: ]

6       Conclusion 

[image: ]

Smart Street Lighting applications are built using various technologies. In this study, a guide is proposed to choose right technologies for different Smart Street Lighting applications. This step-by-step guide helps selecting the right technology for smart street lighting systems by considering project objectives, budget constraints, and application-specific requirements 

[image: ]

Of course, there are exceptional cases, unconsidered criteria or user preferences which may result in different selection other than proposed here. Each user should take this into consideration while using this guide. 

[image: ]
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Abstract 

It is natural for differences to be seen between the values obtained in the design and calculation processes of lighting systems and the values obtained in the measurement studies carried out after the application. The size of this deviation varies depending on the accuracy of the data inputs in the design process, material tolerances, deviations originating from measurement devices and operators. Especially in road lighting projects where luminance-based projecting and analysis are performed, the size of the deviation can reach much higher values due to the effect of surface characteristics and observer factors. This study was prepared to evaluate the effect of tolerances and deviations observed in the field inspection processes of road lighting infrastructures. Within the scope of the study, a series of measurement and analysis studies were carried out in order to evaluate the effect originating from luminaire, application, asphalt and measurement. 

Keywords: Road Lighting Luminance Measurement, Measurement Deviations on Road Lighting, Luminance Analysis. 

1       Road Lighting & Luminance Measurements 

The general rules to be taken as basis for the classification, calculation and performance assessment (measurement) of a road lighting infrastructure are defined in the EN 13201 standard series. According to the relevant standard, the performance of a road lighting project is evaluated depending on the average luminance level of the entire road when viewed from the observer's point (Lm), the extent to which this luminance level is uniformly distributed throughout the road (U0), the ratio of the minimum and maximum luminance values on the central axis of the driving lane (UI), the glare effect created by the lighting infrastructure (fTI), and the level to which the areas outside the road are illuminated relative to the road (REI). The performance limits related to these values are again classified from M1 to M6 based on the procedures defined in EN13201, while the requirements for the relevant lighting classes are defined in EN13201-2 (EN 13201-2, 2015). 

Today, road lighting installations are practically designed with calculation methods defined in EN13201 and digital photometric data formats such as .ldt, .ies and using calculation and modelling software. Despite the high-precision modelling software and high-resolution photometric data formats used in calculation/modelling processes, it is natural to see differences between simulation data and field conditions. Deviations seen in general illuminance-based calculations are mainly due to material tolerances, errors in data entry and normal differences that may be seen during the application process. However, when the subject is a lighting infrastructure where luminance-based modelling is performed, the degree of deviation is relatively higher due to the effects of the observer and, more importantly, the surface characteristics. The main parameters affecting tolerance analyses according to EN13201-4 and the recommended tolerance range values are shown in Figure 1 (EN 13201-4, 2015). 

When it comes to measurement, the size of the deviation can increase depending on factors such as environmental factors, observer positioning, device features and operator behaviour. In this study, the main factors that may cause differences between the numerical modelling results and the measurement results were evaluated and the effect sizes were analysed. The impact points evaluated within the scope of the study are photometric tolerances, application-related deviations, asphalt-related deviations and measurement process-related deviations 

 

96

BalkanLight'2024 Proceedings

[image: ]

 

Figure 1 – Main influencing parameters for tolerance analysis (EN13201-4) 

2       Deviations due to photometric data 

While lighting calculations are performed using photometric data files shared by manufacturers, 

even between product series produced on the same production line on the same date, there 

may be a certain degree of difference in both light output and photometric characteristics. 

Although LED systems can be produced with much more precise tolerances compared to 

discharge tube luminaires, there may still be differences in both photometric characteristics and 

light output values. Especially in road lighting calculations, even deviations of a few degrees 

can have a dramatic effect on the results. 

In practice, it is almost impossible for a road lighting luminaire to be completely symmetrical on 

the road axis. Even if it is manufactured with zero tolerance, asymmetry may occur during the 

measurement process. In general, it is possible to see a certain level of asymmetry in the axes 

of luminaires that should have symmetrical characteristics such as C0-C180, C5-C175, C10-

C170, C15-C165 and C20-C160 in the raw measurement data taken. Although it is not usually 

at an extreme level, it is also possible to come across examples where the asymmetry is at a 

high level (Figure 2). If this asymmetry structure is not due to a chronic reason but due to 

luminaire production processes and or product tolerances, it may occur in different forms in 

each product (lens and LED centering, assembling deviations, etc.). While manufacturers can 

present the photometric data they provide to designers for calculations in raw or symmetry-

corrected form, the use of symmetry-corrected photometric data is preferred more than road 

calculation processes. 

[image: ]

 

Figure 2 – Photometrical data of a road lighting fixture with major asymmetry problem 

This situation, which is often overlooked, is actually an important factor affecting the deviation 

points seen in the calculation processes and field measurements. In order to evaluate the size 

of these effects, photometric measurements of 135W road lighting luminaires produced by a 

global manufacturer on 05.08.2024 were carried out. The measurements were made on 5 

product samples randomly taken from the production line and the measurement results are as 

in Table 1. The table shares the measurement results of 5 different samples, the average data 

of 5 data and the symmetry correction of the average data. 

According to the results, the difference between the measured luminous outputs and the 

declared (19,500 Lumen @135W) light output is less than 2%. (1.71%) However, the effect of 

the characteristic differences observed between the photometric characteristics of the products 

is much higher. Especially, rather than the average luminance values depending on the 

orientation of the asymmetry, advanced deviations can be seen in the longitudinal uniformity 

values. The lighting calculation results made with the data of the luminaires taken into test are 

given in Table 2. The calculations were carried out for an 2x2 lane M3 class road section with 
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R3 asphalt coating, illuminated by double console poles from 12 m median with 60 m pole spacing. 

 

Table 1 – Photometrical Test Results of sample products. 

[image: ]

 

Corrected Average       Average      Sample1      Sample2      Sample3      Sample4      Sample5 Sym. Data Raw Raw Raw Raw Raw Raw 

[image: ]

Power(W)            134.18       134.18       134.7       133.6       133.5        133.8       134.3 

[image: ]

Light output (lm)          19167.9       19167       19155       19065       19201       19166       19251 

[image: ]

Efficacy (lm/w)            142.8         142.8        142.2        142.7        142.7        143.2        143.3 

[image: ]

 

I 468 cd/klm  470          489          519          483          481          503  cd/klm  cd/klm  cd/klm  cd/klm  cd/klm  cd/klm  max  @C15-165  @C160  @C160  @C160  @C160  @C160  @C20  γ 69  γ 68  γ 71  γ 68  γ 70  γ 69  γ 71

[image: ]

 

Due to the effect of the asymmetry seen in sample products numbered 1 and 3 being at a higher level, it is seen that the longitudinal uniformity values seen in one direction of the road are low enough to not meet the standards compared to the other. Considering that manufacturers mostly share the photometric data of the luminaires over a single measurement data, creating a symmetrical data created according to sampling or average values in a way that will minimize the effect of deviations originating from structural and/or asymmetry occurring during the measurement process will be a much healthier approach to minimize possible deviations. 

[image: ]

Table 2 – Performance differences for 5 measured photometric data. 
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Sym Ref      Asym     Sample 1    Sample 2    Sample 3    Sample 4    Sample 5 Ref 

[image: ]

Left side of the road 

[image: ]

L       2 m (cd/m)       1.18         1.17         1.13         1.17          1.16          1.19          1.22 

[image: ]

U0          0.49        0.50        0.46         0.52         0.47          0.51          0.51 

[image: ]

UI           0.64         0.65         0.58         0.70          0.56          0.69          0.69 

[image: ]

fTI                  13               12              12               13               12               12               12 

[image: ]

REI           0.80         0.80         0.81          0.79          0.79          0.79          0.81 

Right side of the road 
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Lm (cd/m2)       1.18         1.19         1.21          1.18          1.22          1.18          1.15 

 

U0          0.49        0.47        0.51         0.46         0.48          0.47          0.45 

UI           0.64         0.65         0.69          0.65          0.67          0.65          0.60 

fTI                  13               13              12               13               12               13               13 

REI           0.80         0.80         0.81          0.79          0.79          0.79          0.81 

 

3       Installation-Based Tolerances 

During the installation process, there may be differences in certain dimensions in the fixture 

openings and overhang values compared to the design project. These differences can be easily 

detected by checks made before the measurement/inspection processes, and the calculation 

data can be easily updated according to possible differences. Therefore, such differences may 

not be considered as a deviation point. 

In fact, it can be said that the real risk in application-based tolerances is due to deviations seen 

in the orientation of the luminaire. Of course, it is also possible to encounter installation defects 

at a level that can be detected by eye, but our evaluations within the scope of this study are 

basically about deviations at a level that cannot be understood by eye and cannot be confirmed 

during the measurement process. Because in the measurement processes, deviations at a level 

that cannot be seen by eye (1°-2°) in the tilt and orientation angles of the luminaires on the 8-

15 m pole are not controlled. In the field experiments of this study, it was observed that in the 

angle controls made from the light output surface of the luminaire, there could be deviations of 

generally 1 degree and sometimes 2 degrees depending on the installation. In order to model 

the performance differences that can be seen in the field due to this situation, the results were 

examined on a model where a 3-lane M1 class road section with R3 asphalt type coating is 

illuminated by a luminary positioned at 15 m height and 51 m pole distance. In the calculations 

carried out on the sample road section, the effects of the deviations in the rotation angles of 

the luminaires parallel to the road axis and the deviations at a right angle to the road (luminaire 

tilt angle) were examined. 

The effects of deviations in the luminaire rotation range of -3° to +3° and in tilt angles of 0° to 

3° on lighting performance criteria are summarized in Table 3 and Table 4. 

Table 3 – Results for luminary rotations from -3 to +3 degree 

 

number Pole         Luminary     Luminar           2 )      U0         UI         fTI         REI Rotation (°) y Tilt (°)  L (cd/m

1-2            0            0          2.05        0.55       0.73        10        0.55 

1-2            1            0          2.11        0.53       0.74        10        0.55 

1-2            2            0          2.17        0.51       0.76        11        0.55 

1-2            3            0          2.22        0.49       0.77        12        0.56 

1-2            -1           0          1.98        0.53       0.71        10        0.55 

1-2            -2           0          1.91        0.5        0.68        10        0.55 

1-2            -3           0          1.84        0.47       0.64        10        0.56 
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Table 4 – Results for luminary tilt deviations from 0° to +3° 

 

number Pole         Luminary     Luminar           2 )      U0         UI         fTI         REI Rotation (°) y Tilt (°)  L (cd/m

1-2            0            0          2.05        0.55       0.73        10        0.55 

1-2            0            1          2.01        0.53       0.72        10        0.53 

1-2            0            2          1.97        0.51       0.71        11        0.52 

1-2            0            3          1.93        0.49       0.69        11        0.50 

When the results are examined, it can be seen that the deviation in the luminaire rotation improves both the average luminance and longitudinal uniformity values as long as it is towards the driver, while it increases the TI values, while the average luminance value and longitudinal uniformity values decrease significantly in the opposite direction to the driving direction. In general, the direction of the deviation effect in the tilt angle may vary depending on the photometry of the luminaire, and it has a direct effect on almost all quantities. 

4       Surface (asphalt)-related deviations 

In luminance measurements, unlike illuminance measurements, the surface properties and the observer make it a bit more complex to detect the deviations seen and the source of these deviations. When it comes to measuring the luminance, value formed according to an observer, the characteristics of the surface are the most influential point. In a road lighting project, the tolerances seen depending on the surface (asphalt) can be summarized in the most general way as follows. 

● Similarity of asphalt surface to defined R class values

● Continuity of Surface Characteristics

● Characteristic change of asphalt surface due to aging

● Structural problems occurring on the asphalt surface

 

Within the framework of the publications numbered CIE 66-1984 and CIE 144-2001 of the International Commission on Illumination, road pavements are classified as follows according to their surface reflectance characteristics. Asphalt classes are categorized according to their reflectance rates and specularity characteristics. Characterization limits and standard specularity values for Class R surface pavements by CIE are as in Table 5 (CIE Publications 66, 1984 & 144, 2001). 

 

Table 5 – Characterization limits and standard specularity values for Class R surface 

pavements by CIE 

Class       S1 Boundaries         Standard S1        Standard Q0 

R1              S1 < 0.42                0.25                0.10 

R2           0.42 < S1 < 0.85            0.58                0.07 

R3           0.85 < S1 < 1.35            1.11                0.07 

R4              1.35 < S1                1.55                0.08 

 

4.1     Similarity of asphalt surface to defined R class values 

In lighting design processes, the general characteristics of road surface coating are defined by CIE based on road asphalt types. According to EN13201-4, tolerances that may be seen due to asphalt surface may vary between 5-20% depending on whether the asphalt section is measured or not. For example, the specularity value within the R3 definition oscillates within a certain range and this value can cause dramatic changes especially in longitudinal uniformity values. It is inevitable that asphalt surfaces will contain certain differences in line with the 
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materials, workmanship and other operational effects used during the construction phase of 

road sections. While the lighting calculation software used allows the q0 value of the asphalt to 

be changed in calculations, it does not allow the specularity value to be changed. Moreover, in 

practice, a measurement is very rarely made to determine the reflectivity characteristic of the 

asphalt surface used. In fact, it is normal for there to be a difference between the reflectivity 

characteristic of the road asphalt classes taken as reference in calculations and the asphalt 

surface resulting from the construction process applied in the field. Therefore, surface-related 

deviations can be shown as one of the most serious deviation sources at this point. Some field 

studies by authors such as Dumont also show that the R table definitions developed by the CIE 

should be evaluated to what extent they meet today's asphalt surfaces (Dumonts et al., 2008). 

In general, it is relatively more difficult to provide longitudinal uniformity criteria in asphalt 

classes with low specularity characteristics. The specularity feature of the road surface is as 

decisive as the photometry of the luminaire regarding the maximum pole openings that can be 

applied in road lighting installations. The results obtained for different asphalt classes with 

different specularity and reflectivity properties for an application with the same project details 

are as in Table 6. The results  were examined on a model where a 2x3-lane M3 class road 

section with R3 asphalt type coating is illuminated by a luminary positioned at 12 m height and 

50 m spacing. 

Table 6 – Road performance results for different asphalt characteristics 

 

Lighting Type: Median            m L              (U0)               (UI)            (fTI)          REI Pole Height: 12 m  2x3 Lane M3 Class Pole Spacing: 50m 

Asphalt / Limit S           ≥ 1.00            ≥ 0.40             ≥ 0.60          ≤ 15       ≥ 0.30

CIE R1 / Q:0.10            1.55             0.45              0.39            9          0.49 

CIE R2 / Q:0.07            1.10             0.51              0.55            11         0.49 

CIE R3 / Q:0.07            1.04             0.46              0.78            12         0.49 

CIE R4 / Q:0.08            1.12             0.40              0.79            11         0.49 

It is possible to come across many examples where the reflectivity characteristics of the asphalt 

surface are outside the defined R classes.

 

4.2     Continuity of Surface Characteristics 

An asphalt construction process consists of many stages, and due to factors such as material 

input, differences in production processes, etc., certain differences can be seen in the 

characteristics of the asphalt along a road section. EN 13201-4 emphasizes that even in the 

event of measurement, tolerances due to asphalt can be at the level of 5%. This situation can 

sometimes be due to differences in the general reflectivity characteristics of the asphalt, and 

sometimes to minor structural differences on the road. In order to evaluate the extent of this 

situation, serial measurements were made on a section of a highway section where the same 

project dynamics were applied. The luminaires were assembled with the highest possible 

workmanship precision, and deviations that could be seen due to luminaire orientation were 

tried to be minimized. Although 12 sample luminaires in the test area were manufactured with 

high precision, the effect of possible deviations that could be seen in the luminaire photometry 

is unknown. The measurements were carried out at the same shutter speed and shutter speed 

values in order to minimize tolerances due to the device and measurement. Since the road has 

been in use for a certain period of time, measurements were taken from nearby poles where 

differences due to asphalt wear would be minimal. The results obtained for a single observer 

(on lane-3) point for the measurement series carried out under these conditions can be 

examined in Figure 3  
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Figure 3 – Luminance image from the Continuity test process 

4.3     Characteristic change of asphalt surface due to aging 

In the design of a new road lighting installation, continuity and tolerances depending on the defined asphalt class of the asphalt surface are the elements that can affect the results. However, if the project is a modernization study, that is, if it is done for a road section that has undergone a certain operating process, the effect of the change in the surface characteristics of the road depending on time can be much greater. It is known that the asphalt surface shows a significant characteristic change over the years, especially in sections with high vehicle density such as urban road sections. At this point, both the change in the reflectivity value of the surface and the differentiation of the surface specularity characteristic are encountered. In fact, this is a very common situation for asphalt surfaces that have been operated for a long time and have heavy traffic.

[image: ]

 

Figure 4 – A section of asphalt worn away by heavy traffic 

In order to show to what extent this situation, which can be encountered especially in retrofit project applications, affects the results, the measurement results of retrofit projects designed according to the R3 class asphalt definition were examined. 

 

Within the scope of the evaluation, the measurement results of 10 different urban road lighting installations subject to a certain aging process were examined. While the average luminance values in the 10 sample road sections taken into consideration were measured at levels of 1.5-2.3 times the design values, it was observed that the longitudinal uniformity values were significantly lower compared to the calculated values. Goniophotometric tests of the luminaires used in the road sections subject to evaluation were repeated in order to minimize possible material-related effects. This situation can be determined visually and by the measurement results that a surface with much higher reflectivity than the asphalt surface with a reflectivity value of 0.07 defined for R3 was encountered in the field. On the other hand, the dramatic difference seen in the longitudinal uniformity values indicates that the specularity value of the surface decreases over time compared to the asphalt surface with a relatively high specularity value such as R3. In this case, it can be predicted that the asphalt surface transforms from the R3 boundaries to R2 -  R1 over time, i.e. a characteristic with higher reflectivity but lower specularity. 
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4.4     Structural deformations 

While aging describes the characteristic changes seen on the entire asphalt surface, sutural 

deformations describe the situations seen beyond the natural aging processes on a certain part 

of the road, unlike the aging effect. Although it is a relatively rare situation in a new road section, 

structural problems (local defects such as potholes, stains, tire marks, etc.) can often be seen 

in road sections that have been put into operation. This is a situation that is frequently 

encountered especially in urban road structures and can be encountered in a different form in 

road sections where the brake reflex is shown in the entrance area of tunnels etc. As can be 

observed from the visuals in Figure 5, it is inevitable for significant structural deformations or 

distinct characteristic changes to occur on the surface, especially for lanes where traffic density 

is high and/or heavy vehicles are intensively used. The differences that can be seen for road 

sections where such effects are seen can be much more dramatic.   

[image: ]

 

Figure 5 – Examples of asphalt sections with surface problems 

The effect of the brake track on the luminance values, as seen at the tunnel entrance, can be 

examined through the luminance measurement and picture in Figure 6. Brake/tire track can 

cause a decrease luminance values up to 50%.  

[image: ]

 

Figure 6 – Image of tire tracks caused by sudden braking 

[image: ]

Especially on road sections that have been operated for a long time, there may be surface with 

brighter points and/or sections with low luminance values that may affect the measurement 

results, in addition to brake marks (Figure 7). If an infrastructure that can process and analyse 

images from luminance images is used, deviations at a level that will affect the calculations can 

be excluded from the evaluation. 
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Figure 7 – A road section with obvious surface problems 

Road luminance results for the reference asphalt characteristics is given in Table 7.  The effects of dark spots and bright spot, which can be seen only in a small part of the road (less then %5), on luminance and uniformity can be examined in Table 8. 

Table 7 – Road luminance results for the reference asphalt characteristics 

Grid     1       2        3        4       5       6       7       8       9       10      11      12 

 

Lane 2     2.30  2.44 nd 2.21  2.34    2.37    2.39  2.33  2.25  2.17  2.19  2.18  2.25  2.26  2.20  2.42  2.48  2.39  2.19  2.11  2.14  2.15  2.15  2.24  2.26  2.42  2.56  2.46  2.54  2.43  2.23  2.14  2.14  2.10  2.21  2.21  2.27 

 

Lane 1     2.20  2.33 st 2.24  2.37    2.31    2.38  2.32  2.15  2.00  1.97  1.98  2.08  2.10  2.12  2.21  2.24  2.21  2.08  1.96  1.87  1.90  2.02  2.06  2.11  2.15  1.95  2.01  1.99  1.95  1.75  1.66  1.48  1.78  1.88  2.04  2.03 

 

Table 8 – Road performance results for the structural deformation on asphalt 

characteristic 

Lav (cd/m2)        Uo           Ul

(cd/m2) 

 

Reference                                              2.17         0.68        0.80 

 

50% higher values on 3 grid points. (2nd lane 4th row)        2.22         0.67        0.57 

 

50% lower values on 3 grid points. (2nd lane 4th row)         2.12         0.56        0.51 

 

When the results are examined, it is seen that the bright and dark spots that will occur as a result of structural effects on a small part of the road affect the average luminance values the least, while the highest effect is on the longitudinal uniformity values. The effect on the average uniformity values is relatively lower in bright surface cases, while it has a higher effect in the case of dark spots 

5       Tolerances due to measurement 

Deviations in measurement results are of course partly due to measurement processes. Today, it is possible to create much faster and higher resolution luminance images of road projects with ILMD-based measurement technologies. However, a certain deviation may be observed due to the tolerances of the devices, the operator's preferences in the analysis process, and the differences in the positioning processes of the devices. 
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5.1     Device Tolerances 

While ILMD devices can be produced with different structures and technological limits, the 

measurement tolerances of the devices may vary depending on the manufacturer and 

technology level. In general, tolerances for high-precision devices are at the level of 3%<, 5%<. 

Of course, there are devices with much lower precision.  

Measurement tolerance may not only be related to the technological limit of the device. The 

saturation of the image in the luminance image, the settings and preferences during the image 

acquisition process may also affect the results. In order to determine the effect of this situation 

on the results, measurements were performed for different saturation values at the same 

observer point and the results obtained are shown in Table 9. 

Measurement number 1 in the table was accepted as a reference since it includes the results 

of the imaging at maximum saturation for the relevant road luminance scene. While no 

difference was observed in the results for measurement number 2, which was measured at 

values close to the reference value, minimal differences were observed in measurements 

number 3, 4 and 5, which were performed at low saturation. The average luminance value 

between the shot number 5 under the most adverse condition and the ideal/reference shot 

differed by 2.16%, and the uniformity values differed by 1.5%. 

Table 9– Results for different measurement settings 

Lm (cd/m2)                   U0                     Ul

 

Value      Deviation      Value  Deviation Value  Deviation (%) (%) (%) 

2: F11 @ 1-8s              1.39         Ref         0.334       Ref      0.789       Ref (Reference) 

3: F11 @ 0,8-6s            1.39         0.00        0.334       0.00      0.789      0.00 

4: F11 @ 0,5 4s            1.,38        -0.72       0.334       0.00      0.779      -1.27

5: F11 @ 0,25-2s           1.37        -1.44       0.336       0.60     0.782      -0.89

6: F11  @ 0,125 -1s         1.36        -2.,16       0.329      -1.,50     0.778      -1.39

5.2     Calibration 

It is important to periodically perform verification tests and repeat calibration procedures in 

order to check the measurement accuracy of the devices. Uncertainty is also defined for 

calibration processes in general. (Technoteam, 2024). Calibration uncertainty for device is %2. 

The measurement results calculated with two different calibration data in 2019 and 2024 of a 

path measurement taken with the luminance imaging device used throughout this study are as 

shown in Table 10.  

Table 10 – Measurement results for 2 different calibration 

Lav(cd/m2)                Uo                    Ul

Calibration data (2019)            2.01                 0.719                0.637 

Calibration data (2024)            2.07                 0.718                0.636 

 

5.3     Measurement Repetition and Operator Effect 

Since luminance analyses in ILMD-based systems are performed on a luminance image, the 

extent to which the operator's behaviour using the device and/or the analysis software 

accompanying the device is effective has also been examined within the scope of this study. In 

order to evaluate the extent of this effect, a luminance image taken from a regular road section 

was reported by 3 different operators via the relevant analysis software and the results were 

obtained as in Table 11. The deviations given in Table 11 are for the measurements performed 

for one lane of a highway section. When the values in the table are examined, it can be seen 
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that the deviation between the analyses performed by different operators on a pixel-based luminance image is less than 1%. For cases where the observer positioning was repeated, it was observed that the size of the deviation increased by 1-2%. 

Of course, these deviations are not valid for road sections where the road lines are not clearly visible and the asphalt surface may contain relatively defects. The size of the deviation that can be seen in such road sections can be much higher. 

Table 11 – Analysis of a luminance image by different operators 

Operator No.           Lav(cd/m2)                  Uo                      Ul

1                      2.43                     0.435                     0.811 

2                      2.41                     0.439                     0.814 

3                      2.41                     0.438                     0.816 

Max Deviations (%)          0.83                   0.92                    0.62 

5.4     Effect of Landscape and Environmental Lights 

There can be significant characteristic differences between a highway section and urban roads in terms of road measurements. While there are no landscape problems, environmental light risk, etc. for highway sections, the situation can be much different for urban roads. (Figure 9) It can be said that the most fundamental problems in urban road measurement processes are landscape blockage and the effects of urban light elements (environmental lighting, shop windows, advertising elements and building lighting,  etc.) on the road. Of course, it is not possible to produce a solution for landscape blockage. However, deviations caused by environmental light effects can be eliminated using image processing techniques using ILMD-based image processing techniques. 

In general, on urban roads, there are cases where the road lighting of roadside trees largely blocks the light distribution of the luminaires. It is not possible in practice to perform measurement inspections for such road sections and/or determine the extent of these effects. The results for an example road section where landscape blocking has a dramatic effect are as shown in Figure 8. 

There are examples where advertising elements and building lighting, especially in city centers, have high luminance levels that pose a risk to drivers. There are also examples where the effect of other sources is more dominant than road lighting equipment, such as the road section in Figure 9.  

[image: ]

 

Figure 8– Landscape blocking     Figure 9– Effects of billboard lighting 

[image: ]

6       Conclusion 

It is inevitable that differences will be seen between the project outputs obtained using design tools and the results of measurements made in the field. When it comes to the luminance of a road surface, all the elements affecting the relationship between the source, the surface and the observer can seriously affect the results. 

The concept of measurement accuracy, which is often tried to be evaluated based on basic elements such as device tolerances, calibration, etc., can actually be affected much more by factors other than these concepts. When it comes to luminance measurement of a road section, 
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it can be said that the photometric characteristics of the source and the reflectivity 

characteristics of the surface has the biggest effects on results. It is possible to say that the 

performance criterion that is most affected by almost all influence elements is the longitudinal 

uniformity value.  

Within the scope of this study, it has been observed that photometric data tolerances in the 

production processes of luminaires can contain differences and asymmetries at a level that can 

significantly affect the results. Since deviations due to the positioning of the luminaire can be 

detected on site and calculations can be easily revised according to the final pole clearance 

and light point height in the application, they may not be considered as a tolerance point. 

However, the effect of 1°- 2° deviations that cannot be detected by eye in all planes, especially 

in the assembly of the luminaire on the pole, is at a level that should not be underestimated. In 

addition, since studies aimed at determining such low orientation deviations cannot be applied 

in practice, it can be considered as an important impact point. In addition, since small (1°-2°) 

inclination and rotational deviations that cannot be observed during the application process can 

also seriously affect the photometric characteristics, it has been modelled that they critically 

affect the luminance and uniformity factors on the road surface. 

The luminance values formed on the road surface and the uniformity of these values are largely 

shaped by the specularity and reflectivity values of the surface. Deviations seen in the field can 

be largely caused by the conformity of the asphalt characteristic to the defined characterization, 

its continuity in the application area and the changes in the surface characteristic depending 

on time/aging. In most cases, the size of the deviation originating from the surface can be 

greater than the sum of all other factors. 

Apart from the aging effect, local deformations or defects that can be seen on the asphalt 

surface can also affect the results, and the fact that these situations can be detected with ILMD-

based analyses can allow these effects to be separated. Similarly, the effects of non-project 

elements such as environmental light can also be separated at a level that will not cause 

tolerance and/or deviation within the framework of technological possibilities. 

The measurement precision and tolerances offered by the devices and measurement 

technologies have a relatively low impact level when the dimensions of other deviation elements 

are considered. The fact that measurements can be made at high resolution provides benefits 

in terms of minimizing operator-induced deviations. 
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Abstract 

Road lighting plays a crucial role in transportation systems as it significantly contributes to ensuring safety for road users during hours when there is not enough daylight.  Adaptive road lighting (ARL) adjusts luminous flux and luminance levels based on environmental conditions and traffic flow, enhancing energy efficiency and driving safety by ensuring optimal lighting conditions. Through the utilization of environmental da ta and traffic analysis, these systems are capable of adapting lighting levels to ensure optimal illumination while simultaneously lowering energy usage. The effectiveness of such systems largely depends on accurate predictions of traffic data. This study explores different strategies for analysing traffic data and highlights the significance of various factors in the development of precise prediction models.  The primary aim of these strategies is to optimize lighting adjustments by utilizing predicted traffic flow rate.  

Keywords: adaptive  road  lighting,  data  analysis,  data  visualisation,  machine  learning,  energy saving 

1  Introduction 

The lack of illumination in streets and roads has raised public concerns regarding safety and security. In situations where natural lighting is insufficient, lighting systems play a vital role, as they account for more than 19 percent of the total global electricity consumption  (Agramelal et.al., 2022). These systems are among the largest consumers of electricity, accounting for 40 to 50 percent of the electricity used in urban societies. The worldwide count of streetlights currently stands at 326 million, and this number is p rojected to rise (Shahzad et.al., 2022). 

To avoid making arbitrary decisions about the illumination level of urban streets, municipalities should rely on the Turkish road lighting standards TSE CEN/TR 13201, which provide a series of guidelines to adjust the lighting conditions based on the actua l traffic conditions. According to the standards, each road in a city is assigned a lighting class, which is determined by various factors including time-dependent parameters such as traffic volume and traffic composition.  

Implementing ARL systems is a strategy used to regulate road lighting. These systems are designed to adjust the lighting levels by utilizing traffic data gathered from roads and taking into account the surrounding environmental factors. It is crucial for a n ARL system to prioritize the safety of drivers and pedestrians using the road while making these adjustments. In accordance with the standards, the luminance of the road can be lowered below the nominal level during peak hours, which are typically in the  mornings and afternoons, as traffic volume decreas es significantly late at night. 

The main drive behind this research is the insufficient number of ARL studies used in real road installations according to international standards in the literature, which will be examined in more detail in the next section. Although many ARL studies are c ommonly found in the form of simulations or prototypes, this study aims to provide guidance for sample applications, rep orts, and specification studies. A determination was reached to develop novel models that would effectively decrease errors in lighting level controls for application on roads characterized by high traffic density. In order to serve as a reference for future studies, the findings of diverse lighting strategies were unveiled, and energy analyses were carried out.  

2  Related Work 

Various technologies are utilized in lighting s ystems. Research has indicated a shift towards high-efficiency LEDs over less effective traditional metal halides or high-pressure sodium 
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luminaires (Rahman et.al., 2021). In addition to using energy more efficiently, LEDs can be a  

clear answer to road lighting systems because the amount of luminous flux emitted by the 

luminaire can be adjusted. Appropriate lighting scenarios can be implemented  based on real-

time traffic and weather data (Casavola et.al., 2022). By applying appropriate light source and 

employing control systems, road lighting can achieve substantial energy efficiency . 

Over the past years, there has been a notable global interest in smart lighting systems. These 

systems incorporate sensors, control algorithms, and wireless communications into road 

lighting luminaires, enabling them to function autonomously within the context of the Internet of 

Things (IoT). The fundamental concept revolves around maintaining the luminaires’  luminous 

flux at the lowest acceptable level within a specific section of the street, in accordance with 

national/regional standards and safety regula tions for both vehicular and pedestrian traffic. 

Conventional lighting systems rely on daylight levels to determine the activation of lights. In 

contrast, smart lighting systems offer the capability to dimming techniques that adjust luminaire 

functionality based on factors such as pedestrian/vehicle presence, ambient light conditions, 

and time of day. Findings of an analysis indicate that a substantial reduction in the cost of 

control systems can greatly influence the feasibility of the system, resulting in  payback periods 

of less than 5 years. This assessment takes into consideration the projected 40% decrease in 

control system costs that is anticipated to occur in the upcoming years (Chiradeja et.al., 2022). 

In another research, that utilizes a prediction algorithm and adaptive control system to save 

energy. The study was carried out on a 1.2 km long, two -lane road in Italy, where 53 LED 

luminaire points, three cameras for data collection and analysis, and sensors for monitoring 

weather conditions. Rather than implementing a fixed lighting protocol, a dynamic lighting 

system was introduced using traffic flow prediction algorithms, leading to a 30% reduction in 

energy consumption compared to a non-automated system (Marino et.al., 2017). 

A key aspect of a study is the creation of a cost effective lighting system that can regulate 

luminous flux of luminaires based on the presence of traffic in a monitored street. The research 

aims to establish an IoT infrastructure where each lighting pole serves as a node in a network 

that can progressively enhance its coverage. Throughout the day, real-time traffic data is 

collected using video processing. At night, the LED luminaire dimming is adjusted based on the 

presence of vehicles or pedestrians in the area under surveillance. In cases where no vehicles 

or pedestrians are detected, the LED luminous flux remains constant at the minimum level 

required by road lighting regulations. However, if a presence is detected, the LED luminous flux 

is raised to the appropriate level, taking into account the number of vehicles identified and the 

prevailing weather conditions. Compared to a non -smart LED lighting system in two different 

field environments, 48.81% and 70.65% energy saving ratios were c alculated, respectively 

(Gagliardi et.al., 2020). 

Another article introduces the concept of an IoT-enabled relay network for designing a demand-

based luminous flux of luminaires controlled highway lighting system. Key component of this 

system is a toll column that will remain illuminated continuously during the night, acting as an 

indicator for next lampposts that vehicles have entered the relevant lighting zone. The highway 

is segmented into sections, each section c omprising a series of posts. The presence of vehicles 

with luminous flux and proximity sensors can be detected by the car-sensing unit, which is 

linked to the processing unit, at the toll or first lamppost. It has been proposed that as drivers 

pass through different sections of the road, they will not perceive changes in lighting because 

the system automatically adjusts to the traffic flow (Rahman et.al., 2021). 

A suggested system does not require the addition of any sensors apart from the existing 

cameras that are already installed on the majority of streets for monitoring purposes. Using the 

number of vehicles data obtained by image processing, they stated that an annual energy co st 

savings of up to 31.25% could be achieved in the road lighting systems that work with the fixed 

scenario they suggested, compared to LED lighting systems that always work at the same 

luminous flux (Asif et.al., 2022). 

In a study, the researchers examined the reliability of the traffic counting method by comparing 

manually recorded observations with automated machine vision data collected. In the first of 

the two different approaches they developed, the traffic volume was estimated  with the data 

collected from the sensors and the light output of the luminaires was controlled with this data. 
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The second strategy utilizes a time controller to pre -program the dimming schedule of the luminaires and establish lighting control statistically. The distribution of traffic volume for the day is determined based on historical data, and the road illuminat ion is adjusted to meet or exceed the minimum standard requirement. The most significant savings of 55% can be attained by implementing a responsive sensor network. In contrast, a preprogramed dimming schedule utilizing long-term traffic data analysis yielded a 45% reduction in energy consumption (Balázs et.al., 2023). 

3  Dataset and Road Characteristics 

The road section selected is a major avenue, which runs through multi districts on the European side of Istanbul. This section of the road consists of six lanes, each is 3 meters wide. It has 3.5 meters wide median. The luminaires were placed on 13 -meter-high lighting poles with a distance of 40 meters between them. The poles are placed on the median and there are two luminaries on each pole. The speed limit is set at 70 km/h. Traffic flow rate, vehicle speed data, taken at 2-minute intervals for each lane on the road, have been recorded for a year . 

When determining the lighting class of the road, it is necessary to refer to the TSE CEN/TR 13201-1 technical report. As seen in the Table 1, total weighting value is counted as M2 with the decided options for each parameter.  

Table 1 – Determination of the lighting class for the studied road 

Weighting  Case Study 

Parameter         Options                     Description 

Value V W       Road 

Very High                     v ≥ 100 km/h                      2 

Design 

High                     70 < v < 100 km/ h                   1              1 

speed or          Moderate                  40 < v ≤ 70 km/h                   -1

speed limit            Low                     v ≤ 40 km/ h                      -2

Motorways, 

Two lane routes 

multilane routes 

> 65% of           > 45% of

High                                                         1              1 

maximum capacity    maximum capacity 

Traffic 

volume                          35 % - 65 % of        15% - 45% of 

Moderate                                                  0 

maximum capacity    maximum capacity 

< 35% of             < 15% of 

Low                                                   -1

maximum capacity    maximum capacity 

Mixed with high 

percentage of                                                     2 

Traffic          non-motorised 

composition 

Mixed                                                      1 

Motorised only                                                    0              0 

Separation of           No                                                           1 

carriageway          Yes                                                       0             0 

Interchanges, 

Intersection/km      distance between 

Junction 

bridges, km 

density 

High                  > 3                   < 3                 1              1 

Moderate              ≤ 3                 ≥ 3                0 

Parked           Present                                                     1 

vehicles         Not present                                                       0              0 

shopping windows, advertisement 

High           expressions, sport fields, station areas,          1              1 

Ambient 

storage areas 

luminosity 

Moderate                  normal situation                    0 

Low                                                   -1

Very difficult                                                              2 

Navigational 

Difficult                                                                      1 

task 

Easy                                                    0             0 

Total weighting value VWs        4

Lighting class        M2

Traffic flow rate is the total number of vehicles passing through a point in a certain  period. The period is 2 minutes according to this road data set. CIE recommends using traffic flow rate data 
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rather than traffic volume data for short periods such as minutes and hours. When calculating 

hourly traffic flow rates, the following two processes were applied: First, for each data point, 

the maximum of the 2-minute flow rate data of 3 lanes in the same  direction was selected. 

Afterwards, 30 consecutive data collections were aggregated to obtain hourly traffic flow rate 

data. In this way, for each data point, traffic flow rate data for the next 1 hour was obtained. 

The maximum value of hourly traffic flow rate data collected in lighting hours on the road is 

1402 vehicles/hour. This value was considered as the maximum value when determining the 

weight value of the traffic volume parameter. It is necessary to specify 35% and 65% levels of 

the maximum traffic flow rate value since the road has multilane. Table 2 shows these values 

and the corresponding weighting values.  

Table 2 – Weighting value equivalent of traffic flow rate levels 

Parameter                 Options               Weighting Value      Lighting Class 

High            x > 911                1                   M2 

Traffic flow rate       Moderate       491 ≤ x ≤ 911             0                    M3 

Low           x < 491              -1                  M4 

Since the road is always used only by motor vehicles whose speed is limited to 70 km/h, traffic 

composition  and  speed  limit  are  considered  as  static  parameters.   Likewise,  the  fact  that  the 

ambient  brightness  on  the  road  remained  constant  throughout  the  lighting  hours  led  to  the 

acceptance that this parameter was also static.   

To  develop  a  seasonal  generalization  aimed  at  estimating  the  total  number  of  hours  the  road 

would  be  illuminated  over  the  course  of  a  year ,  the  relevant  astronomical  data  specific  to  the 

road  is  examined.  Each  season  is characterized  by  one  of  the median days.  (Weather  Spark, 

n.d.). Table 3 shows the approximate hours at which the lighting on the road  will remain on in

each season.

Table 3 – Total lighting hours for the year 

Median     Median Sunset Lighting Hours Lighting Hours 

Season       Total Days 

Sunrise Time       Time         for a Day      for the Season 

Winter            90             08:30           18:00            14.5              1305 

Spring            92             06:30           19:30             11               1012 

Summer         92           06:00          20:30           9.5             874 

Fall               91              07:30            18:00             13.5              1228.5 

Total Lighting Hours for the Year:                              4419.5 

Since the lighting class of the road is determined as M2 according to the standards, M2 lighting 

level  performance  requirements  must  be  met  in  both  directions  for  every  hour  of  illumination 

throughout  the  year  in  a  fixed  scenario.  The  energy  to  be  consumed   in  this  fixed  lighting 

scenario was calculated in Dialux (Version 4.13, 2022). There will be 26 luminaires per kilometer 

in  one  direction  on  the  road.  Considering  the  two  directions,  52  luminaires  will  be  used  to 

illuminate  one  km  of  road.  Luminaires  need  to  be  dimmed  to  provide  the  lighting  conditions 

required  for  different  lighting  classes.   The  luminous  flux  that  the  luminaire  will  produce  at 

different  levels  and  the  power  it  will  consume  at  this  time   were  calculated  using  an  Ulbricht 

sphere  and  an  energy  analyser  in  a  laboratory  environment.   The  amount  of  power  consumed 

by the luminaire to be used in proportion to the luminous flux i t will emit is given in Figure 1. 

[image: ]

 

Figure 1 Luminous flux of the luminaire regarding to power
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Calculations made at Dialux have shown that in order to meet M2 lighting level performance requirements in both directions, all luminaires on the road must operate at 19200 lm luminous flux. Photometric results of the lighting s imulation can be seen in Table 4. 

Table 4 – Photometric results for M2-M2 lighting simulation 

M2                  2 L [cd/m]       U            U          TI [%]          SR 

av                      0                  I

Calculated values         1.5           0.65          0.84             8             0.92 

Required values        ≥ 1.50         ≥ 0.4         ≥ 0.7           ≤ 10           ≥ 0.5 

according to class 

The  calculation  of  the  energy  consumed  for  a  year  by  a  fixed  lighting  scenario  is  detailed  in Table 5. To quantify the energy usage, we evaluate the annual consumption, which is presented in  megawatts  (MW).  This  data  specifically  pertains  to  the  lighting  tailored  for  a  two -way  road that extends  only  1  kilometer. In studying the yearly  energy consumption, factors such  as  the power  consumption  of  each  luminaire,  the  hours  of  operation  per  day,  and  the  number  of operating days in a year are taken into account.  

Table 5 – Total power consumption for fixed lighting scenario (per km) 

Lighting    Total Hours Number of Number of        Power           Annual Power 

class      for a Year luminaries directions Consumption (Wh) Consumption (MWh) 

M2-M2     4419.5       26          2            134.7              30.956 

The  annual  average  number  of  rainy  days  for  the  region  where  the  road  is  located  obtained from  the  Turkish  State  Meteorological  Service  as  117  days  (Turkish  State  Meteorological Service, n.d.).  The number of rainy days  is a  data that should  be noted,  as wet  ground affect drivers' vision. For the safety of road users, the ARL system on the road should be paused on rainy days and M2 lighting class requirements should be met.   

It is possible to say that the road does not always have to meet M2 lighting level requirements in both directions. In accordance with the standards, a maximum of  two class changes can be made in M lighting class levels, in cases where dynamic parameter values change, the lighting performance criteria on the road may decrease to M3 and M4 lighting classes. 

During the hours when M2 lighting class should be provided in one direction and M3 in the other direction, the luminaires on the side of the direction where M2 lighting class should be provided should  work  with  21440  lm  luminous  flux,  while  the  luminaires  on  the  direction  of  which  M3 lighting class should be provided should work with 12350 lm luminous flux. Photometric results of the lighting simulation can be seen in Table  6. Average luminance did not exceed 1.2 times the required value in either direction . 

Table 6 – Photometric results for M2-M3 lighting simulation 

M3                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values         1.17             0.6             0.84              7              0.93 

Required values          ≥ 1            ≥ 0.4            ≥ 0.6            ≤ 15            ≥ 0.5 

according to class 

M2                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values          1.5             0.68            0.81              7               0.9 

Required values         ≥ 1.5            ≥ 0.4            ≥ 0.7            ≤ 10            ≥ 0.5 

according to class 

At  the  designated  hours  for  M2  lighting  class  to  be  provided  in  one  direction  and  M4  in  the opposite  direction,  luminaires  on  the  side  requiring  M2  lighting  class  should  operate  with  a luminous  flux  of  22500  lm,  whereas  luminaires  on  the  side  requiring  M4  lighting  class  should operate  with  a  luminous  flux  of  9400  lm.  The  photometric  outcomes  of  the  lighting  simulation are illustrated in Table 7. While the minimum requirements were met in the direction that should be illuminated as M2, illuminating the other direction as M4, which is two classes lower, brought about a high illumination effect from the opposite direction. Although the luminaires to be used on the road that should be illuminated as M4 were operated with the lowest possible luminous 

 

112

BalkanLight'2024 Proceedings

 

flux, the average luminance target of 0.75 cd/m2 was surpassed by a notable margin, 1.2 times 

greater than the stipulated requirement. 

Table 7 – Photometric results for M2-M4 lighting simulation 

M4                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values         1.02            0.57            0.83             7             0.94 

Required values         ≥ 0.75          ≥ 0.4           ≥ 0.6           ≤ 15           ≥ 0.5 

according to class 

M2                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values          1.5             0.69            0.81              7              0.9 

Required values         ≥ 1.5           ≥ 0.4           ≥ 0.7           ≤ 10           ≥ 0.5 

according to class 

In  order  to  meet  M3  lighting  level  performance  requirements  in  both  directions,  all  luminaires 

on  the  road  must  operate  at  13020  lm  luminous  flux.  Photometric  results  of  the  lighting 

simulation can be seen in Table 8. 

Table 8 – Photometric results for M3-M3 lighting simulation 

M3                  2 L [cd/m]       U            U          TI [%]          SR 

av                      0                  I

Calculated values        1.02          0.65          0.84             7             0.92 

Required values          ≥ 1          ≥ 0.4         ≥ 0.6           ≤ 15           ≥ 0.5 

according to class 

When  M3  lighting  class  is  scheduled  to  be  provided   in  one  direction  and  M4  in  the  opposite 

direction, the luminaires on the side requiring M3 lighting class should operate with a luminous 

flux  of  14310  lm,  whereas  the  luminaires  on  the  side  necessitating  M4  lighting  class  should 

operate  with  a  luminous  flux  of  8969  lm.  The  photometric  data  from  the  lighting  simulation  is 

shown in Table 9, with average luminance staying within 1.2 times the required value.  

Table 9 – Photometric results for M3-M4 lighting simulation 

M4                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values         0.82            0.61            0.84             7             0.93 

Required values         ≥ 0.75          ≥ 0.4           ≥ 0.6           ≤ 15           ≥ 0.5 

according to class 

M3                   2 L [cd/m]         U             U           TI [%]           SR 

av                       0                   I

Calculated values         1.02            0.67            0.81             7             0.91 

Required values          ≥ 1            ≥ 0.4           ≥ 0.6           ≤ 10           ≥ 0.5 

according to class 

To  fulfil  the  M4  lighting  level  performance  criteria  in  both  directions,  it  is  imperative  that  all 

luminaires on the road function at a luminous flux of 9550 lm. The photometric findings from the 

lighting simulation are illustrated in Table  10. 

Table 10 – Photometric results for M4-M4 lighting simulation 

M4                  2 L [cd/m]       U            U          TI [%]          SR 

av                      0                  I

Calculated values        0.75          0.65          0.84             7             0.92 

Required values        ≥ 0.75         ≥ 0.4         ≥ 0.6           ≤ 15           ≥ 0.5 

according to class 

Table 11 shows the number of hours of lighting levels that would be sufficient to be applied on 

the  road  throughout  the  year.  It  may  be  necessary  to  provide  different  classes  of  lighting  on 

both  sides  of  the  road  at  the  same  time,  so  the  lighting  class  is  presente d  in  groups  of  two. 

These obtained values will be used as a comparison criterion with the values to be executed in 

following ARL systems. 
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Table 11 – Total power consumption for actual data (per km) 

Power Consumption         Total Power 

Lighting class       Total Hours for a Year 

(kWh)  Consumption (MWh) 

M2-M2                17                  7.004                  0.12 

M2-M3               382.2                 6.197                  2.37 

M2-M4               103.9                 5.859                  0.61 

M3-M3              1266.5                 4.508                  5.71 

M3-M4               567.2                 4.025                  2.28 

M4-M4              2082.7                 3.263                   6.8 

Total                   4419.5                                              17.89 

If M2-M2 lighting levels are applied on rainy days (117 total days)              22.08 

4  Adaptive Road Lighting Systems 

The decision to create adaptive road lighting systems with two different methods was a strategic one aimed at achieving a comprehensive understanding of how these systems perform in real -world scenarios. The first method involves a statistical approach. Tr affic flow rate and vehicle speed  averages were calculated for each season, and  hour -based  lighting  class  expectations were determined with lighting classes created according to seasonal traffic data averages. For the second method, a basic machine learning (ML) model was produced after the  dataset was adapted to predict traffic flow rate.  

In  the  statistical  approach,  the  very  first  action  taken  was  to  segment  the  dataset  into  two distinct  categories:  weekdays  and  holidays.  Since  an  approach  based  on  seasonal  averages, the original data set has been further divided into 4 separate seasons. This di vision resulted in the  creation  of  eight  distinct  data  sets.  This  method  allows  for  a  more  detailed  and  nuanced examination of the data. 

All data sets were grouped according to the  time data, allowing for the calculation of averages for  each  hour  interval.  By  analysing  these  averages,  we  were  able  to  generate  data  on  the average  traffic  flow  rate  for  every  hour  within  the  dataset.  Only  the  hours  required  for illumination were used when preparing the graphics. Vertical lines show the start and end times of  illumination.  The  average  traffic  flow  rate  and  average  vehicle  speed  during  lighting  hours for  weekdays  in  winter  are  plotted  in  the  graph  in  Figure  2.  The  weighting  value  was  derived based  on  traffic  flow  rate  to  determine  the  lighting  class.  Since  the  basic  lighting  class  of  the road  is  determined  as  M2  in  accordance  with  the  standards,  a  restriction  has  been  made  to determine the lowest lighting class M4.  

To  visualize  the  errors  made  in  the  statistical  ARL  approach,  the  winter  weekday  lighting scenario was compared with the required illumination level M on a randomly  selected day such as 17 th of January. The resulting graph is given in Figure  3. 

As can be seen on the example day in the figure, if statistical ARL is applied, some errors will be made according  to the  M  lighting class that should  actually be  provided.  When  the system is applied throughout the year, it will illuminate  the road in the incorrect lighting class for 15.5% of the lighting hours. 

In order to create a ML based ARL system the month, day, hour and minute information in the time column was divided into two columns to be used as input.  Actual traffic flow rate data and actual  vehicle  speed  data  were  also  specified  in  one  column  in  order  to  create  a  benchmark against the estimated values. It was decided that samples from instantly collected data should be used so that the ML models to be created can more easily adapt to sudden changes in traffic flow rate and vehicle speed data.  

In order to illustrate the inaccuracies present in the  ML based approach, the date 17th of January was  selected  again.  Figure  4  presents  a  comparison  between  the  required  lighting  class  and those derived from traffic flow rate estimations.
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Figure 2 – Average traffic flow rate and vehicle speed through time in a winter weekday (direction A) 

[image: ]

 

Figure 3 Required M lighting class on 17.01.2023 compared to winter weekday scenario (direction A) 

[image: ]

 

Figure 4 Required M lighting class on 17.01.2023 compared to ML based scenario (direction A)
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The example day illustrated in the figure demonstrates that the implementation of  ML based ARL may result in certain inaccuracies concerning the designated M lighting class that is intended to be utilized. When this system is employed over the course of a year, it is projected that the road will be illuminated in an incorrect lighting class for appr oximately 5.6% of the total lighting hours. 

5  Conclusion and Future Work 

The case study illustrates that adaptive road lighting has the potential to serve as a feasible substitute for conventional fixed road lighting. The integration of dynamic light control leads to substantial reductions in electricity consumption while maint aining road safety and public security. Rather than illuminating the roads at the same lighting class throughout the year, it will be possible to provide illumination to meet the needs of the road with ARL systems instantly.  

As can be seen in Table 12, it is possible to achieve energy savings of nearly 30% with the current sensor investment with an ML-based ARL. In the statistical ARL approach, seasonal traffic flow rate averages determine the M lighting class.  In the ML based approach, M lighting class is determined based on traffic flow rate estimations of the model. Same amount of savings can be achieved with the pre-programmed statistical approach, but since the error rate is  higher, it would not be right to choose this method. Although the hours when excessive lighting is used do not cause any problems other than excessive energy consumption, hours when the lighting is insufficient due to model errors can make the experience of road u sers difficult and reduce driving safety. 

Table 12 – Comparison of lighting systems 

Traditional fixed Pre-programmed,    Dynamic, ML 

Actual data 

lighting          statistical ARL        based ARL 

Total consumed 

30.96               22               22.05              22.08 

power (MW/year) 

Energy saving 

-                      28.9 %                28.8 %               28.7 % 

(with rainy days) 

Energy saving 

-                      42.6 %                42.3 %               42.2 % 

(w/o rainy days) 

In  addition  to  the  energy  savings  and  low  error  rates,  the  chosen  model,  the  xGBoost regression,  is  also  capable  of  producing  prediction  outputs  within  a  few  seconds.  It  has  a structure  that  can  quickly  adapt  to  sudden  changes  in  traffic  flow  rate .  In  case  of  events, accidents during lighting hours around the road that may affect the characteristics of the road and therefore traffic data, the selected machine-learning model will provide much more accurate results than any statistical model.  

The energy savings per km given in the  results guarantee that ARL systems will provide huge savings when adapted to kilometers of road lighting. The most important situation that reduces energy saving  is  the complete disabling of  ARL systems  on rainy  days  due to the  inadequacy of  the  existing  mechanism.  If  the  dryness  of  the  asphalt  on  the  road  is  detected  by  image processing or sensors and ARL is activated again as soon as possible, rather than leaving ARL systems disabled for all rainy days, energy saving rates could reach higher levels.  

In  this  study,  a  cost  analysis  was  not  carried  out.  Given  the  significance  of  road  lighting installations in public expenditures and the advancement in energy conservation, it is crucial to offer cost-effective solutions for project implementation. To achi eve this goal, it is essential to employ cost analysis methods that take into account all relevant factor parameters.  
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Abstract 

Urban areas consume over 65% of global energy, much of which is used for street and public lighting. As energy costs rise and the need to reduce CO2 emissions grows, smart lighting emerges as a key strategy for energy conservation, safety, and urban aesthetics. Cities are adopting energy-efficient LEDs and smart systems with features like dimming and safety controls, allowing real-time, remote management of lighting based on area usage.

Though implementing smart systems city-wide is costly, a gradual approach targeting specific areas can be effective. Lampposts equipped with connected lighting can provide additional services, such as public Wi-Fi and support for IoT sensor networks, which monitor environmental factors like air quality and waste management.  Smart  lighting  can  reduce  energy  consumption  by  50-70%  without  compromising  safety, enhancing the city’s appeal and attracting visitors and investments.

Keywords: reducing CO2 emissions, energy efficiency, lamppost, smart lighting

 

1 Introduction

Outdoor lighting is crucial for equity and accessibility in urban areas, often taken for granted until it is absent. Poor lighting can lead to safety issues, deter public space use after dark, and exacerbate social inequality by  neglecting  less-lit  areas,  reducing  community  engagement  and  increasing  isolation.  Cities  invest significantly in lighting, which often uses outdated and inefficient technologies. Adopting energy-efficient solutions like LED and smart systems not only cuts costs and CO2 emissions but also enhances public safety and the urban aesthetic. These initiatives also support economic development by enabling nightlife and improving community safety, potentially reducing crime rates by 20% and traffic accidents by 35%.

 

2 Problem overview

Public lighting uses a significant amount of global electricity and contributes notably to city energy costs and CO2 emissions, prompting cities to pursue more sustainable solutions. Traditionally, high-pressure and low-pressure sodium lamps have been prevalent due to their high luminous efficacy and lower initial costs but incur higher long-term costs and energy usage compared to modern LEDs. LED technology, despite higher upfront costs, offers longer lifespans, better energy efficiency, and lower total CO2 emissions. As technology progresses, many cities are shifting towards LED lighting, which is expected to constitute 89% of global streetlights by 2027, though only a fraction will include smart features. Smart lighting systems, which integrate sensors and controls for more efficient operation, promise even greater energy savings and operational  benefits.  These  solutions  can  be  implemented  through  low-cost connectivity and have a massive impact on energy savings and maintenance costs. [2]

The additional energy savings of smart connected lighting compared to LED lighting are at least 60% higher, ensuring a sound return on investment. [1]
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3 City model for smart public lighting projects

 

Many cities, including Chitila  near  Bucharest,  are adopting smart  public  lighting systems to  update the 

traditional, inefficient lighting network. Chitila’s strategy involves modernizing its lighting infrastructure to 

enhance component performance and installing a remote management system for more efficient control of 

each lighting unit. This modernization aims to reduce electricity consumption and cut CO2 emissions by 

20.82% from 2009 levels and achieve a 7% reduction in energy consumption by improving energy efficiency 

and incorporating renewable energy sources. This project is expected to create cleaner, safer, and more 

livable spaces for citizens.

In this context, the SEAP (Sustainable Energy Action Plan) outlines the following key actions/measures:

● Gradual implementation of the project - a pilot for remote intelligent control of public lighting, without

compromising standardized lighting parameters (telemanagement and remote management of the system), by establishing the goal of achieving at least a 30% reduction in energy consumption as a performance indicator;

● Conducting a rigorous lighting audit of the city streets, classifying the streets into lighting classes

according to international standards (SR EN 13201);

● Conducting a thorough economic and financial study regarding the direct or indirect management

of public service;

● Replacing all existing lighting sources, such as mercury vapor lamps, with High Pressure Sodium

Lamps or LED light sources;

● Implementing dimming (reducing the light output during certain time intervals and in specific areas,

adjusted according to traffic and the safety conditions of the area);

● Expanding  the  lighting  system  by  designing  the  installation  in  accordance  with  the  energy

performance and lighting standards applied in the European Union;

● Modernizing pedestrian lighting (sidewalks) by using fixtures equipped with energy-efficient light

sources;

The public lighting system of the city of Chitila includes 1,413 lighting fixtures with power ratings ranging 

from 50 W to 250 W, structured as follows:

Table 1 – List of Lighting Fixtures 

Lighting Fixture                    Number of Units

1      SELUX 70 W Luxten             34

 

2      AstraRoad 150 W Lena           142 Lighting 

 

3    Eurostreet ET25 70 W General    979 Electric 

 

4      Eurostreet ET25 150 W           142 General Electric 

 

5    Eurostreet ET40 250 W          79 General Electric 

6    Decorative Indirect Post          14 

7      Other 70 W                       21 

8    LED 50 W Electromax           24 

9    LED 59 W Philips               10 

10    LED 73 W Philips                23
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11    LED 80 W Total Green           10 

12    LED 50 W N/A                 6

TOTAL                  1484

According to the inventory elements, the installed power of the street lighting is Pi = 159.049 kW. Calculated electricity consumption assuming the lighting fixtures operate at 100% capacity is Wan = 699.815 MWh

[image: ]

 

Figure 1 – Distribution of Lighting Fixtures 

[image: ]

 

Figure 2 – SIP lighting fixtures and distribution of installed power in Chitila by technology used 

[image: ]

The modernization and expansion of the public lighting system will assure certain public utility requirements and needs of the local community, as follows: improving the quality of public lighting in the City of Chitila, avoiding light pollution, optimizing energy consumption, ensuring continuous operation of public lighting, enhancing the level of civility, comfort, and quality of life, increasing the level of individual and collective security within local communities, as well as improving the safety of road and pedestrian traffic, supporting and  encouraging  the  socio-economic  development  of  localities,  operating  and  utilizing  the  service infrastructure  under  conditions  of  safety,  profitability,  and  economic  efficiency  and  promoting  the sustainable development of the public lighting system.

 

3.1 Technical Solution

The  modernization  and  reintegration  work  for  the  Public  Lighting  System  (SIP)  includes  the  following investment objectives: construction of a new public lighting network, reintegration and modernization of the existing public lighting, provision of renewable energy sources (photovoltaic panels) and implementation of a remote management system for public lighting.
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The investment comprises 2,018 lighting points, including the following components: 16,200 meters of new 

public lighting electrical network, 2,018 LED lighting fixtures, 452 poles, 18 public lighting distribution boxes, 

14 switching points, 1,474 remote management control modules, 27 network parameter analyzers, 4 zonal 

control boxes for remote management, 1 remote management system workstation and 6 lighting systems 

equipped with photovoltaic panels. Lighting fixtures are equipped with high-power LED light source with 

color temperature Tc = max 4000 K and Color rendering index CRI ≥ 70. The programmable electronic 

ballast is compatible with the type of light source used and it has the following functions: ensuring operation 

with  a  power  factor  >0.92  when  operating  at  100%,  communication  capability  via  DALI  or  1-10V 

communication protocols and allows the reduction of luminous flux by at least 80% of the nominal flux value, 

in steps of at least 1%. The lighting fixtures are equipped with a wireless individual control device (part of 

the control system) for independent command and control of the lighting fixture, using at least the 1-10 V 

or DALI communication protocols. 

According to the Program  on Increasing  Energy Efficiency of  Public Lighting Infrastructure, the remote 

management systems implemented in the project must meet the following minimum requirements:

● to install, commission/configure, and manage the lighting system at a low cost and without errors; ● to  switch,  dim,  and  increase  the  illumination  levels  according  to  ambient  light,  schedules,

programming, calendars, or real-time signals;

● to collect and manage energy consumption data with high accuracy for the user; the system will

generate automatic reports on annual consumption for the entire project;

● to identify faults, anomalies, and other malfunctions of the lighting fixtures and power supply; ● to monitor the operating hours and condition of lighting fixtures and electronic control devices for

predictive maintenance purposes and to ensure warranty compliance; the system will generate an automatic report with the number of operating hours for each GPS-identified light point and an average of operating hours for the entire project;

● to collect data from light point controllers and provide it to the user or third-party software, such as

Asset Management Systems (AMS) or Geographic Information Systems (GIS);

● to provide interfaces and/or mechanisms to interact with various sensors and smart platforms to

adjust light levels and provide information that helps improve services, comfort, and safety;

● to  be  scalable  to  manage  an  increasing  volume  of  data  and  a  growing  number  of  devices  to

accommodate future growth.

The remote management system will manage the entire network in the area and will have the capability for 

future  expansion.  During  the  operation  of  the  remote  management  system,  continuous  voltage  can  be 

maintained in the network, and the control of switching on/off/dimming of public lighting will be handled 

through modules installed on the lighting fixtures. These modules will be independently addressable and 

will provide both local on/off control and real-time diagnostics of the lighting fixture.

In addition to information about the operation of the lighting fixtures, the remote management system will 

provide information about the power supply network, the quality of the electrical energy, as well as any 

potential faults or electricity thefts.

The management system interface is shown in the figure above:

[image: ]

 

Figure 3 – Management system interface 
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Before starting the implementation of this project, the authorities developed a technical project that provided us with input data on key indicators such as total absorbed power indicator, total consumed energy indicator and carbon emissions indicator, crucial factors to improve in our project.

 

Total Absorbed Power Indicator 

The newly installed lighting fixtures (CIL) are of the following types:

Table 2 – List of lighting fixtures and technical specifications 

Technical                 Absorbed         Number of       TOTAL 

Lighting Type    specifications              Power            Lighting          Absorbed [W] fixtures Power

[W]

1     CIL 1            LED 10000 lm            62               372             23.064

2     CIL 2            LED 8600 lm             53               404              21.412

3    CIL 3          LED 7500 lm            45              489            22.005

4     CIL 4            LED 4500 lm             27.5              150             4.125

5    CIL 5          LED 3500 lm             21.5             38             0.817

6    CIL 6          LED 2000 lm            13.6            193            2.625

 

7                        LED 8600 lm crossing CIL 7 system – 4 lanes     53                18               0.954

 

8                  LED 8600 lm crossing CIL 8 system – 2 lanes     53               21              1.113

9    CIL 9          LED 13362 lm           77               279            21.483

 

10                    LED 2730 lm CIL 10 pedestrian            24               37              0.888

11    CIL 11          LED 24744 lm            144              17              2.448

 

Total Consumed Energy Indicator 

For the calculation of the annual electricity consumption indicator, we assume an operating time of 4,400 hours per year. 

Table 3 – Total consumed energy indicator 

 

TOTAL                                      Estimated total Annual operating annual energy time duration Absorbed Power consumption [h/year] [kW] [kWh/year]

1      100.934                          4400                 401119.00

 

Carbon Emissions Indicator 

For the calculation of this indicator, the information included in the "ELECTRICITY LABEL provided to non-household final customers who are beneficiaries of the universal service (at the universal service price) in the year 2021" was considered, with specific CO2 emissions at the national level of 217.24 g/kWh.
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Table 4 –Carbon emissions indicator 

 

Estimated total annual energy     CO2 emissions of the designed consumption installation [kWh/year] [t CO2/year]

1      401119.00                       87,139

 

3.2 Results within the project 

Results obtained following the execution of the project for the reintegration and modernization of the public 

lighting system infrastructure in the City of Chitila.

3.2.1 Reduction in CO2 emissions 

● Indicator value at the start of project implementation:

At the beginning of the project implementation, emissions were recorded at 312.438 tons of CO2 per year.

● Indicator value at the end of project implementation:

At the end of the project implementation, the volume of greenhouse gas emissions resulting from public lighting in the study area is 89.550 tons of CO2 per year.

This results in a reduction of greenhouse gas emissions (CO2 equivalent) by 222.888 tons per year, which 

represents a minimum percentage reduction of 71.34% because of the project investments.

3.2.2 Reduction in annual primary energy consumption in public lighting (kWh/year) 

● Indicator value at the start of project implementation:

The annual primary energy consumption in public lighting is recorded at 1,044,943 kWh/year.

● Indicator value at the end of project implementation (output):

The annual primary energy consumption in public lighting is recorded at 401,119 kWh/year.

Thus,  a  reduction  in  primary  energy  consumption  resulting  from  public  lighting  of  643,824  kWh/year  is 

achieved, representing a 61.61% reduction because of the project investments.

 

Number  of  lighting  fixtures  installed,  and  number  of  light  points  controlled  by  the  remote  management 

system through the project:

● Indicator value at the start of project implementation: 0

● Indicator value at the end of project implementation (output): 2,018

A total of 2,018 LED lighting fixtures have been installed and are controlled by the remote management 

system.

3.2.3 Average illumination level (lx) 

The indicators were calculated in accordance with the European standard SR-EN 13201:2015 for public 

lighting, based on the lighting audit report, resulting in the following values:

Table 5 – Average illumination level 

Indicator value at the       Indicator value at the end 

start of project               of project implementation 

implementation           (output):

Average illumination level (lx) C1     2.7                         33.77

Average illumination level (lx) C2     1.5                         24.4

Average illumination level (lx) C3     1.0                         18.8

Average illumination level (lx) C4     0.5                         14.8

Average illumination level (lx) C5     0.1                         9.1
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3.2.4 Minimum maintained average luminance level (cd/m²) 

The indicators were calculated in accordance with the European standard SR-EN 13201:2015 for public lighting, based on the lighting audit report, resulting in the following values:

Table 6 – Minimum maintained average luminance level 

Indicator value at the     Indicator value at the 

start of project            end of project 

implementation         implementation (output):

Minimum maintained average 

luminance level (cd/m²) for class M2     0.1025                  1.77

Minimum     maintained     average 

luminance level (cd/m²) for class M3     0.247831               1.15

Minimum     maintained     average 

luminance level (cd/m²) for class M4     0.199516               0.88

Minimum     maintained     average 

luminance level (cd/m²) for class M5     0.096721               0.74

Minimum     maintained     average 

luminance level (cd/m²) for class M6     0.041811               0.48

This table summarizes the indicators, and their respective values related to the project's goals of reducing CO2 emissions, energy consumption, and improving public lighting quality, among other objectives.

Table 7 – Indicators of the project 

UM        Indicator     Expecte   Value 

 

Project Indicator                                                at            d During    at Project Start Project  Final Value  Value at      d value     Achieve

project      PT         Completion end Design 

Phase 

 

1     Greenhouse gas emissions        t             312,438     130,069   87,139    89,550 (CO2) CO2/year

 

Reduction of CO2 emissions      t                                           181,569    225,299    222,888 CO2/year  - 

Reduction of CO2 emissions      %           -            58.11      72.11      71.34

2     Annual energy consumption       kWh/year    1,044,943   405,521   401,119   401,119

 

Reduction in annual energy        kWh/year  -            642,422   643,824   643,824 consumption

 

Reduction in annual energy        %           -             61.48      61.61      61.61 consumption

 

3   Length of the public lighting         kWh/km      49,470       64,028     65,670     65,670 system

Extension of electric network       km           -             15.6       16.882     16.882

4     Renewable energy sources        System      0            6          6         6

 

5   Number of LED lighting fixtures     Units         0             2,018      2,018      2,018 installed 
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Number of light points 

6   controlled by the remote           Units         0             2,018      2,018      2,018

management system

 

7     Number of poles installed by       Units         1,531        1,983      1,983      1,983 project

New poles installed                Units         -             452        452        452

8   Average illumination level          lx

Average illumination level (C1)     lx            2.7           30         31.2       33.7

Average illumination level (C2)     lx            1.5           20          22.3       24.4

Average illumination level (C3)     lx            1.0           15         17.3       18.8

Average illumination level (C4)     lx            0.5           10          13.7       14.66

Average illumination level (C5)     lx            0.1           7.5         8.33       10.27

 

9   Minimum maintained average      cd/m² luminance level

 

Minimum maintained average      cd/m²       0.1025      1.5        1.56       1.77 luminance level (M2)

 

Minimum maintained average      cd/m²       0.2478      1          1.01       1.35 luminance level (M3)

 

Minimum maintained average      cd/m²       0.1995      0.75       0.78       1.07 luminance level (M4)

 

Minimum maintained average      cd/m²       0.0967      0.5        0.65       0.76 luminance level (M5)

 

luminance level (M6)              cd/m²       0.0418      0.3        0.42       0.55 Minimum maintained average 

 

The remote management (control) system includes all newly installed lighting fixtures in the designated 

areas,  which  are  individually  incorporated  into  the  control  system.  This  system's  role  is  to  monitor, 

intelligently  manage,  and  remotely  control  the  lighting  fixtures,  based  on  processing  complex  data 

algorithms  from  various  sources  and  acquiring  feedback  information.  It  was  designed  for  prompt 

interventions  in  case  of  malfunctions  and  reducing  costs  associated  with  electricity  consumption  and 

maintenance of  the  public  lighting  system.  The  implementation  of  the  control  system  was  realized 

simultaneously with the installation of the lighting fixtures.

Below is the consumption variation graphs recorded following the completion of the project and after the 

implementation of the remote management system for the period March 1, 2024, to August 19, 2024.

The new smart public lighting infrastructure allows for the activation of presence detection from 9:00 PM to 

9:00 AM, enabling the lights to dim as needed. When users are present, the lights dim to 60% power, and 

in their absence, they dim to 40%. Additionally, between 9:00 PM and 9:00 AM, the rain sensor ensures 

visibility during rain by only dimming the lights to 60% power.
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Figure 4 – Consumption variation graphs 

The  implementation  of  the  project  is  alleviating  the  current  negative  social  and  economic  impacts experienced by the city. It focuses on enhancing both the efficiency and effectiveness of the public lighting infrastructure, which in turn brings significant economic and social benefits.

3.2.5 Expected economic advantages 

● reduction in operating costs: The project aims to lower expenses associated with the maintenance

and  upkeep  of  the  city's  public  lighting  infrastructure.  By  implementing  these  efficient  lighting solutions, the frequency and cost of repairs and replacements are expected to decrease, leading to substantial savings over time.

● lowering infrastructure operational costs:  Using advanced lighting technologies and intelligent

control systems, the project seeks to reduce the overall energy consumption of the city's lighting infrastructure. This will directly lead to lower electricity bills and a more sustainable budget for city operations.

3.2.6 Social benefits anticipated from the project 

● improved public safety: One of the primary social benefits is the increased security for residents

after dark. Enhanced lighting in public areas helps reduce crime rates and the fear of crime, making residents feel safer when walking or commuting at night. This improvement in public safety has a direct and positive impact on the community's quality of life.

● enhanced traffic safety: Better-lit streets and public areas contribute to a safer environment for both

pedestrians and drivers. Improved visibility after dusk reduces the likelihood of accidents, thereby enhancing the overall safety of the urban environment.

● environmental benefits: The project will help in reducing various forms of pollution. By utilizing more

efficient lighting options, light pollution is minimized, making the night sky more visible and reducing disturbances to wildlife.  Additionally, lower energy consumption will  lead to a reduction in CO2 emissions and other harmful pollutants, contributing to a cleaner, healthier environment.

By focusing on these key areas, the project can create a more sustainable and economically efficient public lighting system and enhance the well-being and safety of the city's residents.
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4 Conclusions

This study demonstrates the advantages of LED solutions in terms of energy efficiency, maintenance costs, 

and environmental impact. Although the initial costs for LEDs are higher, these are offset by long-term 

economic and environmental benefits. In contrast, sodium vapor solutions, while having a lower purchase 

cost, involve higher operating costs, greater CO2 emissions, and a shorter lifetime.

Furthermore, integrating a remote management system into the LED infrastructure can further enhance 

efficiency by allowing precise control over lighting conditions. This system enables lights to be dimmed or 

brightened based on actual needs, optimizing energy consumption and extending the lifespan of the lighting 

fixtures.  By  reducing  unnecessary  energy  use  and  improving  maintenance  efficiency,  the  remote 

management system helps in significantly lowering overall operating costs and environmental impact.

Smart  connected  lighting  generally  offers  more  lighting  hours,  but  at  reduced  power  levels,  optimally 

adjusting to the immediate local needs and the preferences of citizens for specific locations and times.

The investment in this new infrastructure is significant and is most effective when implemented at least at 

the neighborhood street level. However, the energy-saving potential of smart connected lighting makes it a 

viable transition model, appealing to Energy Service Companies (ESCOs) and allowing cities with limited 

investment capabilities to achieve this transformation.

Compared  to  the  smart,  connected  lighting,  the  lampposts  could  provide  additional  services,  including 

offering a (potentially free) public Wi-Fi network, providing the powered foundations for a mesh network of 

(IoT)  sensors  across  the  city,  helping  drivers find  a  parking  place,  improving  public  safety,  supporting 

environmental monitoring (air quality, waste, flooding, noise). 

They could be a place for electronic street signage, public information and advertising (revenue), the home 

of sensors that helps to direct visually impaired people, a powered web of electric vehicles (cars, bikes) 

charging points, or even pedestrian-flow monitors that could help to keep the high street a vibrant place.[1] 

The image of a city using such smart technology would also generally improve, attracting more visitors and 

investments.
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Abstract 

This study investigates pedestrian preferences regarding outdoor public lighting, specifically examining their impact on the perception of visual comfort, safety and reassurance in different urban settings. Despite extensive research on lighting parameters and pedestrian safety perception in recent years, gaps remain in understanding how users perceive different lighting scenes in real nighttime environments. 

The laboratory study comprised 130 participants under 30 years old. Using real location data, we simulated four distinct urban lighting conditions using Dialux software and examined them in a dark laboratory setting. Participants viewed generated images of urban nighttime scenes of a well-known Ljubljana district and answered the questionnaire. The questions were about participants' walking habits in a nighttime environment and about their perception of safety and reassurance based on viewed images. All together nine different scenes were evaluated by participants.  

Our study employed various analytical approaches to examine the effects of height (low vs. high) of lighting poles and lighting uniformity (better vs. worse) on participants' perceptions of safety, visual comfort, reassurance and orientation ease. The results demonstrate a preference for lighting with good uniformity, particularly in areas with higher lamp posts, suggesting its vital role in enhancing visual comfort. These findings emphasize the significance of continuous lighting design in promoting pedestrian safety and visual comfort in urban environments. 

Keywords: urban lighting, pedestrian's perception of safety, visual comfort, pedestrian environmental psychology 

1 Introduction

Outdoor public lighting plays a critical role in influencing pedestrians’ decision to walk after dark ( Lighting for Pedestrians: A Summary of Empirical Data | CIE, 2019). Compared with an unlit road, a well-lit road enhances the reassurance that it is safe to walk (Fotios, Unwin and Farrall, 2015), and encourages walking activity (Fotios, Uttley and Fox, 2019). Proper lighting environment improves pedestrians’ obstacle detection ability (Fotios et al., 2020) (Uttley, Fotios and Cheal, 2017), and fosters a sense of security, which is particularly important in urban environments where uneven pavement, street furniture, and other pedestrians may increase the risk of accidents. 

The prospect-refuge theory further emphasizes the role of lighting in shaping perceptions of safety, particularly in natural environments such as parks (van Rijswijk and Haans, 2018). This theory suggests that people feel safer in environments where they can both see potential threats (prospect) and have the option to seek shelter if needed (refuge). Adequate lighting supports this by enhancing visibility and reducing the feeling of entrapment in dark, secluded areas, especially in natural outdoor public environments (Dosen and Ostwald, 2016). Under consistent lamp and optical fixture conditions, increasing the height of lamp posts typically leads to more uniform illumination of the road surface. However, this increased height also raises the potential for light spillage (Bennie et al., 2016) (Kyba et al., 2017). To achieve better uniformity, also reducing the distance between lamp posts might help. Proper management of these factors, ensuring that uniformity is maintained within an optimal range, is crucial. Therefore, understanding user preferences for lamp post height and spacing is essential for designing effective and satisfactory lighting scenarios. Traditional lighting design has often focused on factors such as illuminance levels and uniformity. However, this study adopts an approach by examining the effects of uniformity of illuminance and pole height. Higher poles generally offer better light distribution, enhancing 
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visibility, while lower poles can create a more intimate atmosphere, albeit with potentially 

reduced visibility. A shorter distance between lamp posts usually results in more uniform lighting 

conditions, especially with higher poles, which improves spatial orientation and overall visual 

comfort—crucial for pedestrians navigating unfamiliar areas. 

This study explores how lamp post distance and pole height affect pedestrians' perceptions of 

safety and visual comfort in urban outdoor public spaces during nighttime hours. Specifically, it 

investigates the effects of pole heights (lower vs. higher) and lamp post distances (closer with 

better illuminance uniformity vs. farther apart with worse uniformity) on participants' perceptions 

of safety, visual comfort, reassurance, and ease of orientation in public squares during 

nighttime hours. 

The study seeks to address two key questions: 

1. Do pedestrians have a clear preference for pole height and uniform illuminance settings,

and what is the preference?

2. How do the height and continuity of the lamp posts  in the public square affect the

perception of pedestrians?

 

2 Methodology

2.1 Participants

The experiment took place in the Lighting and Photometry Laboratory at the University of 

Ljubljana in the spring of 2022. A total of 130 participants, all from the Faculty of Electrical 

Engineering, were involved in the study. Of these, 16 (12%) were female and 114 (88%) were 

male, all under 30 years old with normal or corrected-to-normal vision. All participants confirmed 

familiarity with the location and surroundings before the experiment. 

Due to COVID-19 safety protocols, the darkroom could only accommodate 25 participants at a 

time, with a required 1.5-meter distance between them. As a result, each trial involved 8 to 10 

participants, and the same procedure was repeated for each group. 

Participation was voluntary, with no financial compensation provided. The study was reviewed 

and approved by the University of Ljubljana's Ethics Committee, and informed consent was 

obtained from all participants before their participation. 

2.2 Photo Stimuli 

 

The experiment utilised rendering images of night-time cityscapes and photometric datasets. 

Using Dialux  software, we created a complex 3D model that simulated four different street 

lighting scenarios in front of the central train station in Ljubljana. Notably, all the participants 

confirmed that they were familiar with the locations of the stimuli in real. Building on the lighting 

paradigm described in previous research (Nasar & Bokharaei, 2017), our stimulus repertoire 

included subtle variations in light consistency. The images were displayed on a 300 cm × 230 

cm screen, and the luminance was adjusted using computer and projector settings to maintain 

an average luminance of approximately 1.0 cd/m² across the visual area on the road surface. 

An experimental paradigm with a 2 × 2 configuration was adopted, encompassing lamp-post 

height (low vs. high at 4.5 m vs. 12 m, respectively) and illuminance uniformity (uniform with 24 

m lamp-post distance and less uniform with lamp-post distance of 48 m). These independent 

variables were operationalised through a quartet of rating reports. The survey aimed to assess 

the participants' subjective evaluations of their perceptions of safety, visual comfort, ease of 

discerning distances between pedestrians and street objects, and ease of orientation. 
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Figure 1. Example of the 3D Dialux rendering images used in the experiment 

 

2.3 Experimental Procedure  

 

To maintain consistent illumination and mitigate the influence of external lighting, the use of mobile phones was prohibited throughout the presentation phase. This standardised protocol was meticulously adhered to across all experimental groups, as illustrated in Figure 2.  

[image: ]

 

Figure 2. Timeline and order of the pictures in the experimental procedure 

 

The procedure began by displaying each image to participants for 3 seconds. To ensure robust perceptual engagement, the same set of comparative images was presented twice. During the questionnaire phase, pairs of images were shown simultaneously for an average duration of 105 seconds, allowing participants to compare and rate them. Participants were required to evaluate the images based on specific questions, and their responses were recorded using a five-point scale, ranging from 1 (not at all) to 5 (very much).  The order of both images and questions was randomized. The questions were formulated as follows. 

Question 1  (Q1),  visual comfort: Do you notice a difference between these two images? How comfortable do you feel with Figure A? How comfortable do you feel with Figure B? 

Question 2 (Q2), confident: How confident do you feel with Figure A? How confident do you feel with Figure B? 
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Question 3 (Q3), orientation: To what extent does lighting help you become oriented with figure 

A? To what extent does lighting help you become oriented with figure B?  

Question 4 (Q4), distance  estimation:  How much does the lighting help  you estimate the 

distance to other pedestrians and objects with Figure A? How much does the lighting help you 

estimate the distance to other pedestrians and objects with Figure B? 

3 Results

For questions regarding whether there was a noticeable difference between the two images, 

participants consistently indicated that a difference was present. This suggests that participants 

were able to perceive variations in the images, despite only changes in the pole distance and 

height parameters. 

First, we examined the mean rating results. As shown in Figure 3, the mean ratings span from 

2.2 to 4.1, at a 95 % confidence interval. Environments featuring uniform illuminance from high 

lamp posts had the highest mean scores, whereas those featuring less uniform illuminance from 

high  lamp  posts  had the lowest scores. This observation suggests a preference among the 

participants for environments characterised by better uniformity of illuminance from high lamp 

posts. The standard deviation within this range varied from 0.9 to 1.1 across all means. 

[image: ]

 

Figure 3. Mean rating results and variations (the number in parentheses) for all lighting 

scenes, categorized as higher uniform (HU), lower uniform (LU), high lamp-post (H), and 

low lamp-post (L). The ratings are based on four questions: visual comfort (Q1), confidence (Q2), ease of orientation (Q3), and ease of perceiving distances (Q4). 

Subsequently, two-way ANOVA was employed to investigate the impact of lighting uniformity 

and lamp-post height on the four subjective rating indicators. Post-hoc analyses were 

conducted using the Bonferroni–Dunn method, with the significance threshold set at p < 0.05. 

The full factorial ANOVA design consisted of higher and lower  lamp post heights and higher 

uniform and less uniform lighting conditions.  

The results are summarised in Table 1. Significant effects were observed for both uniform and 

less-uniform lighting environments for all four questions.  Moreover, the lamp-post height did 

not demonstrate any significant effect, regardless of uniformity. Analyses comparing the low 

and high lamp post settings across all questions revealed no statistically significant differences. 
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Table 1. Results of statistical analyses (ANOVA) for uniformity and lamp-post height 

 

Factors                                                   Sum of df F-ratio    Sig. Squares 

 

High street lamp-post (H), Low street 1    0.95        1.23      0.2689 lamp-post (L) 

Visual 

Comfort      Higher-uniform (HU), Less-uniform (LU)  1    297.57      383.49  <0.0001 

(H), (L)*(HU), (LU)                          1     10.02        12.91      0.0004 

 

(H), (L)                                         1     1.11          1.55       0.2137 

 

Confidence (HU), (LU)                               1    286.53      400.91  <0.0001 

(H), (L)*(HU), (LU)                          1     6.47         9.05       0.0028 

(H), (L)                                         1     0.277        0.28       0.5940 

 

Ease of       (HU), (LU)                                1    252.01      258.9      <0.0001 Orientation 

(H), (L)*(HU), (LU)                          1     6.92         7.11       0.0079 

 

(H), (L)                                         1     0.03          0.04       0.8499 

 

Perceived     (HU), (LU)                                1    243.72      283.9     <0.0001 distances 

(H), (L)* (HU), (LU)                          1     4.8           5.6         0.0183 

(H), (L)                                         1     0.10          0.12       0.7313 

 

All              (HU), (LU)                                    1     1077.95     1301.06  <0.0001 

(H), (L)* (HU), (LU)                          1     27.73        33.48      <0.0001 

The significant differences are bolded. 

Overall, the collected data suggested a consistent participant preference for lighting with better uniformity of illuminance over one with worse uniformity that persisted across both higher- and lower-lamp-post environments. 

4 Conclusion

This study explored the effects of lamp post distance and height on pedestrians' perceptions of safety, visual comfort, and ease of distance and orientation in public spaces  at night. The findings indicate that continuously installed lamp posts  witch provide good illuminance uniformity  and  higher  poles are preferred over  lower ones providing  worse illuminance uniformity. Specifically, the results demonstrate that higher lamp posts with higher illuminance uniformity significantly enhance visual comfort and instil a greater sense of reassurance among pedestrians,  further improving visibility and spatial orientation. This may be attributed to the fact that higher  and continuous light  posts  create a wider and brighter space, enabling pedestrians to navigate with greater confidence.  
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Overall, these findings suggest that incorporating higher  lamp posts and ensuring continuity 

and uniformity  in lighting design can contribute to a safer and more visually comfortable 

nighttime environment for pedestrians in public spaces. On the other hand, we have found in 

practical project applications that high lamp posts are more prone to casting unnecessary (spill) 

light on surrounding non-target areas so producing light pollution. Effective lighting design must 

take into account a broad range of technical parameters to ensure the efficient use of light while 

minimizing light pollution. These parameters include the optical form, the distribution of 

luminous intensity, and the design of shading elements, all of which are critical for controlling 

the direction and reach of the light. By carefully balancing these factors, it is possible to develop 

lighting solutions that are not only functional but also aesthetically pleasing, contributing to 

safer and more enjoyable public spaces. 
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Abstract 

Lighting design aims to plan a space-specific lighting scheme to fulfil the project requirements, based on lighting technical principles and considering user comfort. Lighting designers analyse the suitability of the lighting scheme created in line with various parameters in order to design the lighting conditions suitable for the characteristics of the space. Lighting designers develop an intuitive understanding of how to optimize lighting parameters to create the most conducive lighting design. The aim of the study is to develop an expert system that can reflect the lighting designer's knowledge-based and intuitive experience gained over time. Within the scope of the study, a machine learning model has been trained to process the creation of a lighting scheme that provides required illuminance and illuminance uniformity for the office function, considering the lighting design principles. 

Keywords : Supervised Machine Learning, Architectural Lighting Design, Office Lighting. 

 

1       Introduction 

In the architectural design process, lighting plays a crucial role and must be coordinated with other  disciplines.  Lighting  design  involves  creating  a  space-specific  lighting  plan  based  on technical  principles,  while  also  considering  user  comfort  to  meet  project  requirements.  The process includes several stages, such as assessing the architectural, functional, and structural features  of  the  building,  developing  a  lighting  scheme  aligned  with  the  interior  design  and furniture layout, and performing lighting calculations (Sözen, 2002).  

Lighting designers aim to create the most suitable solution by integrating multiple parameters into  the  lighting  scheme  that  fits  the  space’s  characteristics.  Factors  such  as  the  space’s function, dimensions, layout, and surface properties are predetermined by the architect. Within these constraints, the lighting designer selects the appropriate lighting type, specifies technical details like power, beam angle, and luminous flux, and ensures that the lighting scheme meets requirements  such  as  mean  illuminance  and  illuminance  uniformity  indicated  in  established standards. This analytical approach evaluates the interaction of various criteria and organizes them  to  achieve  the  desired  result.  Multiple  solutions  can  be  proposed  for  the  same  space. Lighting designer’s goal is to balance the parameters within the existing conditions to produce the  optimal  result,  which  requires  a  combination  of  technical  expertise  and  experience developed  over  time.  Designers  gradually  develop  an  intuitive  understanding  of  how  to  fine-tune lighting parameters for the best outcomes. 

Architects  and  interior  designers  may  find  it  challenging  to  select  the  appropriate  lighting devices, determine the number of luminaires required, and plan their placement. As a result, they  often  seek  assistance  from  lighting  designers  to  accurately  reflect  their  vision  into  the desired atmosphere. 

An  expert  system  that  can  provide  lighting  layout  recommendations  tailored  to  space requirements would assist design professionals, especially those without lighting expertise, in selecting and positioning luminaires. For expert lighting designers, such a system would enable quicker  solutions  in  environments  requiring  general  lighting—such  as  open  offices,  libraries, educational buildings, indoor sports halls, parking lots, and technical spaces allowing them to allocate more time to complex design tasks. 

The  aim  of  the  study  is  to  develop  an  expert  system  that  can  reflect  the  lighting  designer's knowledge-based and intuitive experience gained over time. The strength of machine learning 
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lies  in  its  ability  to  integrate  experiential  knowledge  into  a  computerized  model.  Supervised 

machine learning methods plays a key role in system. This study focuses on predicting a lighting 

scheme that  ensures the required  mean  illuminance (Em)  and  uniformity  of  illuminance ( Uo) 

within a given space, using a set of predefined parameters. 

 

2       Artificial Lighting Design Criteria 

The standard titled “TS EN 12464-1:2021 - Light and lighting - Lighting of workplaces - Part 1: 

Indoor workspaces”, which is also in force in our country, gives certain criteria and limit values 

for  artificial  light  to  meet  visual  comfort  conditions  according  to  different  functions.  These 

criteria are mean illuminance (Em), uniformity of illuminance ( Uo), color characteristics of light 

(Ra), Glare limitations (RUGL). The criteria evaluated in this study are mean illuminance (Em) 

and uniformity of illuminance ( Uo). 

 

2.1    Illuminance (illuminance, E: lm/m2; lux) 

It is defined as the flux received by an infinitesimal particle surrounding a point of a surface 

divided  by  the  area  of  this  surface  particle  (Sirel,1997).  In  short,  it  can  be  defined  as  the 

luminous flux per unit area. The required illuminance level values may vary according to the 

function of the space. 

 

2.2    Uniformity of illuminance (Uo) 

The  ratio  of  the  lowest  illuminance  level  (Emin)  to  the  mean  illuminance  level  (Em)  in  the 

working plane is defined as the uniformity of illuminance ( Uo). Illuminance distribution can be 

divided into general and zonal lighting according to the function and usage characteristics of 

the space. General illumination is the condition where the illumination is spread throughout the 

entire space  (Ünver,  2011).  Lighting devices are  usually placed  in an  orderly manner  in this 

system. For this reason, it is possible to create flexible workspaces (Şentürk & Satıcı, 2021). In 

the  experiment  conducted  within  the  scope  of  the  study,  the  function  of  the  space  was 

determined  as  an  office,  and  the  study  was  carried  out  to  create  a  general  lighting  scheme 

independent of furnishing. Lighting requirements in offices are shown in Table 1 stated in TS 

EN 12464-1 standard. 

 

Table 1 – TS EN 12464-1 Standart, Offices

[image: ]
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3       Machine Learning and Design Relationship 

Machine learning, one of the sub-headings of artificial intelligence, is defined as a branch of computational algorithms designed to imitate human intelligence by analysing and learning data and capable of self-improvement. In this way, data is analysed and predictions are made about new data (Şapçı & Pektaş, 2021). As in many fields, studies on machine learning are carried out in the field of architecture.  In the building design process, studies have been carried out on issues such as price estimation, schematic design, plan design and supervision of projects. In  the  field  of  building  physics,  studies  have  been  carried  out  on  issues  such  as  daylight utilization  and  control,  daylight  performance,  glare  probability,  heating  and  cooling  load  in buildings, and estimation of total energy consumed. In the field of artificial lighting, studies on the  estimation  of  mean  illuminance  level  using  artificial  neural  networks,  lighting  scheme recommendation with reference to lighting criteria and development of a scoring system have been found. In this study, unlike the others, a study has been carried out on the creation and testing  of  an  expert  system  that  defines  the  technical  specifications  of  luminaires  and recommends lighting schemes. 

4       Experimental Study: A Prediction Model for Luminaire Positions and Types 

The study was prepared to test the usability and efficiency of machine learning methods in the design of lighting layouts. It is aimed that the expert system created will be able to provide a practical  plan  proposal  suitable  for  the  space  by  associating  technical  parameters  and determining product specifications. A system was attempted to create where users can easily define lighting parameters and use them actively. The study was carried out by selecting the office  function.  Accordingly,  this  study  seeks  to  train  a  machine  learning  model  capable  of generating  a  lighting  scheme  that  achieves  the  desired  illuminance  levels  and  uniformity  for office  spaces.  The  training  model  takes  spatial  parameters,  mean  illuminance  levels,  and uniformity as inputs, with the type and placement of luminaires as outputs. 

A  synthetic  dataset  simulating  office  lighting  designs  was  created  to  train  the  model.  The dataset’s parameters are designed to be easily understood by the designers using the prediction model. The trained model’s accuracy was tested in two phases—first using data from within the dataset, and then with external data. The results were calculated using the DIALux evo lighting calculation program and evaluated comparatively. 

 

4.1    Training Parameters 

The training parameters consist of two groups: spatial parameters and luminaire parameters. While  determining  the  spatial  parameters,  the  width,  length  and  height  of  the  space  were considered  as  variables  and  spaces  of  different  sizes  were  obtained.  The  reflectance  of  the ceiling and floor were kept constant, and the wall reflectance was defined as variable. Spatial parameters are shown in Table 2. 

 

Table 2 – Room Parameters of Experimental Study 

Room Width (m)    Room Length      Room Height         Surface Reflectance (ρ) 

(m)                 (m) 

Ceiling: 0.7 

4m - 6m - 9m     6m - 8m - 12m     h1: 3m, h2:4m                Floor: 0.2 

Wall: ρ1: 0.5  ρ2: 0.7  ρ3: 0.8 

While  composing  the  luminaire  parameters;  3  plan  types  were  determined  for  the  luminaire location. Plan types are shown in Figure 1. According to the space size, luminaire placement range is defined as 1:1, 1:2:1, 1:2:2:1. It is assumed that all the luminaires are mounted on the ceiling  above  the  plaster.  In  the  selection  of  luminaires,  no  selection  was  made  among  the products used in the sector. A list of 100 luminaires with different angular properties, power and luminous flux values, and using reflectors - lenses - opal diffusers structurally, was compiled. From  this  list,  51  devices  with  different  features  were  selected  and  included  in  the  training parameters. 
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4.2    Dataset 

The  spaces  were  defined  parametrically  using  the  Rhinoceros  plugin  Grasshopper  to  create 

and organize the dataset. A total of 54 space samples were created by multiplying all variables 

with each other as Space Width (3) x Space Length (3) x Space Height (2) x Wall Reflectance 

(3). For 51 luminaires, each space sample was calculated according to the 3 different plan types 

defined  (Figure  1).  A  total  of  8262  samples  were  calculated  as  Spatial  Parameters  (18x3)  x 

Luminaire Type (51) x Luminaire Layout Plan (3). Solemma-Climate Studio program was used 

to calculate the samples. The calculation results were saved in excel file format within the same 

program. The dataset created in Grasshopper is shown in Figure 2. 
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Luminaire Layout: 
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Figure 1 – Plan Types and Luminaire Layouts 
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Figure 2 – Creating the Dataset - Grasshopper 

4.3    Prediction Model 

Python PyTorch machine learning library is used to build the artificial neural network required for the prediction model. The organized dataset is divided into two main groups as inputs and 
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outputs of the sample. Input parameters are space width, length, height, wall reflectance, mean 

illuminance (Em) on the calculation surface and illuminance uniformity ( Uo). The outputs are 

defined as luminaire type, beam angle, luminous flux, luminaire layout type, orientation for linear 

luminaires  and  total  power.  The  artificial  neural  network  was  constructed  as  6  (input)  x  36 

neurons hidden layer x 6 (output). The neural network model is shown in Figure 3.   

[image: ]

 

Figure 3 – Artificial Neural Network (ANN) 

 

4.4    Training of Prediction Model 

For the training of the model, firstly, the data containing the calculation results were taken from 

excel and the data were normalized between 0-1. An artificial neural network consisting of 6 

inputs, 36 hidden layers and 6 outputs was defined. Mean Squared Error (MSE) was used for 

the loss function of the model. The training cycle was tried at different values, finally defined as 

100000 cycles (epochs). Model training was completed after normalizing the data by entering 

new inputs. After the model training was completed, new inputs were defined, and prediction 

results were obtained. 

 

4.5    Prediction Results and Comparison of Results 

The prediction model was first tested with the data available in the dataset. Mean illuminance, 

illuminance uniformity and spatial parameters were defined as inputs. In response to the defined 

input values, values such as luminaire type, layout, luminous flux and beam angle were obtained 

as output. Five of the obtained estimation results were tested in Dialux Evo lighting calculation 

program.  

The space was modeled according to the space dimensions and reflectance given as input in 

Dialux  Evo.  Product  selection  was  made  according  to  the  luminaire  features  obtained  in  the 

prediction results  and the recommended  position and  plan  type  was  made. Prediction  model 

input,  output values  and Dialux  Evo calculation results  are shown  in  Table  3.  Examining the 

results  of  the  calculation  surfaces  of  prediction  model  and  Dialux  Evo  calculation,  it  can  be 

observed that the consistency of mean illuminance is 90% and illuminance uniformity is 82%.  
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Table 3 – Comparison of Results of Prediction Model and Dialux Evo Calculation 

 

Prediction  Dialux  Prediction Model   Model  Evo  Outputs  Inputs  Results 

 

TEST            (Type1                  Type of Luminaire Plan Em          ,                                                                           Rotation Luminous Beam (Linear, (x-axis)     Em Uo Type Flux Angle    Uo (lx) 

 

Type 2,                                  Downlight,        (for linear    (lx) (lm) (°) Surface-mounted) luminaires) 3) 

 

TEST 500  0.45  Type3  3530 lm    75°         Linear            0°       523  0.4 1

 

TEST 300  0.55  Type2  2100 lm    70°    Surface-mounted        -       331  0.6 2 8

 

TEST 500  0.65  Type3  3600 lm    90°         Linear            0°       488  0.6 3 8

 

TEST 400  0.6  Type2  2500 lm    80°    Surface-mounted        -       386  0.6 4 5 

 

TEST 150  0.4  Type1    970 lm     60°       Downlight           -       123  0.6 5 9 

 

5      Conclusion 

The results of the prediction model which is calculated via Dialux Evo are sufficiently consistent with the values specified as input. In this regard, it can be judged that the expert system works accurately.  Nevertheless, a limited number of tests have been performed in the experiment, and it will be possible to obtain more precise information about the accuracy of the model by increasing the number of tests. 

Considering  the  test  results  of  the  prediction  model,  it  is  planned  to  rearrange  the  layout methods and parameters and the angular values of the luminaires to improve the model. This will  enable  the  model  to  suggest  different  layout  types  and  product  options.  This  study  will provide preliminary data for the way to use of machine learning methods, which are widely used in architectural  design  and engineering fields as  well  as  in many  other fields,  by  associating architectural lighting design. 
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Abstract 

Environmental lighting systems are vital in architecture and interior designs. However, current systems  have  limitations in colour rendering and sustainability. This study investigates alternative reference sources for colour rendering, focusing on energy efficiency and user well-being. Optimized Spectral Power Distributions (SPDs) were developed for target illuminants, combining Gaussian, monochromatic, and phosphor LED components to achieve specific Correlated Colour Temperature (CCT) and IES TM-30 target values. Three approaches were applied to evaluate colour fidelity and luminous efficacy: fixed standard reference, target illuminant reference, and fidelity index-based optimization. A scoring model assessed the differences in chroma shifts and luminous efficacy. Results identify strategies to optimize colour quality and sustainability, with implications for design and research in lighting systems. 

Keywords:  colour rendering, spectral power distribution, sustainability, luminous efficacy, lighting design, TM-30. 

 

1  Introduction 

Lighting research focuses  on energy consumption by  meeting lighting requirements. New technologies, such as LEDs, are essential for achieving zero-energy buildings. The continuously improving efficiency of these technologies, combined with advanced lighting controls, can further reduce energy consumption (Pallis et al., 2021). A properly functioning daylight control system can achieve significant energy savings compared to manual systems. Key principles of artificial lighting design include achieving uniformity, minimizing glare, and considering the colour appearance of the light source. Buildings are designed to be functional and meet the needs of their occupants (Doulos et al., 2020; Samiou et al., 2022), with attention to users' well-being, even if this increases energy consumption. Light, defined as "the natural agent that stimulates sight and enables vision" (Sliney, 2016), has a vital role in visual function, particularly within the visible spectrum (Rea, 2014). However, users often undervalue light by focusing solely on its cost, without fully appreciating its benefits. Lighting manufacturers and designers prioritize maximizing these benefits (Rea, 2013).  Since lighting needs vary across different contexts, new metrics, such as colour  rendering, are required for specialized applications. This is particularly true for environments with special populations, such as the elderly or patients, where lighting energy demands may be higher (Labiris et al., 2021; Werner et al., 1990; Artigas et al., 2012). 

The first recommendation for colour rendering was based on the eight-band method proposed by Bouma in 1937 (Bouma, 1937)  and was introduced by the Commission Internationale de l’Eclairage (CIE) in 1948 (CIE, 1948). In 1965, the CIE proposed a method to define the visual rendering properties of light sources, measuring how well a light source preserves the colour appearance of objects under it. This method was updated in 1974 (CIE, 1974), presenting the mean  colour  shift of eight test colour  samples under an  illuminant compared to a reference illuminant with the same Correlated Colour Temperature (CCT), and detailing the resulting colour shift in saturated red. The Colour Rendering Index (CRI) has remained in use, with minor revisions in 1995 (CIE, 1995). Although the CIE proposed the Ra96 index in 1999 (CIE, 1999), it was not adopted. In 2017, following extensive research, the CIE introduced an updated calculation method (CIE, 2017)  to clarify distinctions between colour  quality and the colour rendering index, naming this as  colour  fidelity index (CIE Rf), based on the IES TM-30-15 Fidelity Index (Rf) (IES, 2015), with minor modifications. Prior to the 2017 recommendation (CIE, 2017), numerous lighting metrics for colour  rendering had been proposed. Despite the 
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lighting industry’s reliance on CIE Ra for over 50 years, it has remained unchanged for the last 

40. The limitations of CRI have been widely acknowledged (Błaszczak & Zając, 2016;  Davis,

2010;  Houser et al., 2015;  Ohno, 2005;  Royer, 2017;  Smet et al.,  2015;  Xu et al., 2016),

especially with the development of new technologies and applications, and the CIE has been

working on alternatives for over 25 years. Recent research and standards (CIE, 2017; Davis,

2010; Houser et al., 2015; Ohno, 2005; Royer, 2017; Smet et al., 2015; Xu et al., 2016) have

documented many of CRI's limitations, underscoring the need to update how colour rendering

is utilized.

In 2013, the Illumination Engineering Society (IES) established the Colour Metrics Task Group 

to review existing literature and develop a new recommended method. This led to the creation 

of ANSI/IES TM-30-18  (IES, 2018), a revision of TM-30-15  (IES, 2015). The 2015 release 

included three modifications to align with the CIE’s 2017 publication (CIE, 2017). The IES TM-

30 metric system comprises various interrelated measures and graphics, offering a new 

approach to evaluating and communicating the colour  rendering properties of light sources. 

With the release of TM-30-18  (IES, 2018), the CIE Rf and the revised IES Rf measures have 

been harmonized, marking a significant step toward broader acceptance of the index. 

To improve colour rendition, it is vital to recognize that no single average metric can encompass 

all aspects of colour  rendition. Light sources with identical fidelity index values may exhibit 

variations such as desaturation, oversaturation, or shifts in colour  and hue. Incorporating 

additional metrics, such as average saturation levels, visual descriptions of hue, and saturation 

changes,  provides a more comprehensive assessment of a source’s suitability for specific 

applications. Changes in colour rendition measurement methods can be readily implemented, 

as they are based on the source’s spectral power distribution (SPD), which is already used to 

determine the well-known CIE CRI. The challenge lies in adapting engineering, specification, 

and classification practices to accommodate new evaluation methods. While high colour fidelity 

is  often associated with high colour  quality, higher fidelity does not always equate to better 

performance  (Davis, 2010;  Hashimoto et al., 2007;  Judd, 1967;  Smet et al., 2010;  Thorton, 

2013;  Wei et al., 2014).  However,  using a target illuminant as a reference for calculating the 

fidelity index of a test source appears to be a promising approach. 

This paper examines three alternative approaches to the TM-30 metric system: (1) employing 

a fixed standard reference illuminant along with a criteria evaluation system to identify the most 

similar test source to the target illuminant, (2) using the target illuminant itself as the reference 

and a criteria evaluation system to find the closest test source to the target illuminant, and (3) 

utilizing the target illuminant as the reference and the fidelity index to determine the most similar 

test source to the target illuminant. The target illuminants are characterized by hue-specific 

chroma changes and are composed of multi-component spectra created from combinations of 

Gaussian, monochromatic, and phosphor LEDs. Optimization parameters for these sources 

include peak wavelengths, full-width half-maxima of the components, and the contribution and 

strength of phosphors, with the aim of meeting specific CCT, IES TM-30 Local Chroma Shift 

(Rcs,hj), and Local Hue Shift (Rhs,hj) target values. 

2  Alternatives to Reference Sources 

Colour rendering metrics are fundamentally based on comparing a test source to a reference 

illuminant. Colour rendering is defined as the “effect of an illuminant on the colour appearance 

of objects by conscious or subconscious comparison with their colour  appearance under a 

reference illuminant” (CIE, 2011). While most metrics rely on a traditional reference illuminant, 

a few, such as the Colour Preference Index and Memory Colour Rendition Index (MCRI), use 

alternative targets for comparison. Typically, the reference source is chosen based on its CCT 

relative to the test source. Conversely, the Gamut Area Index (GAI) employs the equal energy 

illuminant (CIE Standard Illuminant E) as a fixed reference, regardless of chromaticity. 

Alternative reference sources include Planckian radiators, CIE D Series Illuminants (as 

illustrated in Figure 1, which are slightly above the Planckian locus, e.g., P27 representing 

Planckian radiation at 2700K), and off-Planckian illuminants with positive or negative Duv 

values. The CIE D Series is defined only at or above 4000K; for lower CCT sources, the same 

equation is used to adapt the references for this study. This section reviews the literature to 

explore various reference sources and assess how the TM-30 output values would differ when 

alternative reference schemes are applied. 
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Figure 1 – Planckian Radiation (P) and CIE D Series Illuminants (D) comparisons at five CCTs, 

with each source's wavelength being normalised at 560nm. 

In single-number metrics such as the CIE CRI, the reference source typically achieves the highest rating and maximizes the value. However, when using an evaluation framework with multiple measures, such as TM-30-18, the risk of mistakenly considering the reference source as ideal is mitigated. TM-30-18 builds on the established CIE Test Colour Method reference system, ensuring continuity and facilitating the adoption of the new evaluation framework. The IES Colour Metrics Task Group chose Planckian radiation and, to some extent, the CIE D Series illuminants due to their status as mathematically defined international standards applicable across a range of CCTs. A key distinction between TM-30-18 and CIE Ra is that CIE Ra uses Planckian radiation for CCTs below 5000K and CIE D Series illuminants for CCTs above 5000K, as illustrated in Figure 2a. In contrast, TM-30-18 employs consistent models across the CCT range, with blended sources used from 4000K to 5000K to avoid the abrupt transitions seen in CIE Ra, as exemplified at CCT 4500K in Figure 2b. This approach results in a smoother transition, which is more compatible with modern, colour-tunable test sources.
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Figure 2 – (a). CIE Ra reference source comparisons at CCTs 4999K and 5000K, with each 

[image: ]

source's wavelength being normalised at 560nm (b). Sources with a CCT of 4500K that are 

Planckian Radiation, CIE Ra, IES Rf, CIE Rf, and CIE D Series Illuminants are compared, with 

each source's wavelength being normalised at 560nm. 

2.1  Literature Review 

Research has demonstrated (Royer, 2017; Smet, 2015; Royer, 2016; Rea & Freyssinier, 2008; Rea  &  Freyssinier,  2010; Wei  &  Houser,  2015) that the use of Planckian radiation or CIE D Series Illuminants as reference sources has relatively minimal impact on colour rendering values, as these variations are not arbitrary but rather linked to specific characteristics of the changing reference illuminants. Differences from the standard reference scheme typically amount to only a few points and are influenced by variations in gamut shape between the illuminants. When a fixed reference is used, light sources with CCTs differing from the reference often result in lower colour rendering values. This direction  is particularly noticeable across different hues, likely due to the relationship between gamut shape and chromaticity. Furthermore, employing off-Planckian or saturating reference illuminants would lead most current light sources to be rated as desaturated with reduced fidelity. 
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The concept of a reference source is central to evaluating colour rendering, but no single 

reference is inherently superior. Planckian radiation and daylight have been established as 

reference sources because they represent familiar, non-artificial light sources. While these 

references do not guarantee optimal colour rendering in all applications, they provide a 

foundation for understanding deviations between test sources and reference sources. As colour 

rendering metrics continue to evolve, particularly with the potential introduction of new standard 

illuminants, careful examination of reference schemes is essential. 

Methodology 

[image: ]

In this study, optimized SPD was  calculated for target illuminant that exhibit hue-specific 

chroma changes. This  illuminant was  designed using a combination of Gaussian, 

monochromatic, and phosphor-based LEDs, where the peak wavelengths, full-width half-

maxima, and phosphor strengths were optimized to meet specific CCT values and IES TM-30 

colour quality metrics. The primary goal was to optimize the local chroma shift (Rcs,hj) and 

local hue shift (Rhs,hj) values to achieve the desired colour rendering characteristics for each 

target illuminant. More specifically, target was to achieve an increased saturation only around 

bin h16, that is equivalent with local chroma shift Rcs,h16 = 0.1, Rcs,h1,15 = 0.05, Rcs,h2,14 

= 0.025) without local hue shifts (Rhs,h1-16 = 0%). The calculated optimized SPD used as the 

target has a CCT of 4083K, an increased Gamut  Index (Rg) due to the desired increased 

saturation, and consequently, a reduced Fidelity Index (Rf). The Duv value is positive due to 

increased saturation around bin h16. The SPD and Color Vector Graphic (CVG) according to 

TM-30 of the produced SPD is shown in Figure 3  where the desired results are confirmed, 

however the results are not ideal in terms of Rhs,hj and Rcs,hj values as there are deviations. 
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Figure 3 – (a) SPD and (b) Color Vector Graphic (CVG) according to TM-30 of the produced 

[image: ]

SPD. 

A test set of 297 light sources from the TM-30 Calculator Tool Library (IES, 2018) was used, 

covering various technologies such as fluorescent broadband, high-intensity discharge, 

incandescent/filament, LED hybrid, LED mixed, and LED phosphor. Each source was evaluated 

using three alternative methods for comparing test SPDs to the target illuminant. These 

methods assess similarity based on colour rendering and chroma shifts, allowing for a more 

nuanced approach to matching SPDs with the target illuminant. 

The first method used a fixed standard reference illuminant, which is typically chosen based on 

the CCT of the test source. This method evaluated how similar each test SPD was to the target 

illuminant based on the local chroma shift (Rcs,hj) and local hue shift (Rhs,hj) metrics derived 

from the IES TM-30 system. For each test SPD, the local chroma shift and local hue shift metrics 

were calculated using the TM-30 evaluation system with a fixed standard reference illuminant 

as the baseline. A comparison was performed by calculating the sum of the absolute differences 

between the chroma and hue shifts of the test source and those of the target values. This 

difference was then normalized across all test sources and assigned a weighted score. The 

SPD with the highest weighted score was selected as the best match. This method is suitable 

for comparing light sources with different CCTs. However, it has the limitation that SPDs with 
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significant hue-specific chroma changes may not always achieve a high score due to the fixed reference. 

In the second method, the target illuminant was used as the reference, in contrast to a fixed standard reference illuminant. This method provides a more direct comparison between the target SPD and each test SPD by evaluating local chroma and hue shifts relative to the target illuminant. For each test SPD, the TM-30 chroma and hue shift metrics were calculated with the target illuminant serving as the reference, regardless the CCT of test SPD. A scoring system similar to that in the first method was applied, where the absolute differences in the chroma and hue shifts were calculated and normalized. The SPD with the smallest difference was selected as the closest match. This method offers more flexibility in cases where the target illuminant has specific chroma or hue characteristics that are not aligned with typical reference sources. It ensures that the comparison is focused on the unique properties of the target SPD, making it an effective approach for matching SPDs that have been optimized for specific colour rendering objectives. 

The third method is based to the Rf as the primary metric for comparing the test SPDs to the reference  illuminants. Fidelity measures how closely a light source renders colours in comparison to a reference source, with higher fidelity scores indicating greater similarity. In this method, the target illuminant was again used as the reference. For each test SPD, the fidelity index was calculated using the IES TM-30 system. The SPD with the highest fidelity index was deemed the best match to the target illuminant. Unlike the first two methods, which focused on chroma and hue shifts, this method emphasized overall colour fidelity as the primary criterion for comparison. This method is advantageous when high colour fidelity is desired, as it directly measures how well the test SPD can replicate the target SPD's colour rendering. However, it may be less effective in cases where hue-specific or chroma-specific adjustments are important, as the fidelity index alone may not fully capture these dimensions. 

Method 1 (Fixed Standard Reference Illuminant) uses a fixed reference illuminant based on CCT  of test SPD and evaluates similarity based on chroma and hue shifts. It is suitable for general comparisons but may not capture hue-specific characteristics effectively. In Method 2 (Target Illuminant as Reference with Criteria Evaluation), the target illuminant itself is used as the reference, and chroma and hue shifts are evaluated relative to the target. This method provides a more flexible and accurate comparison for hue-specific optimizations. In Method 3 (Target Illuminant as Reference with Fidelity Index), the fidelity index is used to assess the similarity between the test SPD and the target illuminant. This method focuses on overall colour fidelity but may not account for chroma and hue-specific changes as effectively as the first two methods. The flowchart of the methodology is presented in Figure 4, and detailed results from each method are discussed in the following section, highlighting the strengths and limitations of each approach based on the observed colour rendering outcomes. 
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Figure 4 – Flowchart of methodology for the calculation of optimized SPD and the produced 

output source for the input case of alternative TM-30 metric system and the evaluation criteria 

system. 
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3  Results 

The analysis of the three alternative methods for evaluating SPDs revealed distinct results, 

though Methods 1 and 3 resulted in the same SPD. These results are illustrated in Figure 5, 

which shows the CVGs according to TM-30 for the SPDs obtained from all three methods. The 

comparison of these methods provides insights into how different reference approaches impact 

the evaluation of SPDs. 
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Method 1                       Method 2                       Method 3 
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Figure 5 – Colour Vector Graphics according to TM-30 for the SPDs obtained from all three 
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methods. 

Method 1 employed a fixed standard reference illuminant based on the CCT of the test source. 

It evaluated SPDs by calculating local chroma shift (Rcs,hj) and local hue shift (Rhs,hj) metrics. 

The SPD obtained using Method 1 was similar to that from Method 3,  even that Method 1 is 

dependent of CCT of test report and Method is independent. This indicates that when using a 

fixed reference illuminant or the fidelity index (Rf) with a target illuminant as the reference, the 

resulting SPDs can align under certain conditions. Method 2 is using the target illuminant as 

the reference, this method evaluated SPDs based on chroma,  and hue shifts relative to the 

target values. The SPD obtained from Method 2 differed from those of Methods 1 and 3. This 

deviation suggests that the criteria evaluation approach, which directly compares test sources 

to the target illuminant, yields different results compared to methods using fixed or fidelity-

based references. 

Differences in CCT across the methods typically ranged from 6 to 10 points, by checking results 

beyond the highest scored SPD,  some exceptions appeared  where differences reached up to 

1000K. The minor CCT variations suggest that while the methods may select different SPDs, 

they generally agree on the CCT values, though extreme cases reveal the potential for 

significant deviations. Differences in Duv for highest scored SPD and beyond that were minimal, 

ranging from 0.0001 to 0.0038 points. This stability across methods indicates that Duv is a 

consistent metric for chromaticity deviation, unaffected significantly by the choice of reference 

method. Variations in the fidelity index ranged from 0.6 to 2.5 points. Methods 2 and 3, which 

used the target illuminant as the reference, showed more variability in Rf values, reflecting 

differences in colour fidelity assessments. The Gamut Index (Rg) values varied between 0.8 

and 2.5 points. This range suggests some variability in colour gamut coverage among test 

sources, though the methods generally provided consistent results regarding colour coverage. 

Differences in Rcs,hj ranged from 0.04% to 3.99%. Certain hue angle bins exhibited more 

sensitivity to chroma changes, indicating that specific hue angles might experience more 

pronounced differences. Rhs,hj differences ranged from 0.004 to 0.090 points. Similar to Rcs,hj, 

these differences suggest variability in hue shifts across methods and hue angle bins. 

The observed differences, especially in hue-specific metrics like Rcs,hj and Rhs,hj, underscore 

the importance of precision in colour rendering applications. Small variations in these metrics 

can significantly impact visual performance and perception. The consistent results for Methods 

1 and 3 suggest that using either a fixed reference illuminant or fidelity index with the target 

illuminant may lead to similar SPD outcomes. However, Method 2’s deviation highlights the 

sensitivity of hue-specific metrics to the reference scheme used. 
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4  Conclusions 

In modern environmental lighting applications, new technologies and control systems are driving advances in energy efficiency, reduction of toxic elements, fewer luminaires, and extended lifespans. While most of the research has focused on energy consumption and basic lighting requirements, considerations of colour quality and users' well-being,  factors that may require higher energy consumption, are often unnoticed. Special lighting applications, such as tunable light, require custom design parameters, and the establishment of alternative reference sources could enhance colour rendition. 

This study explored the design of sources with hue-specific chroma changes and compared their  colour rendition results to those obtained using standard reference sources. Traditional metric systems like TM-30 use reference sources based on the CCT of the light source. However, non-constant CCT applications call for a new approach to colour rendition. Optimized SPDs with hue-specific chroma changes were created, and three alternatives to the TM-30 metric system were evaluated:  (1)  Using a fixed standard reference illuminant and a criteria evaluation system to find the most similar test source to the target illuminant, (2) Using a target illuminant as reference and a criteria evaluation system to find the most similar test source and (3) Using a target illuminant as reference and the fidelity index to identify the most similar test source. The analysis revealed that these three alternatives produced slightly different results, with most differences being insignificant. However, in some cases, CCT differences of up to 1000K were observed, suggesting that two sources with different CCTs could still have similar hue-specific chroma changes.

This study did not target to determine which alternative system is the best but rather sought to understand the consequences of different reference choices. The use of different target illuminants or values resulted in different sources. A well-designed multicriteria analysis could offer better guidance in selecting the most suitable light source. The numerical experiment demonstrated that various outcomes are possible when applying alternative metric and evaluation systems.  Using a fixed standard reference  illuminant often led to an outcome resembling an "ideal" source, which would require a complex SPD to be produced. However, using commercial, modelled, or experimental sources as test sources could mislead the outcome.  Using a target illuminant as reference in a criteria evaluation system tended to produce results similar to the target illuminant and could be implemented effectively. Using a target illuminant and the fidelity index may result in a different source because the fidelity index evaluates a broader set of colours, whereas Rcs,hj and Rhs,hj focus on sixteen specific hue bins.  The study concludes that high fidelity is generally associated with high colour  quality, though it is not always the most suitable measure. Further research involving a larger database of target illuminants, test sources, and advanced multicriteria analysis could enhance understanding and application of these alternative metric systems. 
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Abstract 

Throughout history, daylight has been crucial in building design. It is important for educational 

institutions to effectively use natural light to meet the visual needs of teachers and students 

while minimizing the use of electrical lighting. In recent years, various publications in Europe 

and the United States have suggested that integrating optimal utilization of natural light into 

classroom design is important. Additionally, "The Minimum Design Guide for Educational 

Buildings" is used to construct educational buildings in Turkiye. However, it does not provide 

comprehensive specifications for the dynamic variables of the environment and interior 

components. The TS-EN 17037+A1 standard provides guidelines for assessing indoor daylight, 

considering environmental and climatic influences. The study aims to establish optimal values 

for direction, obstruction, and facade design parameters in Turkiye, based on the specified 

criteria in TS EN 17037+A1, for designing daylight systems in primary school classrooms. 

 

Keywords: Daylight system design, Primary school classroom, Daylight control, TS EN 

17037+A1 

 

1       Introduction

Learning environments that constitute a significant part of a student's early life are pivotal in 

their cognitive, physiological, and social growth (Duyan & Ünver, 2022). Designing educational 


buildings to support the learning process is crucial for achieving success across various 

educational stages. A key aspect of modern educational building design is creating 

environments that accommodate diverse learning preferences and study processes. Learning 

spaces should be viewed as vital areas that foster the development of creative individuals, 

which in turn promotes social progress. When there are insufficient spaces suitable for learning 

and education, it can negatively affect students' success, interest, motivation, and attendance. 

Therefore, it is essential to focus on the spatial quality of school buildings in order to understand 

how physical environments influence students' academic performance and other related factors 

(Çelik & Ünver, 2019). The availability of natural light is an important factor that contributes to 

human well-being, both in terms of physical and psychological benefits, as it can have a 

favorable influence on human health and the surroundings. In educational institutions effective 

use of natural light is essential to meet the visual needs of teachers and students while 

minimizing the reliance on electrical lighting. Additionally, passive daylight systems aim to 

address occupants' visual, psychological, and physiological needs while mitigating the adverse 

effects of direct sunlight (Illuminating Engineering Society, 2013).  

The traditional method of side daylighting, commonly used in schools, is cost-effective and easy 

to construct. However, it can result in inefficient indoor daylighting. It's important to ensure that 

all students receive an adequate amount of daylight for their physiological and psychological 

health. Architectural design is significantly influenced by climatic conditions, from the urban to 

the building scale. Integrating climate-responsive design has become an increasingly vital 

aspect of contemporary architectural practice (Littlefair, 2011). Numerous publications in 

Europe and the United States have advocated for the incorporation of natural light in classroom 

design. For instance, the Lighting Research Center (LRC) has published the "Guide for 

Daylighting  Schools," which highlights the significance of natural light. It recommends that 

students spend at least two-thirds of their classroom time under natural light. Another example 
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is the British Building Bulletin 90-Lighting Design for Schools, which underscores the significance of natural lighting in primary school classrooms and recommends using daylight during regular weather conditions, turning to artificial lighting only during  severe weather conditions. Additionally, the guideline "The Minimum Design Guide for Educational Buildings" is used to construct educational buildings in Turkiye. However, it does not provide comprehensive specifications for the dynamic variables of the environment and interior components. 

The TS EN 17037+A1 standard, approved by CEN on July 29th, 2018 and most recently updated on March 2nd, 2022, offers a comprehensive and contemporary guide for assessing indoor daylight. This standard considers various environmental and climatic factors that influence daylight effectiveness. It outlines four key criteria for evaluating daylight in interior spaces: daylight provision, view out, exposure to sunlight, and protection from glare (TS EN 17037+A1, 2022). Additionally, the standard recommends a classification for daylight evaluation: minimum, medium, and high. Recommended values of daylight criteria mentioned in TS EN 17037+A1 is given in Table 1.  

Table 1 – Assessment of Daylight Performance for indoor areas according to TS EN 

17037+A1 

Daylight                                                                    Recommended Levels 

Assessments                                                     Min.      Medium    High 

%      %Daylight 

Daylight                                              area     Hours 

Provision        Target Illuminance (lx)               50%     50%         300lx     500lx       750lx 

Minimum Target Illuminance (lx)    95%    50%         100lx     300lx       500lx 

Horizontal sight angle                                     ≥14°      ≥28°       ≥54°

View Out        Outside distance of the view                             ≥6 m     ≥20 m      ≥50 m

Number of layers to be seen from at least 75% of 1 layer  2 layer     All utilized area  layers 

Exposure to Recommended number of hours (h) for a given 1.5 h     3 h        4 h sunlight          reference day that a space should receive sunlight  

Protection       DGP-value, that is not exceeded in more than 5 % of 0,45      0,4         0,35 from glare       the occupation time 

It is crucial to prioritize natural lighting as a passive system to reduce the energy required for building lighting, create a welcoming visual atmosphere, and ensure comfort, as per the TS EN 17037+A1 standard. Constructing the building in a manner appropriate for the climatic conditions is necessary to achieve this objective, which involves careful planning of the orientation, the layout of the rooms and their openings, and the selection of shading devices, while also considering obstructions and surroundings. 

In this study, the criteria for providing daylight in primary school classrooms were investigated in per with the TS EN 17037+A1 standard. The primary objective is to devise an approach for identifying the most effective direction, obstruction angle, window dimension and arrangement parameters for of Turkiye and making suggestions of appropriate use of sunlight control devices if needed for primary school classroom natural lighting design. For this purpose, Ankara province, the capital city of Turkiye is taken as representative city for daylight assessments.  

2       Methodology

The initial phase of the study entails establishing the preliminary design decisions for the natural lighting system design of the primary school classroom. The design constants were initially determined, and alternative scenarios were created to obtain the most appropriate design criteria for the optimum daylighting system design. The first step is to establish the preliminary design choices for the natural lighting system in the primary school classroom. It is crucial to begin by defining the natural and built environmental factors that will impact these design decisions. The design constants were determined, and alternative scenarios were created to find the most suitable design solution for the optimal daylighting system design. The design variables created to obtain optimum design scenarios within the scope of the study include the size and distance of external obstructions, the direction of the window, and window size and arrangement. An assessment was carried out according to the criteria outlined in TS EN 17037+A1, the current standard for evaluating daylight performance in Turkiye. The criteria for 
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assessing daylight performance, as defined in the standard, encompass daylight availability, 

view out, sunlight exposure, and protection from glare.  

The classroom was modelled with the Rhino 7 software, and daylight simulations were 

conducted using Climate Studio and Grasshopper for Rhino, a plug-in that employs validated 

simulation engines Energy Plus and Radiance to assess dynamic visual performance 

parameters. The daylight autonomy method has been used to determine the yearly 

performance. This method was utilized to compute the potential of achieving the desired 

illuminance levels for half of the daylight hours in a year (Reinhart, Mardaljevic, & Rogers, 

2013). 

The study is a part of a PhD thesis that daylight performance analyses conducted for the 

alternative  scenarios  of  the  provinces  of  Ankara,  Antalya,  Erzurum,  and  Diyarbakır,  which 

represent five different climate types in Turkiye. In this study, the capital city of Turkiye, Ankara, 

is chosen for daylight assessments. The data obtained from the evaluations is mentioned as 

those that meet all the criteria and those that do not. Alternatives that meet all 4 criteria are 

accepted as optimum design conditions. Recommendations have been developed for situations 

where the criteria are not met. 

2.1    Determining Preliminary Design Decisions of Daylighting System of 

Primary School Classrooms 

The study focused on establishing design constants and variables to create the best possible 

conditions for ensuring sufficient daylight performance in Turkiye's primary school classrooms. 

The classroom model developed for assessing daylight performance was based on the criteria 

outlined in 'The Minimum Design Guide for Educational Buildings’ (MEB, 2015). 

Based on the specifications outlined in the guide, the classroom possesses a capacity of 30 

pupils, providing each student with a minimum usage area of 1.60 square meters. Additionally, 

in the guide's 'mechanical installation standards' section, breathable air volume is suggested to 

be at least 5m3 per student. Accordingly, the estimated amount of breathable air per student in 

a classroom with a total volume of 201.6 m3 is 6.72 m3, which is the requirement. 

The classroom's dimensions are 7m x 8m, and the building's height is 12 meters (equivalent to 

3 floors), as per the maximum number of floors permitted for primary education buildings in the 

‘The Minimum Design Guide for Educational Buildings’  (MEB, 2015). The TS EN 17037+A1 

standard suggests that the reference plane height should be 0.85m, unless stated otherwise. 

In the context of the elementary school classroom study, the reference plane is set at a height 

of 0.75m. 

2.2    Determining Alternative Scenarios

The obstruction distances and building heights of obstacles are determined based on the criteria 

in the Building Bylaws (Resmi Gazete, 2017). It is also assumed that all obstacles are 

permanent. The study evaluated different possible scenarios involving the relationship between 

road width and number of floors, taking into account obstruction angles of 0°, 20°, 30°, 40°, and 

50°. The scenarios were based on the regulations outlined in the 'Building Bylaws Regulation 

for Planned Areas', last published in the Official Journal of Turkiye in 2017.

The classroom model was developed considering various orientations: north, south, east, and 

west. The window is positioned on one side, and the classroom furnishing is generated to allow 

daylight to reach the students from the left side. It is assumed that the classroom is located on 

the ground floor as recommended in the Minimum Design Guide for Educational Buildings, and 

calculations were made for the ground floor, which is the most negative simulation situation. 

Additionally, according to the design guide, the minimum required transparency ratio of the 

generated classroom model is 50%. However, alternative design scenarios need to be 

considered since the current guidelines do not provide specific transparency ratios that would 

be responsive to the variables. Transparency ratios of 40% and 30% were generated to account 

for different requirements in current calculation methods, considering variables such as 

direction, climate characteristics, and obstacle conditions. In addition,  five different façade 

designs include alternative transparency ratios of 50%, 40%, and 30%, in addition to separated 

and attached arrangements of 40% and 30% alternatives. Thus, 100 alternative classroom 

models generated according to the parameters mentioned were evaluated for daylight provision, 
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protection from glare, exposure to sunlight, and outside view. The detailed alternative scenarios for variables appear in Table 2. 

Table 2 – Alternative scenarios for variables for the daylight performance assessments

[image: ]

 

2.3    Assessments of the Alternative Scenarios in the context of the criteria defined in the TS EN 17037+A1 standard

In this study, four criteria for daylight are assessed: daylight provision, protection from glare, view out, and sunlight exposure that mentioned below. 

2.3.1 Assessment of Daylight Provision

In order to ensure adequate daylight in indoor spaces, the target illuminance level (ET) should be met with daylight for 50% of the space and at least half the annual daylight hours. The minimum target illuminance level should be achieved with daylight for at least half of the annual daylight  hours  in  95%  of  the  space.  (Türk  Standartları  Enstitüsü,  2022),  (Mardaljevic  & Christoffersen, 2017). Daylight hours are defined as 4380 hours, and the climatic data of Ankara is taken from Energy Plus. The target illuminance level was accepted as 300 lux, the recommended threshold level for primary school classrooms (MEB, 2015). A minimum illumination level of 100 lx is needed to ensure optimal visual comfort for students.

2.3.2 Assessment of Protection From Glare

Glare can occur due to several design factors. These include the optical properties of the material, the location and orientation of the façade, the direction of view, the transparency ratio of the façade, the glazing transmittance, and the user's distance from the window. To properly evaluate daylight glare, it is essential to consider the complex distribution of luminance within the field of view, as well as the size, intensity, and location of the glare sources to the line of sight. (Türk Standartları Enstitüsü, 2022), (Sepúlveda, Luca, Varjas, & Kurnitski, 2022).  

Daylight Glare Probability (DGP) is a dynamic metric utilized to evaluate the level of protection from glare in areas where activities such as reading, writing, or using display devices are carried out. DGP is particularly significant in situations where occupants have restricted ability to select their position or viewing direction. It is crucial to ensure that the FDGP exceed, which represents a certain fraction of the reference usage time, does not exceed the DGP-threshold values. Additionally, Spatial Disturbing Glare (sDG) refers to the percentage of occupied hours where at least 5% of views across the regularly occupied floor area experience Disturbing or Intolerable Glare (Solemma, 2020). According to this definition, sDG values that access %35 of the threshold value are considered uncomfortable performance.  
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Different options for addressing annual glare using the sDG. 100 models with a reference plane 

located 0.5m from the wall and 1.20m above the finished floor, representing the eye level of a 

seated observer, are evaluated according to direction, façade model, and obstruction angle 

variables. Additionally, the maximum grid size of reference for calculation is evaluated as 1.8m, 

but for a more accurate assessment, the grid size is taken as 0.8m (Türk Standartları Enstitüsü, 

2022).  

TS EN 17037+A1 specifies that assessing the position that could have the most negative impact 

is recommended when there are multiple potential locations for activities. These positions are 

typically near the building's façade or where there is a possibility of a low sun position (Türk 

Standartları Enstitüsü, 2022). 

For this study, the calculation points are determined by the area occupied by the group of desks 

next to the window because of presenting the most significant potential for glare. Results for 

worst-case positions within a given space are considered to be met throughout the whole 

classroom.   

2.3.3 Assessment of Sunlight Exposure

 A parametric model was created for the classroom volume modelLed with the Rhino program 

and the sun hours with the Climate Studio tab in the Grasshopper software developed by 

Rhinoceros, which runs in conjunction with the program interface. Simulations were made for 

25 alternative classroom volumes modelLed in the Rhino program, according to the obstruction 

angle, window dimensions, and arrangement scenarios, by changing the direction of the window 

with the sunlight hours coding created in Grasshopper. Classroom usage hours are taken 

between 09.00 – 17.00 for primary school classrooms. The hours during which the sun directly 

penetrated point P, defined at 1.2 m above the ground and at the middle point of the window, 

were analyzed with an interval of 0.5 hours. The results obtained were classified as minimum, 

medium and high according to the values given for sunshine duration in TS EN 17037+A1. 

According to the standard, recommended sun hour classification is listed as ‘minimum’ for 1,5-

3 hours; medium for 3-4 hours; ‘high’ for 4 hours and more. 

2.3.4 Assessment of Outside View

The outside view criteria is an essential parameter in the design of the natural lighting system, 

and it is known that an optimum outside view provides positive physiological and psychological 

effects to the users. The criteria expected to be met in buildings regarding outside view in the 

TS EN 17037+A1 standard are discussed under the headings horizontal sight angle, distinct 

distance to the outside view and number of visible layers (Türk Standartları Enstitüsü, 2022). 

In TS EN 17037+A1, outside view criteria are classified as minimum, medium, and high. 

According to TS EN 17037+A1, the classification for the outside view is determined according 

to the lowest level among the three criteria.  

The outside view criterion does not change according to climate and direction variables. Among 

the scenarios produced within the scope of the study, the ones that affect the outside view 

criterion are external obstacles and window sizing and arrangement. For this reason, the 

external view criterion was considered according to external obstacles and the dimension and 

arrangement of the window variables. 

3       Calculation Results

3.1 400 simulations were carried out to explore alternative scenarios for variables such as 

direction, facade design, and obstruction angle. The results were evaluated based on four 

assessments outlined in the TS EN 17037+A1 standard: daylight provision, protection from 

glare, outside view, and exposure to sunlight.

3.2    Results of Daylight Availability

Based on the evaluations, it has been observed that the southern and eastern orientations 

demonstrate better daylight performance than other orientations. Despite the typical 

assumption that the southern orientation would consistently provide better daylight adequacy, 
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the eastern orientation is found to have higher annual daylight performance in specific alternative scenarios. 

The results of daylight availability according to the direction, window sizing, and arrangement are presented as a graph for the fraction of daylight hours (Ftime,%)  in Figure 1 in 0°and 20° obstruction angles, which indicate the fraction of time that meets the target and minimum target illuminance requirements. The graph displays the percentage of daylight hours that provide target illuminance of at least 50% of the floor area and minimum target illuminance in at least 95% of the floor area separately, based on changes in window direction, sizing and arrangement.  Additionally,  the  results  of  daylight  availability  are  taken  for  30°and  40°  and 50°obstruction angles as well. 

[image: ]

 

Figure 1– Daylight availability graph for 0°and 20° obstruction angles

[image: ]

( ET (lux):target illuminance level, 300 lux; ETM (lx): target minimum illuminance level, 100 lux; 

[image: ]

Fplane,%: percentage of reference plane area; Ftime,%: percentage of daylight hours) 
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According to the assessments, most of the options' values obtained from the east and west directions appear to be quite similar. The C and E models, separated window layout alternatives for different transparency ratios, show a sharper difference according to the window direction and obstruction angle change. The Daylight performance decreases to less than required levels, especially when the orientation is towards the north. Additionally, for higher obstruction angles, buildings with facades facing east and west exhibit better daylight efficiency than the south direction. Furthermore, it can be understood that Model E cannot provide the criteria except for 0° obstruction angle and south direction. 

The required daylight illuminance for all façade models can be provided if the obstruction angle remains below 20° except for façade models D and E. Furthermore, for obstacle angles of 20° and below, the scenarios show that both the minimum target illuminance level and the target illuminance level criteria are fulfilled for all window direction variables. It can be said that the C, D, and E models perform better with window directions of east and west.  

After analyzing the simulation outcomes of options featuring a 30° obstacle angle, it appears that facades models A, B, and D satisfy the target illuminance level and minimum target illuminance level. However, the C and E models do not meet the required criteria for all directions.  
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It can be noted that the performance improvement is more gradual when the obstruction angle 

is 20° or less, but becomes more significant as the obstruction angle increases. Upon closer 

examination of the graphical data, it becomes apparent that the rate of  increase becomes 

sharper as the obstruction angle increases.  

The Model B facades have 40% transparency in the attached window arrangement and the 

Model D facades are in a separate layout with obstruction angles of 0°, 20°, and 30°both meet 

the daylight requirement. However, the Model C alternative, with a 30% transparency ratio in 

the attached facade, shows better daylight performance than the separated Model E. In the 

attached  window  arrangement  with  30%  transparency,  0°  and  20°  obstruction  angles 

demonstrate positive daylight performance, but the daylight criteria are not met except for the 

south facade with a 0° obstruction angle in the separated layout.

It can be concluded that the orientation of the attached window has a positive effect on daylight 

performance. The difference between attached and separated window orientations is 

significant, leading to a direct decrease in performance, primarily for a 30% transparency ratio. 

This indicates that window configuration changes have a more significant impact on daylight 

performance as the transparency ratio increases. 

Upon analyzing all the alternative scenarios, it becomes apparent that the alternatives with 

lower obstruction angles perform better regarding daylight provision. As the obstruction angle 

increases to  30°  and  beyond,  it  becomes  impossible  to meet  the  daylight provision criterion, 

particularly at 40% and 30% transparency rates. 

After evaluating the daylight performance of various scenarios created for Ankara, based on 

direction, facade model, and obstacle variables, it has been observed that 49 out of 100 

scenarios meet the required illuminance level criteria.  

The research established that scenarios meeting both the target and minimum illuminance level 

criteria were optimal. It was concluded that maximizing transparency and minimizing obstruction 

positively influenced daylight provision. However, it's crucial to account for glare protection, an 

essential  daylight  criterion  according  to  EN  17037  (Türk  Standartları  Enstitüsü,  2022), 

(Walkenhorst, Luther, Reinhart, & Timmer, 2002). The most favorable scenarios identified 

during the study were those providing sufficient natural light and effective glare protection. 

3.3    Results for Protection From Glare

Figure 2 represents sDG (%) value for Ankara province, changing by window direction, 

dimension, arrangement and obstruction angle variables of 0°, 20°, 30°.

[image: ]

 

Figure 2– sDG% graph for alternative obstruction scenarios in Ankara
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Based on the assessment findings, it has been established that the most of glare occurs when a building is positioned facing South. This tendency is also observed for the East and West orientations. Conversely, any building design or obstruction angle options have no potential for glare from the North direction.  

The obstruction angles of 40° and 50° pose no risk of causing disturbing or intolerable glare. However, a 30° obstruction angle presents a risk of glare for models A and B when the window is oriented to the South. As obstruction angles decrease, the risk of glare increases. For a 20° obstruction angle, model D only has glare risk when the window is oriented to the South, while a 0° obstruction angle poses the risk of glare for windows oriented to the South, East, and West. Models A and B are highly prone to glare, especially with 0° and 20° OA scenarios in the south, east, and west directions. 

According to all variables within the evaluated 100 scenarios, the alternatives exceeding the percentage of 35% occupied hours where at least 5% of views across the regularly occupied floor area were accepted as negative scenarios. Of 100 variables, 21 have a high risk of disturbing glare. Glare protection should be considered for those at high risk of disturbing glare (Reinhart & Weissman, 2012). Therefore, it is recommended to use solar shading devices when there is a high possibility of glare during the necessary day and hours of the year, especially for buildings facing south, east, and west with obstruction angles of 30° or lower. 

3.4    Results for Sunlight Exposure

Evaluation result graphs of alternative scenarios for sunlight exposure for Ankara province are presented in Figure 3.  
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Figure 3– Sun hours according to obstacle scenarios for Ankara (East and West 

[image: ]

directions)

[image: ]

According to the data in the given graphs, the scenarios with 0° and 20° obstruction angles for the east direction are classified as 'high' regarding utilizing solar radiation across all window sizing  and  arrangement  alternatives.  The  30°  obstruction  angle  scenario is classified as 'medium' across all window sizing and arrangement alternatives. However, in the scenarios with 40° and 50° obstruction angles, all facade scenarios are classified as 'minimum'.

[image: ]

When looking at the graphs for the west direction, the scenarios with 0° and 20° obstruction angles are classified as 'high' in terms of utilizing solar radiation across all window sizing and arrangement alternatives. The 30° obstruction angle scenario is classified as 'medium' across all  window  sizing  and  arrangement  alternatives.  However,  in  the  scenarios  with  40°  and  50° obstruction angles, all facade scenarios are classified as 'minimum'.Since the duration of sunlight in the south direction is over 4 hours in all scenarios and is classified as 'high,' it is not presented in the graph. In any situation, the north orientation does not provide the necessary hours of sunlight. When examining sunlight durations based on the direction the window faces, for the 0° obstruction angle scenario, the entire south direction and the east and west directions in A and B model window arrangements are classified as 'high.' In the C model, these directions are classified as 'medium' based on sunlight duration. In the D model, the east direction is classified as 'medium' while the west direction is classified as 'high.' 
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For  the  scenario  with  a  20°  obstruction  angle,  if  windows  face  east  and  west,  all  window 

arrangements  are  classified  as  'medium'  in  terms  of  sunlight  duration.  In  the  30°  and  40° 

obstruction  angle  scenarios,  if  windows  face  east  and  west,  the  30°  obstruction situation is 

classified as 'medium' except for the B and E model east facades, which are classified as 'high.' 

In the 50° obstruction angle scenario, the duration of sunlight for the south and north directions 

is 0 hours. The A, D, and E models for the east direction are classified as 'minimum,' and the 

other east and west directions also do not meet the 'minimum' lower limit. Out of the 100 

scenarios created for Ankara, 70 meet the criteria for utilizing solar radiation. 

3.5    Results for Outside View

Criteria for the outside view are held according to 3 parts which are horizontal sight angle, 

distance to outside view and number of layers can be seen at least for 75% of area as mentioned 

in TS EN 17037+A1. For horizontal sight angle evaluations, Table 5 presents the outside view 

criteria for alternative window sizes and arrangements based on the horizontal field of view 

scenarios. 

According to the obtained data, the outside view for Model A and Model B window sizing and 

arrangements  is  above  54°,  categorizing  them  as  'high.'  For  Models  C,  D,  and  E  window 

arrangements, the horizontal field of view is between 28° and 54°, classifying them as 'medium' 

according to the outside view criteria. For distance to outside view, all alternative scenarios 

supply at least the ‘minimum’ outside view criteria according to outside view distance. For 

number of visible layers at least 75% of the space, the number of visible layers from at least 

75% of the space is presented in Table 3. 

The study concludes that only Model A, which has a transparency rate of 50%, and Model B, 

which has a transparency rate of 40% and an adjacent window arrangement, are classified as 

having a high outside view under all obstruction angle alternatives. Additionally, since all 

scenarios fall into the "minimum" outside view performance class, it can be inferred that the 

external view criteria are met for all scenarios. 

Table 3– Outside view classification for classroom model alternative window sizing, 

arrangement and obstruction angle

[image: ]

 

4      Conclusion

In this study, 100 alternative scenarios were assessed based on window direction, dimensions, 

arrangement, and obstruction angle, against 4 criteria specified in TS EN 17037+A1. The 

primary visual performance criterion for a well-illuminated environment is daylight availability. 

According to the results, 49 out of 100 scenarios meet the prior criteria of daylight availability 
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as well as the requirement for an outside view. Additionally, 30 scenarios meet combination of 3 criteria, daylight availability, outside view, and protection from glare. Another 40 scenarios meet 3 criteria of daylight availability, outside view, and exposure to sunlight. Finally, all criteria are met in 20 alternative scenarios, which generally have obstruction angles of 30° and below, south, east, and west window orientations, and A and B model facades with 50% and 40% transparency ratios and attached window arrangements. 

Based  on  the  analysis,  it  can  be  concluded  that  the  most  favorable  combinations  for  a  0° obstruction angle are east and west orientations with C and E facades. For a 20° obstruction angle, the optimal alternatives are east and west orientations with façade C and D, as well as south orientation with model D. At a 30° obstruction angle, south orientation with model D and east and west orientations with all facade models are considered positive. Additionally, for a 30°  obstruction  angle,  east  and  west  orientations with A, B, and D facades perform better. Finally,  at  a  50°  obstruction  angle,  all  combinations  are  unfavorable  except  for  the  east orientation with model A. It can be concluded that transparency ratios of 50% and 40% have a positive impact on daylight availability and sunlight exposure. However, due to the risk of glare, these alternatives may not be considered comfortable. In such cases, sunlight control devices should be used when needed. 

The study aims to create a detailed design guide for primary school classrooms in educational buildings by determining optimal scenarios according to the window direction, dimension, arrangement and obstruction angle variables for Turkiye. For that purpose; alternative scenarios are considered optimal when daylight provision requirements are met while avoiding glare according to criteria described in TS EN 17037+A1. In addition, the study can be improved by investigating the effect of solar shading devices and dynamic solar shading and glare control systems for optimizing daylight performance (Bian, Dai, & Yuan Ma, 2020). To develop a well-structured built environment, it's essential to create a manual that considers different factors' influence on daylight performance. The existing guidance lacks detailed alternative scenarios based on environmental and physical factors. The findings of this research can be applied to the construction or refurbishment of educational facilities. The research indicates the need to enhance the Minimum Design Guide for Educational Buildings in line with the suggestions to establish an optimal environment for students. It's vital to factor in the impact of environmental and interior design elements from the initial phases of building design. 
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Abstract 

Colour preference and energy efficiency continually intersect in design considerations, so far, they cannot always be optimized simultaneously. While advancements in lighting technology have enabled significant improvements in energy efficiency, achieving harmony between colour preference and energy conservation remains a challenge. This paper explores the application of multi-criteria decision analysis (MCDA) in optimizing colour preference and energy efficiency in lighting design. By employing the ELECTRE  I method, it evaluates nine distinct spectral power distributions (SPDs) with similar correlated colour temperatures, varying in gamut shape and size. The findings demonstrate that MCDA facilitates informed decision-making by balancing visual appeal and energy efficiency, contributing to a more sustainable environment. The results highlight the importance of considering both aesthetic and functional criteria in lighting design, providing valuable insights for stakeholders to develop innovative, energy-efficient lighting solutions that meet user preferences.  

Keywords : Multi-criteria decision analysis, colour preference, energy efficiency, lighting design, ELECTRE I. 

 

1       Introduction 

The integration of colour preference with energy efficiency in lighting design continues to pose a significant challenge in contemporary design practices. In a time marked by heightened environmental awareness and an increased focus on user experience, optimizing both colour preferences and sustainable energy consumption within lighting solutions remains a critical area of investigation. Although considerable advancements have been made in lighting technologies aimed at enhancing energy efficiency, the successful integration of colour preferences with energy conservation remains elusive. 

This paper delves into the intricate relationship between colour preference, energy efficiency, and evaluation frameworks in the field of lighting design. Acknowledging the complexity of this issue, the study aims to illuminate the challenges involved and offer insights that may refine understanding and approach to design paradigms in this field. 

Application of multi-criteria decision analysis (MCDA) as a systematic method for optimizing both colour preference and energy efficiency in the selection of luminaires is the center of this study. By employing a structured approach, this research attempts to explore the complexities inherent in the design process, utilizing computational tools such as genetic algorithms to utilize gamut morphology and generate suitable spectral power distributions (SPDs). These SPDs, while maintaining consistency in Correlated Colour Temperature (CCT) and average fidelity, exhibit variations in gamut shape and size, which are assessed through the application of MCDA within the IES TM-30 evaluation framework. 

Drawing upon existing literature, including studies that examine the balance between energy efficiency and colour rendition (Royer, 2019; Durmus, 2021; Lohe et al., 2018; Spaulding et al., 2011), the significance of colour preference in architectural design (Hashemi Kashani and Pazhouhanfar, 2023; Hurlbert and Ling, 2012; Kerun et al., 2016; Baytin, 2005), and the incorporation of colour psychology into energy-efficient lighting design (Chen et al., 2018; Salata et al. 2019; Weng et al. 2020; Zheng et al., 2019; Balocco and Volante, 2018; He et al., 2019; Dimitrakis et al., 2023), as well as the use of multi-criteria decision analysis in selecting 
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street lighting luminaires (Madias et al., 2012; Dimitrakis et al. 2022), this research aims to 

further expand the current knowledge base. 

2       Application of ELECTRE I 

This study incorporates the ELECTRE I (Elimination and Choice Expressing Reality), a widely 

recognized MCDA method, to assess lighting luminaires based on predefined criteria, including 

colour preferences and energy consumption. ELECTRE I is a multi-criteria decision-making 

approach known for its ability to handle complex decision-making scenarios by comparing 

alternatives and identifying those that are non-dominated (Roy, 1968; Roy, 1991; Figueira et 

al., 2005; Rogers, 2000). In the context of luminaire selection, considering both colour 

preferences and energy consumption, ELECTRE I offers a structured framework for evaluating 

and ranking various lighting options by using pairwise comparisons. This method operates on 

the principle of outranking, where alternatives are compared against one another to determine 

if one can be preferred over the others based on a threshold of dominance. By applying 

ELECTRE I, decision-makers can systematically integrate both qualitative and quantitative 

criteria, facilitating a balanced consideration of aesthetic and functional aspects in selecting the 

most suitable luminaire. 

3      Characterizing Gamut Shape and Size 

The term "gamut shape" refers to the distinctive form or configuration of the colour space 

defined by colour samples within a chromaticity diagram, often resembling an irregular polygon 

(IES, 2018; Thornton, 1974; Rea and Freyssinier-Nova, 2008; Teunissen et al., 2016; David et 

al., 2015; Smet et al., 2019). The IES TM-30-18 Colour Vector Graphic (CVG) provides a 

normalized depiction of this polygon, typically representing familiar shapes like circles or 

ellipses (Thornton, 1974; Smet, 2019). When the gamut  is extended, it often skews toward 

particular colours, a characteristic described as the gamut orientation. Conversely, the gamut 

size represents the area covered by the gamut within the colour space. A larger gamut size 

signifies a wider range of colours that can be accurately represented, thereby enhancing the 

reproduction of vibrant and varied hues. The hue-angle chroma shift in the IES TM-30-18 CVG, 

indicated by Rcs,hj, reflects variations in chroma intensity relative to a reference source, with 

positive values indicating an increase and negative values denoting a decrease. 

4       Methodology 

The methodology employed in this study combines computational tools with established 

decision analysis methods to systematically address the complex challenge of integrating colour 

preference, energy efficiency, and evaluation frameworks in luminaire selection within design 

contexts. 

At the core of this methodology is the use of MCDA as a framework for optimizing the selection 

of lighting luminaires based on predefined criteria. Subsequently, ELECTRE I, a well-

established MCDA method (Figueira et al., 2005; Rogers et al., 2000), is utilized to evaluate 

the generated lighting alternatives. ELECTRE I allows for the comparison of alternatives based 

on their relative performance against each other, considering multiple criteria simultaneously. 

In this study, criteria such as colour preferences and energy consumption are systematically 

assessed to identify the most suitable lighting luminaires that balance aesthetic appeal with 

energy efficiency. 

Moreover, the formulation of actionable recommendations based on the findings from the 

ELECTRE I analysis aims to inform design decision-making processes and enhance the 

discourse surrounding lighting design practices. By offering a structured framework for 

evaluating trade-offs between colour preference and energy efficiency, this methodology 

provides valuable insights that can assist designers and stakeholders in making informed 

choices that align with both user needs and environmental goals. 

4.1     Testing SPDs 

To systematically explore the design space and diversify gamut morphology, this study employs 

a computational tool based on genetic algorithms. This approach involves varying parameters 
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of SPDs while maintaining consistency in CCT and average fidelity, thus generating a range of testing illuminants with varying gamut shapes and sizes. 

The optimization of SPD calculations for the testing illuminants was carried out using the LuxPy library (Smet, 2019). Each SPD comprises a combination of Gaussian, monochromatic, and phosphor LEDs to produce a multi-component spectrum. For the target values of CCT, IES TM-30 Fidelity Index (Rf), Gamut Index (Rg), chroma shifts (Rcs,hj), and hue shifts (Rhs,hj), the peak wavelengths, full-width-half-maxima of the components, and the contribution and strengths of phosphors were optimized. The goal was to achieve a metameric match to Planckian Radiation at 3000 K for all spectra. The sources are optimized SPDs with hue-specific chroma adjustments influenced by different colours. Although the light sources varied in luminous efficacy of radiation (LER), all sources maintained similar CCT and IES TM-30 Rf values, indicating that choices will impact energy efficiency. The spectra have Duv values of 0.00135 ± 0.00255 and CCT values of 3072K ± 78K. Table 1 provides detailed data on nine SPDs, including parameters such as CCT, distance from the Planckian locus (Duv), Rf, Rg, and Luminous Efficacy of Radiation (LER). Additionally, the table lists chroma shifts (Rcs,h1 to Rcs,h16) and hue shifts (Rhs,h1 to Rhs,h16) across 16 hue angle bins, offering a comprehensive evaluation of how each SPD affects colour rendition and perception. Figure 1 illustrates the CVGs and LER values of the nine SPDs. 

Table 1 – Data of nine lighting spectral power distributions 

ID           1          2          3          4          5           6           7          8          9 

CCT       2994     3001     3001     3045     3017      3013      3080     3150     3123 

Duv  0.0005  0.0001  0.0002  0.0011  -0.0005 -0.0012 0.0008  0.0034  0.0039 

Rf           85        83        85        87        86         85         89        85        83 

Rg         100      105      101      109      103       94        106      99       102 

LER  119.96  155.75  161.89  116.64  247.79  235.22  256.82  220.03  119.82 

Rcs,h1     9%       6%       3%       11%     7%       -5%      8%      -3%     3% 

Rcs,h2     5%       8%       5%       6%      9%       0%       6%      -4%     -1%

Rcs,h3     2%       4%       3%       4%      3%       -0%      1%      -3%     -0%

Rcs,h4     3%       2%       1%       2%      -4%      -5%      -3%     3%      6% 

Rcs,h5     -1%      2%       3%       3%      -4%      -11%     -6%     6%      11% 

Rcs,h6     -3%      4%       2%       5%      0%       -7%      2%      3%      6% 

Rcs,h7     4%       10%      7%       9%      2%       -7%      2%      -0%     7% 

Rcs,h8     -1%      13%      10%      5%      5%       3%       1%      -12%    -6%

Rcs,h9     2%       10%      8%       3%      8%       5%       3%      -10%    -8%

Rcs,h10  -0%     3%      3%      -1%     5%       7%       2%      -9%     -11%

Rcs,h11  -4%     -5%     -5%     -3%     2%       6%      4%      -5%     -9%

Rcs,h12  -10%    -6%     -6%     -4%     -0%     2%      5%      2%      -8%

Rcs,h13  -7%     -3%     -4%     -0%     -3%     -4%     1%      5%      3% 

Rcs,h14  -7%     -9%     -12%    5%      -5%     -7%     6%      10%     5% 

Rcs,h15  3%      1%      -3%     9%      1%       -9%     5%      5%      8% 

Rcs,h16  5%      2%      -4%     15%     6%       -8%     11%     3%      5% 

Rhs,h1     0.00      -0.01     0.00      -0.03     0.01       0.03       0.00      -0.03     -0.03

Rhs,h2     -0.04     -0.06     -0.03     -0.06     -0.08     -0.00     -0.07     0.02      0.00 

Rhs,h3     -0.06     -0.11     -0.08     -0.06     -0.13     -0.05     -0.05     0.10      0.07 
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ID           1          2          3          4          5           6           7          8          9 

Rhs,h4     -0.02     -0.05     -0.05     -0.00     -0.07     -0.10     -0.03     0.11      0.12 

Rhs,h5     -0.05     -0.00     -0.02     -0.00     0.02       -0.06     0.02      0.05      0.04 

Rhs,h6     -0.02     0.07      0.05      0.01      0.08       0.02       0.05      -0.04     -0.04

Rhs,h7     0.01      0.03      0.02      0.01      0.11       0.08       0.08      -0.08     -0.10

Rhs,h8     -0.00     -0.03     -0.01     -0.05     0.01       0.09       0.01      -0.04     -0.09

Rhs,h9     -0.06     -0.09     -0.08     -0.06     0.00       0.06       0.03      0.01      -0.08

Rhs,h10  -0.11    -0.17    -0.17    -0.06    -0.01     -0.01     0.05      0.12      0.02 

Rhs,h11  -0.13    -0.18    -0.19    -0.00    -0.05     -0.07     0.06      0.19      0.11 

Rhs,h12  0.03     -0.10    -0.13     0.12      -0.10     -0.14     -0.00     0.15      0.22 

Rhs,h13  0.16     -0.01    -0.05     0.18      -0.09     -0.17     -0.04     0.07      0.20 

Rhs,h14  0.20     0.05      0.00      0.17      0.03      -0.17     0.07      0.04      0.16 

Rhs,h15  0.12     0.08      0.05      0.10      0.09      -0.04     0.07      -0.05     0.04 

Rhs,h16  0.18     0.09      0.10      0.04      0.03      -0.07     -0.04     -0.08     0.07 

4.2     ELECTRE I Criteria and Weights 

In the application of the ELECTRE I method for luminaire selection based on colour preferences 

and energy consumption, a range of criteria, each assigned a specific weight to reflect its 

significance, is utilized. Table 2 presents the criteria and weights for ELECTRE I. The criteria 

include: 

● Distance of the CCT from the ideal 3000K (weight: 0.025): Ensures alignment with the

desired CCT, which is crucial for establishing the appearance and functional ambiance of a space.

● Minimum absolute value of Duv (weight: 0.025): Aims to minimize colour deviation from the

blackbody locus, important for colour accuracy in applications such as retail and art galleries.

● Highest value of the Gamut Index (Rg) (weight: 0.200): Emphasizes the significance of

colour saturation capability.

● Highest value of the Luminous Efficacy of Radiation (LER) (weight: 0.200): Highlights the

need for energy-efficient luminaires.

● Lowest values of Rhs,hj for green (h7) (weight: 0.150), red (h1), and yellow (h5) hues (both

weighted at 0.100): Ensure minimal hue shift in key colour regions.

● Highest values of Rcs,hj for green (weight: 0.100), red, and yellow hues (both weighted at

0.050): Optimize chroma intensity.

By integrating these diverse criteria and their respective weights, ELECTRE I provides a 

systematic approach to balancing aesthetic preferences with energy efficiency in luminaire 

selection. This method helps achieve varied gamut shapes and sizes. 

Table 2 – Weights and Criteria for ELECTRE I Analysis 

CCT              Duv            Rg             LER            Rhs,h7 

0.025                0.025             0.200             0.200             0.150 

Rhs,h1              Rhs,h5           Rcs,h7           Rcs,h1           Rcs,h5 

0.100                0.100             0.100             0.050             0.050 
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Source ID 1 - LER 119.96 lm/W  Source ID 2 - LER 155.75 lm/W  Source ID 3 - LER 161.89 lm/W 
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Source ID 4 - LER 116.64 lm/W  Source ID 5 - LER 247.79 lm/W  Source ID 6 - LER 235.22 lm/W 
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Source ID 7 - LER 256.82 lm/W  Source ID 8 - LER 220.03 lm/W  Source ID 9 - LER 119.82 lm/W 
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Figure 1 – Colour Vector Graphics and LER values of nine lighting spectral power 
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distributions 
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5       Results 
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This method calculates concordance and discordance indices, by comparing pairs of alternatives and determining which one is preferable based on the degree of outranking, to assess the strength of evidence supporting the preference of one alternative over another. 

[image: ]

5.1     Concordance and Discordance Indices 

[image: ]

The Concordance Index represents the degree to which one alternative is favoured over another across multiple criteria. A higher concordance value indicates a stronger preference for one alternative over the other, suggesting that the alternative performs better in most or all criteria. Conversely, the Discordance Index measures the extent of disagreement between alternatives, highlighting criteria where one alternative significantly underperforms relative to another. A higher discordance value suggests stronger objections to preferring one alternative over 
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another, based on one or more criteria. The Concordance Index and Discordance Index values 

obtained through the application of the ELECTRE I method are shown in Table 3 and Table 4, 

respectively. 

Table 3 – Concordance Index 

ID          1          2          3          4          5          6          7           8           9 

1           -          0.30        0.30        0.50       0.50       0.80       0.50       0.75 2      0.55 

2        0.70 2        -         0.50       0.55 3      0.75 2      0.80 2       0.45       0.75 1       0.95 

3        0.80 2     0.53 4         -         0.40       0.55 3      0.80 1      0.55 3      0.75 1     0.75 2

4         0.65       0.55       0.65         -         0.65       0.78       0.68       0.75      0.75 2

5         0.53       0.35       0.55       0.35         -        0.83 1      0.30       0.80       0.70 

6         0.20       0.20       0.20       0.33       0.175         -         0.18       0.50       0.50 

7         0.60       0.55       0.65       0.33       0.90       0.98         -         0.95       0.85 

8         0.35       0.25       0.25       0.35       0.20       0.75       0.20         -         0.48 

9         0.45       0.05       0.40       0.35       0.30       0.60       0.15       0.63         - 

Condition 1: c ≥ 0.70 and d ≤ 0.30                   Condition 2: c ≥ 0.70 and d ≤ 0.40

Condition 3: c ≥ 0.55 and d ≤ 0.40                   Condition 4: c > 0.50 and d ≤ 0.40

Table 4 – Discordance Index 

ID          1          2          3          4          5          6          7           8           9 

1           -          0.83        0.50        0.83        0.5        0.45       0.53       0.39 2      0.55 

2        0.33 2        -         0.33       0.31 3     0.36 2     0.31 2      0.39       0.25 1      0.41 

3        0.38 2     0.33 4        -         0.50       0.33 3     0.29 1     0.37 3     0.22 1     0.36 2

4         1.00       0.67       1.00         -         0.67       0.46       1.00       0.40      0.36 2

5         0.91       0.73       0.82       0.91         -        0.27 1      0.33       0.45       0.68 

6         1.00       1.00       1.00       1.00       0.75         -         1.00       0.77       1.00 

7         0.64       0.53       0.55       0.64       0.42       0.45         -         0.55       0.77 

8         1.00       0.99       1.00       0.88       0.89       0.91       1.00         -         0.41 

9         1.00       0.97       1.00       0.82       0.87       0.73       1.00       0.39         - 

Condition 1: c ≥ 0.70 and d ≤ 0.30                   Condition 2: c ≥ 0.70 and d ≤ 0.40

Condition 3: c ≥ 0.55 and d ≤ 0.40                   Condition 4: c > 0.50 and d ≤ 0.40

 

5.2     Conditions and Analysis 

By  analyzing  the  results  based  on  a  concordance  threshold  of  c  ≥  0.7  and  a  discordance 

threshold of d ≤ 0.3 (Condition 1), the findings indicate that alternatives with IDs 2, 3, and 5 are 

more favorable when compared to alternatives 6 and 8. In this case, the best-performing 

alternatives, in terms of multi-criteria evaluation, are those with IDs 1, 2, 3, 4, 5, 7, and 9. These 

alternatives demonstrate stronger overall performance across the set criteria, with higher 

concordance and lower discordance values, suggesting their superiority in most aspects under 

consideration.  

According to established ELECTRE I methodology, it is generally advised against setting 

concordance thresholds lower than c = 0.7 or discordance thresholds higher than d = 0.3, as 

doing so may reduce the robustness of the decision-making process. However, for exploratory 

purposes, Condition 2 was applied, where the discordance threshold was relaxed to d ≤ 0.4. 

This adjustment was intended to evaluate whether any additional alternatives could be rejected 

based on more lenient discordance criteria. Under this condition, alternatives with IDs 1, 5, and 

9 were rejected from consideration, leaving IDs 2, 3, 4, and 7 as the most preferred alternatives. 
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This suggests that by allowing a slightly higher level of discordance, it can further refine the viable alternatives without significantly compromising the decision quality. 

A more thorough examination led to the application of Condition 3, where the concordance threshold was further lowered to c ≥ 0.55, while maintaining the discordance threshold at d ≤ 0.4. Under these conditions, alternatives 4 and 7 were also rejected, narrowing the selection down to IDs 2 and 3. This step demonstrates the sensitivity of the ELECTRE I method to variations in the thresholds, as only the alternatives that continue to perform well under increasingly stringent conditions remain. 

Finally, Condition 4 was applied with an even more relaxed concordance threshold of c > 0.50 and the same discordance threshold of d ≤ 0.4. At this stage, alternative 2 was also rejected, leaving alternative 3 as the most preferred option. This result suggests that under the broadest allowable conditions, alternative 3 consistently outperforms the others across the majority of criteria, making it the optimal choice for decision-making. 

6       Discussion 

A central discussion is arising from this study, the trade-offs between aesthetic preferences and environmental considerations. While advancements in lighting technology have led to notable improvements in energy efficiency, the challenge of resolving these gains with user preferences for specific colour renditions persists. The findings underscore the requirement for a nuanced understanding of these trade-offs and the adoption of holistic approaches that account for both technical specifications and subjective preferences in luminaire selection. 

The application of ELECTRE I has facilitated the systematic evaluation of lighting alternatives based on multiple criteria, including colour preferences and energy consumption. This evaluation process enables designers to identify luminaires that balance aesthetic appeal with energy efficiency, guiding decision-making towards more sustainable design solutions. 

Based on a comprehensive review of the literature, it appears that direct integration of MCDA methods with colour rendition in lighting design is relatively limited. While MCDA is extensively used in various aspects of lighting design, such as optimizing energy efficiency and luminaire placement, its specific application to colour rendition metrics is less common. This study underscores the importance of multi-criteria decision-making in lighting design and demonstrates that the methodology employed offers a comprehensive approach to addressing these challenges. 

In summary, the discussion on integrating colour preference and energy efficiency in lighting design highlights the complexity of the challenge and the need for interdisciplinary approaches that bridge technical specifications with subjective preferences. By adopting strategic methodologies, designers can navigate this complexity and advance the development of sustainable and user-centric lighting solutions that address the needs of both users and the environment. 

Despite that, it is important to recognize the limitations of this study and identify areas for future research. While the methodology provides a structured framework for evaluating the trade-offs between colour preference and energy efficiency, additional  factors and contextual considerations may warrant further exploration. Future research may explore alternative decision analysis methodologies to refine the evaluative schema and enhance the thoroughness of the assessment process. Additionally, integrating real-world data and user feedback into the decision-making framework could provide further insights into the intricate dynamics of colour preference and energy efficiency in lighting design. 

7       Conclusions 

In conclusion, it is noteworthy that while the most preferably alternative, which is alternative with ID 3, does not have the highest Luminous Efficacy of Radiation (LER), nor the lowest, its colour rendition its colour rendition is remarkably close to the ideal one. The alternative with ID 2, which is the second most preferably alternative, has a similar SPD with ID 3, but lower LER. This balance between a commendable LER and excellent colour rendition contributes to its 
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overall superior performance, as evidenced by its high relative closeness to the ideal solution. 

Conversely, the alternative with ID 7 achieves the highest LER, demonstrating superior energy 

efficiency. However, its colour rendition does not compare favourably with that of ID 3, 

impacting its overall ranking despite its energy efficiency. Alternative with ID 4, despite having 

the highest gamut shape, achieved a lower rank due to its lower LER. Alternatives with IDs 6 

and 8 have high LER values, however, they achieved the lowest rank, respectively, because of 

their distance from the ideal CCT and Duv values, smaller gamut sizes, and less favourable 

colour bin characteristics. 

This analysis highlights the significance of considering multiple criteria in evaluating 

alternatives, as superior performance in one aspect does not necessarily translate to overall 

optimality. 
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Abstract 

Wearable light sensors are designed to measure human light exposure and their data are used 

to  understand  the  effects  of  light  exposure  on  human  health.  This  work  aims  to  establish 

methods to ensure the traceability of wearable light sensors, thereby improving their reliability 

and accuracy in varying environmental conditions, and to define comprehensive quality metrics 

for  these  devices.  These  metrics  will  provide  a  standardized  framework  for  evaluating  the 

performance of wearable light loggers, facilitating comparisons between different models and 

ensuring consistency in measurement practices.

Keywords: Wearable light loggers, Spectral Responsivity, Uncertainty 

 

1  Introduction 

The extensive use of artificial lighting, especially LED sources, has emerged as a significant 

factor impacting human health, contributing to issues such as circadian rhythm disruption and 

sleep disorders (Woelders et al., 2017).  

To address this, wearable light sensors have been developed for monitoring light exposure on 

human.  Compared  to  traditional  optical  detectors,  these  sensors  are  compact,  capable  of 

continuously  recording  data, lightweight,  and  portable,  enabling  detailed  monitoring  of  light 

exposure across diverse settings. Due to their portability, measurements are taken in constantly 

changing environments, and determining the measurement accuracy is of critical importance in 

terms  of  evaluating  the  measurements  to  be  taken.  Although there are standards used to 

determine the performance of luminance meters, there is a need to define quality metrics for 

these new devices (ISO/CIE 19476:2014). There is a necessity to develop novel methods for 

optically  characterizing  these  sensors  and  validating  the  accuracy  of  their  measurements, 

distinguishing them from conventional detectors. Furthermore, ensuring the traceability of these 

devices is important for the reliability of the data obtained.

The  22NRM05  MeLiDos  project,  titled  "Metrology  for  Wearable  Light  Loggers  and  Optical 

Radiation  Dosimeters,"  aims  to  identify  and  solve  problems  related  to  the  measurement  and 

calibration  of  wearable  light  logging  devices  and  optical  radiation  dosimeters. Through 

comprehensive analysis of wearable sensors, the project seeks to enhance the reliability and 

obtain traceability of these instruments. In this study, which is a part of this project, presents 

the  optical  characterization  of  two  different  versions  of  commercial  wearable  light  logger 

sensors  from  the  SensiEDGE.  The  investigation  covered  spectral  responsivity,  linearity, 

stability,  and  performance.  The  traceability  of  wearable  light  loggers  was  ensured  and 

measurement uncertainty was calculated.

2  Methods 

Spectral Responsivity Measurements 

[image: ]

The spectral responsivity measurements of the devices were conducted using a monochromator 

and  a  broadband  source.  Measurements  with  a  reference  detector  were  performed  for 
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determin ing the device's spectral response in the visible range from 380 nm to 780 nm with 5 nm steps. 

Measurement results are depicted in Figure 1. 

 

Figure 1 – Spectral responsivity measurement results 

Spectral  mismatch  factor  of  the  wearable  light  loggers  (f1 ’)  are  calculated  using  the spectral responsivity measurements. Spectral mismatch factors of all devices are obtained around 13.

 

Illuminance Measurements With Different Light Source 

[image: ]

The photometric characterization of wearable light loggers was examined using a reference photometer head, illuminant A and LED sources with different correlated color temperatures. All measurements were performed on the 6 m optical bench. In Figure 2, the measurement setup is shown. 

[image: ]

 

Figure 2 – Illuminance measurement setup 

[image: ]
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All  the  wearable  light  loggers  showed  the  errors  at  similar  levels.  Table  1  shows  the 

measurement results and the uncertainties of one of the devices at different illuminance levels 

and by using the lamps with different CCTs.  

The results for 2200 K, 3000 K and 6500 K LED lamps were spectrally corrected because of 

the spectral mismatch between the LED lamps and the illuminant A lamp using in the reference 

photometer head calibration. 

The device showed an average error of approximately -25%, while the lowest error was obtained 

for the 6500K LED source.

Table 1 – Illuminance measurements results 

 

Illuminant  Uncertainty  Reference  Wearable Device  Error  Type /  (k=2)  (lx)  (lx)  (%)  CCT  (%)

50               36              -28,0             4,1

Illuminant A /            504              368             -27,0             2,8

2856 K             811               592              -27,0              2,8

2025            1484            -26,7             2,8

8                 6                -25,0               5,2

13                  11                -15,4                4,0 

2200 K LED /               27                 22                -18,5               3,5

44                  36                -18,2               4,5

117              93              -20,5              2,9

17             13            -23,5            3,7

28             22            -21,4            3,3

LED /               56                 45               -19,6              3,2

3000 K 

93             75            -19,4            3,5

247            198            -19,8            3,1

13               10              -23,1              5,7

LED             21               16              -23,8              4,0 

/6500K            42               35              -16,7              5,1

69               58              -15,9              4,2 

183              153             -16,4             3,6

 

Stability Measurements 

[image: ]

Long term and short term stabilities were measured against a 6500K LED source. A photometer 

head with known stability was used to monitor the source's fluctuations. Data was not obtained 

from the fourth device because of the Bluetooth connection problem.

The long term stabilities of the devices were performed for 6 hours and the results are shown

in Figure 3.  
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Figure 3 – The long term stability 

The short term stabilities of the devices were performed for 1 hour and the results are shown in Figure 4 

[image: ]

 

Figure 4 – The short term stability 

 

From the stability measurements, the repeatability and reproducibility were calculated. 

Table 2 – The repeatability and reproducibility values 

No                Repeatability (-)             Reproducibility (-)

1                                0,010                             0,071

 

2                                0,008                            0,072

3                                0,005                            0,004 
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Uncertainty Budget 

[image: ]

 

The model function prepared for the wearable light logger device is defined in Eq. 1, and the 

uncertainty budget is provided below. In this example, under the 6500K LED, the device's 

error uncertainty was calculated to be 4.4%

 

𝐸𝐸        �          (𝑦𝑦−𝑦𝑦𝑜𝑜)−𝛿𝛿𝐶𝐶𝑅𝑅𝑅𝑅 ( 𝐸𝐸 𝐷𝐷 −𝛿𝛿𝐶𝐶 𝐷𝐷 ) −�(1−𝛿𝛿𝑂𝑂𝑅𝑅−𝛿𝛿𝑂𝑂𝐷𝐷) 𝑠𝑠𝑣𝑣+𝑠𝑠𝑣𝑣𝐷𝐷 𝑥𝑥 = � ( � ∗ 100                                  (1) 𝑦𝑦−𝑦𝑦𝑜𝑜 ) −𝛿𝛿𝐶𝐶𝑅𝑅𝑅𝑅

𝑠𝑠𝑣𝑣+𝑠𝑠𝑣𝑣𝐷𝐷

 

uncertainty Source of                  Estimated                                        Probability Symbol Unit Symbol Value Unit   Multiplier Uncertainty Contributions                          Standard Uncertainties value                                           distribution

DUT reading           ED       99,50      lx     u(ED)      2,27      lx       normal      1,0000 

DUT resolution         δCD       0,0        lx     u(δCD)    0,003       lx     rectangular    0,5774

Reference reading       y       137,19      nA      u(y)      0,75      nA       normal      1,0000 

Reference               y0       0,0000      nA      u(y0)     0,0001     nA       normal      1,0000 background Reference resolution    δcRR        0,0        nA     u(CRR)     0,289      nA       normal      1,0000 

Reference luminous      sV       1,179     nA/lx    u(sV)     0,0091    nA/lx     normal      1,0000 responsivity

Reference luminous     sVD        0,0       nA/lx    u(sVD)  -0,0080   nA/lx  rectangular    0,5774 responsivity drift

Optical alignment        δOR        0,0         -      u(δOR)    0,00027      -      rectangular     0,5774 effect of reference

Optical alignment        δOD        0,0         -      u(δOD)    0,00027      -      rectangular     0,5774 effect of DUT

 

Error (%)          Ex  =       -14,5       U =      4,4        k=2

 

3  Conclusion 

In this study, the characterization of a commercially available light logger device was performed 

to  ensure  its  photometric  traceability. The devices have shown  an  average  error  of 

approximately 25%  under different lighting conditions. This  is  due  to  the lack  of  accessories 

designed to ensure geometric homogeneity in the device's design. Therefore, future studies will 

determine  the  impact  of  geometric  responsivity  measurements.These  measurements  can  be 

used for defining some metrics that will provide a standardized framework for evaluating the 

performance  of  wearable  light  loggers,  facilitating  comparisons  across  different  models,  and 

ensuring consistency in measurement practices. In this context, uncertainty components were 

identified, and traceability of the device was established at NMI level. 
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Abstract 

Temporal light artefacts in lighting systems have attracted attention due to their potential negative consequences on human health, visual comfort, and well-being. Among various metrics proposed to quantify temporal light modulation (TLM), the Short-Term Flicker Index (PstLM) and Stroboscopic Visibility Measure (SVM) have been utilized to evaluate visible flicker in light sources. This paper attempts to present the two most prominent metrics for assessing flicker and stroboscopic effects of light sources and present an experimental apparatus using benchtop laboratory equipment for their measurement. The apparatus includes an integrating sphere, a photodetector with a transimpedance amplifier, a low pass filter and an oscilloscope. A power supply and a power analyser were also used. Additionally, the TLM of commercially available light sources is evaluated. Overall, this paper contributes to the understanding of TLM metrics in light sources, proposing a methodology for their measurement aiding lighting professionals in their effort to select optimal LED products.  

Keywords : short term flicker index, stroboscopic visibility meter, LED, solid-state lighting. 

 

1       Introduction 

All artificial light sources are characterized by their ability to modulate their light output at short periods periodically. Temporal light modulation is defined as light intensity that varies (namely modulates) over time. Depending on the type of light source, the temporal light modulation (TLM) can be undetectable and harmless, but in other cases, the modulation is able to result in a variety of negative consequences: from visual discomfort to severe neurological problems for certain categories of individuals, the extent of which depends on the characteristics of the modulation of the light waveform, viewing conditions, and observer. Another term that is commonly used is the term ‘flicker’ which is a change in visual perception, induced by a light stimulus, the luminance or spectral distribution of which fluctuates with time, for a human observer in a specified environment. For many years, researchers have been studying the waveform of the light output in order to develop metrics to predict its impact on human observers. With regards to the legacy light sources, that dominated the lighting market in the past, incandescent lamps typically exhibit a sinusoidal light output with a frequency of100 Hz and a 15% modulation depth (Miller et al., 2023; Roberts & Wilkins, 2013; Wilkins & Clark 1990; Wilkins et al.,1989). This modulation is not perceptible for individuals, unless poor power quality increases it, because the filament’s thermal inertia creates a continuous waveform thus limiting the visual unsteadiness.  Moreover, fluorescent light sources originally required a magnetic ballast to supply the necessary voltage and control the current. These ballasts, operating on 50 Hz AC voltage, create a sinusoidal modulation of the light output at twice the mains frequency, resulting in 100 Hz of temporal light modulation. The modulation per cycle typically varies between 20% and 45%, although in some types of fluorescent light sources can reach up to 100%, depending on the lamp and phosphor used in the coating of the lamp. Reviewing the literature a plethora of negative consequences have been linked to flicker exposure in humans, such as eyestrain, visual discomfort, photosensitive seizures, migraines, malaise and exacerbation of autism symptoms. The replacement of magnetic ballasts with electronic ballasts in fluorescent lighting, operating at a much higher frequency of 20,000 Hz to 60,000 Hz resulted in mitigation of the aforementioned effects. Solid state lighting which dominates the lighting market in the western world may show temporal fluctuation of the light output, encompassing a wide range of waveform shapes and frequencies. Temporal light modulation of LED light 
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sources depends on the quality of the LED driver and requires accurate methods for measuring 

the TLM. In contrast, the temporal light modulation of legacy light sources was consistent in 

sinusoidal modulation, so it was simple to determine their temporal light modulation. Over the 

past years, numerous standards and regulations have emerged in order to establish metrics for 

the temporal light modulation and determine methods for their measurement. In particular, the 

International Commission on Illumination (CIE) has devised two technical notes CIE TN 006 

entitled “Visual Aspects of Time Modulated Lighting Systems – Definitions and Measurement 

Models” and CIE TN 012 entitled “Guidance on the Measurement of Temporal Light Modulation 

of Light Sources and Lighting Systems” (CIE, 2021; CIE, 2016). Furthermore, the International 

Electrotechnical Commission has devised two technical reports, i.e. IEC TR 61547-1 and IEC 

TR 63158 for the measurement of the flicker and stroboscopic effect respectively (IEC, 2020; 

IEC, 2018). Finally, the EU Single Lighting Regulation 2019/2020 set specific limits on temporal 

light modulation metrics for all light sources that are commercially available in the European 

Union (European Commission, 2019). Aim of this paper is to present an experimental laboratory 

apparatus comprising of individual components, able to detect and assess the TLM metrics of 

traditional and contemporary LED light sources that are commercially available aiding the 

lighting professionals in their effort to select lighting equipment with non-perceptible flicker, 

thus optimizing visual comfort and performance. 

2       Metric systems for temporal light modulation 

Temporal light modulation in the form of flicker is mostly perceptible in the frequency range of 

0.1–80 Hz. The more noticeable frequency range, however, is closer to the lower end of this 

spectrum. However, studies have found that the more visible frequency range is near the lower 

end of this range with the most sensitive range being around 5–20 Hz. The peak of the 

sensitivity is at approximately 8.8 Hz, in which range flicker is visible even when TLM has a 

modulation depth of less than 1%. Flicker visibility is also dependent on the shape of the TLM, 

with rectangular modulations being the most easily perceivable. The upper limit of visible flicker 

at around 80 Hz is related to the critical flicker fusion frequency (CFF), which is around 60–100 

Hz for most people. CIE uses CFF = 80 Hz. Even if the light source has TLM with frequencies 

higher than the CFF, the apparent flicker disappears for human observers (Miller et al., 2023; 

Roberts & Wilkins, 2013).  

2.1     Modulation Depth (Percent Flicker) 

The Modulation Depth, also known as Percent Flicker, is a metric defined by the Illuminating 

Engineering Society (Rea, 2000). It is a measure of the maximum light output versus the 

minimum light output in a period (Figure 1). Therefore, it only considers the minimum and 

maximum values of the light waveform without accounting for any differentiation between 

waveform. This is the simplest flicker metric. The modulation depth is defined as: 

 

𝐷𝐷 𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚−𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚  (1)  𝑀𝑀  =  𝑦𝑦  𝑚𝑚𝑚𝑚𝑚𝑚  +𝑦𝑦  𝑚𝑚𝑚𝑚𝑚𝑚

where 

DM   is the modulation depth (or percent flicker), 

ymax  the maximum value of the light waveform, 

ymin  the minimum value of the light waveform.  

 

2.2     Flicker index 

Flicker index is another common metric for temporal light modulation. It is a more 

comprehensive metric, as it requires more calculations than the modulation depth, because it 

takes into consideration the actual shape of the light waveform. Flicker index takes into account 

the area of the waveform above and below the average light output (Figure 2). In other words, 

flicker index specifies the duty cycle of the signal. Hence, a value of zero corresponds to a pure 

DC waveform and a value of unity to a pure AC curve. 
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Figure 1 – Modulation Depth (Percent Flicker) 

[image: ]

 

Figure 2 – Flicker Index 

 

𝐼𝐼                𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1 𝐹𝐹      𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1+𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2 =

(2) 

where 

IF      is the flicker index, 

Area1 the area above the average value of the light waveform, Area2 the area below the average value of the light waveform. 

 

2.3     Short term flicker index (PstLM) 

The short-term flicker index (PstLM) is a standardized metric used to quantify the perception of flicker caused by variations in the light output of lighting systems, particularly LED lights. The short-term visibility index PstLM  has been extensively used to test the immunity of lighting systems to voltage fluctuations. It is now the standard metric for testing flicker at the product level in normal (stable) power supply conditions. This metric has the advantage of being applicable to all types of luminous waveforms: transient, periodic, highly distorted, variable duty-cycle. The calculation of PstLM involves stages that are summarized as follows (CIE, 2021; IEC, 2020; Mantela et al., 2023; Miller et al., 2023): 

● Measurement of light output: The light output of a source is measured over time using

a fast photodetector with a spectral response that matches the photopic luminous efficacy function V(λ).

● Analysis of frequency response: The captured waveform of the light output is analysed

so as to identify the frequency components of flicker. This is typically done using a
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Fourier transform to convert the time-domain signal into a frequency-domain representation.  

● Weighting Function: The frequency components are then weighted according the

photopic luminous efficacy function. This weighting function is based on the sensitivity of the human visual system to different flicker frequencies.

● Statistical Processing: The weighted frequency components are processed statistically

in order to quantify the probability of perception of flicker. This encompasses the calculation of the root mean square (RMS) value of the weighted flicker signal.

● Calculation of PstLM  value: The final PstLM value is derived from the RMS value and

represents the probability that an average observer will perceive flicker. PstLM  is calculated at a time period of at least 180 s, as specified by the IEC TR 61547-1 (IEC, 2020). A value of PstLM  equal to 1, means that the average observer has a 50 % probability of detecting flicker. With values PstLM>1, the chances of the human observer perceiving the light pulsation increase, while with values PstLM<1 the chances of the human observer perceiving the light pulsation decrease. The EU Single Lighting Regulation 2019/2020 also sets the unity as an upper limit for the PstLM  (European Commission, 2019).

2.4     Stroboscopic visibility measure (SVM) 

Stroboscopic effect is a temporal light artefact observed by a static observer in a non-static 

environment, i.e. the observer perceives change in the motion of a moving object illuminated 

by a temporally modulated light source. In more detail, the change in motion perception may be 

caused by a light source, the luminance or spectral distribution of which fluctuates with time. 

The fluctuations can be periodic and non-periodic and may be induced by the light source itself, 

its power supply or other causes. The effects may cause safety hazards as rotating objects may 

appear motionless. Stroboscopic effect is visible up to 2.5 kHz, but the Stroboscopic effect 

Visibility Measure (SVM) is only defined up to 2 kHz (Veitch and Martinsons, 2020). The SVM 

index measures stroboscopic effect while taking human perception curves into consideration. 

As it is with flicker, the visibility of the stroboscopic effect is also dependent on the shape of 

the TLM, with rectangular modulations causing the most easily perceivable effect. The metric 

for the stroboscopic effect used is the “SVM” defined as the Stroboscopic Visibility Measure, as 

specified in the CIE TN 006, IEC TR 63158 and CIE TN 012 (CIE, 2016; IEC, 2018; CIE, 2021). 

A value of SVM = 1 represents the visibility threshold for an average observer to detect the 

stroboscopic effect. The EU Single Lighting Regulation 2019/2020 defines more stringent 

requirements for light sources that are available in the European as it specifies that SVM should 

be limited to values below 0.4 (European Commission, 2019). 

3       Methodology 

The measurements of temporal light modulation were conducted in the Lighting Laboratory of 

the National Technical University of Athens, Greece. In order to measure temporal light 

modulation, the following equipment were used: First of all, an integrating sphere with a 

diameter of 2 m was used as the test chamber. Each light source was placed at the centre of 

the sphere. The presence of stray light was obviously eliminated. A high-speed photodetector 

with a transimpedance amplifier was placed at the port of the sphere for capturing the rapid 

fluctuations in light output. The spectral response of the photodetector was identical with the 

photopic luminous efficacy function. The output of the photodetector was connected to an 

oscilloscope so as to visualize the waveform of the light output and determine the waveform 

characteristics contributing to flicker. The impedance of the photodetector, transimpedance 

amplifier and oscilloscope was matched to ensure the accuracy of the measurements. A low 

pass filter with a 3 db rejection frequency of 2.7 kHz was attached to the output of the 

transimpedance amplifier to exclude high frequency components that could intervene to the 

accuracy of the measurements. The sampling rate of the apparatus was 25 kS/s, higher than 

20 kS/s, complying with the specifications of CIE TN 012 (CIE, 2021). The total record of the 

light waveform was 200 s, sufficient to comply with the requirements of IEC TR 61547-1, IEC 

TR 63158 and CIE TN 012:2021 in order to calculate the short-term flicker index PstLM and the 

stroboscopic visibility measure SVM (CIE, 2021; IEC, 2020; IEC, 2018). For power quality 

assessment, a power analyser was used so as to measure the electrical parameters of the 
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tested light sources. Finally, software capable of processing and analysing the collected data was used to calculate specific metrics. The individual components of the equipment were calibrated in order to ensure precision and repeatability of measurements across different light sources. Figure 3 presents an illustration of the laboratory equipment used for the measurement of the tested light sources. A wide variety of both LED light bulbs and luminaires were selected for the conduction of the measurements.  The set of the tested of light sources consisted of the following: a) Light source 1: Directional LED lamp, b) Light source 2: Directional LED lamp, c) Light source 3: Directional LED lamp, d) Light source 4: LED retrofit lamp, e) Light source 5: Circular LED downlight, f) Light source 6: Circular LED downlight, g) Light source 7: Circular LED downlight, h) Light source 8: LED high bay luminaire, i) Light source 9: LED square panel, j) Light source 10: LED floodlight, k) Light source 11: Square panel with fluorescent lamps (high frequency electronic ballast) and l) Light source 12: Incandescent lamp. Figure 4 presents illustrations of the tested light sources. Light sources 11 and 12 (luminaire with fluorescent lamps and incandescent lamps) are legacy light sources and were used solely for reference purposes. Figure 4 presents the tested light sources.
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Figure 3 – Illustration of the laboratory equipment used for the measurement of the 

tested light sources 
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(a)                                     (b)                                   (c) 
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(d)                                     (e)                                   (f) 
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(g)                                     (h)                                   (i) 
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(j)                                              (k)                                            (l) 
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Figure 4 – (a) Light source 1: Directional LED lamp (b) Light source 2: Directional LED lamp (c) Light source 3: Directional LED lamp (d) Light source 4: LED retrofit lamp (e) 

[image: ]

Light source 5: Circular LED downlight (f) Light source 6: Circular LED downlight (g) Light source 7: Circular LED downlight (h) Light source 8: LED high bay luminaire (i) 

[image: ]

Light source 9: LED square panel (j) Light source 10: LED floodlight (k) Light source 11: 

[image: ]

Square panel with fluorescent lamps (l) Light source 12: Incandescent lamp  

[image: ]
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4       Results 

In this section the results for the measurements of commercially available light sources are presented. Table 1 presents the results for the electrical parameters. The power factor is characterized by high values (>0.9) for all light sources except for light sources 1 and 2. Tables 2 and 3 present the results of the calculations of temporal light modulation metrics, namely PstLM, SVM, Percent Flicker and Flicker Index. Reviewing, the results it is evident that even light sources with poor power quality (i.e. light sources 1 and 2) exhibit a very low short term flicker index almost near zero. Light source 1 is characterized by a modulation depth of about 21% with an SVM≈0.51. Light source 2 is characterized by a modulation depth of about 10% but with an  SVM≈0.32.  LED  light  sources  3-10 exhibit high power quality but their temporal light modulation varies from specimen to specimen. LED light source 3 produces neither flicker nor stroboscopic effects, because both PstLM and SVM are almost zero. Its percent flicker and SVM are even lower than the incandescent lamp. Light source 4 is characterized by a modulation depth of almost 30%, high SVM but an almost zero PstLM. Light sources 5 and 6 are characterized by excessive values of percent flicker and SVM, but low PstLM. Light source 7 has a modulation depth of approximately 24% and a high value of SVM (SVM≈0.9). Light source 8 is characterized by the worst temporal modulation compared to the other samples. Its modulation depth equals 100%. This means that its light output reaches zero values at some point during its cycle of operation. It produces intense flicker as the value of PstLM is excessively high. Same applies to its stroboscopic effect. Light sources 9 and 10 show similar behavior with regards to their metrics and produce severe stroboscopic effects as their SVM is greater than the unity. Legacy light sources 11 and 12 (i.e. fluorescent with high frequency electronic ballast and incandescent respectively) exhibit almost non-existent temporal modulation. The results of our measurements can lead to significant interpretations: One important aspect is that even light sources with high power quality are able to produce temporal light modulation that could be perceptible by individuals. Furthermore, the short-term flicker index PstLM is not necessarily linked to the SVM. In other words, a light source can exhibit high values of SVM but low PstLM. Light sources with approximately the same PstLM (e.g. light sources 2-4,9) may exhibit variations in their other temporal light modulation metrics. Additionally, light sources with a noticeable percent flicker (e.g. light sources 5,6,9,10) are characterized by low values of PstLM  but high values of SVM.  According to the opinion of the authors, all four metrics are recommended to facilitate the evaluation of the TLM performance of LED light sources, with emphasis on the more recent metrics (PstLM, SVM). Performing an overall assessment of the tested LED light sources 1-10 according to the Single Lighting Regulation (European Commission, 2019) only sources 2 and 3 meet all the requirements for temporal light modulation for both TLM metrics (PstLM≤1, SVM≤0.4 at full load). Light sources 1,4-7,9,10 do not fulfill the requirements of the Regulation, concerning the limit of the stroboscopic visibility measure and therefore are not qualified to be commercially available to the European Union. Same applies for light source 8 because it fails both the limits of the short-term flicker index and the stroboscopic visibility measure as set by the Regulation. Figures 5-14 show indicatively the light output waveforms of the tested LED light sources 1-10. 
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Table 1 – Electrical parameters 

 

Light                                                Voltag    Current      Power     Power sourc Type e (V) (A) (W) Factor e 

1         Directional LED lamp                   230.01  0.0440       6.818      0.67451 

 2         Directional LED lamp                    230.01  0.0539       8.687      0.70014 

 3         Directional LED lamp                    230.01  0.0351       7.553      0.93574 

 4         LED retrofit lamp                         230.01  0.0470       10.100    0.93328 

 5         Circular LED downlight                  230.01  0.1080       24.248    0.96863 

 6         Circular LED downlight                  230.01  0.0860       18.898    0.95067 

 7         Circular LED downlight                  230.01  0.0870       19.569    0.97757 

 

 8  LED high bay luminaire                                      172.93 230.01  0.8307     0.90514  0 

 9         LED square panel                       230.01  0.1610       36.473    0.98433 

 10       LED floodlight                           230.01  0.2030       45.136    0.96311 

 11       Square panel with fluorescent lamps  230.01  0.4207       95.513    0.98707 

 12       Incandescent lamp                     230.01  0.3230       74.299    0.99999 

 

Table 2 – Results of temporal light modulation for light sources 1-6 

Light source     1             2             3             4             5             6 

 

PstLM             0.0398       0.0566       0.0512       0.0559       0.3266       0.2428 

 

SVM         0.5115      0.3182      0.0085      1.0674      1.4049      2.1721 

 

Percent         21.394       10.131       0.722        28.375       47.458       57.460 Flicker (%) 

Flicker Index  0.04369     0.02587     0.00105     0.08709     0.11480     0.17740 

 

Table 3 – Results of temporal light modulation for light sources 7-12 

Light source     7             8             9             10            11            12 

 

PstLM             0.1266       1.7918       0.0571       0.0636       0.1166       0.012 

 

SVM         0.8757      4.0957      1.1856      1.0983      0.0825      0.3850 

 

Percent         23.674       100.000      31.134       29.481       3.218        10.112 Flicker (%) 

Flicker Index  0.07140     0.42540     0.09648     0.09010     0.00690     0.00310 
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Figure 5 – (a) Light output waveform of light source 1 

[image: ]

 

Figure 6 –Light output waveform of light source 2 

[image: ]

 

Figure 7 –Light output waveform of light source 3 
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Figure 8 –Light output waveform of light source 4 
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Figure 9 –Light output waveform of light source 5 
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Figure 10 –Light output waveform of light source 6 
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Figure 11 –Light output waveform of light source 7 
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Figure 12 –Light output waveform of light source 8 

[image: ]

 

Figure 13 –Light output waveform of light source 9 
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Figure 14 –Light output waveform of light source 10 

5       Conclusions 

This paper presented the four most prominent metrics for the evaluation of temporal light 

modulation, namely the modulation depth (or percent flicker), the flicker index the short-term 

flicker index (PstLM), the stroboscopic visibility measure (SVM). Each of these metrics provides 

essential insights into the temporal light modulation (TLM) effects, which are linked to both 

visual comfort and health implications for users exposed to LED lighting. This paper presented 

a laboratory apparatus for the experimental investigation of the aforementioned metrics. The 

apparatus consisted of an integrating sphere, a photodetector, a transimpedance amplifier, a 

low pass filter, an oscilloscope, a power supply and a power analyzer. In order to quantify the 

TLM metrics of commercially available light sources, 10 LED light sources were tested as well 

as 2 legacy light sources, namely 1 luminaire with fluorescent lamps which are operated by a 

high frequency electronic ballast and an incandescent lamp. One important conclusion is that 

high power quality does not necessarily correspond to the absence of temporal light modulation. 

Additionally, the short-term flicker index PstLM  is not necessarily linked to the SVM. In other 

words, a light source can produce high values of SVM but low P stLM. Moreover, light sources 

with approximately the same PstLM may show variations in their other temporal light modulation 

metrics. In overall, all four TLM metrics are recommended to facilitate the evaluation of LED 

light sources. Of course, a priority should be granted to the more recent metrics (PstLM, SVM), 

as stated by the Single Lighting Regulation. While each measure has its strengths, relying on 

a single metric may overlook critical aspects of TLM-related disturbances. Manufacturers and 

lighting professionals should aim to minimize both PstLM and SVM values, in addition to percent 

flicker, to improve the overall quality of LED lighting and reduce the risk of TLM-related 

discomfort or health problems. Future work should emphasize on the refinement of these 

metrics and researching the relationship between the TLM characteristics and the human 

physiological responses. The development of industry-wide standards that consider the 

combined effects of short-term flicker, stroboscopic visibility measure and modulation depth will 

be of paramount importance in establishing qualitative artificial lighting sources. 
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Abstract 

The paper presents the development of a calibration measurement model for a 

goniophotometer, designed to assess measurement uncertainties in the newly established 

lighting laboratory at the Technical University of Gabrovo. The laboratory is accredited unde r 

ISO/IEC 17025:2017 and specializes in photometric and colorimetric measurements of lamps 

and luminaires. The uncertainty budget for the calibration model is created in line with the CIE 

198 methodology, which evaluates uncertainties linked to goniophotom eter corrections, the 

luminous intensity of the standard lamp used in calibration, and the photometric measurement 

conditions. The measurement model and uncertainty budget are presented both in analytical 

and tabular formats. Furthermore, the paper provides example results of goniophotometer 

calibration and corresponding uncertainty calculations using the developed method. This 

approach has been validated and approved by accreditation au thorities, ensuring that the 

laboratory adheres to international standards for luminaire testing and measurement . 

Keywords: goniophotometer  calibration,  measurement  model,  uncertainty  budget, luminous 

intensity,  standard lamp.  

 

1  Introduction 

In 2020, Gabrovo Tech Park was opened at the Technical University of Gabrovo, which 

comprises a laboratory complex for testing, measurement, and calibration. Part of this 

laboratory complex is a specialized new lighting laboratory section, “Ecological, ene rgy-saving 

and electromagnetically compatible lighting, LED, and RES components and technologies,” in 

which photometric and colorimetric measurements of lamps and luminaires are performed using 

a goniophotometer and a spectroradiometer with an integrating sphere. In addition to the 

laboratory's teaching and research activities, it began to be used frequently for testing 

luminaires as a business service for lighting companies and municipalities in Bulgaria. For 

street and industrial luminaires offered in public procurement for state or municipal projects, 

test protocols of the main parameters and characteristics of the luminaires in a laboratory 

accredited according to the ISO/IEC 17025:2017 standard are required  (BDS EN, 2018). The 

Technical University of Gabrovo submitted a request to the executive agency “Bulgarian 

Accreditation Service ”, and in July 2024, the laboratory complex received an accreditation 

certificate according to BDS EN ISO/IEC 17025:2018.  

An important document in the application for accreditation was the methodology for internal 

calibration of the goniophotometer system, which included the uncertainty budget of 

measurements. Initially, the appendix “Table D.3 - Example of uncertainty budget summary for 

luminous flux measurement of an LED lamp or LED luminaire using a goniophotometer ” from 

the EN 13032-4:2015+A1:2019 (BDS EN, 2019) standard was used for the uncertainty budget. 

However, the experts from the executive agency “Bulgarian Accreditation Service” required the 

use of the CIE 198 (CIE, 2011) methodology instead of EN 13032-4, as the goniophotometer is 

internally calibrated using an external calibrated light intensity standard lamp for traceability  

(UNEP, 2016). Consequently, a new measurement model for an uncertainty budget was 

developed for the internal calibration of the goniophotometer, based on the CIE 198 

methodology (Yoshi, 2014; Motyčka, et al., 2018; Petrinska, et al., 2019; Simonot et al., 2021; 

Trampert et al., 2024). This paper describes the design and construction of the goniophotometer 
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system  and  the  development  of  the  measurement  model  for  an  uncertainty  budget  applied  to the accreditation of the new  lighting laboratory according to ISO/IEC 17025:2017. 

2  Exposure 

[image: ]

 Design and construction of the  lighting laboratory with a goniophotometer 

system.  

The measurements of luminous flux, luminous intensity, light distribution curves, beam angle, field angle, luminance at specified vertical photometric angles, glare rating, electric current, active power, power factor, and luminous efficacy of lamps and lu minaires are performed using a goniophotometer measurement system, Lisun LSG -1700B. The goniophotometer system is situated in a rectangular dark laboratory room specially created for such types of measurements, according to the requirements of the Internat ional Commission on Illumination (CIE) – Figure 1. The dark laboratory room has dimensions of 10 × 3.78 m. The distance between the goniophotometer and the constant temperature photodetector is 8 m, which complies with the distance requirement of 5 times t he largest linear dimension of the luminaire or lamp and provides the required accuracy class of below 1% for the automated calculation of luminous intensity (I) ( Czyżewski, 2023). The walls, ceiling, and floor in the room are painted with a black matte low-reflective coating, achieving a diffuse reflection coefficient of ρ ≤ 10%. (Tsankov, 2020; Prihhapso, et al., 2024; Romero, et al., 2020; Sauter, 1995). 

[image: ]
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Figure 1 – Arrangement of the goniophotometer system in the dark laboratory room 
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Figure 2 – Measuring equipment for the goniophotometer in the lighting laboratory 
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The  measuring  equipment  of  the  goniophotometer  is  housed  in  a  19”  measurement cabinet, 

shown in Figure 2, positioned outside the measuring area between the goniophotometer and 

the photodetector, separated by two additional black walls with apertures. An optical aperture 

is built in to reduce the reflected luminous flux f rom surrounding objects to the photodetector. 

The tested luminaire and lamp are installed on a rotating support, and centering along the 

optical axis of the goniophotometer is performed using a laser self -leveling system (Figure 3). 

The fixed photometry detector measures luminous intensity in various spatial directions while 

the light source rotates (Danko, et al., 2022). The mechanical equipment allows for the tested 

luminaire and light sources to be turned around both a vertical and a horizontal axis.  

[image: ]

 

Figure 3 – Positioning and alignment of the standard lamp using a cross-laser leveling system 

[image: ]

The  main  technical  specifications  of  the  automated  goniophotometer  LSG -1700B  and  the 

[image: ]

photodetector  are:  photometry  accuracy  -  class  A;  photometric  systems:  B-β  and  C-  with 

horizontal and vertical axis, shown in Figure 4; photometric angle measurement range: C-plane 

(0 ÷ 360)° and vertical angle                                                  7  = ±180°; luminous intensity range: I = (1 ÷ 10) cd; illuminance 

testing range: E = (0.001 ÷ 99 999) lx; stray light  0.1 %; photometric test precision 2 % under 

CIE standard illuminants; maximum size of the testing luminaire at C- system: diameter 1600 

mm × depth 550 mm (CIE 70, 1987; CIE 121, 1996).    

[image: ]

 

Figure 4 – Working diagram of the goniophotometer 
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The luminous intensity standard lamp SLS-150W used for calibrating the LSG-1700B goniophotometer has the following characteristics : light intensity I = 399.26 cd; rated direct current 6.1100 A (DC); nominal voltage: 30 V (DC); correlated colour temperature Tc = 3195 K. 

The calibration of the goniophotometer system is carried out in an air -conditioned room under an ambient temperature of 24ºC ± 2 ºC, according to BDS EN 13032-1:2004 +A1:2012, and relative  humidity  ≤  70%rh.  These  parameters  are  displayed  by  a  calibrated  digital thermohygrometer installed in lighting laboratory.  

[image: ]

 

Determination of the measurement model for the goniophotometer system 

The  measurement  of  photometric  and  electrical  quantities  of  lamps  and  luminaires  usually depends on many parameters, and an  exact evaluation is demanding and time -consuming. An uncertainty budget states the model, lists all quantities mentioned in the model, and provides a specified amount of information for each entry. The evaluation of the uncertainty budget for the calibration of the LSG-1700B goniophotometer system is defined based on the methodology in CIE 198-SP1.2:2011, “Examples for Models with Individual Inputs”  (CIE, 2011). 

The  developed  uncertainty  model  is  complex  and  consists  of  three  equations :  the  correction factor  of  the  goniophotometer corPR (CIE,  2011,  p.  53),  the  correction  factor  of  the  luminous intensity standard lamp corSR (CIE, 2011, p. 68), and the luminous intensity of the calibrated photometer Ics.  

The correction factor of the goniophotometer corPR is defined by model (1): 

 

corPR = +  1 2d / d +  T + g ( ) (  −     −  t P Pstray ), ,                               (1) P PS aP P P P P

where quantities for model (1) are: 

dP/dPS = (0  0.5) mm/8000 mm - alignment of photometer head within interval with Rectangular 

Probability Distribution (RPD), converted into standard measurement uncertainty u( dP/dPS) = 0.5/(8000  √3) = 0.00003608, type B with degrees of freedom  → , no correlation; 

          -1 P = 0.0040 K - relative temperature coefficient of the photometer head with associated standard 

measurement  uncertainty                   -1 u (  )  =  0.0015  K,  type  B  with  degrees  of  freedom  → ,  no P

correlation; 

TaP  =  1.5  °C  -  above  nominal  ambient  temperature  near  photometer,  stabilized  by  number  of 

readings n   1000  within  an  interval TaPst = 1.7  °C  with  RPD  converted  into  standard measurement uncertainty u( TaP) = (1.7/ √3) = 0.9815  1 °C, type A with degrees of freedom  → , no correlation;

gP  =  0.0°  -  angular  misalignment  of  photometer  head  within  interval |max|  =  1,5°  with  RPD 

converted into standard measurement uncertainty  u(gp(           .       2 P )) = ( 1.5° / 180°)/ √20 = 0.00015; type B with degrees of freedom  → , no correlation; 

βPstray =  0.0017  -  relative  stray-light  correction  within  interval  βPstray = 0.00035  with  RPD 

converted into standard measurement uncertainty u( Pstray) = (0.00035/√3) = 0.00020; type B with degrees of freedom  → , no correlation; 

                  -1 P  =  0.002  year  -  relative  ageing  coefficient  of  the  photometer  with  associated  standard 

measurement uncertainty                    -1 u (  ) = 0.0010 year; type B with degrees of freedom  → , no P

correlation; 

tP  =  1.5  year  -  time  since  calibration  of  the  photometer,  no  measurement  uncertainty  due  to 

documentation, no correlation. 

 

The correction factor of the luminous intensity standard lamp corSR is defined by model (2): 

𝑐𝑜𝑟𝑆𝑅 = (1 + 2𝛥𝑑𝑆𝑅/𝑑𝑃𝑆 + 𝛼𝑆𝑅𝛥𝑇𝑎𝑆𝑅 + ℎ𝑆𝑅(𝜈𝑆𝑅) + 𝑘𝑆𝑅(𝜙𝑆𝑅) − 𝛾𝑆𝑅𝛥𝑡𝑆𝑅), (2) 

where quantities for model (2) are: 
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dSR/dPR  =  (0   0.5)  mm/8000  mm  -  alignment  of  photometer  head  within  interval  with   RPD, 

converted  into  standard  measurement  uncertainty u(dP/dPS)  =  0.5/(8000 √3)  = 0.00003608, type B with degrees of freedom  → , no correlation; 

TaSR  =  2  °C  -  above  nominal  ambient  temperature  near  luminous  intensity  standard  lamp, 

stabilised  by  number  of  readings n   1000  within  an  interval TaPst = 1.7  °C  with  RPD converted into standard measurement uncertainty u( TaSR) = (1.7/ √3) = 0.9815  1 °C, type A with degrees of freedom  → , no correlation; 

            -1 SR  =  0.00015  K  -  relative  temperature  coefficient  of  the  luminous  intensity  standard  lamp  with 

associated  standard  measurement  uncertainty                   -1 u (  )  =  0.0006  K,  type  B  with  degrees  of P

freedom  → , no correlation;  

hSR ( SR)  =  0.0  -  misalignment  of  the  luminous  intensity  standard  lamp,  with  the  estimated 

measurement uncertainty u(hSR ( SR)) = 0.0002, type B with degrees of freedom  → , no correlation; 

kSR ( SR)  =  0.0  -  angular  shift  (misalignment)  of  the  luminous  intensity  standard  lamp,  with  the 

estimated measurement uncertainty u(kSR ( SR)) = 0.0004, type  B with degrees of freedom  → , no correlation;

SR = 0.0002 1/h - relative ageing coefficient of the luminous intensity standard lamp within interval 

±0.0002  1/h,  with  RPD  converted  into  standard  measurement  uncertainty  u( SR)  = (0.0002 / √3 = 0.00011) 1/h, type B with degrees of freedom  → , no correlation; 

ΔtSR = 2.0 h - burning time measured with negligible measurement uncertainty, no correlation . 

 

The luminous intensity of the calibrated photometer Ics is defined by model (3): 

 

ICS     ICSR      IR .  ( =                     CS corPR +         dCR        J          mP   T )

   . . c J     .        ,                                                                       (3)

   TA          JCR   corSR

where quantities for model (3) are: 

ICSR = 399.26 cd - luminous intensity of standard lamp SLS-150W, certified with relative expanded 

1.5 % (coverage factor k = 2) with a coverage probability of 95%, according to the calibration certificate  №  200-ОИ  /  16/12/2022,  converted  into  absolute  standard  measurement uncertainty u(ICSR) = 399.261.5/2/100 = 2.99445 cd; 

IR  =  0.11  cd  -  resulting  deviation  of  the  averaged  value  of  n  =  10  measurements  of  luminous 

intensity  with  the  goniophotometer  and  luminous  intensity  standard  lamp,  with  changing within  an  interval  ±0.321  cd,  with  RPD  converted  into  standard  measurement  uncertainty u(ΔIR ) = (0.321/√3 = 0.18533) cd, type A with degrees of freedom  → , no correlation; 

TdCR = 3195 K - colour temperature of luminous intensity standard lamp SLS -150W; TA = 2856 K - colour temperature of CIE standard illuminant A; 

mP  =  -0.023  -  mismatch  index  of  photometer  within  interval  with  RPD  converted  into  standard 

measurement  uncertainty u(mP)  = (0.006  /√3  =  0.0035),  type  B  with  degrees  of  freedom  → , no correlation;

cJ  =  1.004  -  calibration  factor  of  the  digital  measurement  system  powered  luminous  intensity 

standard  lamp,  with  coverage  factor k  =  2  and  measurement  uncertainty U(cJ)  =  0.0012, according to the calibration certificate;  

JCS =  6.1100 A - average value of the current for luminous intensity of standard lamp SLS -150W 

with n  =  10  measurements,  with  changing  in  interval JCS=±0.0001  A  with  RPD  converted into standard measurement uncertainty u(JCS) = (0.0001/ √3=0.000115), type A with degrees of freedom  → , no correlation; 

JCR = 6.1100 A - rated current of luminous intensity of standard lamp SLS-150W, specified by the 

manufacturer. 

 

The sensitivity coefficients of the quantities in the model have been derived analytically through 

the  applied  differentiation  of  the  corresponding  quantities  in  formulas  (1),  (2),  and  (3), 

performed in the Mathcad software environment – Figure 5. 
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Figure 5 – Sensitivity coefficients of the quantities in the model, derived analytically through 

differentiation performed in Mathcad software 

The obtained analytical dependencies of the sensitivity coefficients  c i of the quantities xi in the measurement models for uncertainty are shown in Table 1.  

The  combined  measurement  uncertainty uc  of  the  output  quantity  luminous  intensity  of  the calibrated goniophotometer ICS is evaluated from the contributions of the input quantities from models  (1)  and  (2),  which  represent  the  products  of  measurement  uncertainties.  Specifically, the combined measurement uncertainty uc for the output quantity luminous intensity ICS in model (3) is  determined  by  taking  the  square  root  of  the  sum  of  the  squares  of  the  measurement uncertainty  contributions  listed  in  Table  2.  For  better  comparison,  these  uncertainties  are presented in both absolute and relative terms.
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Table 1 – Sensitivity coefficients of the quantities in the measurement models for an 

uncertainty 

№            Quantity                         Sensitivity coefficients 

-                              xi                                                                    ci 

1    Temperature difference ambient 

Relative temperature coefficient of 

2 

the photometer head 

3    Relative stray-light 

Angular       misalignment      of 

4 

photometer head 

5    Alignment of photometer head 

Relative  ageing  coefficient  of  the 

6 

photometer 

Temperature  difference  ambient 

9 

until the standard lamp 

Relative temperature coefficient of 

10 the  luminous  intensity  standard 

lamp 

Angular shift (misalignment) of the 

11 

luminous intensity standard lamp  

Misalignment  of  the  luminous 

12 

intensity standard lamp 

13  Variation in relative distance 

Relative  ageing  coefficient  of  the 

14 

luminous intensity standard lamp 

[image: ]

Correction    factor     of     the 

17 luminous    intensity    standard 

lamp 

[image: ]

Correction    factor     of     the 

18 

goniophotometer 

h 

[image: ]

Luminous intensity of the standard 

19 

lamp

[image: ]

Deviation    of     the     measured 

20 luminous      intensity       under 

calibration 

[image: ]

Colour  temperature  of  luminous 

21 intensity  standard  lamp  under 

calibration

[image: ]

Colour    temperature    of     CIE 

22 

standard illuminant A

[image: ]

Calibration  factor  of  the  digital 

23 measurement system powered 

luminous intensity standard lamp

[image: ]

24  Mismatch index of photometer

[image: ]

 

Value  of  the  current  for  luminous 

[image: ]

25 

[image: ]

intensity of standard lamp

[image: ]
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Table 2 – Uncertainty budget for luminous intensity of the calibrated goniophotometer ICS

 

=                    J          mP   T dCR ( )

Model: ICS    I    +                    CS   corPR  

CSR       R                  J I . . . c      .

   TA          JCR corSR

Abs. 

Degree Absolute Absolute Relative 

Dimen-          stand. 

Quantity        Symbol          Value            Type     of       sensiti-   contribu-contribu-

sion            uncertai

freedom     vities       tion       tion 

nty 

-                              -           -           xi          u(xi)         -         i            ci               ui(y)         urel,i(y)

Correction factor 

corSR  -        0.9999  0.00088  A      1000     -399.71    -0.34986 -0.09 %

source 

Correction factor 

corPR  -        1.0013  0.00484  A      1000     399.66     1.93248  0.48 % 

photometer 

Luminous intensity ICSR     [cd]      399.26  2.99445  B      ∞         1.00206    3.00062  0.75 % of standard lamp 

Deviation of the      I       [cd]      0.11     0.18533  A      10        1.00206    0.18571  0.05 % luminous intensity      R

Correlated colour 

temperature of light 

source under         TdSR    [K]      3195    35        B      ∞         -0.0038    -0.13152 -0.03 %

calibration of  

luminous intensity 

of standard lamp 

Colour temperature 

of CIE standard      TA      [K]      2856    25        B      ∞         -1.4773E-06-0.00004  0.00 % illuminant A  

Calibration factor     cj          [1]         1.004    0.0006    B       ∞          398.59      0.23915  0.06 % current 

Mismatch index      mp      [1]      -0.03   0.0035    B      ∞         44.888     0.15711  0.04 % 

Average value of 

the current for 

JCS     [A]      6.1100  0.00012  A      10        65.495914  0.00753  0.00% 

luminous intensity 

of standard lamp 

Rated current of 

luminous intensity    JCR     [A]      6.1100 

of standard lamp 

Luminous 

intensity of the 

ICS       [cd]     400.19                                         3.61      0.90 %

calibrated 

photometer 

Expanded uncertainty k = 2       7.21      1.80% 

 

The combined uncertainty uc is calculated using the formula: 

 

𝑢 2         2         2        2       2        2      2      2       2       2                      (4)  𝑐  = √𝑢  𝑐𝑜𝑟𝑆𝑅  + 𝑢  𝑐𝑜𝑟𝑃𝑅  + 𝑢  𝐼𝐶𝑆𝑅  + 𝑢  ∆𝐼𝑅  + 𝑢  𝑇𝑑𝑆𝑅  + 𝑢  𝑇𝐴  + 𝑢  𝑐𝑗  + 𝑢  𝑚𝑝  + 𝑢  𝐽𝐶𝑆  + 𝑢  𝐽𝐶𝑅

 

The calculated expanded uncertainty of the luminous intensity (400.19 ± 7.21) cd with a relative expanded  uncertainty U  =  1.8  %  of  measurement  is  obtained  as  the  multiplication  of  the combined standard uncertainty u c and the coverage factor k = 2, which for a normal distribution corresponds to at a coverage probability of approximately 95%  - equation (5):  

U =  =  k u 2 u (5)  c  c
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The  standard  uncertainty  of  measurement  is  determined  in  accordance  with  the  Guide  to 

Expression  of  Measurement  Uncertainty,  according  to  EA-4/02  M:  2022  “Evaluation  of  the 

Uncertainty of Measurement in calibration”. (EA, 2022) 

Table 3 shows the results of 10 measured luminous intensity values,  the luminous intensity of 

the  standard  lamp  SLS-150W,  and  the  calculated  expanded  uncertainty  during  the  internal 

calibration of the goniophotometer system in the new lighting laboratory. 

Table 3 – Calibration results of the goniophotometer system 

Luminous              Deviation 

Measured  Calculated 

intensity of                   of the 

Measurements during calibration                    arithmetic               expanded 

standard                luminous 

mean  uncertainty 

lamp                intensity 

1          2          3          4          5          ICSR, cd      I, cd         I R, cd      U, cd 

399.332  399.346  399.015  399.368  399.383 

6          7          8          9          10        399.26      399.370     0.110        7.21 

399.387  399.390  399.657  399.406  399.411 

 

3  Conclusions 

The development of a measurement model for the uncertainty budget of a goniophotometer has 

been  successfully  adapted  to  the  newly  constructed  goniophotometer  system  in  the  lighting 

laboratory  in  the Tech  Park at the  Technical University  of Gabrovo . This  measurement  model 

provides a sufficiently clear assessment of the levels of uncertainty, satisfying the requirements 

set by the expert group of the executive agency "Bulgarian Accreditation Service." While certain 

aspects  are  subject  to  future  improvement,  the  approval  of  the  measurement  model  for  the 

uncertainty  budget  by  this  expert  group  serves  as  proof  of  its  effectiveness  and  successful 

application. As a result of implementing the measurement model for the uncertainty budget, the 

lighting  laboratory  “Ecological,  Energy  Saving,  and  Electromagnetically  Compatible  Lighting, 

LED, and RES Components and Technologies” received its accreditation certificate according 

to ISO/IEC 17025:2017. 

 

4  Acknowledgement 

This research was funded by the European Regional Development Fund under the Operational Program 

“Scientific  Research,  Innovation  and  Digitization  for  Smart  Transformation  2021-2027”,  Project  CoC 

“Smart  Mechatronics,  Eco-  and  Energy  Saving  Systems  and  Technologies”,  BG16RFPR002-1.014-

0005. 

 

References 

BDS EN 13032-4:2015+A1:2019 (2019). Light and lighting - Measurement and presentation of 

photometric data of lamps and luminaires - Part 4: LED lamps, modules and luminaires.  

BDS EN ISO/IEC 17025:2018 (2018). General requirements for the competence of testing and 

calibration laboratories (ISO/IEC 17025:2017) . 

CIE  70-1987  (1987).  Technical  Report  -  The  measurement  of  absolute  luminous  intensity 

distributions, ISBN 978 3 900734 05 3. 

CIE  121-1996  (1996).  Technical  Report  -  The  Photometry  &  Goniophotometry  of  Luminaires , 

ISBN 978 3 900734 74 9. 

 

197

BalkanLight'2024 Proceedings

 

CIE 198-SP1.2:2011 (2011).  Technical Report - Determination of Measurement Uncertainties in Photometry - Supplement 1: Modules and Examples for the Determination of Measurement Uncertainties, Part 2: Examples for Models with Individual Inputs, ISBN 978 -3-902842-02-2.  

Czyżewski, D. (2023).  The Influence of a  Photometric  Distance  on  Luminance Measurements , Energies, Volume 16  (10):4166, ISSN 19961073, doi: 10.3390/en16104166. 

Danko, M., O. Hock, and J. Sedo (2022). Design of goniophotometer with the automated measuring system, IEEE, International Conference on Applied Electronics (AE) , Pilsen, Czech Republic, 2022, pp. 1-4, ISSN 1805-9597, doi: 10.1109/AE54730.2022.9920105. 

EA-4/02 M: 2022 “Evaluation of the Uncertainty of Measurement in calibration” . 

IES LM-79 -  Approved Method for  the Electrical and Photometric Measurements of Solid -State Lighting Products, Illuminating Engineering Society (2008)  ISBN 978-0-87995-226-6. 

Motyčka, M., J. Škoda, and J. Štěpánek (2018). The calibration of integrating sphere with spectroradiometer with traceability to goniophotometer , IEEE, 19th International Scientific Conference on Electric Power Engineering (EPE) , Brno, Czech Republic, 2018, pp. 1-6, ISBN 978-1-5386-4612-0, doi: 10.1109/EPE.2018.8395971.

Yoshi O., (2014). CIE Speeding Up for Solid State Lighting – Testing & Measurement, Color, and More, CIE Taiwan International Conference, Taipei, May 28, 2014, https://cie-taiwan.itri.org.tw/images/files/ohno%20cie%20taiwan%20talk2.pdf

Petrinska, I., K. Nikolova, D. Ivanov, and K. Georgiev (2019). Estimation of the uncertainty in 

measurement of light distribution of luminaires by means of telecentric photometer , IEEE, 

Second Balkan Junior Conference on Lighting (Balkan Light Junior) , Plovdiv, Bulgaria, 2019, pp. 1-3, ISBN 978-1-7281-2098-0, doi: 10.1109/BLJ.2019.8883663. 

Prihhapso, Y. et al. (2024). Monte Carlo method for determining the uncertainty related to LED street light luminous flux measurement, 10th International Conference on Sustainable Energy Engineering and Application 2022, ICSEEA 2022, Hybrid, Tangerang Sela tan, Indonesia, AIP Conference Proceedings, Volume 3069 (1), 2024, ISSN 0094243X, doi 10.1063/5.0206314.  

Romero, J. A., and C. Caro-Ruiz (2020). Uncertainty Estimation in Luminous Flux Measured with Goniophotometers using Monte Carlo Method, IEEE, IEEE PES Transmission & Distribution Conference and Exhibition - Latin America (T&D LA), Montevideo, Uruguay, 202 0, pp. 1-6, ISBN 978-1-7281-4155-8, doi: 10.1109/TDLA47668.2020.9326176. 

Sauter,  G.  (1995).  Goniophotometry  -  New  calibration  method  and  instrument  design, Metrologia, Volume 32 (1), pp. 685-688, ISSN  00261394, doi: 10.1088/0026-1394/32/6/58. 

Simonot L., F. Reux, S. Carré & C. Martinsons (2021): The Usefulness of Near -Field Goniophotometry Data to Assess Illuminances and Discomfort Glare in Indoor Lighting, LEUKOS, DOI: 10.1080/15502724.2021.1925129  

Trampert K., A. Sperling, J. Ledig, O. Pellegrino, J. Dubard (2024). Good Practice Guide for the consideration of geometric dependencies in the determination of luminous intensity distributions and their uncertainties in goniophotometers, PTB, doi: 10.7795/530.2024 0206C 

Tsankov, P. (2020). Commissioning of a Goniophotometer and an Integrating Sphere with Spectroradiometer in a New Lighting Laboratory at the Technical University of Gabrovo, International Scientific Conference UNITECH 2020, 20 -21 November, Gabrovo, pp. I-141-146, ISSN 1313-230X. 

UNEP  (2016).  Good  Practices  for  Photometric    -  Guidance  Note,  February  2016, http://www.enlighten-initiative.org/portals/0/documents/Resources/publications/  Good_practices_for_photometric_laboratories_February%202016.pdf

 

198

BalkanLight'2024 Proceedings

 

DAYLIGHT PERFORMANCE IN OFFICE BUILDINGS WITH DIFFERENT 

DEPTHS – THE CASE OF THE TURKIYE’S MUNICIPAL TYPE TOWN 

PLANNING CODE 

Aydın, P.1                1 , Ünver. R

1 Yıldız Technical University, Department of Architecture, Building Physics Unit,  Beşiktaş/ 

İstanbul 

pinarsanli@gmail.com 

 

Abstract 

Due to decreasing energy resources, rising energy costs and the negative impact of energy 

consumption on the environment, artificial energy consumption should be reduced by designing 

natural and artificial lighting systems according to their functions, esp ecially in spaces such as 

"office buildings" that are used throughout the day and where visual comfort must be crucial. 

With the TS EN 17037+A1:2021 Daylight in Buildings" standard, daylight performance can be 

determined using various criteria. 

One of the important variables affecting the daylight performance within the volume is the 

external obstructions, which are often limited by the city's zoning plan/ordinance, etc. According 

to the " Turkiye ’s  Municipal  Type  Town  Planning  Code  "  two  street  widths,  four  window 

orientations, three glass light transmittance factors, a single transparency ratio and two volume 

dimensions with different depths were considered for the working spaces of all floors of 2 and 

8-storey office buildings located in Istanb ul. The daylighting performance was studied in terms

of "Daylight Provision" and " Protection from Glare " from the criteria of the TS EN 17037:2021

standard. Thus, the daylighting performance is determined during the architectural design

phase of the building and information is provided to guide the reduction of artificial lighting

energy consumption.

Keywords: Office, Municipal Type Town Planning Code, TS EN: 17037: 2021, Daylight 

1 Introduction 

Today, sustainability and environmentally friendly design concepts are becoming increasingly important 

due to the rapidly decreasing availability of traditional energy sources, increasing energy demand and 

rising energy costs. While one of the goals of sustainable building design is to meet people's comfort 

needs with natural methods and reduce artificial energy consumption, sustainable lighting design refers 

to an approach that meets visual needs with minimal impact on the environment (Sakınç, 2006). The 

use of natural light as a passive system in architectural lighting is extremely important in terms of 

providing the necessary visual comfort conditions in buildings and to reduce the energy requirements of 

artificial  lighting  in  buildings  to  a  minimum  (Yılmaz,  2014). The standard (TS EN: 17037: 2021) that 

defines the performance criteria for the use of daylight as a passive system in buildings includes the 

criteria determined with the aim of evaluating the daylight performance in buildings and the methods 

that can be used in evaluating the daylight performance (Yılmaz, 2019). External obstructions, which 

are one of the important parameters affecting daylight performance, prevent direct sunlight and skylight 

from entering the volume, depending on their size and location, and reduce the daylight illumination 

level, while they contribute to the illumination level of the interior space to a certain extent by reflecting 

the light coming from the sun, sky and ground. External obstructions and the size and location of the 

building in which the room is located are often limited by laws such as the zoning plan/code of the 

city/settlement (Unver, 2002). 

In this context, a study was carried out to determine the effect of external obstructions at different heights 

and distances on the performance of daylight levels at different depths, and to provide a basis for the 

design of natural lighting. In the report, the issue of daylight illumination as defined in TS EN 17037: 

2021 "Daylight Standard in Buildings" was examined in the context of office functional spaces at different 

depths for Istanbul (41.00°N latitude, 28.97°E longitude) in terms of the limitations of the "Municipal 

Type Town Planning Code ”  /Adjacent  Buildings  "  that  applies  in  Turkiye. The effect of external 

obstructions on daylighting in offices with high occupancy for most of the day according to "Municipal 

Type Town Planning Code”  of  Turkiye" was evaluated, necessary research conducted, and results 

presented. 
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2  Method and Assumptions 

In this paper, according to the "Municipal  Type Town Planning Code ”  of  Turkiye ", adjacent arrangement status, two street widths, four window directions, three glass light transmission factors, a single transparency ratio were considered for the working spaces of all floors of 2 and 8 storey office buildings with different depths in  Istanbul (41.00° North latitude, 28.97° East longitude). The daylighting performance of the offic e rooms in these cases was studied according to the criteria of the TS EN 17037:  2021 standard "Daylight Provision" and "Protection from Glare".  The study methodology can be given as below;  

1. Examination of the external obstructions characteristics of the building based on the road width and building heights given in the "Municipal Type Town  Planning Code'', 2. External  obstructions  that  limit  the  characteristics  of  the  building  and  office  space (location, size, light reflection factor, etc.),

3. Identifying the directions and characteristics of the windows in the office space, 4. Investigation of the daylight performance in spaces according to the two criteria given in the standard TS EN 17037+A1:2021 "Daylight in Buildings", according to the assumptions made in accordance with the determinations, limitations and definitions mad e, 5. To  determine  the  optimal  performance  situations  according  to  the  results  of  the verification,

6. Evaluation of results and suggestions .

In the study, the width of the office space was assumed to be 5.00 m with two different depths. The  depth  was  assumed  to  be  3.00  m  and 7 m,  the  distance  between  the  top of  the  floor  and the  bottom  of  the  ceiling  was  assumed  to  be  3.60  m  and  the  height  of  the  suspended  ceiling was  assumed  to  be  0.40  m.  The  characteristics  of  the  internal  surfaces  in  the  space  were assumed  to  be  matt  and  achromatic.  The  ceiling  reflectance  factor  is  0.70,  wall  reflectance factor  is  0.50  and  floor  reflectance  factor  is  0.20.  The  aluminium  frame  window  without  sun shading element has double glasses with different light transmission factors of 0.4, 0.6 and 0.8. The office structure and external obstructions were assumed to be parallel, continuous and at the same height. As can be seen in Figure 1 and Figure 2, it is supposed that there  is a window in the considered office volume, symmetrical to the volume axis, 3.00 m wide and 1.50 m high, with a transparency ratio (TR) of 0.30. In the study, a room width of 5 m and two different  room depths, 3 m and 7 m, were considered in order to investigate the effect of room depth on daylight illuminance  inside  the  volume.  The  height  of  the  window  parapet  is  0.85   m  and  the  wall thickness (WH) is 0.20 m. The cases where the windows oriented four main directions, namely North, East, South and West, were studied.  

To determine the illuminance distribution within the room, a grid system was used in accordance with  TS  EN  17037+A1:2021  "Daylight  Standard  in  Buildings"  and  TS  EN  12464 -1  on  the horizontal working plane at a height of 0.85 m above the floor for the locati on of the observers. The position of the observers, defined as 3 for the 3m x 5m office and 6 for the 7m x 5m office, was assumed to be 1.2 m above the floor in the occupied area of the room and  orientad the 4 main directions (North, South, East, and West) . 

[image: ]

 

Figure 1 – 3m * 5m ve 7m * 5m Office Plan & Section 

[image: ]

In the calculations, 2 obstruction distances (7.00 m and 25.00 m) and 2 obstruction  heights (7.2 m and 28.8 m) were considered, based on the lower and upper road width limits in the "Municipal  Type Town Planning Code ” of Turkiye for obstruction dimensions. The reflectance factor of the 
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obstacle  was  assumed  to  be  0.30.  In  the  context  of  the  assumptions  considered  in  the  study, 

information on the abbreviations are presented in Table 1. 

Table 1 – Abbreviations  And Codes Used in the Study

LIGHT                          THE CODE OF THE BUILDING           THE 

TRANSPAR

TRANSMISSIO                 ACCORDING TO THE NUMBER OF       CODE 

CITY          DIRECTION                       ENCY 

N FACTOR                   FLOORS, THE DISTANCE FROM THE        OF 

RATIO (TR) 

(LTF)                            OBSTRUCTIONS AND THE HEIGHT       FLOOR 

ISTANB                                                2 STOREY BUILDING:        BASEMEN

IST     NORTH    N        0.8              0.3                                                      F0 

UL                                                          7m Obstruction                T FLOOR 

B2 

distance/7,2 m 

SOUTH    S        0.6                                                 1.FLOOR      F1 

Obstruction height 

(41.00° North 

EAST     E        0.4                       8 STOREY BUILDING:          2. FLOOR      F2 

latitude, 28.97° 

25m Obstruction 

East longitude)                                                                                   B8 

WEST    W                            distance/28,8 m              3. FLOOR      F3 

Obstruction height 

CODE EXPLANATIONS/SCENARIOS                             4. FLOOR      F4 

IST-N-LTF 0.8-TR 0.3-B2-F0: Istanbul -North Facade-Light Transmission Factor 0.8 -Transparency      5. FLOOR       F5 

Ratio 0.3 -2 Storey Building B2 -Basement Floor F0                             6. FLOOR       F6 

IST-D-LTF 0.4- TR 0.3-B8-F4: Istanbul- East Facade- Light Transmission Factor 0.4  - Transparency 

7. FLOOR F7 

Ratio 0.3- 8 Storey Building B8 4.Floor F4  

3  Research and Outputs 

The subject of daylighting in TS EN 17037:2021 'Daylight Standard in Buildings' was addressed 

in the context of the office function for the sky conditions of Istanbul (41.00°N latitude, 28.97°E 

longitude) in accordance with the "Municipal  Type Town Planning Code ” /Adjacent buildings in 

force  in  Turkiye.  The  office  spaces  in  question  were  examined  for  two  criteria  entitled  given 

below, 

•   "Daylight Provision" and

•   "Protection from Glare" in the standart.

[image: ]

Daylight Provision 

In  Istanbul  the  annual  periods  of  providing  the  minimum  and  target  illuminance  levels  in  the 

areas of office workspaces of 3m*5m and 7m*5m (DW35, DW75) in the volume sizes of 2 - and 

8-storey  buildings  (B2,  B8)  in  adjacent  arrangement  were  calculated  using  the  Rhino/Climate

Studio simulation programme, taking into account the meteorological data of Istanbul (41. 00°

north latitude, 28.97° east longitude) by considering the four window orientations ( (North, South,

East,  and  West;  N,  E,  S,  W),  three  light  transmission  factors  (LTF;  0.8,  0.6,  0.4)  and  one

transparency ratio (TR; 0.3). The results are given in Tables 2 and 3.

Table 2 – Annual time (%) of target minimum and target illuminance at workstations on 

each floor for IST-B2-DW35 and IST-B2-DW75-N, E, S, W-LTF 0.8, 0.6, 0.4 and TR 0.3 
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DW35- Minimum Target                                            DW75- Minimum Target Illuminace Level 

B2                      DW35-Target Illuminace Level (ET)                                    DW75-Target Illuminace Level (ET) Illuminace Level (E TM ) (E TM )

 

NORTH

 

EAST

 

H

T

SOU

 

WEST

 

Table 3  – 

Annual time (%) of target minimum and target illuminance at workstations on each floor 

for IST-B8-DW35 and IST-B8-DW75-N, E, S, W-LTF 0.8, 0.6, 0.4 and TR 0.3 

B8   DW35- Minimum Target Illuminace Level                                                  DW75- Minimum Target Illuminace Level 

DW35-Target Illuminace Level (ET)                                                           DW75-Target Illuminace Level (ET)

(ETM)                                                                                                  (ETM)

 

NORTH

 

EAST

 

H

T

SOU

 

WEST

[image: ]

 

Protection from Glare 

[image: ]

The daylight glare probability values of the office workspaces of the 3m*5m and 7m*5m (DW35, DW75)  volume  sizes  of  2  (B2)  and  8  (B8)  storey  buildings  located  in  a  row  in  Istanbul  were calculated  using  the  Rhino/Climate  Studio  simulation  program,  taking  into  ac count  the meteorological  data  of  Istanbul  (41.00°N  latitude,  28.97°E  longitude)  by  considering  four window  orientations  (N,  E,  S,  W),  three  light  transmission  factors  (IGÇ  0.8,  0.6,  0.4)  and  one transparency ratio (TR,  0.3). The calculations were based  on  five working  days  a  week, 8:00-
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18:00 (10 hours/day, 2600 hours/year), and determined the situations where the DGP > 38% 

(disturbing glare) value was exceeded and not exceeded in a maximum of 130 hours (5% of the 

reference period) of the reference period. For this reason, for the control  criterion of daylight 

glare, the situations where DGP ≤ 38 did not cause disturbing glare and therefore any positive 

situation was accepted as medium level. The annual occupancy (%) of the determined annual 

daylight glare probability values in the workspa ces on each floor is shown in Table 4.  

Table 4 – Annual Daylighting Time (%) for Glare Probability in Work Spaces on Each 

Floor for IST-B2-DW35, IST-B2-DW75, IST-YB8-DW35 and IST-B8-DW75- N, E, S, W-LTF 

0.8, 0.6, 0.4

DW35                              DW75 
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4  Assessment 

According to the assumptions of the study, the daylighting performance of the considered office 

spaces was assessed according to the criteria of the TS EN  17037:2021 Daylight Standard for 

Buildings:  "Daylight  Provision"  and  "Protection  from  Glare" .  As  the  two  criteria  of  TS  EN 

17037+A1:2021 "Daylight Standard in Buildings" were addressed in the report, and as there is 

no specification for offices in the standard concerned, the optimum options for the north fa cade, 

which has  a negative  feature  in  terms  of the  daylighting criteria,  were  also considered.  In the 

evaluation  of  the  research  results   (Table  2,  Table  3  and  Table  4)  among  the  total  of  240 

scenarios created for B2-DW35, B2-DW75 and B8-DW35, B8-DW75 for Istanbul (41.00° north 

latitude,  28.  97°  east  longitude),  there  is  no  scenario  with  sufficient  daylighting  if  the  room 

dimensions are 7m*5m (DW75 room depth*room width) according to the TS EN 17037 criteria. 

The 20 scenarios identified as optimal for IST -B2-DW35 and IST-B8-DW35 are shown in Table 

5. 
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Table 5 – The optimal 20 scenarios determined according to the criteria of TS EN 

17037+A1:2021 "Daylight Standard in Buildings  "Daylight  Provision" and "Protection 

from Glare" for office buildings in Istanbul 

Daylight          Daylight 

Provision /        Provision / 

Optimal 20 scenarios identified for Istanbul 

Minimum Target      Target         Protection from Glare 

DW35 

Illuminance Level Illuminance 

E (TM)           Level E (T)

S Medium  No Disturbing Glare DGP≤38  1.  IST-DW35-S-TR 0,3-LTF 0,4-B2-F0  Minimum 

2. Medium  No Disturbing Glare DGP≤38  IST-DW35-W-TR 0,3-LTF 0,6-B2-F0  Minimum 

W Medium  No Disturbing Glare DGP≤38  3.  IST-DW35-W-TR 0,3-LTF 0,4-B2-F0  Minimum 

4. High  No Disturbing Glare DGP≤38  IST-DW35-W-TR 0,3-LTF 0,4-B2-F1  Medium 

5. High  No Disturbing Glare DGP≤38  IST-DW35-E-TR 0,3-LTF 0,6-B2-F0  Medium 

E 6. No Disturbing Glare DGP≤38  IST-DW35-E-TR 0,3-LTF 0,4-B2-F0  Minimum  Medium 

7. High  No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,6-B2-F0  Minimum 

8. High       No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,6-B2-F1  Minimum 

9. High  No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,6-B8-F0  High 

10. High             High       No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,6-B8-F1

11. High             High       No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,6-B8-F2

12. No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B2-F0  Minimum  Minimum 

13. Medium          High      No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B2-F1

N 14. IST-DW35-N-TR 0,3-LTF 0,4-B8-F1       Medium          High       No Disturbing Glare DGP≤38 

15. No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B8-F0  Medium  Medium 

16. Medium          High      No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B8-F3

17. Medium          High      No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B8-F2

18. IST-DW35-N-TR 0,3-LTF 0,4-B8-F4        High            High       No Disturbing Glare DGP≤38 19. High             High       No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B8-F5

20. High             High       No Disturbing Glare DGP≤38  IST-DW35-N-TR 0,3-LTF 0,4-B8-F6

These optimal scenarios were re-evaluated by classifying them in order of importance using the Analytical Hierarchy Process (AHP) method in relation to the  criteria: "Daylight Provision" and "Protection  from  Glare"  in  TS  EN  17037+A1:2021  "Daylight  Standard  in  Buildings".  The importance  levels  of  the  relevant  parameters  were  assumed  from  the  Analytical  Hierarchy Process  (AHP)  rating  scale,  as  shown  in  Table  6.  The  total  score  of  each  scenario  was calculated  by  multiplying  the  weighting  values  determined  by  t he  AHP  method  and  the  range values obtained. The results are presented in Table 7.  

Table 6 – Determination of importance levels of TS EN 17037+A1:2021 "Daylight 

Standard in Buildings" criteria using Analytical Hierarchy Process (AHP)  

1. Daylight Provision/ Target Illuminance Level E(T) 5 

2. Protection from Glare 4 

3. Daylight Provision / Minimum Target Illuminance Level E (TM) 3 
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Table 7 – Analytical Hierarchy Process (AHP) scores of optimal scenarios of Istanbul 

office buildings

The Weighting Values                0.21             0.36        0.28 

 

"Daylight  Provision" TS EN 17037+A1:2021 "Daylight  re  e  )  /  e  /  )o t  c  M  n  t  n  c  re  Standard in Buildings"   n  m  t  t  (Tc h  n  (T  o  h  n  u  e  g  io  e  a  E  ti  la  g  io  aS E  li  l  c  lil is  rg  y  im  in  l  is  rg  y  in  G  v  e  v  a  e  a  te  and   "Protection  a  in  m  a  vta T  v  m  m  ro  T  D  ro  e  roo M  lu  e  D  o  lu  from Glare"  P  Il  L  P  L  P  Il  frT

1      IST-DW35-S-TR 0,3-LTF 0,4-B2-F0         0.1               0.3         0.3    0,213 

2     IST-DW35-W-TR 0,3-LTF 0,4-B2-F0         0.1               0.3         0.3    0,213 3      IST-DW35-E-TR 0,3-LTF 0,4-B2-F0         0.1               0.3         0.3    0,213 

4      IST-DW35-E-TR 0,3-LTF 0,4-B2-F1         0.3               0.6         0.3    0,363 

5      IST-DW35-E-TR 0,3-LTF 0,6-B2-F0         0.3               0.6         0.3    0,363 

6      IST-DW35-E-TR 0,3-LTF 0,6-B2-F0         0.1               0.3         0.3    0,213 

7      IST-DW35-N-TR 0,3-LTF 0,6-B2-F0         0.1               0.6         0.3    0,321 

8      IST-DW35-N-TR 0,3-LTF 0,6-B2-F1         0.1               0.6         0.3    0,321 

9     IST-DW35-N-TR 0,3-LTF 0,6-B8-F0         0.6               0.6         0.3    0,426 10    IST-DW35-N-TR 0,3-LTF 0,6-B8-F1         0.6              0.6         0.3    0,426 11    IST-DW35-N-TR 0,3-LTF 0,6-B8-F2         0.6              0.6         0.3    0,426 12    IST-DW35-N-TR 0,3-LTF 0,4-B2-F0         0.1              0.1         0.3    0,141 13    IST-DW35-N-TR 0,3-LTF 0,4-B2-F1         0.3              0.6         0.3    0,363 14    IST-DW35-N-TR 0,3-LTF 0,4-B8-F1         0.3              0.6         0.3    0,363 15    IST-DW35-N-TR 0,3-LTF 0,4-B8-F0         0.3              0.3         0.3    0,255 16    IST-DW35-N-TR 0,3-LTF 0,4-B8-F3         0.3              0.6         0.3    0,363 17    IST-DW35-N-TR 0,3-LTF 0,4-B8-F2         0.3              0.6         0.3    0,363 18    IST-DW35-N-TR 0,3-LTF 0,4-B8-F4         0.6              0.6         0.3    0,426 19    IST-DW35-N-TR 0,3-LTF 0,4-B8-F5         0.6              0.6         0.3    0,426 20    IST-DW35-N-TR 0,3-LTF 0,4-B8-F6         0.6              0.6         0.3    0,426 

According  to  the  assumptions  considered  within  the  terms  of  the  paper  the  optimal  scenario 

could  not  be  achieved  for  the  cases IST-Y2-DG75  and IST-Y8-DG75  according  to  the  TS  EN 

17037 parameters “Daylight Provision" and "Protection from Glare" . 

5  Conclusion and Suggestion 

In this context, calculations were made according to a total of 240 scenarios, taking into account 

the  workspaces  on  each  floor  of  the  attached  office  building  with  2  and  8  floors  (B2  and  B8) 

and 3*5 m and 7*5 m dimensions, which were created for Istanbul (41.00° north latitude, 28.97° 

east  longitude).  The  total  number  of  scenarios  where  glare  control  was  provided  and  not 

provided  in  the  calculations  for  IST-B2-DW35,  IST-B2-DW35  and  IST-B8-DW75  is  shown  in 

Table 8 and the total number of scenarios where gla re control was provided and not provided 

is shown in Table 9.

Table 8 – Total number of scenarios in which glare control was provided and not 

provided for IST-B2-DW35, IST-B2-DW75, IST-B8-DW35 and IST-B8-DW75 

IST-B2-      IST-B2-      IST-B8-      IST-B8-

DAYLIGHT  PROVISION- Minimum 

Target  Illuminance  Level  E DW35       DW75       DW35       DW75 

(TM) and   (24 Scenarios    (24 Scenarios     (96 Scenarios    (96 Scenarios 

Target Illuminance Level E(T)

in Total)          in Total)           in Total)           in Total)

E (TM)+E (T) Minimum                        1                                           7 

E (TM)+E (T) Medium                                                      1 

E (TM)+E (H) High                               7                              81 

E (TM) Minimum + E (T) Medium              4 

E (TM) Minimum+ E (T) High                   1 

E (TM) Medium + E (T) High                   11                           14 

E (TM) Not Provided + E (T) Minimum                       1                             1 

E (TM) En Az + E (T) Not Provided                                                         4 

E (TM) + E (T) Not Provided                                   23                             84 
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Table 9 – Total number of scenarios showing the degree to which sufficient daylight is 

provided for the IST-B2-DW35, the IST-B2-DW75, the IST-B8-DW35 and the IST-B8-DW75

IST-B2-DW35   IST-B2-DW75   IST-B8-DW35      IST-B8-DW75   

PROTECTION 

(24 Scenarios in (24 Scenarios in (96 Scenarios in (96 Scenarios in 

FROM GLARE 

Total)              Total)              Total)               Total) 

No  Disturbing  Glare 

DGP≤38                 10                13                10                 24 

Disturbing      Glare 

14                11                86                 72 

(DGP>38) 

In  the  study  areas,  the  criteria  of  TS  EN  17037+A1:2021  "Daylight  Standard  in  Buildings"  in terms of " Daylight Provision " and " Protection from Glare " of two-storey and eight-storey (Y2, Y8) buildings located in Istanbul (41.00° North latitude, 28.97° East longitude) were examined and evaluated in terms of their overall values in Table 8 and Table 9. Obtained outcomes can be given as below;  

• No optimal scenarios could be achieved for both IST-B2-DW75 and IST-Y8-DW75 cases. • A  total  of  20  optimal  scenarios  were  determined,  10  for  both  IST-B2-DW35  and  IST-B8-DW75 cases.

• All the scenarios with the highest scores were determined by re-evaluating the total of 20 optimal scenarios  identified  in  the  IST-B2-DW35  and  IST-B8-DW35  cases  with  respect  to  the  criteria "Daylight Provision " and "Protection from Glare" in the TS EN 17037+A1:2021 "Daylight Standard in Buildings" standard, ranked in order of importance using the AHP (Analytical Hierarchy Process) method and located on the north façade.

• 14 of the total 20 optimal scenarios in the  B2-DW35 and İST-B8-DW35 cases are on the north façade.

• In  the  İST-Y2-DG35  and  İST-Y8-DG35  cases,  3  optimal  scenarios  were  obtained  on  the  west façade, 2 on the east façade and 1 on the south façade.

• As the depth of the considered space increases, the annual provision times of the target minimum illuminance  (ETM)  and  target  illuminance  (ET)  in  the  workspaces  on  each  floor  decrease.  As  the depth increases, integrated lighting is required for most of the day, especially in 7*5m offices. • As the depth of the office space increases, the annual disturbing glare levels decrease. While this situation has a positive effect on glare, it has a negative effect on the level of lighting required for function.

• As  the  duration  of  direct  sunlight  on  the  north  façade  is  shorter  than  on  other  orientations,  the annual provision times of the target minimum illuminance (ETM) and target illuminance (ET) in the workspaces on each floor are lower, and the annual duration of disturbing glare is also lower. • In particular, the annual disturbing glare duration is longer on the south-west facades than on the north and east facades.

• It has been shown that new designs are needed to improve glare control, especially for the south façade.

Within the scope of this study, office spaces with different volume depths used throughout the day according to the "Municipal Type Town Planning Code ” of Turkiye for Istanbul (41.00° North latitude, 28.97° East longitude) were considered. Their daylighting performance was evaluated according  to  the  criteria “Daylight  Provision"  and  "Protection  from  Glare"   of  TS  EN 17037+A1:2021  "Daylight  Standard  in  Buildings".  The  results  of  the  evaluation  are  used  to determine design alternatives for natural lighting sys tems in terms of visual comfort, compliance with  standards  and  efficient  energy  use  for  office  buildings  of  different  heights  in  accordance with  the  "Municipal  Type  Town  Planning  Code ”  of  Turkiye  and  to  make  favourable  lighting design  decisions.  Thus,  the  performance  of  daylighting  volumes  of  different  depths  will  be determined  at  the  design  stage,  and  the  energy  required  to  provide  artificial  lighting  will  be reduced. 
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Abstract 

When designing artificial lighting for sports halls, it is crucial to adhere to the specifications laid out in the standard EN 12193, which outlines three lighting classes based on the competition level. These classes dictate the requirements for artificial lighting to ensure optimal visibility and  performance  conditions.  The  most  demanding  of  these  is  the  first  class, designed for international and national competitions. Here, the average horizontal illuminance must exceed 750  lx,  and  the  uniformity  ratio 𝑢𝑢   must  be  greater  than  0.7.  Given  that  sports  halls 

typically have a significant distance between the playing court and the  position where light sources are installed, using luminaries with high light intensity is often  necessary. These light sources,  while  effective  in  delivering  the  required  luminous  intensity,  present  a  unique challenge in meeting the second requirement of the EN 12193 standard, uniformity. Ensuring an  even  distribution  of  light  across  the  playing  surface  is  critical,  not  only  for  athlete performance but also for audience visibility and broadcast quality. Addressing this  issue, we have developed an optimization model based on Genetic Algorithms (GAs). GA are a subset of evolutionary  algorithms  inspired  by  natural  selection  principles,  making  them  ideal  for solving  complex  optimization  problems  through  iterative  processes  of  selection,  crossover, and  mutation.  Our  model  specifically  focuses on the optimal placement and aiming of light sources within the sports hall to meet the requirements  of  the  EN  12193  standard.  The  goal is  to  achieve  a  balance  where  both  the  illuminance and uniformity criteria are satisfied, thereby  providing  ideal  lighting  conditions  for  high-level  competitions.  This  optimization model tackles  two  key  aspects:  the  strategic  placement  of  light  sources  and  the determination  of  their  optimal  aiming  points.  By  simulating  various  configurations  and orientations  of  lights,  the  algorithm  iteratively  searches  for  the  best  solution that maximizes uniformity  while  maintaining  the required illuminance levels. The results obtained from our optimization model are promising,  and  they  were  tested  using  the  lighting  design software Dialux, which is widely recognized  for  its  accuracy  in  simulating  lighting  environments. 

Keywords: sports halls lighting design, genetic algorithm, luminaire placement, aiming points. 

1 Introduction

The decrease of energy consumption has become imperative to create sustainable buildings for the future. Lighting is particularly energy-intensive, representing 25-35% of the total energy consumption of a building. This is especially the case for the lighting of sports halls, where light sources with high power and high luminous flux are used. The design of a lighting system in sports halls involves many variables, which include photometric factors, economic and aesthetic considerations, as well as the effective use of equipment and materials. While different possible design solutions can satisfy the main specifications, finding the optimal solution requires a sophisticated approach. 

One possible way to find the optimal solution is by using the Monte Carlo method to test every possible solution. However, this approach may be excessive and time consuming. A more efficient solution is to develop a model based on GA. GA can solve non-linear optimization problems and, although its usage in engineering applications is well known (Asiedu, 2000), (Fabbri, 2000), (Todorovski, 2006), (Vuletic, 2016) and (Savic & Walters, 1997), its application in solving illumination problems is limited (Evangelos-Nikolaos, 2016), (Coley, 1997) and (Ferentinos, 2005). Previous work, such as the design of light systems for tennis courts and football fields using GA, has shown promise, but also revealed drawbacks (Corcione, 2003). For 

instance, the photometric body  of the light source was modelled using cosine functions ( 2  𝑠𝑠  3  and  𝑠𝑠  ), and the placement positions of the luminaries was predefined. 

In our paper, we developed a GA-based model for the optimal design of a lighting system for sports halls. Our model determines the location and aiming points of the luminaries to achieve the best uniformity ratio 𝑢𝑢 . Unlike previous approaches, the luminous intensity in any direction  0
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Figure 1. – Problem statement 

is modelled using real data for the chosen luminaire, available in its appropriate .IES file. 

The .IES file provides the luminous intensity in tabular format, and we used triple linear 

interpolation to calculate the luminous intensity for specific angle values. 

Since the developed model is used as a proof of concept, only the horizontal illuminance factors 

according to the standard (EN12193, 2018), class 1, are taken into consideration. The numerical 

results from the model were verified using Dialux simulation software, and the results were 

satisfactory and promising. In future work, additional requirements from the standard, such as 

vertical illuminance and glare control, can be addressed to further enhance the model's 

applicability and robustness. 

2       Problem statement 

Designing a sports court lighting system is a complex task that requires meticulous planning 

and adherence to specific standards. The typical scenario involves designing a lighting system 

for a handball court with dimensions of 40 meters by 20 meters. The process involves defining 

the 𝑋𝑋 𝐿𝐿 , 𝑌𝑌   𝑎𝑎𝑎𝑎𝑎𝑎 𝑍𝑍     coordinates of points 𝐿𝐿 𝑖𝑖 𝐿𝐿 𝑖𝑖 𝐿𝐿 𝐼𝐼𝑖𝑖, where the luminaries are placed, and the 

𝑋𝑋                   coordinates of points 𝐴𝐴 , 𝑌𝑌 𝑖𝑖 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎 𝑍𝑍 𝑖𝑖 𝐴𝐴𝐴𝐴 , which represent the aiming points of the luminaries. Each 𝑖𝑖 𝑖𝑖

luminaire point 𝐿𝐿 has its corresponding aiming point 𝑖𝑖𝐴𝐴 . 𝑖𝑖

On Figure 1, an example of a handball sports hall is depicted. The blue dotted lines indicate 

the positions where the luminaries can be placed. These lines represent the so-called bridges, 

which are structural elements of the hall with primary function to hold the ceiling. These bridges 

also have a secondary purpose and serve as platforms for placing the luminaries. 

Consequently, the 𝑌𝑌 𝐿𝐿 and 𝑍𝑍  luminaries are predefined by civil engineers  𝑖𝑖  𝐿𝐿  coordinates for all  𝐿𝐿  𝑖𝑖  𝑖𝑖

during the static planning of the hall, leaving the lighting designer to determine only the 𝑋𝑋 𝐿𝐿𝑖𝑖

coordinate of each 𝐿𝐿 . In Figure 1, four blue points are depicted, each placed on a blue dotted 𝑖𝑖

line, representing the positions of only four luminaries as an example. The red plus signs on 

the court indicate the coordinates of the four aiming points, each corresponding to one 

luminaire. Since the aiming points are positioned on the ground of the handball court, their 𝑍𝑍 𝐴𝐴𝑖𝑖

coordinate is known and equal to 0. 

According to the standard (EN12193, 2018), there are three classes regarding horizontal 

illuminance, determined by the level of competition. In our example, we will design the lighting 

system according to class 1, where: 
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𝑢𝑢 𝐸𝐸𝑚𝑚𝑖𝑖𝑚𝑚 (  𝑜𝑜  =  ≥  0.7,1) 𝐸𝐸  𝑎𝑎𝑎𝑎ℎ

 

𝐸𝐸𝑚𝑚𝑖𝑖𝑚𝑚 (  ≥  0.5,2) 𝐸𝐸  𝑚𝑚𝑎𝑎𝑚𝑚

𝐸𝐸 )  𝑎𝑎𝑎𝑎𝑎𝑎  ≥  750  𝑙𝑙𝑙𝑙  .  (  3

Additionally, different sports organizations have varying recommendations. For instance, the European Handball Federation (EHF) guidelines stipulate that horizontal illuminance must be above 2000 lx. These guidelines must also be considered when designing the lighting system. 

Given the significant distance from the luminaries to the court, a light source with a high luminous flux is essential. Considering these conditions, the primary challenge in sports hall lighting system design is achieving the light uniformity condition rather than the average illuminance of the sports court.  

To summarize, the purpose of this paper is to propose an algorithm based on a GA that autonomously designs a lighting system for sports halls. This algorithm considers the hall geometry, the real photometric body of the light source, and the recommendations from (EN12193, 2018) and EHF guidelines. By doing so, it aims to optimize the lighting system for performance and compliance with established standards. 

3       Mathematical model 

3.1     Point source calculations- light source optical axis plane parallel to 𝑎𝑎 𝐵𝐵

Figure 2 depicts a light source that can be treated as a point light source, located at point 𝐿𝐿. Point 𝐵𝐵 is marked as the location where the illuminance at a point must be calculated. In this scenario, the plane where the light source is situated is parallel to the X0Y plane. More specifically, the optical axis of the light source is parallel to the normal 𝑎𝑎 of the X0Y plane. To 𝐵𝐵 calculate the illuminance at point 𝐵𝐵, due to the point light source at 𝐿𝐿, we can use the following equation: 

𝐸𝐸      𝐼𝐼(𝛼𝛼,𝛾𝛾)⋅𝑐𝑐𝑜𝑜𝑐𝑐 (𝛽𝛽) 𝐵𝐵 (4)  =  ,

𝐿𝐿𝐵𝐵2

where 𝐸𝐸 is the illuminance at point B,  ,  𝐵𝐵  𝐼𝐼  (  𝛼𝛼  ,  𝛾𝛾  )  is the luminous intensity of the light source at  𝐿𝐿

𝐿𝐿𝐵𝐵 is the distance between points 𝐿𝐿 and 𝐵𝐵, and 𝛽𝛽 is the angle between the direction of the light and the normal to the plane at point 𝐵𝐵. This equation helps in determining the precise illuminance at point 𝐵𝐵, considering the positioning and orientation of the light source. 

[image: ]

 

Figure 2. – Point source calculations- cosine rule 

To calculate the luminous intensity in a given direction, we need to determine the angles 𝛼𝛼 and 𝛾𝛾 . The angle 𝛼𝛼  is defined as the angle between the optical axis of the light source and the 
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direction connecting points 𝐿𝐿  and 𝐵𝐵. This angle is crucial for understanding how the light is 

directed towards point 𝐵𝐵. Additionally, the 𝛾𝛾 angle is used to define the C-half plane of the light 

source's photometric body, which describes the distribution of light intensity in different 

directions around the light source. By calculating these angles, we can accurately determine 

the luminous intensity 𝐼𝐼(𝛼𝛼, 𝛾𝛾) at the specified direction. 

If the number of light sources exceeds one, the illuminance at point 𝐵𝐵 from each light source 𝐿𝐿𝑖𝑖

must be individually calculated. To determine the total illuminance at point 𝐵𝐵, the principle of 

superposition should be applied. This involves summing the contributions of illuminance from 

all individual light sources. The following equation can be used to implement this calculation: 

 

𝐸𝐸 𝐼𝐼(𝛼𝛼𝑖𝑖,𝛾𝛾𝑖𝑖)⋅𝑐𝑐𝑜𝑜𝑐𝑐 (𝛽𝛽𝑖𝑖) (  𝐵𝐵  =  ,5) 𝑖𝑖  2  𝐿𝐿  𝑖𝑖  𝐵𝐵

 

𝐸𝐸 𝐵𝐵 = ∑𝐸𝐸𝐵𝐵 ,    ∀𝑖𝑖 ∈ [1, 𝑁𝑁],                                                                        (6) 𝑖𝑖

where                                                                            𝑡𝑡ℎ 𝐸𝐸 𝐵𝐵 is the total illuminance at point 𝐵𝐵 , 𝐸𝐸 𝐵𝐵 is the illuminance at point 𝐵𝐵 due to the 𝑖𝑖 light 𝑖𝑖

source, and 𝑁𝑁 is the total number of light sources. By applying this equation, we can accurately 

compute the cumulative illuminance at point 𝐵𝐵, ensuring that all individual light contributions 

are accounted for. 

3.2     Point source calculations- light source optical axis with arbitrary 

direction 

Figure 3 depicts a more general case, suitable for our problem of interest, where the light 

source's optical axis has an arbitrary direction. From the figure, it can be concluded that the 

light source is placed at point 𝐿𝐿, the aiming point of the luminaire is at point 𝐴𝐴, and the 

illuminance at point 𝐵𝐵 must be calculated. It is evident from the image that the direction 𝐿𝐿𝐴𝐴 is 

the same as the optical axis of the light source. Additionally, the plane in which the light source 

is situated is not parallel to the X0Y plane. 

[image: ]

 

Figure 3. – Point source calculations- optical axis arbitrary direction 

Since finding the angles 𝛼𝛼, 𝛽𝛽, and 𝛾𝛾 is not straightforward as in the previous subsection, we 

must apply the rules of vector analysis to calculate these angles. First, we define three new 

vectors: 𝐴𝐴, 𝐵𝐵, and 𝑎𝑎. The starting point of vector 𝐴𝐴 is defined by the coordinates of point 𝐿𝐿 =

[𝑋𝑋 𝐿𝐿, 𝑌𝑌 𝐿𝐿, 𝑍𝑍𝐿𝐿], and the endpoint of vector 𝐴𝐴 is defined by the coordinates of point 𝐴𝐴 = [𝑋𝑋 𝐴𝐴, 𝑌𝑌 𝐴𝐴, 𝑍𝑍 𝐴𝐴]. The 

same approach is applied for vectors 𝐵𝐵 and 𝑎𝑎. By applying the principles of vector analysis, we 

can calculate the angle 𝛼𝛼  as the angle between two vectors, 𝐴𝐴  and 𝐵𝐵, using the following 

formula: 
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𝛼𝛼        𝐴𝐴⋅𝐵𝐵 = � � ,

(7) 

�𝐴𝐴�⋅�𝐵𝐵�

where " ⋅ " represents the dot product, and �𝐴𝐴� 𝑎𝑎𝑎𝑎𝑎𝑎 |𝐵𝐵| are the magnitudes of the vectors 𝐴𝐴 and 𝐵𝐵 , respectively. This calculation ensures accurate determination of the necessary angle 𝛼𝛼 for light calculations in this more complex scenario. 

Similarly, to calculate the angle 𝛽𝛽, the same formula for calculating the angle between vectors 𝐵𝐵 and 𝑎𝑎 is applied: 

𝛽𝛽        𝐵𝐵⋅𝑛𝑛 = � � .

�𝐵𝐵�⋅�𝑛𝑛� (8) 

 

The same result for 𝛽𝛽 can also be achieved using the Pythagorean theorem for calculating angles, and applying the formula: 

 

𝛽𝛽 = �        � ,                                                            (9) 𝑍𝑍 ��𝑋𝑋 2    2 +𝑌𝑌� 𝐵𝐵 𝐵𝐵

𝐿𝐿

 

where 𝑋𝑋 𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎 𝑌𝑌 are the X and Y coordinates of the point 𝐵𝐵𝐵𝐵, and 𝑍𝑍 is the Z coordinate of the 𝐿𝐿 light source 𝐿𝐿. Additionally, the distance between points 𝐿𝐿 and 𝐵𝐵 is calculated as the magnitude of vector 𝐵𝐵 with: 

𝐿𝐿𝐵𝐵 = �𝐿𝐿𝐵𝐵�. (10) 

After calculating the angles 𝛼𝛼 and 𝛽𝛽, and determining the distance from the light source 𝐿𝐿 to the point 𝐵𝐵, it is necessary to calculate the angle 𝛾𝛾 to identify the correct C-half plane. To calculate the 𝛾𝛾 angle, we will refer to Figure 4. 

[image: ]

 

Figure 4. – Optical axis arbitrary direction 𝛾𝛾 calculation 

First, we define the plane normal to vector 𝐴𝐴. Since vector 𝐴𝐴 is in the same direction as the optical axis of the light source, the plane normal to vector 𝐴𝐴 will be the plane where the light source lies. On this plane, we define vector 𝐶𝐶0, which represents the C-0 half plane of the photometric body. 

We project vector 𝐵𝐵 onto this plane using the following formula for vector projection: 

𝐵𝐵             𝐴𝐴⋅𝐵𝐵 𝑃𝑃 = 𝐵𝐵 − �� ⋅ 𝐴𝐴,

(11) 

𝐴𝐴⋅𝐴𝐴

where 𝐵𝐵 is the projection of vector  onto the plane. This projection helps us align vector 𝑃𝑃 𝐵𝐵𝐵𝐵 with the plane of the light source. Using the formula for calculating the angle between two vectors, we can then calculate the 𝛾𝛾 angle as the angle between vectors 𝐵𝐵 and 𝑃𝑃 𝐶𝐶0, with the following formula: 

 

𝛾𝛾 𝐵𝐵𝑃𝑃⋅𝐶𝐶0 (12)  =  �  �  .  �𝐵𝐵  𝑃𝑃  �⋅�𝐶𝐶0�
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With this approach, we have all the values needed to calculate the luminous intensity at 

direction 𝐿𝐿𝐵𝐵. This comprehensive analysis ensures precise determination of the necessary 

parameters for accurate lighting calculations, enabling the design of an effective and efficient 

lighting system. 

3.3     Photometric body- tabular representation 

After calculating the angles 𝛼𝛼 and 𝛾𝛾, we need to determine the luminous intensity 𝐼𝐼(𝛼𝛼, 𝛾𝛾) in the 

given direction defined by these two angles. The luminous intensity in each direction is 

determined by the photometric body of the specific light source. For the purposes of this paper, 

we will use the .IES file from the following luminaire: LEDVANCE FL MAX LUM P 900W 757 

SYM 30 WAL (Ledvance, 2024). 

Figure 5 depicts the content of the .IES file, where the total luminous flux of the luminaire, along 

with its power consumption, is detailed. Additionally, the .IES file includes a tabular 

 

angles, obtained by dividing 90⁰ by 2.5⁰ (         𝑜𝑜 𝛥𝛥𝛼𝛼 = 2.5), and the number of rows is determined by 𝑜𝑜 dividing  360⁰  by  22.5⁰  ( representation of the luminaire’s photometric body. The number of columns defines the 𝛼𝛼

𝛥𝛥𝛾𝛾 = 22.5 ). These 𝛾𝛾  angles represent the C half planes of the 

photometric body. 

[image: ]

 

Figure 5. – Tabular representation of photometric body 

There is a high probability that after calculating the angles 𝛼𝛼 and 𝛾𝛾, the values for these angles 

will not align precisely with the values from the given rows and/or columns in the .IES file. 

Therefore, triple interpolation must be applied to obtain the correct value for the luminous 

intensity. In this paper, linear interpolation is chosen for luminous intensity calculation, and it is 

conducted using the following equations: 

 

𝐼𝐼           ′                        𝐼𝐼�𝛼𝛼′′   ′        ′   ′ , 𝛾𝛾 �−𝐼𝐼 ( 𝛼𝛼 , 𝛾𝛾) ′ ′               ′ ( 𝛼𝛼 , 𝛾𝛾 ) = 𝐼𝐼 ( 𝛼𝛼 , 𝛾𝛾 ) + ( ′′ ′ ⋅ 𝛼𝛼 − 𝛼𝛼),                                                       (13) 𝛼𝛼 −𝛼𝛼

 

𝐼𝐼           ′′                           𝐼𝐼�𝛼𝛼 ′′   ′′        ′   ′′ , 𝛾𝛾 �−𝐼𝐼�𝛼𝛼 , 𝛾𝛾� ′ ′′               ′ ( 𝛼𝛼 , 𝛾𝛾 ) = 𝐼𝐼 ( 𝛼𝛼 , 𝛾𝛾 ) + ⋅ ( 𝛼𝛼 − 𝛼𝛼                                                      (14) ′′ ′ ), 𝛼𝛼 −𝛼𝛼

 

𝐼𝐼                                 ′′       𝐼𝐼�𝛼𝛼   ′′           ′ , 𝛾𝛾 �−𝐼𝐼 ( 𝛼𝛼 , 𝛾𝛾) ( 𝛼𝛼 , 𝛾𝛾 ) = 𝐼𝐼 ( 𝛼𝛼 , 𝛾𝛾 ) + ⋅ (𝛾𝛾 − 𝛾𝛾′).

(15) 

𝛾𝛾′′−𝛾𝛾′

By applying this method, we can accurately interpolate the luminous intensity for any given 

angles 𝛼𝛼  and 𝛾𝛾, ensuring precise lighting calculations based on the .IES file data for the 

specified luminaire. 

4       Genetic algorithm 

4.1     Theory 

The GA, a type of metaheuristic algorithm, employs a biological approach to search for optimal 

solutions. In this method, the variables of interest are represented as arrays, known as 

chromosomes. In each population, or generation, there is a finite number of chromosomes, and 

the values of their variables are selected randomly. For each chromosome in the population, 
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the objective function, known as the fitness function, is calculated. The fitness function value for each individual chromosome determines which chromosomes will be included in the next population, a process known as selection. 

Additionally, an even number of chromosomes are randomly selected, and their variable values are crossed over, creating new chromosomes to be included in the next population. Furthermore, a random selection of chromosomes undergoes mutation through non-uniform mutation to ensure that beneficial traits are preserved. This process helps maintain genetic diversity within the population and aids in the search for an optimal solution. By continuously iterating through these steps, the GA efficiently explores the solution space, striving to find the best possible outcome. Figure 6 depicts the flow chart diagram of the GA, illustrating the step-by-step process of this optimization method. 

[image: ]

 

Figure 6. – GA flow chart 

4.2     Application 

To implement the GA in our case, we first need to define the system variables that will be used to construct the chromosome. In our scenario, we decided to use 52 luminaries, therefore 𝑁𝑁 = 52. These luminaries are placed on each dotted blue line depicted in Figure 1, with 13 luminaries on each row. Since the total number of luminaries is 52, there are 52 𝑋𝑋 coordinates, one for 𝐿𝐿 each luminaire, that must be obtained. Additionally, there are 52 aiming points, each defined by 𝑋𝑋 𝐴𝐴 and 𝑌𝑌 𝐴𝐴 coordinates, that need to be determined from the solution. Therefore, the length of the chromosome is 104 system variables, as 2 times 52 equals 104, as depicted in Figure 7.

[image: ]

 

Figure 7. – Chromosome length 

The entire playground is divided into squares with dimensions of 2.5 x 2.5 meters, resulting in a total of 128 squares covering the entire area, as shown in Figure 8. The number of chromosomes (population) in each generation is set to 60, and the number of generations M is equal to 300. 

In each iteration, there are 60 solutions for the fitness function. Each solution requires the calculation of illuminance at 128 points located in the centre of the squares, from 52 luminaries. After superposition is calculated, the illuminance for each of the 128 points is determined. Then, the average illuminance of the field is calculated, along with the uniformity ratio. 
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In our opinion, when using light sources with high luminous flux, it is easier to achieve the 

required average illuminance rather than uniformity ratio. Therefore, in our model, we set the 

uniformity ratio value as the fitness function. 

[image: ]

 

Figure 8. – Playground 

The following additional constraints are also added to the model: 

10 ≤ 𝑋𝑋 𝐿𝐿 ≤ 66, (16)  𝑖𝑖

 

𝐸𝐸 𝐸𝐸𝑚𝑚𝑖𝑖𝑎𝑎 ≥ 0.5 (17)  𝑚𝑚𝑎𝑎𝑙𝑙

𝐸𝐸 (18)  𝑎𝑎𝑎𝑎𝑎𝑎  ≥  2000 lx.

By setting these constraints GA, we aim to find the optimal placement and aiming of the 

luminaries to achieve the desired uniformity and average illuminance for the playground. 

5       Results 

To test the developed model, we will use data from the handball court depicted in Figure 1. The 

court measures 40 meters in length and 20 meters in width. It is divided into 16 columns and 8 

rows, forming 128 squares, each square with a side of 2.5 meters. The coordinates of the centre 

of these squares are used as possible aiming points and as  points where the illuminance is 

calculated. 

The court has four bridges, marked with a dotted blue line in Figure 1, designated for luminaire 

installation. The 52 luminaries are distributed evenly across these four bridges, with 13 

luminaries per bridge. The mounting height of all luminaries is set to 𝑍𝑍 𝐿𝐿  =  14.5 𝑚𝑚, while the 𝑌𝑌 𝐿𝐿

coordinate of each luminaire is determined by the bridge position, defined as 𝑌𝑌 𝐿𝐿1  =  10 𝑚𝑚, 𝑌𝑌 𝐿𝐿2  =

 24.5 𝑚𝑚, 𝑌𝑌 𝐿𝐿3  =  47.5 𝑚𝑚, and 𝑌𝑌 𝐿𝐿4  =  62 𝑚𝑚. The center of the field is set to 𝑋𝑋𝐶𝐶  =  38 𝑚𝑚 and 𝑌𝑌 𝐶𝐶  =  36 𝑚𝑚. 

The 𝑋𝑋 coordinate of all luminaries, according to the hall geometry, ranges between 10 and 66 𝐿𝐿

meters. 

As stated in the previous section, the GA parameters are set such that the number of 

chromosomes in one generation is 60, and the number of generations is 300. The probability of 

crossover is set to 70%, and the mutation probability is set to 20%. The graphical results from 

the solution are depicted in Figure 9. From these results, it can be concluded that the solution 

is unconventional at first sight, with somewhat random aiming points of the 52 luminaries. 

To validate the obtained results, the numerical results from the GA algorithm were inputted into 

the Dialux software for verification. Figure 10 depicts these numerical results. From the Dialux 

results, it can be concluded that the minimum horizontal illuminance of one of the points is 2010 

lx, the maximum horizontal illuminance is 2911 lx, and the average horizontal illuminance is 

2459 lx. Regarding uniformity, the results are also encouraging. The uniformity ratio of the 

illuminance, defined by equation 1, is 82%, while the ratio between the minimum and maximum 
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illuminance defined with equation 2 is 62%. Both results are promising and satisfy the standard (EN12193, 2018) for class 1 competition regarding horizontal illuminance. 

6       Conclusions 

In this study, we developed and tested an optimization model based on GA to design artificial lighting systems for sports halls, specifically focusing on a handball court. The model aimed to meet the requirements of the EN 12193 standard for first-class international and national competitions, which mandate an average illuminance of over 750 lx and a uniformity ratio 𝑢𝑢0 greater than 0.7. Our approach utilized a GA to determine the optimal placement and aiming points for 52 luminaries mounted on four bridges within the sports hall.  

The results, validated using the Dialux design software, showed that the developed model achieved a minimum illuminance of 2010 lx, a maximum illuminance of 2911 lx, and an average illuminance of 2459 lx. The uniformity ratio was 82%, and the ratio between the minimum and maximum illuminance was 62%, both of which comply with the EN 12193 standard for class 1 competitions and EHF recommendations. 

[image: ]

 

Figure 9. – Graphical results 

[image: ]

 

Figure 10. – Dialux results 
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These promising results indicate that our GA-based optimization model effectively balances the 

illuminance and uniformity criteria, providing ideal lighting conditions for high-level sports 

competitions. 

It is important to note that this algorithm serves as a proof of concept, with the current focus 

solely on horizontal illuminance. Future work will expand the model to include vertical 

illuminance, addressing a more comprehensive set of lighting requirements. This extension will 

further enhance the applicability and robustness of the model, ensuring optimal lighting 

conditions for various sports and events. 
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Abstract 


Chiaroscuro effect is first described in visual arts like painting. One of the few uses of chiaroscuro effect in real life are fireworks. Pyrotechnics (basics of fireworks) are a blend of chemistry, physics, and the aesthetic value of colored light. When humans look at the sky when the fireworks are fired at night, they fixate on coloured flames of fireworks. This effect fascinates millions of people over the world since many centuries. With the changes in technology in the last decades luminous drones present themselves as alternative fireworks. In drone shows light and colour effects can be adjusted as wanted. The colours are in the sky may be not only shapes but also dynamic light drawings or typography using letters or words. Drone shows have less direct effects on nature because there are no explosions of pyrotechniques in the sky. Drone shows are already an innovative alternative to traditional fireworks.  

Keywords : Chiaroscuro, fireworks, drones shows, visual perception

 

1  Introduction: Chiaroscuro Effect 

The chiaroscuro effect, a term originating from the art world, refers to the dramatic contrast between light and shadow, often used to create a sense of depth, volume, and mood. This effect is often achieved by emphasizing the interplay between illumination and darkness, drawing focus to certain elements while leaving others obscured in shadow. In the context of real life, this concept can be explored in the shift from traditional fireworks displays to illuminating drone shows by night, where both the aesthetic impact and technological innovation are reshaping the night sky's visual storytelling. 

The transition from traditional fireworks displays to modern, illuminating drone shows by night reflects a profound shift in how light, shadow, and technology create visual spectacle. The chiaroscuro effect, an artistic term describing the dramatic contrast between light and shadow, is a fitting lens through which to understand this evolution. Below, I’ll outline key scientific and artistic literature that relates to this transition, touching on the chiaroscuro effect, visual aesthetics, and the technological and environmental impacts. 

2  Traditional Fireworks: Chiaroscuro through Explosive Light 

Light and Shadow: Fireworks generate intense bursts of light, exploding against the dark 
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sky. The contrast is stark, as the blackness of the night enhances the brightness of each explosion, akin to the chiaroscuro technique in painting. The short-lived brilliance is followed by darkness, creating a fleeting but powerful contrast that dazzles the viewer. 

Natural Elements: The glowing trails, sparks, and bursts of color from fireworks create 
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organic, somewhat unpredictable shapes. The smoke produced by the explosions adds to the chiaroscuro effect by diffusing light and creating shadows as the fireworks fade. 

Ephemeral Nature: The brief, intense illumination followed by an immediate return to 
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darkness heightens the drama. Fireworks utilize this fleeting contrast to create an emotional impact, combining sound and light in explosive spectacle.

 

3   Drone Shows: Controlled Chiaroscuro through Precision Illumination 

3.1  Structured Light Play: Unlike fireworks, drone shows offer a controlled, orchestrated use of light. Drones equipped with LED lights fly in formations, often creating geometric patterns, 
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images, or animations in the night sky. The chiaroscuro effect here is not as explosive but more 

deliberate, with lights precisely arranged to draw attention to specific shapes while the rest of 

the sky remains dark. 

3.2  Dynamic Illumination: Drones can modulate their lighting, changing colors, brightness, and 

patterns in real-time. This ability to manipulate light allows for more nuanced contrasts between 

light and shadow compared to the randomness of fireworks. Choreographed drone movements 

create sustained light effects that can highlight different areas of the sky, adding depth and 

dimension, reminiscent of how artists use chiaroscuro to guide the viewer’s eye. 

3.3  Innovative Visual Storytelling: Drone shows can create 3D visual illusions by moving in and 

out of formations, where the juxtaposition of lit and unlit drones can emulate chiaroscuro-like 

effects in a more dynamic, story-driven manner. Shadows are less pronounced but still present 

in the negative space between lights, giving shape to the illuminated designs. 

4  Thematic Differences in Lighting 

4.1  Fireworks: The chiaroscuro effect in fireworks is largely chaotic, with the bright light 

overpowering the darkness in short, intense bursts. The unpredictability of fireworks contributes 

to the drama, with the entire experience hinging on the interplay of light against the dark void 

of night. 

4.2 Drone Shows: In contrast, drone shows introduce a more refined form of chiaroscuro, 

where light is strategically used to paint images and messages in the sky. The careful 

choreography of light and dark creates a sense of depth and sophistication, offering an 

extended and controlled viewing experience. Drones can also synchronize with music or 

themes, allowing the chiaroscuro effect to enhance storytelling in ways that are more coherent 

and visually engaging than fireworks. 

5 Environmental and Practical Impact

5.1 Fireworks: The light from fireworks is accompanied by smoke and debris, which add texture 

to the chiaroscuro effect but also pose environmental concerns. The explosive nature of 

fireworks releases pollutants into the air, and the flash of light is transient, with no lingering 

illumination. 

5.2 Drone Shows: The switch to drone shows minimizes environmental damage and avoids 

the use of explosive chemicals. The drones themselves produce no smoke, and their LED lights 

are more sustainable and energy-efficient. The gradual fade in and out of drone lights allows 

for a more controlled and sustained use of the chiaroscuro effect without the environmental 

downside of fireworks. 

5  Emotional and Cultural Shifts 

5.1  Fireworks: Traditionally, fireworks are associated with celebration, their brilliance signifying 

grand events like national holidays, weddings, or festivals. The brief, intense chiaroscuro they 

create mirrors the emotions of excitement and awe, their booming sounds amplifying the effect 

of light and shadow. 

5.2  Drone Shows: Drones, with their quieter, more technologically advanced displays, shift the 

emotional tone. The chiaroscuro here is less about sudden impact and more about storytelling, 

precision, and artistry. This represents a shift from raw spectacle to sophisticated visual 

performance. The absence of explosive noise and the ability to render complex images in light 

and shadow create a more reflective, immersive experience. 

6  Chiaroscuro in Art and Aesthetics 

The chiaroscuro effect has long been a central theme in art, particularly in painting, cinema, 

and stage lighting, as a way to evoke mood, depth, and focus. 
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Leonardo da Vinci was one of the earliest proponents of chiaroscuro in painting in 1490s. His studies on light and shadow, detailed in his notebooks, explore how light can shape form and evoke emotion. The use of chiaroscuro in fireworks, with intense bursts of light illuminating the darkness, mimics the same dramatic interplay da Vinci described in his visual works. His observations laid the foundation for the use of chiaroscuro to guide the viewer’s eye and shape perception. (Gash,1980 , Alton 1995). 

Caravaggio’s works from the late 16th and early 17th centuries epitomize the chiaroscuro effect in painting, using deep shadows and stark contrasts to create tension and drama. This can be compared to the fleeting moments of brilliance in fireworks, where brief, bright illuminations are surrounded by darkness. The unpredictable, explosive nature of fireworks captures the raw emotional power found in Caravaggio’s paintings. (Gash,1980 , Alton 1995). 

Gash (1980) discusses  in his book Caravaggio's revolutionary use of chiaroscuro in painting, relating to the use of light and shadow in modern forms of visual expression, such as fireworks and drone shows. Alton (1995) ,who is a legendary Hollywood cinematographer, explores the application of chiaroscuro in film lighting in his book. He discusses how light can be manipulated to create specific emotional effects. The principles of chiaroscuro from cinema lighting translate well to nighttime drone shows, where lights are precisely placed to evoke controlled emotional responses through visual storytelling. 

7   Traditional Fireworks: Visual and Scientific Aspects 

Fireworks produce dazzling chiaroscuro effects through their explosions of light and the subsequent return to darkness. There are many scientific and environmental studies analyzing their impact, both visually and ecologically. 

In pyrotechnic science the chemical composition of fireworks dictates their brightness and color, with different compounds (such as barium for green and strontium for red) producing various effects. The explosive nature of fireworks creates brief yet intense contrasts between light and darkness. (Russell 2009). 

Environmental and health effects of fireworks are also very important. While primarily scientific, it helps contextualize the shift from fireworks to drones, showing that drone shows are a cleaner, more sustainable alternative. (Cai et al. 2017) 

8  Drone Shows: Technology and Light Art 

Drone light shows have become a modern alternative to traditional fireworks, offering a more controlled use of light that can replicate and even extend the chiaroscuro effect.  Cai (2018) worked about how drones can be used to create a sustained, dynamic chiaroscuro effect, with precision-controlled lighting offering new possibilities for visual expression in the night sky. 

Wilson (2017) examined drone technology in the context of performance art, highlighting how drone shows allow for detailed manipulation of light and shadow in the sky. Drones are used to craft visual compositions where chiaroscuro plays a key role in shaping viewer experience. 

Modern drone shows use LED technology, which allows for precise control over light color, intensity, and duration. Unlike fireworks, drone shows can be programmed to create sustained contrasts, where formations of drones produce illuminated figures against the night sky. This technology offers a new form of chiaroscuro, with the drones acting as "brushstrokes" of light that evolve over time. Lichty  (2020)  explored how drone performances redefine the aesthetic possibilities of light in public spaces. By using controlled lighting from drones, artists can produce chiaroscuro effects that are much more versatile and enduring than fireworks. 

Drone light shows are emerging as a innovative alternative to traditional fireworks, offering reusable, synchronized, and choreographed aerial displays (Zerlenga et al., 2021). These shows utilize advanced automation systems to control multiple autonomous drones, creating complex visual narratives and three-dimensional choreographies in the night sky (Waibel et al., 2017). Drone light shows offer advantages over fireworks, including lower costs and reduced risks (Lanteigne et al., 2017). The implementation of these displays involves transitioning from paper designs to aerial performances, with safety and reliability being key challenges (Zerlenga 
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et al., 2021; Waibel et al., 2017). Ongoing research focuses on optimizing drone control 

systems, such as the "Lead-Follow" approach, to ensure precise trajectories and maintain safe 

separation distances between drones (Lanteigne et al., 2017). 

9  Environmental and Cultural Effects of Fireworks and Drone Shows 

As society becomes more conscious of environmental sustainability, drone shows are emerging 

as a more eco-friendly alternative to fireworks, which produce pollutants and noise. 

The environmental impact of traditional fireworks, showing how drone light shows offer an 

alternative that reduces pollution, light waste, and environmental degradation is discussed by 

Tavares (2020). It emphasizes the role of drone shows in creating sustainable chiaroscuro 

effects without the harmful side effects. 

Cultural impact of to change from fireworks to drone shows is also important. Fireworks have 

been used for centuries in celebrations, representing a shared cultural experience. The shift to 

drone shows not only changes the visual aesthetic but also redefines communal experiences 

of light art in public spaces. The cultural transition from fireworks to drone shows is an example 

for that how technology alters the emotional and aesthetic experience of public celebrations. 

The chiaroscuro effect, once achieved through explosive light, is now reimagined through digital 

and technological means. (O’Toole, 2019). 

10  Recent examples for drone shows 

The technology has gained popularity for high-profile outdoor events, as demonstrated by its 

use in London and Edinburgh's New Year's Eve celebrations (O'malley, 2021). In the opening 

and closing ceremonies of “Euro 2024” (European football championship) and Modern Olympics 

2024 there were also drones sanding for sustainable development and environment. 

11  Conclusion 

The transition from traditional fireworks to drone shows illustrates a shift in how chiaroscuro, or 

the interplay of light and dark, is used to captivate audiences in real-life events. Fireworks rely 

on  intense, chaotic bursts of light against a dark sky to create a dramatic chiaroscuro effect, 

often evoking emotions of excitement and awe. On the other hand, drone shows offer a more 

controlled, artistic application of light, using precision and choreography to craft stories and 

images in the sky. This shift also reflects changing cultural and environmental values, with 

drone shows offering a more sustainable and innovative way to create dramatic, illuminating 

effects against the canvas of the night. 

The chiaroscuro effect—traditionally associated with art and visual media—finds new life in the 

comparison between traditional fireworks and modern drone light shows. While fireworks create 

fleeting, chaotic contrasts of light and shadow, drone shows offer  a more controlled and 

sustainable approach to chiaroscuro, allowing for intricate visual storytelling in the night sky. 

Combination of art and science in both techniques emphasizes how the shift reflects broader 

changes in technology, environmental consciousness, and public spectacle. 
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Abstract 

The type of illumination plays a central role in the perception of surfaces, as intensity, spectral 

composition, and light direction significantly influence the appearance of materials. Given the 

vast variety of material surfaces, this aspect presents a considerable challenge for lighting 

planners and designers, as there are currently no concrete guidelines for using materials in 

conjunction with different lighting concepts. 

In response to these challenges, two systematic laboratory studies on the visual perception of 

materials and their properties were conducted as part of a 3-year research project. The studies 

aimed to develop a systematic model for predicting the aesthetic effect of material surfaces, 

considering both the perception of intrinsic properties of the materials and the confounding 

influences of external lighting factors.  The results suggest the existence of a basic intrinsic 

model of perception, which, however, is potentially subject to additional overarching influences 

from more complex cognitive processing mechanisms.  

Keywords : visual perception, material properties, aesthetic appearance, perception modelling, 

machine learning 

 

1  Introduction 

The visual perception of material properties is a fundamental aspect of understanding our 

environment and plays a critical role in various behavioural decisions (Dant, 2008). This 

perceptual process encompasses not only visual aspects but also complex cognitive processing 

mechanisms, such as memory retrieval and evaluative functions. From the associations evoked 

by natural materials in interior spaces and the interpretative efforts required to understand 

draped fabrics on marble statues to the assessment of slip resistance on smooth surfaces and 

the freshness of food, our subjective judgments are strongly influenced by the visual 

appearances of material surfaces. The sensory stimuli we receive are enriched by both previous 

experiences and innate psychological mechanisms. Consequently, our perception of the 

environment is based primarily on an intrinsic model of reality. 

Given the central importance of materials in relation to both our physical surroundings and 

physical products, gaining a deeper understanding of the relationship between their inherent 

properties and the subjective interpretations they elicit is crucial for a wide range of 

applications. With the increasing prevalence of computer vision technologies, for example, 

process automation (Kwon, 2022) and automated quality control (Wang & Jiang, 2001), such 

as in food inspection (Davies, 2005), are heavily dependent on an accurate perceptual 

characterization of the visual appearance of material surfaces. Moreover, these perceptual 

processes have long been of critical importance in areas such as design, architecture, and 

product development, as material surfaces not only possess functional properties but also serve 

as aesthetic elements that significantly contribute to the visual identity and emotional impact of 

a design. 

In recent years, significant progress has been made in understanding the complex interaction 

between material attributes and human perception (Baumgartner & Gegenfurtner, 2016; Jacobs 

et al., 2014; Martín et al., 2015; Fleming, 2017). Various material properties, such as texture 

(Ho et al., 2008), roughness (Tiest & Kappers, 2007), colour (Sample et al., 2020), and gloss 

(Marlow & Anderson, 2015), have been investigated as potential indicators of perceived 

aesthetic impressions. Most of these studies have focused primarily on evaluating specific 

material types, such as stone (Bianconi et al., 2012), ceramics (Kukkonen et al., 2001), parquet 
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(Bianconi  et al., 2013), and fabric (Carfagni  et al., 2005). Despite numerous insights, the development of a generalized model capable of predicting the aesthetic effects of different materials remains an ongoing challenge. 

Furthermore, current modelling approaches largely overlook the potential influence of lighting conditions. The perception of material-specific properties is determined not only by the material's intrinsic reflective behaviour and the sensory response of the human eye but also significantly by external lighting conditions (Wyszecki & Stiles, 2000). It is well-known that lighting-specific factors, such as light intensity (Fleming, 2017), colour temperature (Yu et al., 2023), and light direction (Zhang et al., 2015), play a crucial role in the perceived appearance of materials. Given this complexity, it is not surprising that there are currently no established guidelines for the combined use of materials and lighting, and decisions in this regard still largely rely on the experience of individual lighting planners and designers. Therefore, further investigation into the effects of lighting-related factors on the aesthetic impact of materials is essential to make the derived principles sustainably and objectively  applicable to design-oriented disciplines. 

The following sections present the results of two consecutive large-scale perception studies conducted with the aim of developing a comprehensive model of the interactions between lighting-specific parameters, perceived material properties, and the resulting aesthetic impressions. The first study focused on evaluating a wide range of materials under a reference lighting condition to identify materials with similar perceived properties. From this analysis, base models were developed to predict the aesthetic impact based on the perceived inherent properties of the materials. Building on this, the second study examined how lighting factors such as brightness, colour temperature, and distribution influence the aesthetic evaluation of selected material surfaces, thereby expanding the base models to incorporate light-related factors. 

The results suggest the existence of a fundamental intrinsic perception model that may be valid regardless of the type of underlying material, although it may be subject to additional overarching influences from more complex cognitive processing mechanisms. These findings represent a first step toward the objective predictability of subjective impressions of material surfaces and provide a foundation for improving future decisions by architects, designers, and manufacturers in the material selection and design process. Moreover, this research contributes to a broader understanding of human perception and cognition, bridging the disciplines of material science and psychology. 

2  Methods 

Study populations 

[image: ]

A total of 115 individuals participated in both studies (Study 1: 50 participants; Study 2: 65 participants). The participant groups were found to be comparable between the studies in terms of gender distribution, average age, and prior experience with materials (see Table 1). The participants in the first study exhibited a slightly lower level of education (Bachelor, Master, or Doctoral degree) and a slightly higher use of visual aids (glasses, bifocals, or contact lenses). 

Table 1 – Description of the study sample. Values are expressed either as mean ± standard 

deviation with range or as count data with the percentage of the corresponding sample size. 

Study 1 (n=50)             Study 2 (n=65) 

Female participants                     33 (66,00)                  39 (60,00) 

Age                                30,12 ± 12,50 (18 – 62)    28,25 ± 9,01 (19 – 59) 

University degree                       14 (28,00)                  24 (36,92) 

Prior experience with materials          20 (40,00)                  25 (38,46) 

Use of visual aids                       29 (58,00)                  32 (49,23) 
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All participants underwent a colour vision test using Ishihara colour charts to screen for colour 

vision deficiencies before the start of the studies. No other exclusion criteria were applied. All 

participants provided written informed consent prior to their participation and received financial 

compensation after full participation (Study 1: €250; Study 2: €300). 

Material selections 

[image: ]

To derive the material-related base models, a total of 612 materials of various types were 

included in the first study. For the evaluation of light-related influences in the second study, this 

number was reduced to 72 materials (see Table 2). The reduction of materials was conducted 

in two rounds. Initially, the 36 most representative materials for each material type were chosen 

based on cluster centroid distances (Weninger et al., 2024), which were then further diversified 

to obtain a representative sample in terms of both material properties and material classes. 

The selected materials in both studies included natural materials as well as artificial products, 

which either aimed for a realistic imitation of natural materials or featured distinctly artistic 

surface designs. Although wood constituted the largest material group in both studies, the 

material selection in the second study proved to be more evenly distributed across material 

classes due to the selection process. All materials in both studies were standardized to a size 

of 50 x 50 cm, with material thickness varying according to the material type and its specific 

requirements. 

Table 2 – Description of the material sample. Values are expressed as count data 

with the percentage of the corresponding sample size. 

Study 1 (n=612)            Study 2 (n=72) 

Woods                           313 (51,14)              25 (34,72) 

Uni-coloured materials                  154 (25,16)                12 (16,67) 

Stones                                54 (8,82)                  14 (19,44) 

Metals                                 28 (4,58)                   8 (11,11) 

Other (e.g. fabric, moss, wallpaper)     45 (7,35)                    13 (18,06) 

Natural materials                        93 (15,20)                  23 (31,94) 

 

Description of the laboratory settings 

[image: ]

Both studies were conducted in a controlled laboratory environment at the facilities of 

Bartenbach GmbH in Aldrans, Austria, with daylight excluded. The walls and ceilings of both 

rooms were kept in  a  neutral  white  (ρ  =  0.85).  The  room  used  for  the  first  study  measured 

approximately 3.65 x 3.90 meters with a ceiling height of 2.80 meters, while the room for the 

second study measured about 4.40 x 4.40 meters with a ceiling height of 2.30 meters. 

[image: ]

 

Figure 1 – Frontal view of the respective evaluation environments of the two studies; left: 

evaluation station with the diagonally arranged lighting prototypes (study 1); right: view into 

the evaluation booth with the grey room-enclosing curtain in the background (study 2). 
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For the material assessment in the first study, two evaluation stations were set up in the centre of the room (Figure 1, left).  The stations consisted of two light grey, height-adjustable desks set at a height of 1.00 meter. The stations were equipped with lighting prototypes designed for the direct illumination of the material samples, which were mounted diagonally across  both desks at a height of 82 cm above the desk surface and were complemented by a neutral white back wall (160 x 80 cm, ρ > 0.80) to prevent visual access to the opposite evaluation station. Additionally, ceiling-mounted  up-lights  were installed on the lighting prototypes to provide general room illumination and diffuse lighting components on the material samples. 

In the second study, the room was centrally equipped with a rotatable round table with a diameter of 2.60 meters. The room was divided into four equally sized cabins (each 2.20 x 2.20 meters) by opaque, neutral grey curtains (ρ = 0.50) extending from the ceiling to the floor and passing through the centre of the table (Figure 1, right). Three of the cabins were used for the study, while the fourth served as area for the study director. The curtains were fixed to the ceiling and walls, ensuring that the lighting conditions in one cabin would not be influenced by those in an adjacent cabin. The rotation of the table was not restricted by the curtains. 

In both studies, the material samples were positioned horizontally on the table surface. The observer positions were defined by chairs fixed to the floor, placed at approximately 0.85 meters from the material sample (measured from the centre of the chair to the centre of the material sample). To prevent any inference of material-specific properties based on different material thicknesses, the materials in both studies were placed within a 5 cm wide, masking passepartout frame made of light grey powder-coated aluminium. 

Characterization of the light conditions 

[image: ]

The reference lighting condition used in Study 1 was defined both in terms of the evaluability of material surface properties and the occurrence of gloss effects, visually assessed using various materials and subsequently measured photometrically. All material samples were illuminated at 5000 K with a horizontal illuminance of 2800 lx and a CRI of 93. The direct lighting component (Luxeon Z-ES, 2200-5700 K) was zoned to focus on the material positioning, providing 2470 lx. The remaining 330 lx were diffusely generated through general room illumination (Bridgelux Vesta Series Tuneable White 2700-5000 K Gen2 29 mm Array). The luminance ratio between the material sample and the surrounding environment was approximately 1/10. The luminance of the back walls was adjusted to the surrounding environment using the lighting prototypes, contributing only a negligible amount to the illuminance on the material samples (< 0.5%). 

The lighting conditions employed in Study 2 were defined using graduated lighting parameters. The specified illuminance levels (150, 500, and 1500 lx), colour temperatures (2200, 3000, and 5000 K), and direct/indirect lighting ratios (direct only, mixed, indirect only) were combined to create a total of 27 different lighting conditions (see Figure 2). Direct illumination of the material surface was provided by a 2x25° spotlight (Bartenbach RMJ/RJR) mounted on the ceiling, positioned normally and centred on the material sample. Indirect lighting was achieved through up-lights installed in the upper corners of the respective cabins behind the observer's position, directed into the room via a mirror system. All installed lighting systems were based on the same LED technology (Nichia E17, 2200-5000 K, CRI 90). To ensure comparability of lighting settings across the evaluation cabins, all settings were individually calibrated for each cabin regarding illuminance, colour temperature, and direct/indirect lighting ratios. 

[image: ]

 

Figure 2 – Luminance images from the viewer position defined for material evaluation for the 

[image: ]

direct/indirect combinations used in study 2 (left: direct only, middle: mixed, right: indirect 

[image: ]

only) for a brightness of 500 lx and colour temperature of 2200 K. 
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Study protocols 

[image: ]

Both studies were conducted as block-randomized studies with repeated measures. In Study 1 

(December 13, 2021, to May 30, 2022), block randomization was based on the number of 

materials (20 blocks of approximately 30 materials), whereas in Study 2 (March 27, 2023, to 

October 6, 2023), the blocks were determined by the 27 lighting conditions. Randomization in 

both studies was applied to both the order of the blocks and the order of materials within the 

blocks. The daily evaluation time in both studies was approximately 3.5 hours. Breaks and the 

consumption of beverages were generally allowed at any time. 

All participants evaluated the materials in the same room, occupying different evaluation 

stations where different materials from the same block were presented. Before evaluating the 

materials, participants in study 1 had approximately one minute to observe the materials from 

different angles before assuming pre-determined positions for the evaluation. In Study 2, an 

adaptation period of at least 5 minutes between lighting conditions was implemented. 

Material rating 

[image: ]

The materials were evaluated using  semantic differentials. In Study 1, 28 bipolar pairs of 

adjectives  were used, addressing both material-inherent properties (13 items) and aesthetic 

effects (15 items). Due to the large number of lighting conditions, the material-inherent items in 

Study 2 were reduced to three essential properties (see Table 3). The scale for each item 

ranged from -100 to +100, and evaluations were made with a step size of 1. The evaluation 

process was supported by software (LimeSurvey, Version 3.24.0+201013,  limesurvey.org) 

using identical tablets. The scales were presented using a horizontal slider, with a neutral 

central starting position and without a numerical display of the current value. The order of the 

items was randomized for each material evaluation. The participants' ratings were assigned to 

the corresponding materials via QR codes attached to the materials, which had to be scanned 

by the participants before the rating using the tablets. All items assessed in both studies were 

presented in German. 

Table 3 – Bipolar pairs of adjectives used for material evaluation, separated into 

material-inherent properties and aesthetic material effects. 

material-inherent properties                        aesthetic material effects 

smooth structure  -  deep structure                  attractive  -  unattractive

coloured  -  colourless*                      modern  -  classic

matte  -  glossy*                          public  -  private

natural  -  artificial*                        high-quality  -  cheap

dark  -  bright                         dismissive  -  inviting

soft  -  hard*                          pleasant  -  unpleasant

smooth  -  rough*                        calming  -  exciting

warm  -  cold                      unobtrusive  -  noticeable

regular  -  irregular*                            usual  -  individual

quiet  -  restless*                       interesting  -  boring

low contrast  -  high contrast*                        real  -  fake

plain  -  complex*                       elegant  -  not elegant

harmonious  -  inharmonious*                     cozy  -  uncomfortable

diverse  -  monotonous

restful  -  stressful

* This item was only presented in Study 1 to reduce evaluation time
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Data analyses 

[image: ]

The raw data collected from both studies were first cleaned for outliers using the 1.5*IQR method. The identification of outliers was conducted separately for each material, evaluated item and, in case of study 2, lighting condition. Detected outliers were removed without substitution. Subsequently, material-related means and standard deviations were derived from the individual evaluations. 

The statistical examination of the influence of lighting conditions on perceived material properties was conducted using a multifactorial ANOVA with the factors brightness, colour temperature, and direct/indirect lighting components. In cases where the data violated the assumption of sphericity, a Greenhouse-Geisser correction was applied. All post-hoc comparisons to determine pairwise differences between the individual classes of the factors were performed with Holm-corrected significance levels. 

To further interpret the results, a regression analysis was performed for both studies. For this, the respective pre-processed datasets were split on an 80-20 basis into training and test datasets, with the split being randomized. Since systematic relationships within the data were assumed, the data split in Study 1 was stratified based on similar material-inherent properties (Weninger et al., 2024), and in Study 2 based on the lighting scenarios, to ensure a proportional distribution within the respective training and test datasets. Modelling was conducted separately for each aesthetic item using a linear regression method. The general applicability of the derived models was determined by the coefficient of determination (R²), which indicates the proportion of variance in the test data explained by the regression model. 

The regression coefficients of material-inherent properties derived from the models were then used to assess their influence on aesthetic material effects. To ensure comparability of feature-related impacts between the different regression models, the regression coefficients were normalized with respect to both their percentage contribution to the respective model and the explanatory power achieved by each model. A one-way ANOVA with the factor material-inherent property was performed for statistical testing. Since the data violated the requirement for equal variance (Levene’s test), a Welch correction was applied. All post-hoc comparisons to determine pairwise differences between models were conducted with Bonferroni-corrected significance levels. 

All data analyses were conducted using JASP software (Version 0.15,  jasp-stats.org) with a significance level of 5% and two-tailed testing. For descriptive analyses, mean (M) and standard deviation (SD) were calculated. The effect sizes of the ANOVA are presented as partial eta-squared values (ηp²), indicating small (0.01 ≤ ηp² < 0.06), moderate (0.06 ≤ ηp² < 0.14), or large effect sizes (ηp² ≥ 0.14).

3  Results 

Impact of Lighting on the Perception of Material Properties 

[image: ]

Regarding the material-inherent properties examined, a significant dependence on the applied lighting conditions was observed across all three factors (p < .001). However, upon closer examination, some of these significant influences appeared to be negligible.  

Pairwise comparisons for the factor of colour temperature revealed significant main effects between all three of the investigated CCT levels (all p < .001, see Fig. 3 left), with the surfaces being perceived as significantly warmer with decreasing colour temperature (2,200 K: -21.25 ± 21.24, 3,000 K: -6.25 ± 24.94, 5,000 K: 6.84 ± 25.60). The main effect showed a very large effect size (ηp² = 0.886). In contrast, the significant main effects of the factors brightness and direct/indirect lighting components were found to be negligible. 

For the factor brightness, pairwise comparisons showed significant main effects between all three brightness levels examined (all p < .001, see Fig. 3  right), with the surfaces being perceived as significantly brighter as illumination increased (150 lx: -2.34 ± 38.82, 500 lx: -11.95 ± 39.21, 1,500 lx: -17.96 ± 38.63). The main effect also showed a very large effect size (ηp² = 0.855). However, the significant main effects of colour temperature and direct/indirect lighting components were found to be negligible. 
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Figure 3 – Boxplots of the mean values of the 72 materials examined in Study 2; left: perceived 

warmth according to the colour temperature of the lighting condition; right: perceived 

brightness according to the brightness of the lighting condition. 

Regarding perceived structural depth, all three factors of the lighting conditions showed 

significant main effects (all p < .001). However, pairwise comparisons indicated that the effects 

of lighting on perceived structural depth were negligible in all cases. Furthermore, no significant 

main effects of lighting on the aesthetic evaluations of the materials were found (all p > .05).

Accuracy of the derived regression models 

[image: ]

In general, the regression models derived for each of the 15 aesthetic items in both studies 

showed a very high quality. With a coefficient of determination R² of 0.800 ± 0.124 in Study 1 

and 0.750 ± 0.071 in Study 2, the achieved average accuracies of both studies were 

comparable.  However, except for  a few isolated models (e.g., quality  +2.96%,  elegance 

+25.67%), most models in the second study experienced a reduction in accuracy compared to

the baseline models derived in Study 1 (Fig. 4).
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Figure 4 – Comparison of the accuracies of the linear regression models 

derived from Study 1 and Study 2 for each aesthetic item. 

Influence of material-inherent properties on aesthetic evaluation 

[image: ]

The pairwise comparisons of the normalized regression coefficients of the material-inherent 

properties in Study 1 identified three distinct groups with different levels of influence on 

aesthetic evaluations (Fig. 5). Both the group with low influence (1.91 ± 2.06%) and the group 

with high influence (10.91 ± 8.77%) each had 5 items. The group with medium influence (5.25 

± 3.84%) included the remaining 3 items. While the groups differed significantly from each other 
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(all p < .001), the items within each group showed no significant differences (all p > .05). The analyses related to the second study pointed to the lack of influence from light-related parameters and thus confirmed the previous results from the statistical evaluations. 
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Figure 5 – Boxplots of the normalized effects of individual material-inherent properties on the 
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aesthetic evaluations of the materials, sorted in ascending order by their respective means. 
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The effect groups derived from the analyses are color-coded in the diagram: low influence 

[image: ]

(white), medium influence (light grey), and high influence (dark grey). 
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4  Discussion 

[image: ]

The results clearly show pronounced and light-dependent main effects, especially in relation to the perceived inherent material properties, which largely correspond to current research (Ho et al., 2008; Yu et al., 2023). The material surfaces, regardless of their materiality, were significantly influenced by the lighting condition in terms of their perceived warmth and brightness (Fig. 3). Lower colour temperatures are therefore suitable for conveying a sense of warmth regardless of the material, while higher illuminance levels lead to a brighter perceived appearance. The objectivity of the altered evaluations of inherent material properties is demonstrated by the fact that these perceptual changes occurred consistently across all materials and participants, meaning the shift in evaluation occurred in the same direction regardless of individual or material-specific factors. 

[image: ]

In addition, the high accuracies achieved by the predictive models in the second study (Fig. 4) further support the assumption of an intrinsic perception model, as derived from the first study. Interestingly, the material properties that have a strong influence on the predicted aesthetic evaluations are very similar to those from the first perception study. This suggests that the models derived from both studies refer to similar effect models, in which the same inherent properties are assumed to have a similarly strong influence on aesthetic evaluation. Thus, the models prove to be transferable across different groups of people, different spatial settings, and, due to the lack of light influence, even across different lighting conditions. 

[image: ]

The lack of light influence on the aesthetic perception of materials can be better explained by examining the regression coefficients of the derived models (Fig. 5). Properties such as harmony and complexity prove to be far more influential than typical properties (e.g., warmth or brightness), whose influence by light and lighting has already been demonstrated. From this perspective, light-induced changes in material perception do not simultaneously entail a change in the aesthetic impact of the material. In this case, the assumption suggests that materials are evaluated as such, and the visually perceived change in the observed material surface is cognitively excluded from the evaluation. 

[image: ]

This kind of constancy is not entirely unknown. It refers to the phenomenon that objects are perceived as stable and unchanging despite variations in environmental factors such as colour 

[image: ]
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temperature or brightness. This mechanism enables a consistently perceived environment, 

allowing objects to be recognized as the same under different lighting conditions, thereby 

facilitating cognitive processing. For example, materials in interior design appear in constantly 

changing luminance and colour nuances due to the variety of lighting conditions throughout the 

day. Nevertheless, their fundamental properties seem to remain largely constant, meaning their 

materiality is referenced by certain material properties without factoring in the changing lighting 

conditions in the perception process. 

Fundamentally, such cognitive effects are only possible under certain and familiar conditions, 

such as a change in lighting conditions within the natural dynamics of daylight. This constancy 

is therefore dependent on experiential knowledge, which allows us to exclude variable features 

from the evaluation. The essential recognition criteria of an object (size, shape, colour) seem 

to be more important than the facets of its appearance. 

5  Conclusion 

Aesthetic experiences cannot be understood independently of neural systems or physiological 

sensors, as they are primarily influenced by perceptual and cognitive processes. They arise 

from the interplay between the recognition and evaluation of emotion and meaning (Chatterjee 

& Vartanian, 2014), making objective evaluation complex and demanding due to their inherent 

subjectivity. As international research is currently striving to derive a general mathematical 

model of human aesthetic appreciation  (Leder & Nadal, 2014), the present results have the 

potential to make a significant contribution toward solving this challenging problem. 

Due to the complexity of the underlying processing mechanisms and perceptual processes, 

deriving a generalized model within the framework of a single study is not feasible. However, 

the presented models can be considered comprehensive baseline models, created under well-

documented lighting conditions, and therefore suitable for multidimensional expansion. In the 

long term, further validation of the potential influence of different lighting conditions could, for 

the first time, enable lighting planners and designers to optimize key building performance 

indicators, such as energy efficiency or melanopic lighting levels, while considering the 

aesthetic effects of material choices. 

However, this will require further research, which should also address long-term and 

intercultural trends to avoid the exclusion of marginalized groups. 
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Abstract 

A panel of 40 Spanish and Japanese adult observers with normal color vision performed lighting 

preference experiments from calibrated images of 6 sliced Iberian sausages samples under 15 

different  illuminations. Results from experiments using the pair comparison and magnitude 

estimation psychophysical methods were highly correlated (r ≥ 0.915). Results from Japanese 

and Spanish observers were also good correlated (r ≥ 0.800) and showed similar trends. We 

can conclude that illumination  may strongly influence  color preferences of sliced Iberian 

sausages. For example, using the pair comparison method, the average lighting preferences 

changed about 5/10  points  (i.e. 50%) for  Spanish observers under tested illuminations. 

Exploring some color quality indices of white lights, we found that the gamut area index (Color 

Res. Appl. 33, 192-202, 2008) provided the highest linear correlations (r ≥ 0.662) with visual 

preferences in our experiments, while the CIE general color rendering and color fidelity indices 

provided poor predictions (r ≤ 0.335).  

Keywords : Lighting preference, food lighting, Iberian sausage, color appearance. 

 

1 Introduction 

It is generally agreed that lighting can significantly influence the visual appearance of foods 

and purchasing decisions, in such a way that appropriate lighting can increase consumers’ 

satisfaction and boost sales (Caivano  &  Buera,  2012). However, we must be aware that the 

influence of lighting on food preferences may depend, among other factors, on the type of food 

considered and the degree of familiarity specific people have with this food. Previous studies 

also reported that in many cases the main lighting parameters influencing food preferences are 

unknown (Barbut, 2004; Masuda & Nascimento, 2013; Özyürek et al., 2020).

To the best of our knowledge, there are no specific studies on lighting preferences for slices of 

premium Iberian sausages. In the current work, we studied lighting preferences of this product 

for two groups of observers from Spain and Japan. Specifically, we considered six commercial 

samples of sliced Iberian sausage (ham, shoulder ham, and loin of pork) produced in Jabugo 

(Spain), which were illuminated by fifteen lights (illuminants or  sources) with different spectral 

power distributions. We analyzed the preference results found in our visual experiments using 

several color quality indices of white lights currently considered by the Technical Committee 1-

91 of the International Commission on Illumination (CIE, 2024). Specifically, we considered the 

color quality indices named correlated color temperature (CCT) (CIE, 2018), CIE general color 

rendering index (𝑅𝑅 𝑎𝑎) (CIE, 1995), CIE general co lor fi delity in dex (𝑅𝑅𝑓𝑓) (CIE, 2017) and Gamut 

Area Index (GAI) (Rea & Freyssinier-Nova, 2008).
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2  Materials and methods 

Figure 1 shows the normalized (Y=100) spectral power distributions (SPDs) of the fifteen lights tested in current paper. Specifically, we have tested the three CIE standard illuminants (A, D50, and  D65),  the  five  phosphor-converted blue LED illuminants (LED-B1 to LED-B5) currently proposed by the CIE (CIE, 2018), and seven light sources (S1 to S7) employed in meat sections of different supermarkets in Spain or Japan. We measured the SPDs of sources S1 to S7 in situ using a portable Konica-Minolta CL-70F spectrometer. 

[image: ]

 

Figure 1 – Normalized (Y=100) spectral power distributions of fifteen lights tested: Three CIE 

standard illuminants A, D50, and D65 (left); LED-B1 to LED-B5 (center) phosphor-converted 

blue LED illuminants proposed by CIE; seven measured light sources, S1 to S7 (right).   

Table 1 shows values of some color quality indices of the fifteen selected lights. As we can see, the  LED illuminants proposed by CIE have  increasing  CCTs  in a relatively large range from 2733 K (LED-B1) to 6598 K (LED-B5), while sources S1-S7 have CCTs in a considerably shorter CCT range (1789 K – 3246 K). This suggests that warm lights have been usually preferred for meats in supermarkets. The range of values of 𝑅𝑅𝑎𝑎 (CIE, 1995), 𝑅𝑅𝑓𝑓 (CIE, 2017) and GAI (Rea & Freyssinier-Nova, 2008) were 77-100, 77-100 and 48-121, respectively. The values of 𝑅𝑅 𝑎𝑎 and 𝑅𝑅 𝑓𝑓 were very similar for all LED illuminants, but not for sources S1-S7 where these two indices can differ by up to 11 points.    

Table 1 – Values of several color quality indices for the fifteen illuminants/sources tested. 

 

Illuminant     CCT (K)       𝑅𝑅 𝑎𝑎 (CIE, 1995)       𝑅𝑅 𝑓𝑓 (CIE, 2017)      GAI (Rea et al., 2008) / Source 

A            2856          100                 100               53 

D50         5001         100                100               88 

D65         6503         100                100               98

LED-B1      2733         82                 84                48 

LED-B2      2998         83                84               55 

LED-B3      4103         85                 85                77 

LED-B4      5109         77                77               83 

LED-B5      6598         80                79               89

S1           1789         82                 77                67 

S2           2189         93                 83                63 

S3           2478          69                 80                121 

S4           2909         90                 81                110 

S5           3208          94                 92                83 

S6           3234          92                 89                90

S7           3246          83                  88                110 
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We selected six commercial  vacuum-packed envelopes of sliced pork Iberian sausages from 

two different manufacturers in Jabugo  (Spain), designated with letters A and B. These six 

samples included four different kind of Iberian pork sausages named ham, shoulder ham, loin, 

and ‘caña de presa’, with cuts made by hand (H) or machine (M). Figure 2 shows the six samples 

used in the visual experiments performed in Spain under D65 illuminant.  

[image: ]

 

Figure 2 – Images of six samples of sliced Iberian sausages used in experiments in Spain under illuminant D65. 1: Ham (H, A); 2: Ham (M, A); 3: Loin (M, A); 4: ‘Caña de 

presa’ (M, A); 5: Shoulder ham (H, B); 6: Loin (H, B). Letters H or M mean cut by hand or 

by machine, respectively. Letters A and B mean two manufacturers in Jabugo (Spain).  

We placed each sausage sample on a tilted grey surface and illuminated it by two symmetrical 

NanGuang CN-600CSA LED sources, providing a nearly uniform illuminance of 4200 lx at the 

center of the sample. Next, we measured the spectral reflectance factors in very small regions 

of the sample  using a 2D Topcon SR-5000 HWS spectroradiometer. The optical axis of the 

spectroradiometer was perpendicular to the sample and the distance from the head of the 

spectroradiometer to the sample was about 1 meter. From these 2D spectroradiometric 

measurements, assuming the CIE 1931 standard colorimetric observer (CIE, 2018) and bearing 

in mind the calibration of the EIZO ColorEdge CG2700X monitors used in visual experiments in 

Spain and Japan, we generated very realistic high-resolution images of each sausage sample 

under the fifteen illuminations indicated in Table 1. We can assume all generated images were 

almost identical to the real samples under the selected illuminations. The reference white in all 

generated  images  had  the  same  average  illuminance  (500  lx)  to  exclude  the influence of 

illuminance level on visual preferences. As an example of change of visual appearance of sliced 

sausage samples with illumination, Figure 3 shows two sausage samples (Ham (M, A) and Loin 

(M, A), Figure 2) under the 5 LED illuminants proposed by CIE (LED-B1 to LED-B5, see Table 

1). Because CCT increases from LED-B1 to LED-B5, the reddish appearance of samples under 

LED-B1 (first column in Figure 3) gradually disappears when we move toward LED-B5.  
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Figure 3 – Images of samples Ham (M, A) (first row) and Loin (M, A) (second row), under 

the five LED illuminants (LED-B1 to LED-B5 in columns 1 to 5, respectively). 

We performed visual experiments in laboratories in Spain and Japan using panels of 20 observers (50% men and 50% women) born in these countries, all of them non-vegetarian and with normal color vision from Ishihara test. The average and standard deviation ages were 50 and  10  years  for  Spanish  observers  (45  and  7  years  for  Japanese  observers). Based  on a survey conducted among observers  we can say that consumption of meat pork products was about 3 times higher for Spanish than for Japanese observers. However, this ratio increased up to 25 times when  we  asked  observers  about consumption of Iberian pork  products. This means that, Spanish observers were much more familiar with Iberian pork meat than Japanese ones, as would be expected. Each observer performed three visual sessions in different days, lasting  about  40 minutes/session.  Observers made preference evaluations  from  images of sausage samples presented in random order in EIZO ColorEdge CG2700X monitors, located in dark laboratories in Spain and Japan. The distance between observer and monitor screen was 60 cm, approximately. 

Regarding the visual task performed by observers participating in our experiments, we  have employed two different psychophysical methods named pair comparison (PC) and magnitude estimation (ME). In the PC method, the observer must choose between two images appearing simultaneously in the left and right part of the monitor screen, corresponding to the same sausage sample under two different illuminations. However, in the ME method, the observer sees only one image in the monitor screen and must report a score between 0 and 10, which means  ‘I do not like at all this sausage sample’ and ‘I like a lot of this sausage sample’, respectively. In both psychophysical methods, between two successive visual assessments the observer sees a black screen during a short time to recover his/her adaptation. The PC method implies 105 assessments for each sausage sample (combinations of fifteen  illuminations by pairs), in such a way that this method is easy to perform by observers but very slow. Because of this reason, we only used six sausage samples in the current paper. However, the ME method is  very fast (only  fifteen assessments  for each sausage sample), but  observers considered it much more subjective and difficult than the PC method. In the PC method we adopted as final score  for each light the number of times it was preferred to the fourteen  remaining ones, multiplied by a factor (10/14) to normalize the result to 10 and make an easier comparison with results reported using the ME method. Each one of the 40 observers performed 720 evaluations (630 using the PC method  plus  90  using  the  ME  method), in such a way that the entire experiment  we carried out in laboratories  in Japan and Spain involved 28800 visual assessments. 
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3  Results and discussion 

Results from the PC and ME methods had a high correlation, as shown in Figure 4. Specifically, 

the  average Pearson’s linear correlation coefficients for the six sausage samples were 0.927 

and  0.915  for  Japanese  and  Spanish  observers,  respectively.  Scores from ME method were 

higher than those from the PC method in most cases, in particular for Spanish observers. From 

Figure 4 we can see that for observers in both countries the scores from the PC method are in 

a wide range from 1 to 8, approximately, which suggests that lighting strongly modifies 

observers’ preferences and subsequent consumers’ decisions for sliced Iberian sausages, as 

expected.  Figure 4 also indicates that the range  of the scores using the PC method was 

considerably  larger than using the ME method. This fact may be explained considering that 

using the PC method sometimes the observer is forced to choose between two very unpleasant 

illuminations, in such a way that some ‘points’ are always gathered even for most unpleasant 

illuminations.  

[image: ]

 

Figure 4 – Average visual preferences for six sausage samples using the PC and ME psychophysical methods in experiments performed in Spain (left) and Japan (right).

[image: ]

We also found a reasonably high linear correlation between results for Japanese and Spanish 

observers, as shown in Figure 5. Specifically, average Pearson’s correlation coefficients for the 

six sausage samples were 0.835 and 0.800 for the PC and ME methods, respectively. From 

Figure 5 we can note that Spanish and Japanese observers followed enough similar trends in 

terms of preferred lighting, although the range of  the  scores  from  Spanish observers was 

greater than from Japanese ones, which may be due to a considerably greater familiarity with 

Iberian pork sausages on the part of Spanish observers.  

[image: ]

 

Figure 5 – Average visual preferences for six sausage samples in experiments in Spain 

[image: ]

and Japan using the PC (left) and ME (right) psychophysical methods.
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Figure 6 shows visual preferences for each one of fifteen illuminants/sources tested (Table 1), distinguishing  results from PC and ME psychophysical methods  an also from Spanish and Japanese observers. From Figure 6 we can conclude again that illumination may strongly affect observers’ preferences. For example, average scores from the PC method changed from 2 to 7, approximately, which means a change of 5/10 points or 50% (in the case of ME method, the change is smaller, from 4 to 7, approximately). Figure 6 also indicates similar trends for Spanish and Japanese observers, in particular considering error bars, which correspond to the standard deviations of preference scores for the six sausage samples assessed.  

Preliminary statistical analyses indicated statistical significant differences amongst the fifteen lights tested, while the differences between the six sausage samples for different lights were not statistically significant in most cases.   

[image: ]

 

Figure 6 – Average visual preferences and standard deviations (error bars) for six 

[image: ]

sausage samples for each of the fifteen illuminants or light sources employed in visual experiments (Table 1) using the PC (top) and ME (bottom) psychophysical methods. We 

distinguished in both plots the results from Spanish and Japanese observers.
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Finally, we have analyzed to what extent the results of current visual experiments could be 

predicted by values of four specific color quality indices of white lights: CCT (CIE, 2018), 𝑅𝑅 𝑎𝑎

(CIE, 1995), 𝑅𝑅 𝑓𝑓 (CIE, 2017) and GAI (Rea & Freyssinier-Nova, 2008). Table 2 shows the results 

found. As we can see, GAI provided high linear correlations (r ≥ 0.662) with visual preferences 

in our experiments. Surprisingly, the CIE general color rendering index 𝑅𝑅 𝑎𝑎 and the CIE color 

fidelity index 𝑅𝑅 𝑓𝑓 provided poor predictions (r ≤ 0.335) of current visual results. Predictions from 

𝑅𝑅 𝑓𝑓 were better than those from 𝑅𝑅𝑎𝑎, although in both cases are unsatisfactory. Correlations with 

CCT were relatively high  for  visual  results  from  Spanish  observers  (r  ≥  0.667),  but  not  for 

Japanese observers. From Figure 6 we can indicate that lights with CCTs below around 3000 

K did not please Spanish observers very much. For Japanese observers this trend may be also 

true, but it is not so clear. 

Table 2 – Pearson’s linear correlation coefficients between current average visual results for 

observers from Spain and Japan using two psychophysical methods (PC and ME) and values 

of four color quality indices of white lights (CCT, 𝑹𝑹𝒂𝒂, 𝑹𝑹𝒇𝒇, GAI) for the fifteen lights tested. 

 

Observers &    CCT (K)    𝑅𝑅                  𝑅𝑅 𝑓𝑓 (CIE, 2017)     GAI (Rea et al., 2008) Method 𝑎𝑎 (CIE, 1995)

Spain PC       0.703      0.209              0.328             0.662

Spain ME       0.667      0.228              0.335             0.645

Japan PC       0.300      0.224              0.313            0.798

Japan ME      0.315      0.206              0.284            0.805

 

4   Conclusions and future work 

We report lighting preference results for sliced Iberian sausages from a wide experiment 

involving 28800 visual assessments. Specifically, a panel of forty Spanish and Japanese adult 

observers with normal color vision performed lighting preference experiments from calibrated 

images of six sliced Iberian sausages samples under fifteen different illuminations, using two 

different psychophysical methods. Results found by the two psychophysical methods and by 

Spanish and Japanese observers may be considered considerably consistent. Unfortunately, 

predictions of current preference results from some of most popular color quality indices of 

white lights (CCT, 𝑅𝑅 𝑎𝑎  , 𝑅𝑅𝑓𝑓 and  GAI)  were  unsa tisfactory.  Futu re rese arch will  incl ude visu al 

experiments using additional sausage samples, consideration of additional color quality indices 

proposed for white  light sources (e.g. memory color index),  and  perhaps  participation  of 

observers from some other countries. 
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Abstract 

Color  cabinets  are  commonly  used  for  visual  comparison  of  manufactured  goods  in  various 

industries.  White  D65 daylight illumination is the primary light  source to evaluate color-

matching. New LED based D65 light sources are expected replace the current D65 fluorescent 

lamps used in color cabinets. While designing new  D65 LEDs, spectrophotometric quantities 

must be considered based on the spectral power distribution of the LED. This study theoretically 

discusses the effect of spectral content of the phosphorus-coated blue LEDs on their main color 

properties from an international standards point of view. It is intended to provide a theoretical 

base for the feasibility of generating the D65 LED source at 6500 K with superior color rendering 

properties closer to daylight. 

Keywords : Color Cabinet, D65, Color Rendering, LED, Spectrum, Light Color, Illumination. 

 

1  Color Cabinets 

Visual comparison  of  different  coloured  surfaces  are carried out inside Color Cabinets  (also 

known as Color Matching Booth or LightBox) for the reproducibility of a product line in various 

manufacturing industr ies such as textile, paint, plastics, paper, ceramics, food (Collins, 1984), 

furniture, packaging and  so  forth. Color  cabinets  provide  a  set  of  illuminations  for  visual 

comparisons in order to ensure the color matching and to  evaluate  the  degree  of  color 

difference. Actually two different specimens with different spectral reflectances may look like 

the  “same” to  an  observer  under  a  certain  illumination.  So, the testing the samples under 

different type of illuminations are required to avoid the so called ‘metamerism’. Here, samples 

are visually analyzed under the artificial  daylight  first and  then  under  another  type  of 

illumination; such as incandescent or fluorescent lamp, simulating the lighting of place where 

the material is sold or used.   

Comparison  of  colored specimens  under  at  least  three  different  illuminations  is  generally 

recommended in the comparison method. Here standardized lighting conditions are required in 

all viewing equipment in order to maintain consistent judgements. Primary illumination in a color 

cabinet is the D65 Simulated Average Daylight source as recommended by the International 

Commission on Illumination (CIE). Type D50 illumination with 5000 K color temperature which 

resembles  the  Noon  Sky  Daylight  is  also  used  in  graphic  arts  applications involving color 

photography or color printing. Practical illumination standard Illuminant-A at 2856 K can also 

be  employed in  color  cabinets  by  incandescent  lighting  as  specified  in  standard  (ISO/CIE 

11664-2, 2022). Alternatively, three-band F11/F12 or cool white F2 fluorescent lamps at 4100 

K are also used as store lighting sources. Here, illuminant-A  is  used  to  observe  specimens 

under its high red energy content, and daylight D65 for its high blue content, and Cool White 

Fluorescent (CWF)  for  its  high  green  energy.  Some  manufacturers  add  the Horizon Daylight 

with 2300 K color temperature value. Certain ultraviolet light  sources are  also  employed but 

again  D65  Light  Source  is  accepted  as  the  primary  illumination  for  color  assessment  inside 

color cabinets in the manufacturing industry. It is the specified daylight source in the standard 

ASTM  D1729  (ASTM  D1729,  2022),  and  SAE  J361  for  automotive  applications (SAE  J361, 

2021). D65 is used as the primary light source in all color measurement instrumentation. 

Since visual comparison is readily affected by the illuminance level inside, the illuminance at 

the base level of the cabinet are also determined by calibrated luxmeters. Central illuminance 

level in a color cabinet within the observation area must be consistent in accordance with the 
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standard of related industry. For example, the ASTM 1729 standard defines central illuminance to be around 1210 lx with 10,7 % variation in general (ASTM D1729, 2022). However, in printing and photography an illuminance level of 2000 lx with 12,5 % variation is preferred by the ISO 3664 standard (ISO 3664, 2009). This standard also requires a minimum illuminance of at least 1200 lx at all points inside. The  illuminance  level  defined  in  ISO  3668  for  paints  industry  is between 1000 and 4000 lux, this wide range being due to the diversity of different applications (ISO 3668, 2017). In this respect, illuminance homogeneity is another criteria to be considered which shows the evenness of  illumination  distribution.  Tolerances  for  maximum  illuminance variation of 10 % in the central region and 20 % in the overall are mentioned in the standards in general. 

Light color properties for the type of illuminations used must be documented by the color cabinet producers. But actually neither color chromaticity coordinates nor illuminance values alone, determine the qualifications of the standard illuminations used for this purpose. Correlated color temperature (CCT) of an illuminant can be determined, but color temperature value itself gives limited guidance about the light quality. The standard EN 12464-1 specifies the minimum colour rendering requirement for artificial lighting as CRI (Ra) > 90 in color inspection tasks (BS EN 12464-1, 2021). AATCC-EP9 standard of textile industry takes the color temperature tolerance in color cabinets for all type of illuminants to be within +/- 200 K which may be considered as a quite large margin (AATCC EP 9, 2002). Since CCT is computed from the measured spectral power distribution of the light source, spectral power distribution is the key to reveal the color rendition properties of  light  sources. Here, determining the wavelength dependent spectral power distribution requires a spectrophotometer.

2  Standard CIE-D65 Light Spectrum 

Other light sources inside color cabinets such as Cool White Fluorescent and illuminant-A, are used for the detection of metamerism in order to reveal the color mismatch. Primary light source used in color cabinets is the light bluish colored D65 white light. D-type lights are standardised ‘Daylight’  illuminants  in which  their spectrophotometric data  are specified  by  the  CIE. Its spectral energy distribution between 300 and 780 nm is also described in german standard DIN 5033-3 at wavelength  increments of 5 nm (DIN 5033, 1992).  So, there  is no actual standard D65 illuminant, but any artificial light source simulating a spectrum similar to the D65 relative spectral power distribution (SPD) can be considered as a D65 light source. However variation among the available artificial D65 sources bring a lack of precision in color matching (Lam et al, 2001). 

With a correlated color temperature (CCT) of approximately 6500 K, D65 corresponds roughly to "average midday light in Western/Northern Europe” while comprising both direct sunlight and the light diffused by a clear sky. The number 65 shortly references the first two digits of the corresponding 6500 K correlated color temperature  value. Color  temperature  of  CIE-D65 is actually defined in (Wyszecki&Stiles,1986) as; “CIE standard illuminant D65 represents a phase of natural daylight with a correlated color temperature of approximately 6504 K”. Therefore, the current correlated color temperature of the D65 standard is actually 6504 K, not exactly 6500 K,  but  6500  K  is  used  extensively  without  a  loss  of  much  accuracy.  The  x-y chromaticity coordinates for D65, based on the relative spectral radiant power distribution for the standard D65  illuminant  spectrum  and  the  CIE  1931  color-matching  functions, are x=0.3127 and y=0.3290 (CIE S005, 1998). 

Standard CIE-D65 spectra resembles the sunlight reaching to the earth surface as shown in Figure-1. For the color considerations, we are interested in only 380 nm to 780 nm visual portion of  this  spectrum.  In  Figure-1,  spectrum  of  a  commercial  D65  type  fluorescent lamp which is employed in a color cabinet is also added for comparison. CIE-D65 spectral data was taken from the CIE standard publication S005 (CIE S005/ ISO 10526, 1998).   
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Figure 1 –Spectral Comparison of various Light sources with the Sunlight. 

Including  the  Color  Rendering  Index  (CRI),  some color properties  of  standard  CIE-D65 

Illuminant, and the chosen commercial D65 Fluorescent Lamp of Figure-1, and also a CIE-F7 

Fluorescent standard lamp are tabulated in Table-1. CIE-F7 spectrum data was obtained from 

the earlier  CIE  15.2 publication (CIE 15.2, 1986) and added to our list for comparison. While 

theoretical CIE-D65 spectra has almost 100 CRI Ra value, commercial D65 fluorescent lamp 

has around CRI-Ra=95 with a correlated color temperature of 6679 K. As mentioned, variation 

of color temperature reaching to  200-250  K is  acceptable  in  practical color-matching 

measurements. Since color temperature value is not the only criteria for D65, not every light at 

6500 K temperature follows the standard CIE-D65 spectra. In this respect, simulated daylight 

must  have  an  SPD  which  must  resemble  the  standard  D65  spectra  so  that  the  light  source 

illumination must be maintained with a grade of B/C or better as specified in CIE Publication S 

012  (CIE S012,  2005). The  commercial  D65  fluorescent  spectra  of  Figure-1, although quite 

differ as shape in  its  spectrum, gives a  close light color and color temperature values when 

compared to CIE-D65 in Table-1. 

Table 1 – Comparison of Color Properties of some spectra around 6500 K 

 

Temperature C.Color        CRI Ra       x         y (K)

CIE-D65 Std Illuminant                      6505           99.58     0.3127    0.3290

CIE F7 Fluorescent                         6496          90.23     0.3129    0.3292

Commercial D65 Fluorescent Lamp         6679          94.75     0.3105    0.3231 

 

3  Phosphor-Coated Blue LEDs 

Studies  to  replace  D65  fluorescent  lamps  with  Light  Emitting  Diodes  (LED)  are getting wide 

attention also in the color cabinet production. In LED production, it is possible now to produce 

white LEDs with CRI-Ra of over 90 even at 2700 K moderate  color  temperatures. White LED 

production  technology  frequently  make  use  of  phosphor  coating  onto  either  blue-  or near-

ultraviolet (near-UV) LEDs (Liu, 2009). Although the white color can also be produced by Red-

Green-Blue LED light mixture, there is one problem with mixing RGB light from multiple LEDs 

is that it requires separate electronic drivers since different color LEDs are driven at different 

voltages and currents. Therefore, phosphor coating technology of LEDs using a monochrome 

emitter with phosphor conversion brings  a simpler and economical solution for  producing 

different light spectra at high luminous efficacy values (Narukawa, 2010).  

In phosphor coated LED design, it is possible to coat multi-layers of phosphorus and to have 

more than one LED peak. In general, there exist an nitride based blue LED at the core which 

has a peak wavelength between 430 nm to 460 nm with a full-width wavelength range at half 
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maximum (FWHM) of around 25 nm. Phosphor coatings on the other hand, varies from garnet based green phosphors (peak 520-560 nm, FWHM: 110 nm), nitride based orange Phosphors (570-620 nm, FWHM: 75 nm) and to narrow red phosphors (630-650 nm, FWHM: 50 nm).  

Figure-2 shows the base emission spectral mixing model which has a blue-peak with green and red phosphor coatings around which theoretical analysis were made (Turkoglu, 2017). LED line spectra was modelled by using the theoretical approach in (Ohno, 2005) and (Zan et al, 2015). The blue peak around 450 nm and phosphor coatings were especially chosen to study spectra closer to practical LEDs. This theoretical study was carried out to analyse the effects and to improve the spectrum of Figure-2 in order to get spectra with closer colorimetric values to the CIE-D65 standard illuminant, especially in the sense of 6500 K correlated color temperature.  

 

Figure 2 – Double phosphor coated LED Spectrum sample 

4  Color Analysis of designed LED Test set 

The motivation for this part is to have a phosphor-coated LED spectrum design which resembles 6500  K with  CRI Ra >  95 since  it is intended to employ  this D65 LED light possibly in color cabinets while replacing D65 fluorescent lamps. Therefore, generating an LED SPD is the key design element of this part.

Key metric quantities in order to compare D65 test sources were determined as correlated color temperature, color rendering index and light color coordinates of CIE-x and CIE-y. In terms of color fidelity, Color Rendering Index (CRI) is taken as main figure of merit and added first to the comparison list. Here, CRI Ra rather than TM-30 Rf was evaluated (ANSI/IES TM30, 2020). CRI Ra was calculated based on the first 8 colors of CIE standard colors 1-14 following the approach in CIE  Publication  13.3 (CIE  13.3,  1995).  Light Color Coordinates were calculated according to  CIE 15.2 (CIE 15.2, Colorimetry). Correlated  Color  Temperature  (CCT)  values were calculated as  the  closest  point  on  the  blackbody  curve  in  CIE  1960  u-v chromaticity diagram (Judd, 1936). 

Analysis of test LED spectra with different blue peak Wavelengths 

[image: ]

For the prescribed spectral structure of green and red phosphor contribution of Figure-2, first test LED spectra were generated for different blue peak wavelengths between 420 nm to 470 nm. The 420-470 nm wavelength margin for blue were chosen to reflect the possible capabilities of practical LEDs. In the first test spectra set, a constant FWHM of 30 nm was taken for blue line while irradiance output as intensity was kept constant at ×0.7 nominal value. Spectral power distributions of designed LED spectra for various blue peak wavelengths are given in Figure-3. 

[image: ]

CRI Ra and CCT abd light color coordinate values were individually calculated in Table-2 for the first test spectra of Figure-3. During analysis, corresponding CCT and CRI Ra data were initially compared. Color coordinate data were added as a complimentary data in order to check additionally for the case of similar CCT values are obtained for two different test spectra.
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Figure 3 – First D65 Test Spectra Set with varying Blue Peak Wavelength (FWHM= 30 nm) 

For the all seven designs in the first set of different blue peak wavelengths, color temperature 

values higher than 6000 K could not be obtained initially. This is partially due to not enough 

blue light content in the first test set spectra. However, a promising color rendering well above 

CRI Ra greater than 90  is  seen  which  verifies  the  suitability  of  chosen  green+red  phosphor 

coating’s spectral contribution. 

Table 2 – Color Properties of Test LED Spectra with different Blue peak wavelengths 

λ peak (nm)     CCT (K)       CRI Ra            x              y 

420         4953        92.19         0.3504        0.3937

430         5366         92.95         0.3362        0.3654 

440         5715         95.47         0.3274        0.3505 

450         5772         97.18         0.3260        0.3533 

460         5465         90.55         0.3337        0.3755 

470         5048        83.68         0.3486        0.4099

Analysing CCT and CRI variation on the same graph of Figure-4 suggests an optimum result of 

440-450  nm  blue peak wavelength selection  for  high CCT and CRI values.  It  is  important  to

note that analyses here to be considered along with the specific phosphorus coatings and their

spectral  contribution  after  500  nm.  By  achieving  this  result,  a λpeak = 450  nm  blue  peak

wavelength was chosen to get closer to desired D65 quantities in the following analysis.

[image: ]

 

Figure 4 – Variation of CCT and Ra for various Blue peak wavelength
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Analysis of test LED spectra with different FWHM of Blue LED 

[image: ]

For the all  test data, spectral  contribution  of  phosphor coating was kept constant. As  blue content was seen to directly affect the color quantities, Full Width at Half Maximum (FWHM) value of Blue LED line were changed gradually in the second D65 test set. Practical blue line FWHM values between 15 nm to 45 nm were chosen. Spectral power distribution of designed second test LED set for various FWHM value of blue line is given in Figure-5. During the design, blue line intensity was kept constant at nominal ×0.7 value and blue line peak λpeak=450 nm was held fixed as the result of first test set result.

[image: ]

 

Figure 5 – Second D65 Test Spectra Set with varying Blue FWHM (λpeak at 450 nm) 

Calculated color properties of second LED test set of wavelengths are tabulated in Table-3. For the range of FWHM chosen, an increase in CCT is observed with enlarged width of blue LED, i.e. increased blue light content. For the blue, it is also noteworthy to state that FWHM of 20, 25  and  30  nm  are  commercially  more  available  compared to 15 nm narrow and 40 nm wide options.

Table 3 – Color Properties of LED for various Blue FWHM 

FWHM (nm)    CCT (K)      ∆ K       CRI Ra         x          y 

15            5013                    91.67        0.3486      0.3955

20            5256         49         93.97        0.3399      0.3787

25            5510         51         95.78        0.3324      0.3648

30            5772         52         97.18        0.3260      0.3533 

35            6020         50         97.95        0.3208      0.3444 

40            6235         43         97.80        0.3168      0.3382

45            6442         41         97.13        0.3133      0.3332 

 

Increase in color temperature values are shown as the 3rd separate ∆K column in Table-3. With the average of ∆K column of Table-3,  variation of CCT was almost 48 K ±4 K for per FWHM nanometer increase. This linear ratio may give an idea to design 6500 K option for wider blue lines above 45 nm but this may not be practically implemented. In the CRI Ra value analysis for increasing FWHM, a decrease is seen after a peak of CRI Ra=97.95 at FWHM = 35 nm as depicted in Figure-6. Actually, there is an optimum Ra solution is seen around FWHM = 35 nm for  highest  CRI  Ra  value. In  the  analysis  of  second  set, CRI Ra values  above  95  were successfully obtained as seen.
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Figure 6 – Variation of CCT and Ra for various Blue FWHM 

 

Analysis of test LED spectra with different blue intensity 

[image: ]

For the final analysis, blue line-width (FWHM) was chosen as 35 nm following the optimized 

[image: ]

outcome of second D65 test set.  Therefore, for the chosen 450 nm blue peak wavelength and 

the FWHM = 35 nm, and using the same structure of green and red phosphor contribution, third 

test LED spectra were generated for different blue peak intensities. Spectral power distributions 

of 3rd LED spectra set for various blue peak intensities nominally between ×0.4 and ×1.2 are 

given in Figure-7. 

[image: ]

 

Figure 7 – Third D65 Test Spectra Set with varying Blue Peak Intensity (FWHM= 35 nm) 

Light color, CRI Ra and correlated color temperature properties were again calculated for the 

third D65 test spectra as given in Table-4. Increasing the blue light spectral content by intensity, 

increased the color temperature values as expected.  As  CCT value increases with the 

increasing blue line intensity in Figure-8,  this CCT behaviour suggests to keep blue intensity 

nominally at ×0.8 in order to get 6500 K color temperature value. On the other hand, it may well 

be  assumed  that  the  color  temperature  value  would  reduce  if  one  can  possibly  increase  the 

spectral contribution of red-phosphorus coating for a constant blue peak. 
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Table 4 – Color Properties of Test LED Spectra with different Blue peak intensities 

Nom.Intensity (×)    CCT (K)     CRI Ra          x             y 

0.4             5023         91.08         0.3404        0.3968

0.5             5316         93.85         0.3380       0.3771 

0.6             5643         96.16         0.3290       0.3600 

0.7             6020         97.95         0.3208       0.3444 

0.8            6449        98.15        0.3135       0.3306 

0.9            6938        96.95        0.3071       0.3183

1.0             7515         95.38         0.3011        0.3069

1.1             8205        93.78        0.2955       0.2963

1.2             9040        92.24        0.2904       0.2866

 

However, for the high CRI Ra preference there exist an optimal design parameter choice as seen in Figure-8. Figure-8 suggests the adjustment of intensity to x0.7-x0.8 for providing the maximum CRI-Ra value of around 98. Slope of CRI-Ra curve on both sides shows that; CRI Ra value changes at least 1 value just by changing the blue intensity 10 %.

[image: ]

 

Figure 8 – Variation of CCT and Ra for various Blue Intensity 

By  employing  the  outcome  of  Figure  8,  the  final  test  spectrum  of  Figure-9  was  obtained  as shown as ‘D65 LED Design’ together with the standart CIE D65 illuminant for comparison. For this  test spectrum  of  blue  peak  at  450  nm  with  35  nm  FWHM  and  ×0.812  nominal  intensity, CCT=  6504  K,  CRI  Ra=  98.06,  x=  0.3127  and  y=  0.3290  values  were  calculated.  As  a comparison, CIE standart D65 illuminant has corresponding values of CCT= 6505 K, CRI Ra= 99.58, and the same x= 0.3127 and y= 0.3290 as given in Table-1. 
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Figure 9 – CIE D65 Illuminant vs generated D65 LED spectrum

 

5  Discussion and Future Work 

In this research, primary emphasis was given to the effect of blue LED’s spectral contribution

on colorimetric parameters.  Spectral distribution  rather  than the spatial  distribution  was 

considered  in this study since the  illumination  level was  not  of  primary  concern. Therefore 

spectral  efficacy values  in  terms  of lm/W were not commented  on.  Finally,  the quality  of  the 

simulation of daylight in D65 light can also be assessed by the method specified in CIE S012 / 

BS ISO 23603 (2005).  

6  Conclusion 

For the chosen phosphor spectral content, colorimetric analysis reveals that correlated color 

temperature value almost linearly increases as the intensity of the blue LED peak increases, 

while color  rendering  index  value  can  be  determined  optimally.  Intensity  and  FWHM  of  blue 

peak  are both  dominant  factors on  the  CCT  and  CRI  Ra  values  of  the  light  output.  It was 

observed that novel D65 LED designs for color cabinets can be achieved but precise adjustment 

of the blue light intensity is essential. 

Optimum D65 LED test spectrum was achieved  theoretically for the blue line at 450 nm and 

FWHM  of  30  nm  concept  design. It was demonstrated that an  optimized LED spectrum may 

have 6504 K color temperature value with ultra high CRI Ra rendering values of around 98.  

It is believed that this study may help in ‘Spectral or Wavelength Engineering’ by designing the 

spectral light content for a target chromaticity as part of human-centric lighting. 
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A METHOD OF DESIGN FOR ROAD LIGHTING USING LOW MOUNTING 

HEIGHT LUMINAIRES TO REDUCE DISCOMFORT BY FLICKER 

 

Ito, H.1, Maehama, T.1, Miyamoto, K.2, Futatsuya, H.3, Hayakawa, M.2, 1 Nexco-East Engineering Co. Ltd. Tokyo, Japan, 2 Nippon Expressway Research Institute Co. Ltd. Tokyo, Japan, 3 Panasonic Co. Osaka, Japan, h.ito.tr@e-nexco.co.jp

Abstract 

To reduce the discomfort caused by flicker while driving on expressways installed with road 

lighting using low mounting height luminaires, subjective evaluations were conducted under 

various conditions of stimuli through dark room experiments and field experiments. These 

experiments derived the model that predicts score of the discomfort from the flicker frequency, 

modulation depth, and the average luminance of the luminaire's emitting surface at the 

maximum amplitude of the flicker, and then also the frequencies to be avoided to reduce 

discomfort caused by flicker and the spacing of luminaires to be avoided for driving speed. This 

paper  suggest that road lighting installed low mounting height luminaires can be designed 

appropriately by using the calculation model for predicting discomfort when the spacing of the 

luminaires to be avoided is reasonable except that it reduces discomfort by flicker.  

Keywords : road lighting, low mounting height luminaires, flicker, frequency, discomfort 

1  Introduction 

In Japan, as in many other countries, the pole lighting system has been adopted as the standard 

for road lighting. However, in recent years, natural disasters such as earthquakes, tsunamis, 

and storm/flood damages have become more frequent and severe in Japan, and there is an 

increasing emphasis on reducing the risk of secondary disasters caused by the collapse of 

those  poles. Furthermore, there are concerns that Japan's population will continue to decline 

and the aging of its society will continue in the future, leading to future labour shortages that 

will put the maintenance and management of road lighting facilities in a sustainable manner. 

For these reasons, the standardization of road lighting system  using low mounting height 

luminaires (LMHLs) on Japanese expressways is being considered. Since LMHLs are installed 

at the top of the concrete parapet, the height of LMHLs is close to the viewpoint of passengers 

in the cars. It causes a flicker phenomenon at the edge of the field of view of passengers in a 

driving car due to the repeated appearance and disappearance of direct light from the LMHLs. 

Such flicker can cause discomfort to passengers and at the same time prevent safe driving.  

A method using a modified flicker index is suggested to evaluate the effect of flicker in road 

lighting using LMHLs, and the low effective luminous flux and high surface luminance of LMHLs 

are pointed out as the causes of the flicker effect (Chen, 2023). However, no specific lighting 

design values for roadway lighting using LMHLs are given. On the other hand, in the field of 

traffic lighting, similar flicker effects have been studied for tunnel lighting (Schreuder, 1964; 

Saito & Narisada, 1968). The results of dark room experiment and field experiment suggest that 

the spacing of the luminaires should be set to avoid frequencies between 2,5 Hz and 13 Hz to 

reduce flicker disturbance, and as a result, the spacing of the luminaires between 0,75 m and 

9,0  m should be avoided at typical speeds. It was also shown that the degree of flicker 

disturbance was highly dependent on the waveform, modulation depth and pulse to cycle 

fraction (Schreuder, 1964). The concept of these indicators is illustrated in Figure 1. 

The results of subjective evaluation by the darkroom experiments on the other hand suggested 

that the frequency should be avoided between 6,0  Hz and 13  Hz and the modulation depth 

should be less than 15 to reduce the discomfort caused by flicker in the central visual field. In 

the case of frequencies around 10 Hz, the pulse to cycle fraction should be avoided from 0,15 

to 0,5, and the modulation depth should be less than 15 (Saito & Narisada, 1968). The results 

of these previous studies were considered and recommended that the frequencies to be avoided 

between 4 Hz and 11 Hz (CIE88, 2004) and the spacing of the luminaires to be avoided for 

each design speed (Japan Road Association, 2007). 
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On the main lines of a Japanese expressway, road lighting system using LMHLs with a luminaire -1 spacing of 6 m is installed. The frequency calculated from its regulated speed of 100 km · h is 4,6 Hz (= 27,8 m/s / 6 m). Although this frequency is one to be avoided in tunnel lighting, there have been no requests from passengers in cars driving on those routes for improved lighting facilities. It is considered that factors other than frequency affect the degree of discomfort caused by flicker, as indicated in previous studies. 

Therefore, this study examined the relationship between flicker characteristics and discomfort in consideration of installation conditions and luminaire specifications for LMHLs  used in expressway mainline sections and suggests a method for its lighting design. 

 

Figure 1 – Flicker waveform index 

2  Flicker characteristics of road lighting using LMHLs 

Measuring field 

[image: ]

 

Waveforms of flicker stimuli to driving passengers were measured on Route A and  Route  B, -1 which have two lanes, shoulder width of 1,8 m or more, and a regulated speed of 100 km·h . Both  routes  were  installed road righting system using LMHLs of  3 km or more in length.  The design road surface luminance L r and spacing of luminaire S were 1,0 cd·m-2 , 6 m for Route A and 0,7 cd·m-2 , 20 m for Route B. The luminous flux F and luminous intensity distribution type of each LMHL were 2 300 lm, symmetrical lighting system for route A, and4 750 lm, pro-beam lighting system for route B. Figure 2 shows the lighting environment at the fields. 

 

(a) Route A                          (b) Route B

Figure 2 – Lighting environment at measurement fields 

Measurement method

[image: ]

One  flicker illuminance meter (Admesy Asteria, maximum sampling rate 186,567 samples/second) was fixed in the car at a height of 1,2 m above the road, close to the viewpoint of the front seat passenger. Its  flicker illuminance meter was  used  to  measure the vertical illuminance in the direction facing the  LMHLs.  The car  drove  in the road lane closest to the LMHLs at speeds ranging from 71 km·h-1 to 87 km·h-1 (9 times measurements) on the Route A and 63 km·h-1 to 72 km·h-1 (5 measurements) on the Route B. 

Measurement results 

[image: ]

Since the driving speed and driving position of the car was roughly stable, the measured vertical illuminance did not differ markedly in the waveform from cycle to cycle. The measured vertical illuminance was converted to relative values, then averaged for each route, and smoothing was 

[image: ]
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performed. The results showed that the luminaires had waveform characteristics of period of 

0,24  s, frequency of  4,2  Hz, and modulation depth  of  5,3 for route A, and period  of  1,1  s, 

frequency of 0,88 Hz, and modulation depth of 8,6 for route B. 

Figure 3 shows the relative values of the vertical illuminance converted to the same frequency 

of 10 Hz and modulation depth of 8 to compare the characteristics of the flicker waveforms at 

both routes using the measured vertical illuminance results. The results calculated from Figure 

3 showed the pulse to cycle fraction of 0,39 and the rise time of 0,085 sec in the Route A, and 

the  pulse to cycle fraction of 0,23 and the rise time of 0,025 sec in the Route B. It has been 

shown that the discomfort caused by flicker is greater with smaller pulse to cycle fraction and 

shorter rise times (Schreuder, 1964). Therefore, in the dark room experiments described below, 

the waveforms used in the experiments were created using the measurement results from Route 

B, where discomfort caused by flicker is greater, as the basic waveform. 

 

Figure 3 – Relative vertical illuminance of flicker waveform

3  Observation experiment (Dark room experiment) 

Experimental equipment 

[image: ]

The  subjective  evaluation  was conducted in a dark room using the experimental equipment 

[image: ]

shown in Figure 4. The flicker stimuli, which occur when the direct light from a relatively moving 

LMHLs leaves the driver's field of view, was given to the subject by a flicker device. The flicker 

device consisted of an experimental luminaire, a power load device, a DC power supply, and a 

control PC, which was able to adjust the light output of the experimental luminaire at 

approximately 1 msec intervals. The experimental luminaires were LMHL (luminous flux: 3 200 

lm) and were placed at a horizontal angle of 80 degrees from the subject's line of sight at a 

 

experimental luminaire was 0,62  m  ×  0,020  m, and solid angle from the subject's viewpoint -3 position was approximately 1,4  ×  10 height equal to the subject's viewpoint position.  The area of the emitting  surface of the 

angles of 1,4 × 10 sr, 2,9 × 10-3 sr, and 5,7 × 10-3 sr, which were assumed in consideration of -3   sr. Preliminary experiments were conducted at solid 

the specifications of LMHLs  and road structure conditions, and no significant differences in 

discomfort due to flicker were found at solid angles in this range. 


[image: ]

 

Figure 4 – Schematic diagram of experimental equipment 

 

projected onto a screen (2,1 m × 1,1 m) using a projector. The solid angle of the still image -1 from the observation position was 1,8  × 10 Subject's adaptive luminance was controlled by a still image of a road lighting using LMHLs site  sr.  Subjects were placed in the  observation box 
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covered with a blackout curtain to avoid the influence of reflected light from the experimental equipment. Apertures were provided on two sides of the observation box facing the experimental luminaire and the screen. 

3.2  Experimental conditions

The flicker waveform measured on Route B was used as the basic waveform to create the flicker waveform used in the experiment. The indicators of flicker waveform characteristics were the frequency F, the modulation depth M, and the average luminance of the emitting surface L of the experimental luminaire at maximum amplitude, which preliminary experiments have shown to affect the discomfort caused by flicker.  For the average luminance L, values in the range 

 

obtained by image photometry were used. The average luminance at maximum output of the -2 experimental luminaires was 13 700 cd·m from the maximum value Lmax to 0,1 × Lmax in the luminance distribution of the emitting surface . Figure  5 shows the experimental luminaire at its 

maximum output (a), a pseudo colour image showing the luminance distribution of the luminous surface of the experimental luminaire (b), and a binarized image (c) where the dots are shown in  white if their luminance is higher than  0,1  × Lmax and in black if it is lower than  0,1 × Lmax. The levels of each indicator were 168 conditions in combinations of seven levels of frequency 

 

20, and 50), and four levels of average luminance of the emitting surface of the experimental -2 luminaires (50 cd·m (0,5 Hz, 1 Hz, 2 Hz, 4 Hz, 7 Hz, 8,5 Hz, and 10 Hz), six levels of modulation depth (1,2, 2, 3, 8, , 400 cd·m-2, 3 500 cd·m-2, 13 000 cd·m-2). The average luminance of the 

 

emitting surface of the experimental luminaire. The luminance of the roadway portion of the still -2 image projected on the screen was set to 1 cd·m experimental conditions was set by the placement of some  ND filter sheets  in front of the . 

 

(a) experimental luminaire              (b) pseudo color image                 (c) binarized image

Figure 5 – Luminance distribution on the emitting surface of an experimental luminaire

Experimental method

[image: ]

Subjective evaluations were performed one subject at a time. Subjects were dark adapted for 10 minutes before the experiment began. The  emitting surface of the experimental luminaire was covered by some ND filter sheets to set the average luminance of the luminaire’s emitting surface for the experimental conditions. The subject's viewpoint position was set at the same height as the emitting  surface of the experimental luminaire using a chin rest.  The flicker stimulus was given to the subject, and the subject estimated the discomfort caused by the flicker stimulus with his/her line of sight fixed on the roadway portion of the still image projected on the screen, using the seven-point rating scale shown in Figure 6. (The numbers at the top of the rating scale were used in the analysis of the experimental results described below.) Flicker stimulus continued until the end of the subject's evaluation. Subjective evaluations were divided into four sessions for each average luminance of the experimental luminaire's emitting surface condition, and experimental conditions were set in random order. 

[image: ]

 

Figure 6 – Rating scale of subjective evaluation 

[image: ]
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Subjects 

[image: ]

The subjects were 13 males and 6 females between the ages of 23 and 64. All subjects had 

binocular visual acuity of 0,7 or better to hold a driver's license. 

This study was ethically reviewed and approved by the Executive Council of Nippon Expressway 

Research Institute Co., Ltd. All subjects were then briefed on the study and signed an informed 

consent form before participating  in  the dark room experiment and the field experiments 

described below. 

4  Results and discussion 

The results of the subjective evaluation were converted to a score of 1 to 7 as shown in Figure 

6, after which the Smirnoff-Grubbs test was used to exclude those scores that were below a 5% 

significance level, and the average  score of subjective  evaluation  was calculated.  Figure  7 

shows the relationship between M and the average score by means of a regression curve using 

the sigmoid function in equation (1). It is shown that the average score tends to increase as M

increases but is generally constant at M of about 8 or higher. Since the experimental conditions 

for M varied with frequency, the regression equation for the relationship between M and average 

score  shown in Figure 7  was used to calculate the average score  at M  of the experimental 

conditions (1,2, 2, 3, 8, 20, 50), which was used in the following analysis. 

[image: ]

 

Figure 7 – Relationship between modulation depth and subjective evaluation

𝑆𝑆𝑆𝑆R = (1)  1 + exp(  𝑎𝑎

−𝑏𝑏  × (𝑀𝑀 − 𝑐𝑐))

where 

SER is the average score of the subjective evaluation of discomfort caused by flicker, M is the 

modulation depth, a, b, c is the coefficients. 

Figure 8 shows the relationship between F and average score by means of a regression curve 

using the quadratic function shown in equation (2). The average score is maximum at F of about 

7 Hz, and F of the maximum average score tends to slightly decrease as the average luminance 

of the luminaire’s emitting surface decreases. 

[image: ]

 

Figure 8 – Relationship between frequency and subjective evaluation 

𝑆𝑆𝑆𝑆               2＋ F = 𝑎𝑎 × 𝐹𝐹𝑏𝑏 × 𝐹𝐹＋𝑐𝑐                                                                                      (2) 
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where 

SEF is the average score of the subjective evaluation of discomfort caused by flicker, F  is 

the frequency (Hz), a, b, c is the coefficients. 

Figure 9 shows the relationship between L and the average score by means of a regression line using the logarithmic function shown in equation  (3).  As L  increases, the average score becomes higher, and the higher M, the greater the effect of L on the subjective evaluation (the slope of the regression line becomes steeper). 

 

Figure 9 – Relationship between the average luminance of the luminaire's emitting surface and subjective evaluation  

𝑆𝑆𝑆𝑆 L  =  𝑎𝑎 × log𝑐𝑐 𝐿𝐿 + 𝑏𝑏 (3) 

where  

 

the average luminance of the luminaire's emitting surface (cd·m SEL is the average score of the subjective evaluation of discomfort caused by flicker, L  is -2 ), a, b, c is the coefficients. 

Comparison with previous studies 

[image: ]

A comparison was made with two previous studies that investigated frequencies to be avoided to reduce discomfort caused by flicker in tunnel lighting. 

[image: ]

In a previous study (Schreuder, 1964), the frequencies (lower limit of the disturbance range F1, maximum  disturbance F2, and upper limit of the disturbance  range F3)  at which flicker disturbance  occurs  were measured under tunnel lighting conditions. Using the experimental results obtained in our  study, the frequencies for these three criteria were calculated by the following procedure. 

 

(1) The score of the subjective evaluation at the frequency of our experimental condition is-2 calculated using the light source luminance of 9 000 cd·m as the average luminance of the luminaire's emitting surface and the modulation depth of 8 under the experimental conditions of the previous study.

(2) The regression curve shown in Figure 10 is derived using the results of the calculation in (1).

(3) The disturbance range is defined as a subjective  evaluation of “Uncomfortable and slightly disturbing (score of 5)” or higher. F1, F2, and F3 are calculated using the regression curves shown in Figure 10.

As shown in Table 1, although the experimental methods of the two studies were different, no significant differences were showed for F1, F2, and F3. Therefore, even in road lighting using LMHLs, it is necessary to set the luminaire spacing to avoid the same frequency range as in tunnel lighting.  However, as shown in Figure 7  ~  Figure 9, it is necessary to determine the frequency range to be avoided by considering the modulation depth and the average luminance of the luminaire’s emitting surface, which affect the discomfort caused by flicker. 
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Figure 10 – Relationship between frequency and the subjective evaluation 

Table 1 – Frequencies of disturbance range due to flicker 

Pulse to      Road surface   Modulation      F 1         F 2         F 3

cycle fraction     luminance       depth        (Hz)        (Hz)        (Hz)

Schreuder                         -2 0,25         ー 8 cd·m         2,64       6,40       12,5 , 1964

Ito et al                                     -2 0,23 1 cd·m            8            2,49         7,11         11,7 , 2024

In another previous study (Saito & Narisada, 1968), under the condition that a flicker with a 

visual angle of 5 degrees was placed at the line of sight of the subject, the modulation depth at 

which discomfort due to flicker was evaluated as 3 (Slightly annoying), 4 (Annoying and slightly 

uncomfortable), and 5 (Uncomfortable and slightly disturbing) for any frequencies  were 

measured. Figure 11 shows the equivalent discomfort score curves for frequencies at a pulse 

to cycle fraction of 0,5 obtained in the previous study. Using Figure  11, we derived the 

frequencies at which the score of subjective  evaluation for discomfort due to flicker at a 

modulation depth M of 20 were 3, 4, and 5, and compared them with our experimental results. 

 

12  shows a comparison with our  experimental results for the average luminance  of the -2 luminaire's emitting surface Because the luminance of the flickering source in the previous study was not indicated, Figure L of 400 cd·m , which had roughly the same score of subjective 

evaluation for discomfort at maximum disturbance F2. The F1, F2, and F3 in previous studies 

tended to be 1,6 to 1,7 times higher than those in our study. 

[image: ]

 

Figure 11 – Equivalent discomfort score   Figure 12 – Comparison of discomfort score 

[image: ]

curve for modulation depth and frequency      at M of 20, L of 400 cd·m-2 (after Saito & Narisada,1968)                   (after Saito & Narisada,1968) 

In a study of the critical flicker frequency CFF (Fukuda, 1978), it was shown that the CFF for 

flicker stimulus sizes of 4 degrees or less was lower in the peripheral visual field than in the 

central field vision, and the CFF at a flicker size of 4 degrees and deviation angle of 0 degree, 

which is close to the condition in the previous study (flicker size of 5 degrees and  deviation 

angle of 0 degree), was 38 Hz, while the CFF at a flicker size of 2 degrees and deviation angle 

of 80 degrees, which is close to our study (flicker size of 2,4 degrees and deviation angle of 80 

degrees), was 15 Hz,  thus  the difference in CFF between the two studies is estimated to be 
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about 2,5 times. Therefore, it is presumed that the size of the flicker stimulus and the deviation angle of the flicker stimulus from the line of sight affects discomfort caused by flicker, and that this is why the values of F1, F2, and F3 obtained in our study were lower than those in previous studies. Particularly in roadway lighting using LMHLs with luminous intensity distribution of pro-beam lighting, it is necessary to consider that the range of frequencies to be avoided to reduce discomfort caused by flicker due to changes in the luminance of the rear of a preceding  car occurs near the line of sight of the passengers in driving car, so the upper and lower limits are relatively wide and high. 

Comparison with evaluation of field experiments 

[image: ]

Methods of field experiments 

[image: ]

−   Experimental conditions

 

Subjective  evaluations  were conducted at the same fields as in  “2.  Flicker characteristics of -1 road lighting using LMHLs”. The driving speed were 60 km·h , 80 km·h-1 , and 100 km·h-1 . 

−   Experimental method

Subject sat in the front passenger seat of a car driven by the experiment conductor and driving from a public road to the expressway. Before entering the experimental section where LMHLs were installed, the subject kept his/her line of sight in the direction of driving. After the car’s driving  speed  adjusted  to the experimental conditions, the subjects evaluated the discomfort caused by the flicker using the same rating scale as in the dark room experiment. The subjective evaluation was repeated at different driving speeds. The experiment was conducted from about 30 minutes after sunset to allow for the subject's adaptation luminance. The experimental order of car’s driving speed was randomized. 

−   Subjects

The subjects were 18 males and 4 females between the ages of 22 and 57 in Route A and 19 males and 4 females between the ages of 23 and 64 in Route B. All subject’s had binocular visual acuity of 0,7 or better to hold a driver's license. 

Experimental Results 

[image: ]

In the same method  as in the darkroom experiment, scores  of  subjective  evaluations  with a significance level of 5 % or less were excluded, and average score of the subjective evaluation was calculated. Figure 13 shows the average score of the field experiment (dashed line with symbols) and the predictive score of subjective evaluation (solid lines) obtained from the results of the darkroom experiment using the modulation depth  and  average luminance of the luminaire's emitting surface in the lighting system installed at the experimental fields, and that the trends between the score of  the field experiments and predictive  score  are generally in agreement. However, the score of the field experiment was 1,8 to 2,9 lower than the predictive score. As shown in Figure 2, it is assumed that reflected light from expressway structures and light emitted from buildings and other structures around the road, which were not present in the darkroom experiment, within the subject's visual field became visual noise, reducing sensitivity to flicker. 

[image: ]

 

(a) Route A                     (b) Route B

[image: ]

Figure 13 – Comparison of between darkroom experiments and field experiments 

[image: ]
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Multiple Regression Model 

[image: ]

As mentioned above, the results of the darkroom experiment showed that three factors affect 

the discomfort caused by flicker: frequency F, modulation depth M, and average luminance of 

the luminaire's emitting  surface  L. Multiple regression analysis, which also considers  the 

interaction effects of each factor, derived the model in equation (4), which can predict the score 

of discomfort caused by flicker. (Where the term for the interaction between M  and L  was 

omitted because of its small on the predictive score of discomfort.) The multiple determination 

coefficient of the multiple regression model equation was 0,94. 

 (4) 

 

where 

 

average luminance of the luminaire's emitting surface (kcd·m DFI is the predicted score  of discomfort caused  by flicker, F is the frequency (Hz), L is the -2 ), M is the modulation depth. 

The intercept of the multiple regression model equation was corrected for the difference in the 

score of discomfort due to flicker between the darkroom experiment and the field experiment. 

The field experiment was conducted on two routes, and the difference between the predictive 

scores of discomforts from the darkroom experiment for each route was 2,9 (Route A) and 1,8 

(Route B). Therefore, to obtain the score of discomfort on the safe side (Relatively high score 

are predicted), the multiple regression equation was corrected as shown in equation (5) by 

reducing the difference in scores for Route B (1,8) to its intercept.

(5) 

 

where 

 

(Hz), DFImodify is the modified predictive score of discomfort caused  by  flicker, F is  the frequency -2 L is  the average luminance of the luminaire's emitting surface (kcd·m ), M  is  the modulation depth. 

Application to Road Lighting Planning 

[image: ]

As mentioned above, the score of discomfort caused by flicker during driving on routes where 

[image: ]

road lighting system  with  LMHLs  is  installed is predicted using three factors: frequency F, 

[image: ]

average luminance of the luminaire's emitting surface L, and modulation depth M. On Japanese 

expressways, it is stipulated that the vertical illuminance of the passenger's side surface be 

kept below a certain level to reduce discomfort glare caused by LMHLs (Maehama et al, 2023). 

 

types of LMHLs used in Japan have shown that the maximum value is approximately 18 000 -2 cd·m Therefore, L of  LMHLs is limited to a certain level or less. Measurements of the L of several .  On the other hand, darkroom experiments showed that the score of the discomfort 

caused by flicker generally remained constant at M  of 8  or  higher.  The higher the values of 

 

frequency at which flicker can be reduced to a certain score of discomfort was calculated from -2 equation (5) using the values of these two factors ( these two factors, the higher of score of the discomfort caused by flicker.  Therefore, the L of 20 000 cd·m and M of 8) that maximize 

the discomfort predicted in practical use. Using the “Annoying and slightly disturbing (rating of 

4)” for the score of discomfort used to calculate the frequency limit for tunnel lighting (Japan 

Road Association,  2007), the frequencies to avoid in road lighting using LMHLs are between 

3,54 Hz and 10,5 Hz. Table  2 shows the upper and lower limits of frequencies to be avoided 

and  the  spacing  of the luminaires  calculated from the driving speed, which allows for easy 
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establishment of limits on the spacing of the luminaires in road lighting plans using LMHLs. The range of frequencies to be avoided in road lighting plans using LMHLs generally corresponds to the frequencies to be avoided in tunnel lighting (4 Hz~11 Hz) recommended by the CIE. 

When driving at the regulated speed of 100 km·h-1 on Route A (luminaire spacing of  6,0 m), 

 

luminaire spacing that should be avoided. However, since the predictive score  of discomfort -2 obtained from equation (5) using where the field experiment was conducted, the frequency is 4,6 Hz, which corresponds to the L of 12 300 cd·m of the LMHLs and M of 4 at the field is 3,87, 

the discomfort caused by flicker was reduced less than “Annoying and slightly disturbing (rating of 4)”. Therefore, depending on the lighting conditions, rather than referring only to Table 2 to determine if the luminaire spacing is  appropriate,  equation  (5)  should be used to plan road lighting. 

Table 2 – Limits for spacing of LMHLs to reduce discomfort caused by flicker 

Driving speed Lower limit of F   Lower limit of S   Upper limit of F    Upper limit of S

120 km·h-1                           9,4 m                               3,2 m

100 km·h-1              3,54 Hz               7,8 m               10,5 Hz              2,6 m

80 km·h-1                            6,3 m                               2,1 m

5 Conclusions

The discomfort caused by flicker during driving in road lighting using LMHLs  is affected by frequency, average luminance of the luminaire's emitting surface, and modulation depth. Also, the calculation model for predicting score of discomfort was derived using these variables. The frequencies to be avoided and the spacing of LMHLs to be avoided for some driving speeds were suggested, considering the current specifications of LMHLs in Japan. The frequencies to be avoided are roughly the same as those recommended for tunnel lighting, but also using the calculation model for predicting score of discomfort, appropriate lighting plan for road lighting using LMHLs is possible. 
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Abstract 

Many sports branches are considered a large industry due to the size of the social masses that 

sports reach. So much, so that the minimum lighting requirements determined for the facilities 

where the competitions will be held are made considering the TV broadcasting requirements, 

which are important for delivering the competitions to larger audiences, as well as the athletes. 

While high and multi-directional vertical illumination levels required for TV broadcasting improve 

vision and TV shooting conditions at one point, they can pose a risk in terms of visual comfort 

and glare, especially for athletes, if proper planning is not made. At this point, project details 

are of great importance in terms of providing visual comfort conditions and minimizing possible 

risks. Within the scope of this study, measurement and analysis studies were carried out on the 

examination of horizontal/vertical illumination levels and glare-related performance criteria on 

a sports facility illuminated in accordance with FIBA standards.

Keywords : Sports Lighting, Glare, Glare Rating Measurement, 

1 Lighting for Sport Facilities

Today,  the  minimum  requirements  that  professional  sports  facilities  must  comply  with  are 

defined  in  the  EN12193  standard.  The  standard,  which  was  last  updated  in  2018,  basically 

defines the minimum lighting requirements required according to the type of sports activity and 

level of competition, as well as additional requirements for facilities where TV shooting will be 

carried out. For sports such as football and basketball, which appeal to much larger audiences 

and  have  large  broadcasting  revenues  even  at  the  national  league  level,  the  relevant 

federations  may  have  much  higher  performance  demands  in  terms  of  lighting  (EN 12193 

Standard, 2018). It would not be wrong to say that the basis of the demand for increased lighting 

performance  here  is  the  needs  and  demands  of  the  broadcasting  industry  rather  than  the 

athletes. 

Football  live  broadcasting  studies,  which  were  done  with  much  more  limited  cameras  in  the 

past, are now carried out with a large number of close, fixed and mobile cameras as in the plans 

in  Figure 1.  Therefore,  it  is  important  to  provide  high  and  uniformly  distributed  vertical 

illumination levels in all directions in terms of shooting quality. Since the colour rendering or 

TLCI limits and flicker values requested by standards / federations are criteria dependent on 

material technology, they can be provided in case of appropriate equipment selection and are 

independent elements from project details, they are not evaluated in this study.

 

1.1 Lighting Levels 

According  to  EN12193,  the  required  average  horizontal  illuminance  level,  uniformity,  visual 

comfort and colour rendering values for sports facilities that do not have live broadcast criteria 

are  defined for  3  lighting  classes categorized  according  to the competition/activity  level.  For 

example, the performance criteria recommended for indoor sports facilities are as in Table 1. 
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Figure 1 – Camera Layout plans for football (UEFA) and basketball (FIBA)

 

Table 1 – Indoor Lighting Levels for Basketball EN 12193:2018 

Lighting Class         Em (lx)            Uo (min/avg)             GR                 CRI 

I                           750                        0.70                        35                       80 

II                         500                       0.70                       40                       60

III                          200                        0.50                        40                        60

When it comes to live broadcast criteria, 600 lx is required as minimum and 1400 lx is required for major events. 

Since  broadcasting  is  of  critical  importance  for  federations  such  as  football  and  basketball, enhanced/extended requirements can be defined for the facilities where broadcasting will be carried out. The lighting criteria recommended by UEFA (UEFA, 2023) and FIBA (FIBA, 2022) are shown in Table 2 and Table 3. 

 

The  guidelines  published  by  the  federations  define  higher  requirements  in  terms  of  both illuminance  level  and  uniformity.  Improved  vertical  illuminance  levels  and  uniformity  criteria provide  much  better  conditions  for  both  athletes  and  broadcasting  requirements.  While  such high  levels  of  vertical  illumination  criteria  are  provided,  visual  comfort  and  glare  are  also important criteria.
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Table 2 – Football Field Lighting Requirements (UEFA) 

Elite level A         Level A              Level B             Level C          Level D 

Eh-av                            > 2.000 lx          > 1.500 lx             > 1.400 lx            > 1.200 lx          > 800 lx

U1h                       > 0.50           > 0.50              > 0.50             > 0.40          > 0.40

U2h                       > 0.70           > 0.70              > 0.70             > 0.60          > 0.60

Ev-av-0°-90°-180°-270°                                         average > 1.000 average >      average > 1.250                         average > 700      average > lx 

1.500 lx               lx                                            lx                350 lx 

Ev  on 0°-90°-180°-    minimum >     minimum > 700                         minimum >      minimum > 

270° reference plane        1.000 lx                           minimum > 600 lx 

lx                                                   350 lx                200 lx 

U1v                          > 0.50            > 0.40               > 0.40              > 0.35

U2v                          > 0.60            > 0.50               > 0.50              > 0.45

average <3%                                        average < 20% 

Flicker factor (FF)           maximum       average < 12%      average < 12% 

maximum < 

maximum < 15%    maximum < 15%

<3%                                     30%

Minimum adjacent 

> 0.60            > 0.60              > 0.60             > 0.50

uniformity          ratio 

≤10 failures       ≤ 20 failures          ≤ 30 failures        ≤ 30 failures

(MAUR) 

Tc                         5.000-6.200K     5.000-6.200K        5.000-6.200K       4.200-6.200K    4.200-6.200K

Ra                        ≥ 80 Ra          ≥ 80 Ra            ≥ 80 Ra           ≥ 70 Ra         ≥ 65 Ra

Glare rating (GR)             < 50              < 50                < 50                < 50             < 50

Maintenance factor 0.90 LED        0.90 LED          0.90 LED          0.90 LED        0.90 LED 

(MF)                       0.80 HID         0.80 HID            0.80 HID           0.80 HID        0.70 HID

 

Table 3 – Lighting Level Requirements (FIBA) 

Main Camera Vertical         Vertical All Directions                Horizontal

Em (lx)  Min/Max  Min/Avg  Em (lx)  Min/Max  Min/Avg  Em (lx)  Min/Max  Min/Avg 

 

Playing                                                                  1500-Area 2000 0.70 0.80 1700 0.70 0.80       0.70       0.80 3000 (PA)

 

Total                                                                         1500-Area 2000 0.60 0.70 1700 0.60 0.70      0.60       0.70 3000 (TA)

Flicker             Colour Rendering Index (CRI)       Colour Temperature (CCT) 

≤ 1 %                    ≥ Ra 80                 4000-6000K ( +/- 500K)

 

1.2 Glare Rating 

Glare is a condition that can occur depending on many details such as the photometry of the 

product, the observer position and viewing direction, surfaces, the position and orientation of 

the  luminaires.  Although  it  is  basically  defined  conceptually,  mathematical  modelling  and 

grading  it may  not  be  as simple as  basic  criteria  such  as vertical  and horizontal  illuminance 

levels or uniformity. While the concept of glare is an element that is of particular importance for 

cameras,  spectators,  referees  and  players,  the  most  difficult  conditions  are  basically 

experienced by athletes.

Calculation  models  such  as  UGR  and  GR  have  been  defined  by  the  International  Lighting 

Commission for the evaluation of the visual comfort of a lighting application. While the UGR 

parameter is used to define visual comfort in work environments, glare limits are defined through 

the GR model in projects such as outdoor sports facilities (CIE Publication 112, 1994) 
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Since it is anticipated that the GR calculation model, which was basically developed for outdoor facilities, can also be used in indoor facilities as a result of the studies carried out, GR limits have  also  been  defined  in  indoor  sports  areas  with  the  EN12193:2018  version.  In  addition, although  the  GR  calculation  model  is  not  a  mathematical  model  developed  to  detect  glare problems  that  can  be  seen  on  the  camera,  it can be used  in cases where  there  is  no rating approach.

UEFA publications limit the GR value to 50 in all competition levels. Within EN12193, the GR value  for  the  highest  competition  level  in  indoor  sports  facilities  is  limited  to  35  and the  GR limitation  is  valid  for  applications  where  the  installation  height  is  higher  than  10m.  While federations do not have a clear GR limitation limit in many indoor sports branches, the GR limit values recommended for indoor sports facilities are shared in Table 4.  

Table 4 – GR limits for sport events (EN 12193) 

İndoor                         Outdoor 

Major Events                    ≤ 35                           ≤ 40

Minimum Requirements              ≤ 40                          ≤ 45

For the GR calculation models, the observer is assumed to be looking straight ahead or slightly down (-2°). This situation can be considered as a correct model for the main camera and most of  the  audience.  In  fact,  the  gaze  inclination  for  the  camera  and  the  audience  is  generally downward  at  higher  angles  for  the  observer  points  located  above  the  field  level,  which is a situation that reduces the risk of glare. However, especially in sports such as basketball, the athletes are forced to look above the horizontal during the general flow of the game, and this situation  cannot  be  modelled  with  the -2° angle  conditions  in  the  GR  calculation  model. EN12193 and the application guides of the relevant federations impose some restrictions on the positions and orientation angles of the luminaires, as well as the GR value limits, in order to limit discomfort.

1.3 Installation Recommendations / Limitations 

UEFA  defines  the  limits  that  will  guide  the  design  processes  regarding  the  ideal  height  and minimum clearance values that should be applied from the field line regarding the positioning of  the  luminaires  (Figure 2).  Today,  lighting  in  modern  football  fields  is  generally  done  with luminaires placed on  the  under-roof axes, while in general  there  is  no problem  in complying with these limitations in large-scale stadium projects. Compliance with these limitations in the design processes can be sufficient in most cases to ensure minimum performance criteria.

[image: ]

 

Figure 2 – Installation suggestions ‘’UEFA’’ 

[image: ]

Positioning  the  luminaires  at  the  ideal  clearance  and  height  from  the  field  is  important, especially in terms of improving vertical illuminance levels and ensuring glare limits. Improper positioning  of  luminaires  can  cause  both  horizontal/vertical  level  ratios to change and glare risks to increase. Limits on orientation angles can be useful recommendations for limiting glare values. However, the photometric and screening properties of the luminaire are also important here. 

[image: ]

There  are  certain  orientation  limitations  within  basketball  facilities.  FIBA  recommends  that luminaires be oriented at 40°-60° and that there are no luminaires directed at players within a 20° arc around the basket.  

In modern arena architectures with high ceilings (Figure 3), lighting fixtures positioned at ideal heights and distances  allow  for  ideal  horizontal  and  vertical  uniformity  values,  while  level transitions at the field and spectator points around the field are much more balanced. Of course, 
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we should not expect all indoor basketball facilities to have an arena architecture at this level. 

Many facilities at the 1st League level are built in a much more compact and low-level structure, 

and lighting designs can be requested according to live broadcast criteria. The project issue for 

such facilities can pose greater challenges in terms of lighting engineering.

[image: ]

 

Figure 3 – Modern Basketball Arena 

[image: ]

 

1.4 Balancing Horizontal and Vertical Illumination Levels 

In  indoor  sports  halls,  it  is  very  important  for  the  luminaires  to  be  at  the  ideal  distance  and 

height  in  the  field  to  provide  a  certain  vertical  lighting  performance.  In  general,  luminaires 

positioned  relatively  closer  and  lower  to  the  field  during  the  installation  processes  generally 

cause the ratio of horizontal illumination levels to vertical levels to be relatively high. Modelling 

and analysis studies were carried out on a sample application to summarize this situation. When 

it comes to providing only horizontal illumination levels, luminaire positioning may not be seen 

as such a critical issue. Because ideal illumination levels can be easily provided with luminaires 

with symmetrical or asymmetrical photometry in accordance with the layout plan.

In general, for facilities where TV shooting criteria are not required, the use of luminaire lines 

placed parallel to the long sides of the field as in Figure 4 is sufficient in most cases to provide 

horizontal illumination levels in the EN12193 standard. The distance of the luminaires to the 

field  line  may  not  be  a  very  critical  element  in  such  applications.  However,  the  difference 

between  horizontal  and  vertical  levels  can  be  achieved  at  dramatic  levels  depending  on  the 

lighting  technique  used  and  the  placement/orientation  details.  For  this  sample  application, 

which gives quite sufficient results horizontally (Table 5), the vertical levels and the uniformity 

of the vertical levels are quite low as can be examined in Figure 5 and Table 6.

[image: ]

 

Figure 4 – Layout plan and horizontal illuminance level distribution for a standard 

[image: ]

application 

Table 5 – Horizontal illuminance level values for Figure 4 

P.A. (Playing Area)              T.A. (Total Area)

Em (lx)                                 830                                  754 

Uniformity (Min/Avg)                    0.77                            0.63

Table 6 – Vertical illuminance level values for Figure 4 

P.A.         Em(lx)         Emin(lx)          Emax(lx)          Emin/Em          Emin/Emax

EV 0◦             434           158            646            0.36            0.24 

EV 90◦           301           106            422            0.35            0.25

T.A.          Em(lx)         Emin(lx)          Emax(lx)          Emin/Em          Emin/Emax

EV 0◦             373           87             646            0.23             0.14 

EV 90◦           268           61            422            0.23             0.15
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Figure 5 – Vertical lighting problems 

 

In order to evaluate the elements explained in this section on a real application, measurement and analysis studies were carried out on a sample indoor sports facility.

2  Measurement and Analysis of Basketball Hall 

Within the scope of the study, the lighting performance of a basketball court (Figure 6), which has been recently modernized and a lighting project has been implemented according to FIBA requirements, has been analysed. In order to examine the lighting performance values within the field, horizontal and vertical illuminance measurements were made and luminance imaging was  performed  for  spectators  and  athletes  at  6  different  locations  and  GR  values  were calculated. 

[image: ]

 

Figure 6 – 3D model and visual apparent of the basketball court 

[image: ]

2.1 Illuminance Measurements 

The horizontal and vertical illuminance levels were measured by gridding the basketball court over T.A. (Total Area). The measured values are shared in Table 8. The measurement data and design data are compared in Table 7. 

Table 7 – Comparison of Measurement and Calculation Results 

Parameters                              Measured      Calculated        Deviation

Horizontal        Lighting Level (lx)             4497           4748             -5%

Emin/Eavg                        0.85             0.85               0%

Emin/Emax                        0.7             0.71              -1%

Vertical 1- 0°      Lighting Level (lx)              2382            2525              -6%

Emin/Eavg                        0.88             0.82               +7%

Emin/Emax                       0.72            0.71              1%

Vertical 2- 90°     Lighting Level (lx)              2324            2550              -9%

Emin/Eavg                        0.82             0.76              +8%

Emin/Emax                       0.72            0.71              +1%
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- 

Table 8 – Measured horizontal and vertical illuminance levels 

[image: ]

 

Parameters              Horizontal           Values 

Vertical 1            Vertical 2 

Emin(lx)                         3818                     1950                  1905 

Emax (lx)                        5459                    2685                 2638 

Eavg (lx)                           4497                     2382                   2324 

Emin/Eavg                       0.85                   0.88                  0.82 

Emin/Emax                     0.70                   0.72                 0.72

When Table 7 and the results are examined, it is seen that the calculation and measurement 

results are quite close. When the measurement results are examined, it is seen that the relevant 

vertical illuminance levels are quite balanced and at a level that will meet the standards (2300+ 

lx), while the horizontal levels are at values such as 4500 lx. In continuous operating conditions, 

the luminaires can be operated at a 75% dim level according to the needs and at a stage close 

to ideal levels. Of course, horizontal illuminance levels are expected to be much higher than 

vertical. However, due to the effect of the luminaires not being positioned at the ideal position 

and height, the horizontal/vertical balance is relatively high.

2.2 Glare rating measurements 

The design and calculations of the facility were made according to GR < 35 conditions. While 

GR controls are generally performed only on calculation data, some inputs that are not defined 

or are incompletely defined during the project design process can have serious effects on the 

results. In particular, significant differences can be seen between GR calculations made without 

clearly knowing the reflectivity characteristics of the parquet surface and the situations that can 

be encountered in the field. This difference may differ between the remote observer (camera, 

spectators in the high stands, etc.) and the observer on the field (athletes, referees). In addition, 

calculations are mostly made on an open area model instead of an interior surface model in the

design tools used in the calculations. As  a  result  of  all  these  and  similar  effects,  significant 

differences are expected between the calculations and the measurement values.

With the example model, the GR value for the observer point number 4 was calculated as GR: 

30 in the case of a parquet reflectivity of 30% and GR: 25 for 50%.

In order to model the GR values in real conditions, high-resolution luminance images were taken 

from 6 different observer points positioned as in Figure 7. In order to perform glare analyses, 

luminance  imaging  devices  and  software  add-ons  of  the  relevant  device  were  used 

(Technoteam, 2024; Porsch et all 2015). Measurements were made at h: 1.8 m for players and 

std  h:  1.5 m  for  cameras  and  spectators.  While  measurements  were  made  at  observer 

inclination limits, measurements were repeated for gaze direction +10° upward tilt conditions at 

some observer points in the player position.
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Table 9 – Glare analysis summary 

 

Observer  Definition      Aim       GR       UGR       Luminance      Threshold 2 (cd/m Adapt.  Luminance 

)              (cd/m2) 

1.          CAMERA     Standard      15       27.43         119.3           10840 

2.       SPECTATOR Standard      18        29.6         180.6           16410

3.          PLAYER      Standard      20        35.84          698            234500

+10°       25       33.71         751.7          49370

4.          PLAYER 

Standard      17       30.83         735.4           48610

5.         PLAYER     Standard      20        33.45         732.8          134900 

6.         PLAYER     Standard      16        34,6          627.9          245800

[image: ]

 

Figure 7 – Observer positions 

The  luminance  images  taken  for  each  observer  point  (Figure 7)  are  as  in  Figure 8  and the summary results are shared in Table 9.

[image: ]
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Figure 8 – Luminance images for different observers 

[image: ]

The measured GR values are lower than the values obtained in the calculation process. In this 

case, the characteristics of the parquet surface and the general luminance scene are different 

in indoor conditions compared to outdoor conditions, which has a great effect.

 

2.3 Luminary positioning 

According to FIBA Extra care should be taken with luminaires that could interfere with players 

in shooting positions such as lights in the 20° arc drawn from the basket towards the nearest 

point  on  the  sidelines. This  situation  was  checked  by  taking  a  luminance  image  from  the 

 

position, no glare source was detected in the white boxed area with a threshold value above 2 245,800 cd/m observer point number 6. For the figure showing (Figure 9) the luminance scene at the relevant . Since the luminaires in the relevant area were directed to different points, the 

luminance values were below the threshold value and were not considered as a glare source.

[image: ]

 

Figure 9 – Luminance image view for Observer 6 

It is recommended that the luminaires should have an aiming angle of 45° from the downward 

vertical, with 60° as a maximum. This recommendation is important in terms of improving both 

vertical  levels  and  horizontal  vertical  balance.  Due  to  structural  limits  and  application 

preferences during the application process, the luminaire placements could not be realized at 

ideal clearance and height from the field. When the luminaire orientation angles were examined, 

it was seen that many luminaires were positioned with orientation angles lower than 40°. As a 

result of this situation, the horizontal/vertical illuminance level ratios are relatively high.

• Within the scope of this study, the results obtained for a relatively compact basketball

hall,  where  field  tests  were  carried  out  and  the  design  criteria  were  checked,  are  as follows.
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• The  deviation  between  the  calculated  illuminance  levels  and  the  measured  values

during the design process is at a minimal level. The accuracy of the photometric data used  in  the  design  process  and  the  minimum effect  of  the  interior surface  reflectivity values on the results on the calculation area are important in this.

• The horizontal/vertical ratio was calculated as relatively high (1.89) due to the fact that

the luminaires could not be positioned at the ideal position and height from the field. Many  luminaires  were  oriented  at  lower  inclinations  than  the  recommended  ideal orientation angles of 40°- 60°.

• Significant differences were observed between the calculated and measured GR values.

(The  results  are  relatively  lower)  This  is  due  to  the  uncertainty  of  the  surface characteristics and the open field conditions in the calculation model.

3 Conclusion

While providing the high vertical illuminance levels required for broadcasting in indoor sports facilities, providing visual comfort criteria becomes more important. This situation is especially critical for athletes in a relatively more negative observer position. The photometric properties of  the  luminaires  and  the  project  details  (height,  orientation  angle,  distance  to  the  field boundaries, etc.) are decisive for this.

Although GR values can be calculated with lighting modelling software, significant differences can be seen between real conditions and modelling results, especially due to the inability to model  surface  characteristics  very  well.  Thanks  to  luminance  images and  image  processing solutions taken with advanced ILMD solutions, visual comfort parameters such as UGR and GR can be analysed in a practical way.

Within  the  framework  of  the  general  dynamics  of  basketball,  it  is  obvious  that  athletes  are exposed to different/challenging conditions than the -2° orientation in GR calculations. For this reason, reducing GR limits can be considered, especially for models such as basketball, where athletes look under more challenging conditions than the -2° aim acceptance. Since ambient luminance and other contrast elements will be as important as luminaires and project design in reducing GR values, it is important to model the facility's lighting design in a way that will provide much more comfortable lighting around the field and the nearby stands. In GR evaluations, it is also  recommended  to  define  different  limits  for  large  arena  structures  and  relatively  smaller basketball facilities.
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Abstract 

This project aims to develop a smart lighting system integrating solar panels, LED fixtures, 

sensors, and communication technologies, focusing on sustainability and disaster 

preparedness in Turkey. The system will use LoRaWAN technology for low-power, long-range 

communication between lighting poles, ensuring uninterrupted communication during 

emergencies. The project also addresses light pollution by designing nature-friendly, amber 

lighting systems, minimizing impacts on wildlife and plants. A renewable energy source will 

power the system, with a battery management system ensuring 72 hours of autonomy. Data 

collection and analysis infrastructure will support big data applications. Testing will compare 

conventional and ecological lighting systems, with ecological fixtures designed to meet DarkSky 

standards. The project aims to set new standards for ecological lighting in Turkey, strengthening 

cities resilience to disasters like earthquakes. 

Keywords : Disaster Communication, Ecological Lighting, LoRaWAN, Solar Energy Road 

Lighting

1 Introduction 

Within the scope of our project, two basic problems that we foresee to be experienced in the cities of 

the future, both through our literature research and market analysis, have been addressed; lighting with 

the correct use of LEDs and communication problems in disaster situations. While producing solutions 

to these two different problems, we foresee that the most common point to progress is the lighting 

located in many parts of the city structure. Road Lighting technologies have started to evolve from 

conventional lighting to LED Lighting technologies as of 2015. (Mariton &  Kerbiriou,2022) When we 

look at the current rates of products that are widespread in the market, the fact that LEDs are used in 

road, park and garden lighting at a rate of %30-%40 (Onaygil,  2023) is an indication that this 

development is accelerating and that it is in demand in the market. However, the increase in the number 

of users has brought about the emergence of disadvantages in the use of LED technologies and the 

necessity of combining them with the correct technological methods. Directing the transformation that 

dominates the lighting market with LEDs correctly and not ignoring the element of nature in the lighting 

projects we carry out in the city is of great importance in the world of the future. Artificial Light At Night 

(ALAN) and related light pollution affect 23% of the global surface, even affecting areas far from cities. 

(Macgregor et al., 2019) Although this rate, which we cannot ignore, is seen as an energy consumption 

problem, its effects on biodiversity are also a growing source of concern. For example, the blue light 

wavelength found in LED lamps has negative effects on the circadian rhythm of many mammals, 

especially humans. ( Mariton &  Kerbiriou,2022) The lighting system to be designed within the scope of 

the project will be developed based on many effects observed in nature. When we scan the literature in 

this context, we come across a study conducted on wrinkle grass. It has been suggested that irradiating 

this plant with very red light increases the sensitivity of phytochromes to gibberellins and reduces the 

flowering transition time. Researchers have suggested the use of Red + Blue light emitting diodes 

(LEDs) and night interruption-night dimming to reduce electricity and heat costs in the cultivation of this 

plant.[4] For the first problem we will touch on, an LED PCB with optimized lighting times and low CCT 

value will be integrated and a luminaire with low BUG value will be designed.

If we detail the other problem aimed to be solved; The fact that our country is located in a geography 

with high earthquake risk puts us under a great responsibility in terms of being prepared for disasters. It 

is seen that the most common problems encountered in disaster situations are power and 

communication outages. Due to the damage in base stations and power transmission centers, access 

to communication and power sources within the city becomes limited.

Another workload of this study is to develop the disaster communication system as well as the 

development of lighting infrastructure. Thus, in times of disaster, information flow will be provided quickly 
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and effectively without experiencing communication problems. At the same time, it is also aimed to show the road condition and to direct emergency response teams through the poles that remain standing after the disaster. Traditional communication and lighting systems are usually connected to the power grid, which limits communication and lighting opportunities in the event of post-disaster power outages. Traditional communication and lighting systems are not sufficiently durable and functional in difficult post-disaster conditions, and the need for post-disaster communication and coordination is not given enough importance.

The communication topology will be created through the road and park-garden lighting luminaires used in the city. In this way, the equipment that will provide people with maximum communication opportunities in the event of a disaster within the city structure will be created, and by ensuring that this whole system works most effectively in daily city life, the infrastructure for smart cities will be created in our country.

2  Materials and Methods 

Battery Management System and Calculations 

[image: ]

In order to determine the panel size and angle to be used in the solar system, the operating hours of the system must be determined. With the data we have, we can obtain this data using the formulation in.(Rajab, 2017) 

𝑁𝑁 = 2 /15 𝐶𝐶𝐶𝐶𝐶𝐶−1(− 𝑡𝑡𝑡𝑡𝑡𝑡ϕ𝑡𝑡𝑡𝑡𝑡𝑡δ)  (1)

Here,  the  N  value  represents  the  daylight  length  in  hours,  ϕ  represents  the  latitude,  and  δ represents the solar declination angle. (Rajab, 2017)  The parameter we call the solar declination angle is information that we can find from the formulation below. 

δ = 23.45𝑠𝑠𝑠𝑠𝑡𝑡 (360 (284+𝑡𝑡)/ 365) (2)

In the formulation, the n value is the monthly average daylight value in the place where the solar lighting system will be installed. (Rajab, 2017)  When determining the panel size, the energy parameter required by the lighting system is also of particular importance. With this value we obtain, we determine the panel size parameter we need. With the equations in (3) and (4), we can calculate the monthly energy efficiency we can get from the panel in line with our needs. 

𝐸𝐸 =𝐼𝐼𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝 .𝑑𝑑𝑚𝑚 .𝑅𝑅𝑡𝑡𝑎𝑎𝑝𝑝𝑎𝑎𝑡𝑡𝑎𝑎𝑝𝑝 . 𝑡𝑡. α.V  (3)

𝐸𝐸 =𝑃𝑃𝐿𝐿𝐸𝐸𝐿𝐿. 𝑑𝑑𝑚𝑚. ℎ  (4)

Where; 

𝐼𝐼𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝: 𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑎𝑎𝑑𝑑 𝑜𝑜𝑝𝑝𝑝𝑝𝑎𝑎𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡𝑎𝑎 𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑝𝑝𝑡𝑡𝑡𝑡

𝑑𝑑𝑚𝑚 : 𝑡𝑡𝑐𝑐𝑚𝑚𝑛𝑛𝑝𝑝𝑎𝑎 𝑜𝑜𝑜𝑜 𝑑𝑑𝑡𝑡𝑑𝑑𝑠𝑠 𝑠𝑠𝑡𝑡 𝑡𝑡ℎ𝑝𝑝 𝑎𝑎𝑝𝑝𝑟𝑟𝑝𝑝𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑜𝑜𝑡𝑡𝑡𝑡ℎ

𝑅𝑅𝑡𝑡𝑎𝑎𝑝𝑝𝑎𝑎𝑡𝑡𝑎𝑎𝑝𝑝: 𝑚𝑚𝑜𝑜𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑑𝑑 𝑡𝑡𝑎𝑎𝑝𝑝𝑎𝑎𝑡𝑡𝑎𝑎𝑝𝑝 𝑠𝑠𝑐𝑐𝑡𝑡𝑠𝑠ℎ𝑠𝑠𝑡𝑡𝑝𝑝 ℎ𝑜𝑜𝑐𝑐𝑎𝑎

α: 𝑝𝑝𝑠𝑠𝑎𝑎 𝑛𝑛𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝𝑚𝑚𝑝𝑝 𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡ö𝑎𝑎ü  

ℎ: 𝑟𝑟𝑜𝑜𝑡𝑡𝑑𝑑𝑠𝑠𝑡𝑡𝑎𝑎 𝑜𝑜𝑝𝑝𝑝𝑝𝑎𝑎𝑡𝑡𝑡𝑡𝑠𝑠𝑜𝑜𝑡𝑡 𝑡𝑡𝑠𝑠𝑚𝑚e 

According to our calculations, we can afford 30 W nominal power of lighting system  without using grid based energy source. In addition, we can look at Figure 1 to understand the effect of the panel angle on the lighting fixture design. When we look at the reference values for Istanbul, the optimum angle is stated as 60 degrees. When we decrease this value to 25 degrees and provide a slope angle, we observe a decrease of 83%. This shows us how important the application setting is according to the location. In other words, while this design was being created; the optimum angle at which the panel can receive the sun and the light distribution of the luminaire (BUG-backlight, uplight,  glare) were taken into consideration. A project technology that touches on many different technical points was designed. 
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Figure 1 – Effect of Panel Angle 

LED Parameters and Design 

[image: ]

When we consider the solution we propose as an optical design, there will be a total of 3 PCBs 

in the product design that will not harm living beings and the ecosystem with the lighting we will 

make. Each PCB will be equipped with LEDs with different color temperatures. One PCB will 

have a color temperature of 1800K, and the other two PCBs will have a color temperature of 

3000K. While the 1800K PCB will be placed in the center, the 3000K PCBs will be placed at the 

right and left ends. 

 

Figure 2 – Amber and 3000K from DarkSky and GritVR 

The LEDs selected for the 1800K is mid-power type LEDs. There will be a total of 48 LEDs on each 

PCB and these LEDs will be positioned in groups of 16. The operating voltage of the LEDs will be 

determined at the optimum level. An average of 117 lumens/watt efficiency is achieved for each LED. 

By using light at this light temperature and wavelength of 585-600nm in situations where there is no 

human movement, it will focus on the protection of natural habitats and the ecologically friendly 

illumination of urban areas, while contributing to tourism attraction centers becoming more nature-

friendly by minimizing light pollution at night.

The same LED type will be used on the 3000K PCB. There will be 48 LEDs on each PCB, but these 

LEDs will be arranged in groups of 8. The operating voltage and driving current of the LEDs will be set 

similarly to the 1800K PCB. An average efficiency of 154 lumens/watt is achieved for each LED. The 

color index (CRI) of the LEDs will be 70 on the 3000K PCB.

Communication System and Mesh Network 

[image: ]

The technology used for smart lighting system is LoraWan. The reason is first Lora belongs to the IEEE 

[image: ]

802.15.4 standard which offers fairly low power consumption compared to the other protocols. Since 

[image: ]

smart city systems require a considerable amount of power consumption, employing a low power 

[image: ]
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communication protocol is hugely advantageous. Moreover, LoraWan systems have larger communication range, 2-3 km for urban areas and up to 10 km for rural areas where the overall topology can be increased for larger coverage area.

The network is built as a star of stars topology in Lora based networks. The system consists of three components which are:

 

• End nodes: The tip of the stars, where sensors and other deviced are integrated. These

end nodes perform the operations such as, measuring the air, city and traffic condition, air condition etc. LEDs are also integrated for street lighting.

• Gateways: Gateways can be considered of the middle unit where multiple end nodes are

connected to single gateway to form a star. Then, using multiple gateways can form the star of stars topology. The primary purpose of gateways are to collect the data received from end nodes and transmit it to the central server for analyze.

• Main server: The server is the center of the topology. It collects the data from the

gateways which contains the end nodes’ data. Whenever an event is triggered by a sensor or there is a particular change happen, the message is delivered to the main server to be responded. The server usually connected to an application network system where response according to the sensors can be generated and transmitted. The main server can be either a cloud or physical depending on the design.

The data rate of LoraWan network can be expressed as: 

 

R =(SF.BW)/2SF*(4/(4+CR)) (5)

 

where BW is the bandwidth and CR is the coding rate. SF stands for spreading factor thet determines the duration of the transmission symbol, directly affecting the data rate. The value of SF ranges from 7 to 12 where 7 offers the maximum data rate and minimum transmission range and 12 offers the minimum data rate and maximum transmission range.    

Since the network is used as a wireless system, the propogation loss must be considered. In LoRa systems, path loss refers to the reduction in signal strength as the signal propagates through space. This is critical for determining the coverage area and communication reliability in LoRaWAN deployments. The path loss can be calculated as; 

 

PL = 20log(d)+20log(f)+20log(4π/c) (6)

 

where d is the distance between transmitter and receiver, f is the operating frequency, differing for different areas in LoraWan case such as 433 MHz is used in China, 868 MHz is used in Europe and 915 MHz is used in United States, c is the speed of light..  

 

Mechanic Design 

[image: ]

In the communication design block, two different design processes suitable for the technology shared stand out. The first is the street luminaires where the terminal units are positioned, and the second is the mobile off-road vehicle designed to provide lighting and communication in the event of a disaster.

In terminal fixed luminaires, a design that emphasizes the principle of repairability will be presented as a sustainable mechanical design solution. In this way, our luminaires will have a long life, waste generation will be minimized and a sustainable lighting system will be created.

Considering the concept of "right to repair", which has been frequently on the agenda in the sector recently, we aim to make a toolless design that will allow our luminaires to be easily repaired. In this context, responsibilities will be defined for the manufacturer or relevant stakeholder organizations, and the luminaires will have a modular structure and the supply of spare parts will be facilitated. In addition, 

 

274

BalkanLight'2024 Proceedings

 

the BUG value of the searchlight will be kept at 1-0-1, and a lighting searchlight design will be made in 

accordance with DarkSky standards. 

[image: ]

 

Figure 3 –  Lighting Angles 

When we examine the LED lighting leg of the lighting sector in terms of waste and raw materials, 

we see that LED is a new technology and the global waste rate is not very much reflected in 

today's rates.  (EucoLight, 2019)  Nigel Harvey, CEO of British bulb recycler and Eucolight 

member Recolight, predicts that LEDs will account for approximately 30-40% of waste in the 

next 10 years and that this will cause the sector to face a much greater recycling problem than 

it did with simpler designs in the past. Similarly, many experts in the sector assess that as LED 

becomes widespread and developed, we will see much more heavy waste in the scope of 

adhesives, plastics and waste materials used in production processes. Based on this analysis, 

we investigated the possibility of manufacturing the luminaire design and internal circuit 

components from recycled materials. 

There is a trend towards cheap and low-quality products in the lighting market in general. (Sektörüm 

Dergisi, 2018) This confirms the analysis we made at the beginning of the text, and in the future, we will 

encounter very high rates of waste due to low-quality products. In order to respond to the market’s 

increasing awareness of green solutions and carbon footprint, we  evaluated the use of recycled 

materials in the lighting sector. There are indoor lighting applications of recycled designs made from 

biological waste. (EucoLight, 2019)  However, these raw material contents are not resistant to outdoor 

lighting conditions. It is possible to use materials such as recycled aluminium for outdoor lighting, but 

they also have low strength. At this point, we examined the concept of “right to repair” that supports 

sustainability in the market. It is important to allow the products developed to be repaired and re-used 

with less raw material resource usage. In this direction, the design to be developed for this project aims 

to create a sustainable product and contribute to the circular economy by focusing on a toolless product 

design. 

The purpose of developing the second part of mechanic design-mobile off-road vehicle is to increase 

the coverage area and efficiency of fixed poles. The units in the device will not be affected by power 

outages after disasters by operating on solar energy. It will meet the needs of disaster victims and rescue 

teams by being designed to meet the needs of emergency lighting and communication.
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3  Conclusion 

If we examine the entire working system within the scope of smart lighting systems, smart lighting systems; reduce environmental impact by providing energy efficiency, which contributes to more efficient use of national energy resources by providing energy savings. While contributing to disaster management with the developed communication system, it is aimed to develop environmentally friendly solutions by carrying out R&D studies in the field of ecological lighting. With this technology, it is aimed to meet the lighting needs without harming the day-night cycle that living things have biologically, and in the light of biological studies in the literature, work continues on a lighting technique that does not disrupt the respiratory cycle of plants and does not harm the prey-predator relationship of living things.

In today's and future applications, the reduction of energy costs in industrial areas, the "Border Carbon Tax" applications to be implemented by EU member states in industrial production, "Carbon Footprint" reduction studies, and studies aimed at competitiveness are increasing the demand for ecological lighting solutions in industrial areas, technoparks, and industrial sites. In smart city projects such as Leyja, Line, and Oxagon, new generation lighting solutions are preferred in terms of sustainability and aesthetics while building the living spaces of the future. Lighting solutions that will adapt to the "smart and connected" structure of smart cities are also in demand. This interest will continue to increase in many different areas, starting from disaster communication-lighting.
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Abstract 

Emergency lighting is a secondary lighting type that is automatically activated immediately in 

case of a failure of the normal lighting system in a building and allows people to evacuate safely. 

The purpose of the emergency lighting system is to prevent loss of life by ensuring a fast and 

safe evacuation in an emergency condition. The installation of an emergency lighting system in 

buildings open to the public is a legal requirement. Emergency lighting is not a type of lighting 

that is needed under normal conditions. However, when an emergency condition  occurs, all 

luminaires must work as required. In case of any failure, the risk is human life. For this reason, 

periodic testing of devices and keeping their records are guaranteed by regulations. In practice, 

performing periodic tests individually is very difficult. This study provides information about the 

simplified Commission Free Wireless Emergency Lighting System. 

Keywords :  Emergency lighting, Emergency lighting remote monitoring, Wireless monitoring, 

Automatic test, Mesh, EN 1838, EN 50172, EN 62034, EN 62384. 

1 What is Emergency Lighting?

Emergency lighting is a secondary lighting type that is automatically activated immediately in 

case of a failure of the normal lighting system in a building and allows people to evacuate safely. 

The purpose of the emergency lighting system is to prevent loss of life by ensuring a fast and 

safe evacuation in an emergency condition. The installation of an emergency lighting system in 

buildings open to the public is a legal requirement. 

2 Why is it Necessary to Monitor Emergency Luminaires?

Normally emergency lighting is not needed. However, when an emergency condition occurs, all 

emergency lighting luminaires should work as required. In the event of any malfunction, the risk 

is human life. Therefore, it is a legal obligation to perform monthly and annual tests on 

emergency lighting luminaires, keep records, store them and submit them to official authorities 

in the event of any investigation. In practice, it is very difficult to perform periodic tests 

individually due to reasons such as high labor costs, difficulty in accessing the devices, 

recording problems and human factors. 

In order to guarantee that emergency lighting works as required when needed, each luminaire 

should be tested at least once a month for a short period of time and at least once a year for 

the duration of the emergency declared operating time, in accordance with the IEC/EN 50172 

Emergency Escape Lighting Systems standard and regulations. If any lamp or battery fault is 

detected during these tests, this non-conformity must be corrected as soon as possible, the 

luminaire should be made operational and the system must be continuously operated properly. 

It is practically impossible to perform activities such as testing dozens or even hundreds and 

thousands of emergency lighting luminaires in buildings, keeping records, storing these records, 

and presenting these records to legal authorities in the event of an incident. If an injury or loss 

of life occurs as a result of improper evacuation and an investigation reveals a defect, heavy 

compensation, imprisonment and disqualification from the profession are imposed on the 

building owners, building managers and relevant responsible parties. 

3  What is Automatic Test Feature?

Nowadays, the problem or need to monitor failures in emergency lighting luminaires is solved 

by designing these luminaires as "smart". According to the IEC/EN 62034 Automatic Test 

Systems standards published on this subject, the luminaire cuts its own power at certain 
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times, as if there were an emergency, and tests its lamp operation and battery capacity. This feature is called "Automatic Test". This test is performed in two ways: 

Function Test 

[image: ]

This is a short-term test conducted to check whether the lamp and battery inside the device are working correctly. According to the standards, the Functional Test should be performed at least once a month. In practice, a test duration of up to 1 minute is sufficient. 

Duration Test 

[image: ]

This test is conducted to check whether the device can operate for as long as required in an emergency. In a sense, it can also be defined as a Functional Test performed for the declared operating time. The Duration Test should be performed at least once a year. If the mains voltage has been cut off for up to 24 hours before the Duration Test, the battery may not be fully charged. Due to the logic of the test, the test is started after the battery is fully charged. 

 

Figure 1 – Automatic Test Plan (IEC/EN 50172)

If a lamp or battery malfunction is detected in the luminaires, the luminaire will first notify this locally using the LED indicators on it. For example, a normally green indicator will remain solid red in the event of a lamp failure, while it will blink red intermittently in case of a battery problem. 

This "Automatic Test" feature is essential for monitoring the luminaires. The role of the monitoring system is to transmit the detected issue from the luminaire to the central monitoring system or mobile application, either wired or wirelessly, and to log all necessary events.  

In Turkiye, the "Regulation Amending the General Technical Specifications for Building Works, Mechanical and Electrical Installations" was published in the Official Gazette No. 31343 on December 23, 2020, and Section 21, "Emergency Lighting and Guidance System Installation General Technical Specifications", was added in Annex-3. According to this, buildings with a user load of more than 200 or more than 100 emergency lighting devices must connected to central monitoring system. 

4  Wired Emergency Lighting Monitoring Systems

DALI Remote Monitoring System

[image: ]

DALI (Digital Addressable Lighting Interface) is the most widely used communication protocol in the lighting industry. With the DALI automation system, it is possible to dim the lights, automatically adjust the indoor lighting based on the outside light, implement time control, and create different scenarios using motion and light sensors. The system consists of luminaires and control devices manufactured according to the IEC/EN 62386 series standards. 

[image: ]

In emergency lighting luminaires, the lamp or battery faults detected by the automatic test feature is transmitted to the central system via an IP cable through a control device called a DALI controller, router, or gateway. The status of all luminaires can  be monitored from the central monitoring system, luminaires can be grouped as desired, and function or duration tests can be initiated. Events that occur in the system are stored in the memory of the central control unit. If desired, the system can also be monitored locally via a smartphone or tablet, or remotely with an internet connection.  
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Figure  2  shows the block diagram of the DALI Emergency Lighting Monitoring System. 

Emergency lighting devices can be connected to the same automation line as other luminaires, 

or a dedicated system can be set up specifically for emergency lighting. 

 

Figure 2 – Block Diagram of DALI Emergency Lighting Monitoring System

KNX Building Automation System

[image: ]

KNX is an automation system technology that controls integrated functions of a building such 

as heating, ventilation, air conditioning, lighting, multimedia, security, and energy management. 

 

The KNX bus line acts as the central nervous system that enables all automation devices to 

communicate with each other. If KNX/DALI gateways are used instead of the DALI controllers 

mentioned  in  section  4.1,  the  DALI  system  can  be  monitored  through  the  KNX  building 

automation system. Events that occur in the system are stored in the memory of the central 

control unit. A block diagram of the system can be seen in Figure 3. 

 

Figure 3 – Block Diagram of KNX Building Automation System including 

Emergency Lighting Monitoring

Closed Protocol Emergency Lighting Monitoring System

[image: ]

In  addition  to  standard  protocols  like  DALI,  KNX,  and Modbus, there are systems that 

[image: ]

communicate using proprietary closed software protocols specific to certain companies. A block 

[image: ]

diagram of the system can be seen in Figure 4. 
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Figure 4 – Block Diagram of Closed Protocol Emergency Lighting Monitoring System

5  Wireless Emergency Lighting Monitoring Systems

DALI + (DALI Thread) Emergency Lighting Monitoring System

[image: ]

With technological advancements, the spread of IoT and the internet, the increase in installation materials and labor costs, and the need for flexible and fast solutions due to changes and renovations in building decorations, wireless communication technology is becoming increasingly popular. DALI is already a standard protocol used in the lighting industry, and with DALI + (DALI Thread), wireless communication-enabled DALI products now offer one of the wireless monitoring options for emergency lighting automation.  

[image: ]

In this technology, the luminaires are connected to each other through a mesh network. One of the luminaires gathers the information from the other luminaires and connects to the main system via an IP cable through a gateway referred to as a border router. Figure  5 shows the block diagram of this system. 

[image: ]

 

Figure 5 – Block Diagram of DALI + (DALI Thread) Emergency Lighting Monitoring System
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Emergency Lighting Automation Using Bluetooth Technology

[image: ]

These are systems controlled by mobile devices in a network created via Bluetooth. They are 

similar to DALI+, but use proprietary closed protocols. 

Emergency Lighting Automation Using LoRa Protocol

[image: ]

LoRa (Long Range) is a modulation technique that enables communication over much longer 

distances compared to technologies like Wi-Fi and wired communication. For this reason, some 

systems use a mesh network, while others use gateways in a central location that  form 

individual star connections. It is a system that provides multi-layered security and allows the 

control of tens of thousands of emergency lighting luminaires through a single server. 

Commission Free Wireless Emergency System

[image: ]

In both wired and wireless monitoring systems for emergency lighting, tasks such as 

commissioning luminaires, addressing, and setting up cloud communication often require 

technical support. While these requirements do not pose a problem for medium and large-scale 

projects, they can be a significant cost factor for small-scale projects. In the system shown in 

Figure 6, emergency lighting automation can be achieved without the need for a technical team, 

using only an existing Wi-Fi modem and without the need for additional hardware, via a mobile 

application. 

[image: ]

 

Figure 6 – Commission Free Wireless Emergency System

Using the mobile app, it simply connects to a fixture via Bluetooth and pairs it with that Wi-Fi.  

The selected luminaire sends wifi connection information to other luminaires  around it.  After 

that, this luminaire creates a mesh network with other luminaires, making the system ready for 

use. This system does not require any data collector or transmitter devices such as controllers, 

routers, or gateways. Data is transmitted to a smartphone or the cloud via the luminaire that 

has the most suitable Wi-Fi connection. 

In addition to being ideal for small-scale systems, this solution is also perfect for monitoring 

chain stores that operate under the same company name and management in different parts of 

the country or even the world. 
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Abstract 

This  study  investigates  the  energy  efficiency  of  various  window  glazing  technologies  across 

different  climate  zones.  Using  advanced  simulation  tools,  both  static  and  dynamic 

glazing systems  were  evaluated  for  their  potential  to  reduce  energy  consumption  related  to 

artificial lighting,  heating,  and  cooling.  The  research  was  conducted  in  Turkey,  involving 

a  model residential space with a single opening in a wall that was rotated to eight different 

orientations (north,  south,  east,  west,  and  intermediate  directions)  to  assess  solar  impacts. 

The  results  indicate  that  while  advanced  glazing  systems,  such  as  electrochromic  and 

thermochromic technologies,  offer  adaptability,  simpler  options  like  double  glazing  also 

demonstrated  significant  energy  savings  across  multiple  orientations.  Although  the  study  is 

based on climate conditions in Turkey, the findings are adaptable to ASHRAE climate zones, 

providing valuable insights for sustainable building design on an international scale.

Keywords : Energy Efficiency, Window Glazing, Climate Zones

1 Introduction 

Energy efficiency in buildings has become a central focus of sustainable development strategies 

worldwide,  especially  with  the  growing  demand  for  energy  in  urbanized  areas.  Buildings  are 

responsible  for  a  significant  portion  of  global  energy  consumption,  primarily  due  to  their 

heating,  cooling,  and  lighting  needs.  Among  the  primary  contributors  to  energy  loss, 

windows  play  a crucial role as they influence both thermal performance and daylighting. As a 

result, numerous technological  advancements  in  window  glazing  have  been  introduced  to 

minimize  energy  consumption  related  to  artificial  lighting,  heating,  and  cooling,  while 

simultaneously maximizing the benefits of daylight.

Several  studies  have  explored  the  benefits  of energy-efficient  glazing  systems  in  reducing 

energy  demand.  For  example,  research  by Tzempelikos has  shown  that  improved  glazing 

technologies  can  significantly  reduce  heating  and  cooling  loads  in  temperate  climates

(Tzempelikos &  & Athienitis,  2007),  while according to Lee et al. demonstrated  that  dynamic 

glazing,  such  as  electrochromic  windows,  can  optimize  both  thermal  comfort  and 

daylight access  in  high-sunlight  regions (Lee,  DiBartolomeo  ,  &  Selkowitz  ,  2006). 

However,  these  studies  often  focus  on  a  single  aspect  of  energy  performance—either 

daylighting  or  thermal  performance—without  considering  the  combined  effects  on  overall 

energy  use.  Furthermore,  many  analyses  do  not  account  for  region-specific  climatic 

variations,  which  are  essential  for  determining  the  optimal  glazing  solutions  for  different 

areas.

Turkey presents a particularly interesting case for glazing studies due to its climatic diversity. 

The country is divided into five distinct degree day zones, each characterized by unique heating 

and cooling demands. These zones provide a useful framework for evaluating the performance 

of glazing technologies in different regions, yet there remains a notable gap in the literature 

addressing this issue. 

Although studies such as  Zhang et al.  and Chirico  & Rinaldi  have evaluated window  glazing 

performance in single climatic zones, no comprehensive research has systematically examined 

how different glazing types perform across all of Turkey’s degree day zones, considering both 

lighting  and  thermal  performance (Zhang  et  al.,  2021) (Chirico,  L.  &  &  Rinaldi,  A.  ,  2020). 

Addressing  this  gap,  the  present  study  aims  to  evaluate  both  static  and  dynamic  glazing 

systems  by  examining  their  ability  to  reduce  energy  consumption  for  lighting,  heating,  and 

cooling in Turkey’s five-degree day zones. Building on existing literature, this research employs 

advanced  simulation  tools  to  assess  the  energy  performance  of  different  glazing  types  in  a 
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model living space. The model space, designed to represent a typical residential environment, includes a single glazed wall, which is rotated across eight building orientations (north, south, east,  west,  and  the  four  intermediate  directions).  This  methodology  allows  for  a  holistic evaluation of how glazing performs under various solar conditions.

Previous  studies  have  identified  the  significance  of  orientation  in  determining  the  energy efficiency of window systems. For example, Kalogirou noted that north-facing windows tend to reduce cooling loads in Mediterranean climates (Kalogirou, 2009), while Lee et al. highlighted the need for additional shading devices for east- and west-facing windows to mitigate glare and heat gain (Lee, E. S. & Selkowitz, S. E., 2014). Similarly, Zhou et al. assessed the impacts of window  orientation  and  shading,  finding  that  strategic  placement  of  shading  devices significantly enhances thermal performance (Zhou, 2017) . Mardaljevic further emphasized that the optimization of daylight through window orientation not only improves energy efficiency but also enhances occupant comfort (Mardaljevic, 2000). Overall, these studies illustrate the critical role that window orientation plays in optimizing energy use and improving indoor environmental quality. By incorporating these considerations, this study provides a comprehensive analysis of how different glazing technologies perform in terms of artificial lighting reduction, heating and cooling energy savings across diverse orientations and climatic zones.

The results of this study are expected to contribute to the growing body of research on energy-efficient building design, particularly in regions with heterogeneous climates. The findings will offer practical guidance for architects, engineers, and building designers, helping them to select the most appropriate glazing types for different climatic zones in Turkey. This research not only addresses a critical gap in the literature but also supports the development of more sustainable and energy-efficient buildings by offering region-specific solutions.

2  Methodology 

This  study  utilizes  a  comprehensive  simulation-based  approach  to  evaluate  the  energy performance  of  various  glazing  technologies  across  Turkey's  five-degree day zones. The objective  is  to  assess  both  static  and  dynamic  glazing  systems  in  terms  of  their  potential  to reduce energy consumption for daylight-responsive artificial lighting, heating, and cooling, while considering building orientation and the country's diverse climatic conditions.

Energy performance simulations were conducted using DesignBuilder, a sophisticated building energy  simulation  software  that  integrates  daylighting,  thermal,  and  shading  analyses. DesignBuilder runs on the EnergyPlus engine, which provides detailed modeling capabilities for heat transfer, solar radiation, and lighting loads. The methodology for this study consists of the following key steps:

Model Space Definition 

[image: ]

A  reference  model  space  was  designed  to  represent  a  typical  residential  living  room  with  a single opening in a wall. According to the Turkish building regulations the minimum standards 

 

Environment, Urbanization and Climate Change, 2017). The regulation requires a minimum area 2 of 12 m for  a  living  room  are  defined  to  ensure  a  functional  and  comfortable  space (T.C.  Ministry  of (square meters), with sufficient daylight exposure through appropriate window sizing 

 

these  regulations.  To  ensure  accurate  daylighting  simulations  and  uniform  light  distribution 2 throughout the room, the space was designed to be 16 m and  orientation.  In  this  study,  a  reference  living  room  has  been  selected  in  accordance  with (square meters), with the room plan 

and section shown in Figure 1. This adjustment allows for a more precise evaluation of daylight's impact on lighting energy consumption and overall performance.

A window glazing measuring 140 cm x 140 cm (1,96 m2) was chosen. The window glazing was rotated across eight orientations: north, south, east, west, northeast, northwest, southeast, and southwest,  allowing  for  a  thorough  evaluation  of  solar  gain,  lighting,  and  thermal  effects  in different directions. By positioning the glazing in eight distinct orientations, the research aimed to  capture  how  solar  radiation  impacts  the  interior  space  at  different  times  of  the  day  and throughout the year. 

North-facing  windows  receive  minimal  direct  sunlight,  leading  to  lower  solar  gain  but  often requiring  additional  artificial  lighting  (Kalogirou,  2009).  In  contrast,  south-facing  windows 
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capture maximum solar exposure, enhancing natural light and passive heating in colder months, 

though they can cause overheating without proper shading (Lee & Selkowitz, 2014). East-facing 

windows  provide  morning  sunlight,  while  west-facing  ones  receive  strong  afternoon  sun, 

increasing cooling loads and glare (Zhou, 2017). Northeast and northwest orientations balance 

morning  and  afternoon  sun  but  may  require  careful  management  of  heat  gain  and  glare 

(Mardaljevic, 2000). Similarly, southeast and southwest orientations allow substantial sunlight 

exposure throughout the day, which can pose challenges with glare and heat gain, particularly 

in  warmer  climates  (Tzempelikos  &  Athienitis,  2007).  By  rotating  the  window  glazing  in  this 

manner,  the  study  was  able  to  assess  how  different  orientations  affect  solar  gain,  which  is 

critical  for  understanding  lighting  and  thermal  performance. Furthermore,  the  following 

assumptions were made for the reference living room space: 

-The interior surface reflectance values have been selected as follows: the floor reflects 30%

of the incident light, the walls reflect 50%, and the ceiling reflects 80%.

-Outer walls of which are 3 cm rough plaster, 5 cm EPS (Expanded Polystyrene), 20 cm concrete

aerated wall, 2 cm thin plaster. Internal walls of which are 2 cm thin plaster, 10 cm concrete

aerated wall, 2 cm thin plaster.

-Window frame: Aluminium frame with heat insulation

 

Figure 1. Living Room Plan and Section 

Glazing Types 

[image: ]

In this study, a range of glazing systems were analyzed to evaluate their influence on the energy 

[image: ]

performance of residential buildings, particularly in Turkey's different climatic zones. All glazing 

types were modeled as double-glazed units, featuring a 6mm outer glass pane, a 6mm air gap, 

and a second 6mm glass pane (6mm/6mm Air/6mm), ensuring consistent structural conditions 

for comparison. Both static and dynamic glazing technologies were included, each selected for 

their  unique  thermal  and  optical  properties,  which  play  a  crucial  role  in  regulating  indoor 

temperature and daylight availability. The specific glazing types are outlined below:

Double Glazing: Widely  used  in  both  residential  and  commercial  buildings,  double  glazing 

consists of two glass panes with an air gap, improving insulation and reducing heat transfer. 

Various tinted options (gray, green, blue, and bronze) were included in the analysis, each with 

distinct  impacts  on  solar  heat  gain  and  light  transmission.  Gray  and  green  tints  effectively 

reduce solar heat gain, making them suitable for hot climates, while blue and bronze glazing 

balance aesthetics with energy efficiency (Cortizo et al., 2008).

Low-E Glazing: Known for its energy management capabilities, Low-E glazing uses a metallic 

coating to reflect infrared heat while allowing visible light to pass through. This reduces both 

heating  and  cooling  loads,  offering  superior  thermal  performance  with  lower  U-values and 

SHGC compared to standard double glazing (Hart & Selkowitz, 2013).

Reflective Glazing: With a metallic or oxide coating, reflective glazing reduces solar heat gain 

by reflecting sunlight, making it ideal for regions with high solar exposure. It is commonly used 

in commercial buildings to reduce cooling loads and glare, improving occupant comfort (Zhou, 

2017).
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Electrochromic Glazing: A dynamic glazing technology that adjusts its tint in response to an electric charge. In its tinted state, it reduces SHGC and light transmittance, lowering cooling demands.  Both  absorptive  and  reflective  versions  were  analyzed,  offering  different  benefits based on climate conditions (Piccolo & Simone, 2009; Granqvist, 2007).

Thermochromic Glazing: This adaptive glazing darkens as temperatures rise, automatically reducing  SHGC  and  maintaining  thermal  comfort.  Unlike  electrochromic  glazing,  it  operates based  on  temperature  changes,  providing  a  passive  energy-saving  solution  (Ghosh  et  al., 2016). The various types of glazing systems analyzed in this study, totaling 14, are shown in the table below:

Table 1– Glazing Types, Their Designations in DesignBuilder, VLT, SHGC and U Values 

Glazing Type  Double      Gray Tinted    Green Tinted     Blue Tinted     Bronze Tinted    Low-e Glazing    Low-e Glazing 

Glazing       Glazing        Glazing         Glazing         Glazing        (Bleached)         (Tinted)

DesignBuilder in                                                                                                             Dbl LoE        Dbl LoE (e2=.1) Dbl Clr Dbl Grey Dbl Green Dbl Blue Dbl Bronze (e2=.1) Clr Tint 

VLT            0.78          0.38           0.66            0.50            0.47            0.75             0.44 

SHGC         0.70        0.48         0.50          0.50          0.50          0.57           0.40 

U-Value         3.09         3.09          3.09           3.09            3.09           2.43            2.43

 

Glazing Type  Reflective                    Electrochromic Electrochromic Electrochromic Electrochromic Reflective Glazing Glazing Glazing Glazing Thermochromic  Glazing  Glazing  Reflective  Reflective  Absorptive  Absorptive  Glazing  (  Bleached)  (  Tinted)  (Bleached)  (  Tinted)  (Bleached)  (Tinted)

 

DesignBuilder in             Dbl Ref-D      Dbl Ref-D      Dbl Elec Ref     Dbl Elec Ref     Dbl Elec Abs     Dbl Elec Abs     Thermochromic Clr Tint Bleached Colored Bleached Colored VLT  0.31 0.23 0.73 0.14 0.75 0.11 0.65

SHGC         0.43        0.37         0.64          0.18          0.73          0.19           0.63

U-Value         3.08         3.08          2.43           2.43            2.43           2.43            3.09

Each glazing type was modeled with specific thermal and optical properties, including U-values, Solar  Heat  Gain  Coefficients  (SHGC),  and  Visible  Light  Transmittance  (VLT),  to  reflect  their performance. This comprehensive analysis allowed for a detailed comparison of both static and dynamic glazing systems in terms of energy consumption in residential buildings.

Degree Day Zones 

[image: ]

The  ASHRAE  climate  zones  and  Turkey’s  TS  825  climate  regions  are  aligned  in  terms  of building  insulation,  heating,  and  cooling  requirements,  although  with  regional  adaptations. Turkey  is  divided  into  five-degree  day  zones,  each  with  distinct  heating  and  cooling requirements (TS  825,  2013).  ASHRAE  zones  are  divided  into  eight  main  zones  based  on temperature  and  humidity  (e.g.,  2A,  4B).  For  instance,  Turkey’s  Zone  1  aligns  with  warmer ASHRAE  zones  like  3A,  and  Zone  4  with  colder  ASHRAE  zones  such  as 4B  or 5A.  This classification aids in accurately modeling energy performance, ensuring regional compatibility while following ASHRAE’s broader framework. 

The simulations incorporated hourly climate data for each of Turkey’s five-degree day zones, ensuring an accurate representation of the diverse regional climatic conditions. For each zone, the most populous cities were selected as reference locations: 

İzmir (38.27° N, 27.15° E; TS 825: Zone 1; ASHRAE: 3A), Istanbul (40.97° N, 28.82° E; TS 825: Zone 2; ASHRAE: 3C), Ankara (40.12° N, 33.00° E; TS 825: Zone 3; ASHRAE: 5A), Van (38.47° N,  43.35° E; TS 825: Zone 4; ASHRAE: 4B), Erzurum (39.95° N, 41.17° E; TS 825: Zone 5, ASHRAE: 4B). These zones represent a range of climatic characteristics:

Zone  1  (Izmir),  this region  experiences  a  Mediterranean  climate,  characterized  by  hot,  dry summers  and  mild,  wet  winters.  Cooling  loads  are  typically  higher  due  to  significant  solar radiation and long summers. Zone 2 (Istanbul), Istanbul features a transitional climate between Mediterranean and oceanic, with moderate summers and winters. Both heating and cooling are required  throughout  the  year,  making  it  a  balanced  reference  for  mixed  climates. Zone  3 (Ankara), the  continental  climate  in  this  region  involves  cold  winters  and  hot,  dry  summers, leading  to  substantial  heating  demands  in  the  winter  and  moderate  cooling  requirements  in summer. Zone 4 (Van), known for its harsher winter conditions, Van’s colder climate results in high heating requirements, while cooling demands are typically lower. Zone 5 (Erzurum) this zone represents a severe continental climate with long, cold winters and short, cool summers, resulting  in  substantial  heating  demands  with  minimal  need  for  cooling. By  including  these 
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diverse climatic profiles, the study ensures that the glazing systems' performance is evaluated 

across varying environmental conditions in Turkey.

 Performance Metrics 

[image: ]

The performance of each glazing system was evaluated based on the following metrics:

Daylight-Responsive Lighting Demand: This metric was selected to assess how effectively 

each glazing system maximizes daylight availability and minimizes the need for artificial lighting. 

The reduction in artificial lighting due to daylight availability was calculated for each orientation 

and  glazing  type,  with  DesignBuilder  software’s  lighting  control  enabled.  The  configuration 

included a working plane height of 0.80 cm, a linear control type, and a maximum glare index 

of 22. Suspended LED luminaires were used, with a normalized power density of 300 W/m² per 

100 lux. This term reflects the system's ability to adjust artificial lighting based on the amount 

of  daylight,  optimizing  energy  usage  for  lighting.  The  results  were  measured  as  the  annual 

energy consumption in kilowatt-hours (kWh).

Annual Heating Energy: Heating  energy  demand  is  crucial  in  evaluating  building  energy 

performance, especially in regions with significant seasonal temperature variations, like Turkey. 

The energy required to maintain indoor comfort during winter is presented in annual kilowatt-

hours  (kWh).  Using  DesignBuilder  software,  electricity  was  chosen  as  the  heating  fuel  for 

accurate consumption measurement. A set point of 21°C was used for occupied hours, with a 

setback  temperature  of  16°C  during  unoccupied  periods  to  enhance  energy  efficiency.  The 

analysis  examined  the  impact  of  different  glazing  types  and  building  orientations  on  annual 

heating demand across Turkey's climate zones.

Annual Cooling Energy: Cooling  energy  demand  is  essential  in  evaluating  building  energy 

performance,  particularly  in  regions  with  hot  summers  or  high  solar  radiation.  The  energy 

required for cooling during summer months was analyzed, focusing on orientations with higher 

solar exposure. Using DesignBuilder software, electricity was selected as the cooling fuel for 

accurate  consumption  measurement.  A  cooling  set  point  of  24°C  was  used  during  occupied 

hours, with a setback of 28°C during unoccupied periods to improve efficiency. The analysis 

examined  how  glazing  types  and  building  orientations  affect  cooling  demand  across  various 

climate zones.

Total Energy Consumption: The  comprehensive  energy  demand,  encompassing  artificial 

lighting, heating, and cooling, was calculated and expressed in kilowatt-hours (kWh) for each 

scenario.  This  metric  provides  a  holistic  assessment  of  the  building's  energy  performance, 

allowing for a comparative evaluation of the impact of different glazing types, orientations, and 

climate conditions on overall energy efficiency.

Each of these metrics was chosen to address specific aspects of building energy use that are 

most influenced by glazing properties, ensuring a thorough evaluation of how different glazing 

technologies  contribute  to  energy  savings  and  occupant  comfort  across  Turkey's  diverse 

climatic zones.

3 Data Analysis and Comparison 

The  simulation  results  were  analyzed  to  compare  the  performance  of  different  glazing  types 

across all five-degree day zones and orientations. The study considered the combined effects 

of daylight related-lighting,  heating,  and  cooling  demands  to  provide  a  holistic  evaluation  of 

glazing technologies. For  each  zone,  the  most  efficient  glazing  types were ranked  based  on 

their electricity consumption daylight related-lighting, heating, and cooling energy. 

Izmir,  representing  Zone  1,  experiences  a  climate  characterized  by  hot  summers  and  mild 

winters.  The  following  table  shows  the  top  five glazing  types  for  each  orientation  based  on 

their energy consumption levels (Table 2). 
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(Izmir) 

Orientation 

ZONE 1      North       North-East       East       South-East       South      South-West       West       North-West (Izmir) 

1.            Dbl Clr                         Dbl LoE        Dbl LoE        Dbl LoE        Dbl LoE Dbl Clr      Dbl Green      Dbl Green (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr

2.           Dbl LoE        Dbl LoE                                                                   Dbl LoE Dbl Clr Dbl Clr Dbl Clr Dbl Green        Dbl Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr

3.  Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref                                   Dbl Elec Ref  Dbl Clr  Dbl Clr  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

4.  Dbl Elec Abs Dbl Elec Abs    Dbl Elec Abs    Dbl Elec Abs                   Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Abs  Dbl Green  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

5.  Dbl Elec Abs Thermochro-   Thermochro-   Thermochro- Dbl Green  Dbl Green  Dbl Green  Dbl Green  Bleached  mic  mic  mic

Although  dynamic  glazing  types  like  thermochromic  and  electrochromic  are  expected  to outperform traditional glazing due to their adaptability, this analysis shows that "Dbl Clr" (double clear)  glazing  often  delivers  superior  results,  even  surpassing  dynamic  options  in  many orientations. Key findings for each orientation include:

−   In  north  and  north-east  orientations,  "Dbl  Elec  Abs  Bleached"  (electrochromic

absorptive) performs best, with "Dbl Clr" (double clear) close behind, showing simpler glazing  can  still  be  effective  in  low  sun  exposure.  In  east,  "Dbl  Clr"  handles  morning light  well,  but  "Dbl  Elec  Abs  Bleached"  excels  in  the  sun-exposed  south-east.  In  the highly sunlit south and south-west, "Dbl Elec Abs Bleached" is essential, with "Dbl LoE (e2=.1)  Clr"  (Low  emissivity)  also  performing  well  by  reducing  heat  transfer. Thermochromic glazing is less consistent and less effective in some orientations.

In Zone 1, characterized by hot summers and mild winters, the energy consumption of all glazing types  has  been  compared  across  all  orientations.  As  shown  in  Table  3,  the  top  five  glazing types, along with their most energy-efficient orientations, have been selected.  

Table 3– Top 5 Glazing Types by Total Energy Consumption and Most Efficient 

Orientation for Zone 1 (Izmir) 

 

ZONE-1  Daylight-related  Total Energy  Annual Cooling  Annual Heating  Glazing Type  Orientation  Lighting Demand  Consumption  (Izmir)  Energy (kWh)  Energy (kWh)  (kWh)  (kWh) 

1.                   Dbl Clr                 North              7172,644              2530,155            194,568             9897,367

2.           Dbl LoE (e2=.1) Clr         North             7179,356             2528,546           194,056            9901,958

3.         Dbl Elec Ref Bleached       North             7181,842            2540,887           189,093            9911,822

4.         Dbl Elec Abs Bleached       North             7177,469            2551,151           183,938           9912,558

5.                 Dbl Green           North-west          7167,980             2540,825           204,754            9913,559

Table 3 demonstrates that double clear glazing a basic glazing option, consistently ranks among the top performers in low and high solar exposure orientations, challenging the assumption that advanced glazing is always necessary for optimal energy efficiency. Dynamic glazing types like electrochromic glazing still offer benefits but do not always outperform simpler alternatives in total energy consumption. This suggests that selecting glazing should be tailored not only to the building's orientation but also considering cost and the glazing solution's complexity.

Zone 2 (Istanbul), having a mixed climate that requires both heating and cooling throughout the year,  demands  balanced  energy solutions. Table  4  ranks  the  top  five  glazing  types  for each orientation based on their energy performance.

Table 4–Top 5 Glazing Types by Orientation Based on Lowest Energy Consumption for 

Zone 2 (Istanbul) 

ZONE 2                                               Orientation 

(Istanbul)       North       North-East        East        South-East      South       South-West       West       North-West 

1.  Dbl Clr Dbl LoE        Dbl LoE        Dbl LoE        Dbl LoE  Dbl Clr  Dbl Clr  Dbl Clr  (e2=.1) Clr  (e2=.1) Clr  (e2=.1) Clr  (e2=.1) Clr

2.            Dbl LoE       Dbl LoE        Dbl LoE        Dbl LoE        Dbl Clr        Dbl Green      Dbl Green       Dbl Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr

3.         Dbl Elec Ref     Dbl Elec                        Dbl Elec Dbl Elec Ref     Dbl Elec Ref Abs Ref       Dbl Clr          Dbl Clr        Dbl Green Bleached Bleached Bleached Bleached Bleached 

4.  Dbl Elec                                       Dbl Elec Dbl Elec Ref Dbl Elec Abs     Dbl Elec Abs    Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref  Abs  Abs  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

5.  Dbl Elec Abs    Dbl Elec Abs    Dbl Elec Abs  Dbl Green  Dbl Green  Dbl Green  Dbl Green  Dbl Green  Bleached  Bleached  Bleached 
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The table shows that:

− "Dbl  LoE  (e2=.1)  Clr"  (Low  Emissivity)  glazing  performs  exceptionally  well  in  sun-

exposed orientations such as south-east, south, and south-west, effectively controlling solar heat gain while providing good insulation. Additionally, "Dbl Clr" (Double Clear) glazing ranks highly in orientations like north, north-east, east, and west, demonstrating that simpler glazing types can still deliver strong energy efficiency in less sun-exposed directions. While dynamic glazing types, such as "Dbl Elec Abs Bleached" and "Dbl Elec Ref Bleached" provide adaptive control, they do not consistently outperform the other options across all orientations.

Like in Istanbul's climate, a mix of simple and dynamic glazing solutions can optimize energy 

performance  based  on  building  orientation.  Table  5  analyzes  energy  consumption  across 

orientations and identifies the top five glazing types and their most efficient orientations.

Table 5–Top 5 Glazing Types by Total Energy Consumption and Most Efficient 

Orientation for Zone 2 (Istanbul) 

 

(Istanbul) ZONE-2  Daylight-related  Total Energy  Annual Cooling  Annual Heating  Glazing Type  Orientation  Lighting Demand  Consumption  Energy (kWh)  Energy (kWh)  (kWh)  (kWh) 

1.           Dbl LoE (e2=.1) Clr      North-west          7192,513            2309,308           461,429            9963,250

2.                   Dbl Clr                 North              7209,179              2297,576            464,577             9971,332

3.           Dbl LoE (e2=.1) Clr         North             7217,644             2292,933           462,249            9972,826

4.                   Dbl Clr              North-west           7186,064             2323,673            463,404            9973,141

5.           Dbl LoE (e2=.1) Clr         West             7188,194            2343,027           444,525            9975,746

Table  5  highlights  that  while  advanced  glazing  solutions  like  "Dbl  LoE  (e2=.1)  Clr"  (Low 

emissivity) glazing, perform exceptionally well in high solar exposure orientations like the south-

west, simpler glazing options such as "Dbl Clr" also show competitive results. 

Although dynamic glazing like "Dbl LoE" excels at managing both cooling and heating demands 

by minimizing solar heat gain, the performance of "Dbl Clr" (Double Clear) suggests that basic 

glazing solutions can achieve significant energy savings at potentially lower costs and reduced 

complexity. This comparison underscores that the choice between dynamic and simpler glazing 

should  be  made  based  on  specific  building  needs,  orientation,  and  budget  considerations, 

rather than assuming dynamic glazing is always the superior option.

Zone 3 (Ankara), characterized by cold winters and hot summers, requires energy solutions that 

effectively manage both heating and cooling demands. Table 6 ranks the top five glazing types 

for each orientation based on their energy performance. 

Table 6–Top 5 Glazing Types by Orientation Based on Lowest Energy Consumption for 

Zone 3 (Ankara) 

ZONE 3                                               Orientation 

(Ankara)       North       North-East        East        South-East       South       South-West      West       North-West 

1.  Dbl LoE       Dbl LoE        Dbl LoE  Dbl Clr  Dbl Clr  Dbl Clr  Dbl Clr  Dbl Clr  (e2=.1) Clr  (e2=.1) Clr  (e2=.1) Clr

2.            Dbl LoE                                     Dbl Elec Dbl LoE Dbl LoE      Dbl Elec Abs Abs      Dbl Clr        Dbl Clr         Dbl Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr Bleached Bleached 

3.  Dbl Elec       Dbl Elec                                                        Dbl Elec       Dbl Elec Dbl Elec Abs Dbl LoE Dbl LoE     Dbl Elec Abs  Abs  Abs  Abs  Abs  Bleached  (e2=.1) Clr  (e2=.1) Clr  Bleached  Bleached  Bleached  Bleached  Bleached 

4.  Thermochro                                                                     Dbl Elec Dbl Elec Ref Dbl Elec Ref Dbl Elec Ref Dbl Elec Ref Dbl Elec Ref     Dbl Elec Ref  Ref  mic  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

5.           Dbl Blue      Dbl Green       Dbl Green      Dbl Green      Dbl Green      Dbl Green     Dbl Green     Dbl Green

Based on the table 6, here’s a breakdown of the key insights:

− "Dbl  Clr"  (Double  Clear)  ranks  first  in  north,  east,  and  south  orientations  in  Zone  3,

balancing  daylight  and heat control  efficiently. "Dbl LoE (e2=.1) Clr" (Low  emissivity) excels  in  sun-exposed  orientations  like  south-west,  south,  and  west,  reducing  heat
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transfer and optimizing cooling and heating. Dynamic glazing types like "Dbl Elec Abs Bleached" and "Dbl Elec Ref Bleached" are effective in sun-exposed areas, adapting to daylight  conditions.  "Dbl  Blue"  and  "Dbl  Green"  also  perform  well  in  orientations  like north-east,  east,  south-west,  and  north-west,  managing  heat  gain  and  daylight  in moderate solar exposure.

In another table (Table 7), the energy consumption of all glazing types across all orientations in Zone 3 (Ankara) has been compared, and the top five glazing types, along with their most energy-efficient orientations, have been selected.

Table 7–Top 5 Glazing Types by Total Energy Consumption and Most Efficient 

Orientation for Zone 3 (Ankara) 

 

(Ankara) ZONE-3  Daylight-related  Total Energy  Annual Cooling  Annual Heating  Glazing Type  Orientation  Lighting Demand  Consumption  Energy (kWh)  Energy (kWh)  (kWh)  (kWh) 

1.           Dbl LoE (e2=.1) Clr         West             7362,873             2071,479           954,270           10388,622

2.                   Dbl Clr                 West              7353,214             2093,798            951,790            10398,802

3.                   Dbl Clr                 South              7420,160              2099,212            880,297            10399,669

4.           Dbl LoE (e2=.1) Clr      North-west          7365,949             2046,633           988,759           10401,341

5.         Dbl Elec Ref Bleached       West            7366,550            2098,091           936,841           10401,482

The  table  shows  that  "Dbl  LoE  (e2=.1)  Clr"  (Low  emissivity)  performs  consistently  well, particularly  in  west  orientation,  where  heat  transfer  reduction  is  crucial.  Simpler  options  like "Dbl Clr" (Double Clear) also rank highly, questioning the necessity of more advanced, costly glazing. Dynamic glazing, such as Dbl Elec Ref Bleached" (electrochromic reflective version), proves beneficial in orientations with fluctuating sunlight exposure.

Zone 4 (Van), characterized by severe winters and mild summers, requires energy solutions that prioritize efficient heating while still addressing cooling needs. Table 8 ranks the top five glazing types for each orientation based on their energy performance in this challenging climate.

Table 8–Top 5 Glazing Types by Orientation Based on Lowest Energy Consumption for 

Zone 4 (Van) 

ZONE 4                                               Orientation 

(Van)         North       North-East        East       South-East       South      South-West       West       North-West 

1.  Dbl Elec Abs Dbl Elec Abs Dbl Elec Abs Dbl Elec Abs Dbl Elec Abs Dbl Elec Abs      Dbl LoE        Dbl LoE 

Bleached       Bleached      Bleached       Bleached      Bleached      Bleached      (e2=.1) Clr     (e2=.1) Clr

2.  Dbl Elec Ref    Dbl Elec Ref                                                                 Dbl Elec Ref    Dbl Elec Ref  Dbl Clr  Dbl Clr  Dbl Clr  Dbl Clr  Bleached  Bleached  Bleached  Bleached 

3.  Dbl LoE      Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref    Dbl Elec Ref Dbl Elec Abs Dbl Elec Abs  Dbl Clr  (e2=.1) Clr  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

4.            Dbl LoE                      Dbl LoE        Dbl LoE      Thermochro     Dbl LoE Dbl Clr        Dbl Clr         Dbl Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr mic (e2=.1) Clr

5.         Thermochro   Thermochro   Thermochro   Thermochro     Dbl LoE     Thermochro    Dbl Green     Dbl Green mic mic mic mic (e2=.1) Clr mic

The data reveals that: 

− "Dbl Clr" (Double Clear) consistently performs well in orientations like north, east, and

west,  demonstrating  strong  energy  efficiency  in  areas  with  lower  sun  exposure  and higher  heating  demand.  "Dbl  LoE  (e2=.1)  Clr"  (Low  Emissivity)  shows  excellent performance  in  sun-exposed  orientations  such  as  south-east,  south,  and  south-west, effectively  reducing  heat  transfer  and  optimizing  heating  and  cooling  needs. Additionally,  "Thermochromic"  glazing  provides  adaptive  control  across  several orientations but does not consistently outperform simpler options. "Dbl Green" (Double Green) also performs effectively in orientations like west and north-west, balancing heat gain and daylight control, often proving competitive with more complex dynamic glazing types.

Table 9 presents a comparison of the energy consumption for all glazing types across different orientations in Zone 4 (Van). The top five glazing options, along with their most energy-efficient orientations, have been identified in the analysis.
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Table 9–Top 5 Glazing Types by Total Energy Consumption and Most Efficient Orientation for 

Zone 4 (Van) 

 

ZONE 4  Daylight-related  Total Energy  Annual Cooling  Annual Heating  Glazing Type  Orientation  Lighting Demand  Consumption  (Van)  Energy (kWh)  Energy (kWh)  (kWh)  (kWh) 

1.         Dbl Elec Abs Bleached      South            7122,487            1983,354          464,295           9570,136

2.                   Dbl Clr                 South              7119,723             1951,975            507,655             9579,353

3.         Dbl Elec Ref Bleached      South            7124,965            1957,431           518,845           9601,241

4.              Thermochromic          South            7133,522            1933,602           545,390           9612,514

5.           Dbl LoE (e2=.1) Clr        South             7123,574             1928,887           568,815            9621,276

The  table  demonstrates  that  "Dbl  Clr"  (Double  Clear)  performs  efficiently  in  the  south 

orientation,  achieving  a  balanced  reduction  in  daylight-related  lighting  demand  and  cooling 

energy.  Similarly,  "Dbl  LoE  (e2=.1)  Clr"  (Low  Emissivity)  glazing  effectively reduces  overall 

energy  consumption  due  to  its  low-emissivity  coating,  particularly  in  heating  and  cooling 

requirements. While advanced glazing types such as "Dbl Elec Abs Bleached" and "Dbl Elec 

Ref Bleached" provide adaptive solar control, simpler glazing options like Double Clear remain 

competitive  in  total  energy  consumption  across  the  same  orientation. Zone  5 

(Erzurum), characterized  by  long,  extremely  cold  winters  and  short,  cool  summers,  requires 

energy  solutions  that  focus  on  maximizing  heating  efficiency  while  also  considering  cooling 

needs. Table 10 ranks  the  top  five  glazing  types  for  each  orientation  based  on  their  energy 

performance in this demanding climate.

Table 10–Top 5 Glazing Types by Orientation Based on Lowest Energy Consumption for 

Zone 5 (Erzurum) 

ZONE 5                                               Orientation 

(Erzurum)       North       North-East       East       South-East      South       South-West       West       North-West 

1.  Dbl Elec       Dbl Elec       Dbl Elec       Dbl Elec       Dbl Elec                        Dbl Elec Dbl Elec Abs     Dbl Elec Abs  Abs  Abs  Abs  Abs  Abs  Abs  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached  Bleached 

2.  Dbl Elec Ref                                                                                Dbl Elec Dbl Elec Ref Dbl Elec Ref      Dbl Elec Ref  Dbl Clr  Dbl Clr  Dbl Clr  Ref  Bleached  Bleached  Bleached  Bleached  Bleached 

3.  Dbl Clr Dbl Elec Ref     Dbl LoE     Dbl Elec Ref    Dbl Elec Ref                     Dbl LoE  Dbl Clr  Dbl Clr  Bleached  (e2=.1) Clr  Bleached  Bleached  (e2=.1) Clr

4.             Dbl LoE       Dbl LoE       Dbl LoE     Thermochro   Thermochro      Dbl LoE        Dbl LoE        Dbl Clr (e2=.1) Clr (e2=.1) Clr (e2=.1) Clr mic mic (e2=.1) Clr (e2=.1) Clr

5.           Thermochro   Thermochro   Thermochro                 Dbl LoE     Thermochromi Dbl Green   Dbl Green     Dbl Green mic mic mic (e2=.1) Clr c 

The table shows that:

−   "Dbl Elec Abs Bleached" (Electrochromic Absorptive) ranks highly in orientations such

as north, south, and west, providing effective control over heating and cooling demands. "Dbl  Elec  Ref  Bleached" (Electrochromic  Reflective)  is  particularly  effective  in  sun-exposed areas like south-east and south-west, helping to manage solar gain. "Dbl Clr" (Double Clear) demonstrates consistent energy efficiency across multiple orientations, making it suitable for various exposures, especially in colder months. "Dbl LoE (e2=.1) Clr" (Low Emissivity) minimizes heat transfer, effectively reducing heating and cooling demand in sun-drenched orientations.

Table 11 provides an analysis of energy consumption for various glazing types across multiple 

orientations in Zone 5 (Erzurum). The top five glazing solutions and their most energy-efficient 

orientations have been highlighted in the comparison.

Table 11–Top 5 Glazing Types by Total Energy Consumption and Most Efficient 

Orientation for Zone 5 (Erzurum) 

 

(Erzurum) ZONE 5  Daylight-related  Total Energy  Annual Cooling  Annual Heating  Glazing Type  Orientation  Lighting Demand  Consumption  Energy (kWh)  Energy (kWh)  (kWh)  (kWh)  1.  Dbl Elec Abs Bleached  South  6970,978  1636,836  1131,388  9739,202

2.                   Dbl Clr                 South              6966,300              1607,883           1195,710            9769,893

3.         Dbl Elec Abs Bleached  South-West        6928,715            1672,771          1188,466          9789,952

4.         Dbl Elec Ref Bleached       South            6975,082            1616,891          1203,691           9795,664

5.                   Dbl Clr             South-West          6924,219             1640,255           1250,551            9815,025

The table shows that simpler glazing options like "Dbl Clr" (Double Clear) and dynamic options 

such as 'Dbl Elec Abs Bleached' and 'Dbl Elec Ref Bleached' effectively manage energy demand 

in the cold climate of Erzurum (Zone-5). "Dbl Clr" demonstrates low total energy consumption 
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in the south orientation, while "Dbl Elec Abs Bleached" provides efficient performance in both south  and  south-west  orientations,  balancing  cooling  and  heating  needs.  The  flexibility  of dynamic glazing, particularly "Dbl Elec Abs Bleached" allows it to adapt to varying conditions, maintaining energy efficiency across different orientations. 

4  Conclusion 

This study comprehensively analyzed the energy performance of various glazing types across different orientations and climate zones, including cold, moderate, and hot climates. The results demonstrate  that  both  simpler  glazing  options,  such  as  double  clear  glazing,  and  advanced dynamic solutions, like "Dbl Elec Abs Bleached" (electrochromic absorptive version), can offer significant energy savings depending on the orientation and climate conditions.

In hot climates like Zone 1 (Izmir), simpler glazing solutions such as "Dbl Clr" provided excellent performance in both high and low solar exposure orientations. In mixed climates like Zone 2 (Istanbul) and colder climates like Zone 3 (Ankara), a combination of dynamic and static glazing types proved to be optimal, with double low-e glazing consistently ranking high in sun-exposed orientations. In colder climates like Zone 4 (Van), where winters are harsh and summers mild, "Dbl Clr" and "Dbl LoE (e2=.1) Clr" performed effectively, balancing heating efficiency and solar gain  management.  For  extreme  cold  climates,  such  as  Zone  5  (Erzurum),  dynamic  glazing options  like  "Dbl  Elec  Abs  Bleached"  performed  well  in  managing  both  heating  and  cooling demands,  showcasing  the  adaptability  of  electrochromic  glazing  technologies.  Static  glazing like "Dbl Clr" continued to demonstrate competitive performance, questioning the necessity of advanced glazing in all cases. 

While the study was conducted using climate data from Turkey, its findings are highly adaptable to  other regions and climate  classifications,  including  ASHRAE  climate zones.  This provides broader  relevance,  as  the  performance  of  glazing  systems  can  inform  sustainable  building designs not only  in Turkey but  also in international settings where similar climate conditions exist. Overall, the analysis highlights that the optimal choice of glazing should be tailored to the specific  climate  zone  and  building  orientation.  While  dynamic  glazing  offers  flexibility  and superior energy management in sun-exposed areas, simpler options can still provide substantial savings with lower costs and reduced complexity. Therefore, the selection of glazing solutions should consider both energy performance and cost-effectiveness, ensuring a balance between advanced technologies and simpler, more affordable options.
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Abstract 

The starting point of the presented case study is the lighting project for a special work of art, namely the "The Endless Column" of the great sculptor Constantin Brâncuși. The spatial and dynamic concept of the lighting project is documented and argued based on Brâncuși's vision, who felt the dynamic rhythm of natural light, which can give soul to a monument and give it life throughout the day. To emphasize the spatiality of the monument, the four faces of the column are illuminated independently, a dynamic effect can be obtained that also increases the geometry imagined by Brâncuși. During the obtaining of the specialized authorizations, the authority in the field imposed a different vision, without even having the right to do so. An ethical dilemma resulted, in which one must receive the desire to continue Brâncuși's conception and not to flatten the vision of the Master.  

Keywords : Brâncuși, lighting scenario, art photography, design copyright issue, ethical issue. 

 

1 Introduction 

How can a masterpiece of universal art be illuminated, a monument whose author is considered the father of modern sculpture, a work but also a symbol subject to so many interpretations in the world of writings about art? Regardless of the proposed options, it is obvious that such an approach can arouse controversy and passionate discussions, especially when the lighting concept is evaluated by personalities from various fields: architects, historians, plastic artists, art critics, municipal authorities, etc. 

The paper presents the lighting project proposed by a team of Romanian architects and engineers for the "The Endless Column", a work made by the sculptor Constantin Brâncuși in 1938, to pay tribute to the sacrifice of the Romanian heroes who died in the First World War. The present work does not insist on technical details but on the presentation of the conceptual approach of the aesthetically defined project with specific arguments. Let's not forget that a lighting project is an interdisciplinary  enterprise, a valuable lighting project must first of all contain an aesthetically coherent idea if not a philosophical approach commensurate with the workload. The present aesthetic argument goes beyond the technical limit of numbers and tries to bring to light a true iconology of the object that constitutes the subject of lighting design.   

2 The Artist 

Constantin  Brâncuși  (1876-1957), Figure 1, is a Romanian  artist adopted by France, revolutionized the plastic language in sculpture, being one of the most influential figures of modern art.  

Brâncuși revolutionized the art world through his simple and abstract forms, which reflected a 

 

come both from the traditions of Romanian folk art and from the avant-garde currents of the th early 20 deep understanding of the essence of the objects and beings he represented. His influences  century in Paris, which he explored and synthesized in his own, unmistakable style. 

Refusing to follow conventional methods of sculpture, preferring to create works that reproduce the essence of forms, eliminating unnecessary details, he left to posterity some iconic works such as "The Kiss", "The Bird in the Air" (Figure 2) and, of course, "The Endless Column". 
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Figure 1 – Constantin Brâncuși (1876-1957) 

(image source: https://basilica.ro/patriarhul-daniel-Brâncuși-sculptor-crestin-ortodox)

[image: ]

 

Figure 2 – ”The kiss” and “Bird in Air” by Constantin Brâncuși (Image source: https://www.flickr.com/photos/hugobrito/124207816)

[image: ]

3  The Endless Column 

"Endless column" is one of Brâncuși's most famous and representative works, part of “Path of 

Heroes” from Târgu Jiu City (Figure 3), symbolizing infinity, transcendence and continuity. 

[image: ]

 

Figure 3 - The Axis called the Path of Heroes from Targu-Jiu City 

[image: ]
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Part of the Târgu Jiu Monumental Ensemble, along with the "Gate of Kisses" (Figure 3, right) and the "Table of Silence" (Figure 3, right), all located on the Axis called the Path of Heroes, this sculpture reflects not only Brâncuși's artistic mastery, but also his deep connection with Romanian traditions and spirituality. 

4  The Lighting Approach  

"Me with my new come from something old" - C. Brâncuși

The first attempt to define a lighting project for “The Endless Column" started from an intuitive reception in relation to the work of the great Master. The artist, who revolutionized the plastic language in sculpture, affirmed on numerous occasions the search for the essence of things, this being the axis of his artistic reason.  His entire work is a search, a bringing to light and a continuous "polishing" of these essences and symbols extracted from true "archetypal sources". The first project idea started from one of these symbols. 

"The artist oscillates between the spiral and the overlap on an axis" (Deac, 1982, p.32).

In this first lighting approach, we tried to capture the idea of ascent, in a static formula, but also in a dynamic suggestion, following the "graphics" of the spiral, symbol by definition of infinite ascent and the transcendent. The technical scenario defined three locations for the lighting devices, arranged at the base of the column, on a circle with the center in its axis, at intervals of 120°. The devices were to be oriented at different heights so as to ensure the "rotation" view. The spiraling graphic effect was to be provided by the ignition and dimming sequences. The dynamics of this effect were supported by an electronic, programmable control system, including the possibility of changing the color temperature ("tunable white" system).

In the work "Brâncuși  -  A biography" by Alexandru Buican (2007), one finds this idea of the spiral ascent in the creative approach of the Column. The artist sketched in front of the art critic Carola Giedion a spiral that "unfolds like a leaf" or "wraps itself around itself", perhaps in a brilliant intuition that precedes by more than twenty years the discovery of the "secret of life", the discovery of DNA and human genome. The same idea can be found in the Brâncușian work "The King of Kings", made at the same time as the Gorjean ensemble: "This is the name of the fruit of his meditation [...] the largest sculpture ever made by him. From the basic element […] a rising screw may draw its basic sap, suggesting spiral growth” (Buican, 2007, p. 454). 

Last but not least, we learn from the same source about the mechanism of the rotating base of his works, another intuition and foreshadowing, this time, of kinetic art: "Moving slowly, the light changes. It's a novelty that I didn't understand at first. He explained to me, saying that in the universe there is only movement" (Buican, 2007, p. 442).

This was the first approach to this project, at the request of a possible sponsor, using devices with a very vertically elongated elliptical distribution.  The simulation in the Dialux program and the video made after this first idea were not entirely satisfactory, because the locations of the devices should have been densified, and their positioning at the base of the column would have meant an intervention too close to the column, the buried lighting alternative not ensuring the performances technical requirements for a 29.35 meter high object. In addition, the idea of recalling the 'spiral', even if detached from the panoply of the Brâncuși  approach, was too strongly individualized. The challenge returned with the opportunity to finalize a new version of the project, presented in the following. 

"Brâncuși chose the square, which symbolized the earth" (Deac, 1982, p. 39).

The new approach to the project naturally followed the axial orientations of the monument, as decided by the Master by overlapping the rhomboids having square projections in plan. We specify that, as in the first version, we excluded the diagonal orientation, for reasons that are easy to explain in terms of the viewer's perception in relation to the light source. The first variant, although it used some correct axes in the geometry of visual perception, was still too bold an attempt to find something that really belonged to the Brâncușian approach, but the axes of  approach  (3  x  180°)  were  inappropriate  to  the  work  of  art  itself.  The  four  "cardinal" orientations  (4  x  90°),  following  the  basic  square  in  its  vertical  development,  also  took  into account the author's considerations about several "prototypes" (Grigorescu, 1919, p.119)  of 
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this work, the first of which was "Architectural project _1918" , now in the collection of MoMA, 

New York. 

[image: ]

 

Figure 4 - The four "cardinal" orientations (4 x 90°) (left image) 

[image: ]

and the "Architectural project _1918" (right image) from MoMA collection  

[image: ]

(right image, https://www.trecator.ro/america-de-nord/statele-unite-ale-americii/new-york/muzeul-de-

arta-moderna-din-new-york-moma/)

In this second variant, the technical approach pursued a more generous goal, namely the 

possibility to define various lighting scenarios. In order to get closer to Brâncuși's work, it was 

aimed to give the idea of flexibility to the solution with the following considerations extracted 

from the biography and from the extraordinarily rich discourse of Brâncuși's art criticism: 

• Demanding in the photographic capture of the work _ It is known that the artist was

very demanding in terms of the photographic capture of his works. Even the illustrious Man Ray "declined" in the position of consultant for the equipment that Brâncuși decided to buy, but he generously initiated his friend in the photography technique. Even if the sculptor seemed satisfied with his own photographic achievements, Man Ray considered Brâncuși's photographs either under-exposed or over-exposed, from which we deduce a mechanism of perception of these works only by the known author, different from that of perception in the light of the illuminated workshop predominantly zenithal or towards the "plain  air" perception (Buican, 2007, p. 256-257).

• The continuous experimentation of light in various poses _ In addition to the weak

light that seems to include some photographic renderings, perhaps in a pre-impressionist, Turnerian plastic attempt, it is documented by biographers and the continuous polishing of his works, including his indications in this sense, further, to the happy new owners of the works.

o Demanding in the photographic capture of the work _ It is known that the

artist was very demanding in terms of the photographic capture of his works. Even the illustrious Man Ray "declined" in the position of consultant for the equipment  that  Brâncuși  decided to buy, but he generously initiated his friend in the photography technique. Even if the sculptor seemed satisfied with  his  own  photographic  achievements,  Man  Ray  considered  Brâncuși's photographs either under-exposed or over-exposed, from which we deduce a mechanism of perception of these works only by the known author, different from that of perception in the light of the illuminated workshop
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predominantly zenithal or towards the "plain  air" perception (Deac,  1982, p.35-36).

o The continuous experimentation of light in various poses _ In addition to the

weak light that seems to include some photographic renderings, perhaps in a pre-impressionist, Turnerian plastic attempt, it is documented by biographers and the continuous polishing of his works, including his indications in this sense, further, to the happy new owners of the works.

•     "Opera aperta" Even if Brâncuși does not agree with the phrase 'abstract', his work

is according to the definition just like that, its reception imposing multiple ways of iconographic and iconological decipherment in relation to the general vision of the artist and not only. We cannot ignore the symbolic context in which the "Endless Column" was created either. Dan Grigorescu points out that Brâncuși dedicated this monument to the fallen heroes of the First World War and, by doing so, he wanted the work to be  a  symbol  of  the  continuity  of  life⁷.  In  this  idea,  the  lighting  of  the column should not be a simple form of static "commemoration", but a representation of a spiritual dynamic, of a life that does not cease, but continues to climb towards infinity, perhaps an "eternal return" of the idea of sacrifice, of heroism.

We thus argue the idea of experiment and diversity in Brâncuși's preoccupations, preoccupations in studying various ways of looking at his own works in relation to natural and artificial light. Art criticism highlights a permanent search for philosophical meaning in the creation of his work, we now highlight a no less interesting search in relation to light, another vehicle for aesthetic interpretation. 

5  Finalization of the Lighting Project 

All the arguments previously presented in the project concept have strengthened our conviction that the technical solution of the lighting of this real Romanian „Axis Mundi” it must ensure a whole palette of lighting poses, which is possible through the solution proposed, supported by a programming interface, in our case, wireless. 

[image: ]

 

Figure 5 - Dialux EVO representation with successive dimming - the dynamic sequence 

obtained by programming the light scenario 

As it stated, without going into technical details in this work, but adapting the flow and optical distribution requirements to the studied object, we  took into account all these previously 
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presented aspects. The 4 groups of devices on the axes, devices with the possibility of 

controlling the light flow, were placed in such a way as to respect the geometry and symmetry 

imposed by Brâncuși. The solution ensures a basic static scenario "freezing" a solemn solution, 

but other programming scenarios can also accompany various cultural events, returning to the 

basic program. This is precisely what the lighting solution tries to ensure through its possibility 

of adjustment and versatility. The dynamic considered, if it will be used, can have a slow 

unfolding so that we do not superimpose a strong force on the Brâncuși work, but only accents, 

as limited 'shines' recalling the preferences of the creator, invoked above. Current attempts at 

temporary, festive lighting, spectacular in themselves, have demonstrated that forceful 

intervention can cancel the static and solemn character of the art object, stripping it of its own 

tectonics.  All these details also comply with the specific indications of monument lighting 

design, according to specialized prescriptions (IESNA, 2020).

The programmed scenarios can fly over various ideas such as the pictorial vision in clear 

obscurity, or providing a weak, filtered light, to describe a pre-impressionist invoice approach, 

but maybe also an emphasis affirmation of the transcendent vertical and why not, a new attempt 

to find of a slow, spiraling movement as possible in the wake of the initial Brâncuși concept that 

we have exposed. In a possible event scenario, we could for example start from a weak lighting 

that collides with the 'pacla' (fog) from the artist's attempts at photographic reproduction, up to 

an interpretation of the 'flight of the maiastra' (wonder  bird) towards the high sky through a 

luminous ascent more strong towards the top of the column and detaching from it through a 

measured retreat, towards the base of the column, towards the 'telluric' space followed by an 

"eternal" return as defined by Mircea Eliade, in a connection of the two spaces, heaven and 

earth. In this sense, the illustrious critic Dan Grigorescu (1999) recalls the words of Brâncuși

"Apparently paradoxical, endless column […] dedicated to the dead from the First World War, 

it also becomes a column of life that continues, unyielding to death..." 

Our technical solution, multi-role, thus invites qualified actors of the cultural space, to support 

alongside this symbol which can become, for example, decoration but also an actor within a 

poetry or philosophy event, sound and light. In support of this idea, we strongly consider that a 

static luminous chaining is the most lifeless version, academic but sad, a pose with only one 

valence, that of commemoration. We do not reject the exclusively static scenario as a basic 

scenario, but let's not forget that this position does not belong to the free spirit of the great artist 

who flirted with the surrealist movement and with futurism and Dadaism, himself dislocating 

even the relative "academicism" of the great Rodin. The current solution, through its flexibility, 

without affirming the lighting to the detriment of the work, can be the suitable nocturnal setting 

to accompany various cultural events, thus remaining not only "unsustainable to death" but also 

a cultural catalyst, even becoming a Gorjean (local people) social actor in a perpetual "infinire'

(Grigorescu, 1999, p.123) (citing Brâncuşi, from “infinite”), using the artist's expression. In this 

sense, the art critic and expert in the heritage of Romanian works, professor Mircea Deac, says 

referring to Coloana: "Brâncuși himself thought of it as a unique original work, opposing the 

enclosure in <>, wanting it to be <>, that is, in 

continuous definition like life itself”. 

6  Controversies and Challenges in Project Approval 

The lighting project proposed for “The Endless Column" was presented to the competent 

national authorities, especially the Ministry of Culture, in order to obtain the necessary approval 

for implementation. However, the analysis carried out by the specialized commission generated 

a series of indications that, not only exceed the area of competence of this institution, but 

undermine the entire aesthetic and conceptual approach of our project, creating true nonsense. 

The main indication offered by the commission was to move the lighting devices to the diagonal 

line of the rhomboids, under the pretext that this adjustment would create an obvious "natural 

lighting" like the daytime. From our point of view, this requirement is not only erroneous as it is 

a lighting in the nocturnal “space”, but also impossible to achieve within the current paradigm 

of the lighting industry. 

By moving the apparatus diagonally across the rhomboids, as requested, the three-dimensional 

effect of the column is seriously affected. Instead of highlighting the shape and dynamics of the 

work, this modification would lead to the perception of the two faces of the column with the 
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same amount of applied light, considerably diminishing the visual and aesthetic impact of the monument (Figure 6). The solution allows the adjustment of the luminous flux emitted to the two visible faces by programmed wireless dimming, this emphasizes the three-dimensional effect (Figure 6, right) which would not be possible in the version requested before approval (left). An  additional  argument,  available  in  the  classic  specialized  literature  (CIE,  1993),  for tower-type configurations with four orthogonal sides, sounds like this: “To bring out the characteristic of this kind of construction (multi-face), two adjacent faces should not have the same luminance. The floodlights should not therefore be arranged symmetrically with respect to adjoining  faces”.  There,  Fig.  7.3.A  is  available  with  explanations,  and  no  comments  are necessary. 

In addition, the idea of simulating daylight by artificial means is absurd, contradicting the very essence of our project, which aims to highlight the column in a way that respects and amplifies Brâncuși's original vision. 

[image: ]

 

Figure 6 - Explanation of the lighting solution proposed, simulation in Dialux EVO. 

This situation also raises a significant copyright issue. The authors of the project are part of a well-trained and specialized technical corpus in the field of lighting, and the commission's interventions, which exceed their professional competences, represent an attempt to substitute our expertise. Rejecting the project based on such unprofessional indications is not only unjustified, but can set a dangerous precedent for other similar initiatives. 

7  Strengthening the Professional Response, an Issue Open to Debate 

We can thus formulate a problem that will remain open for debate within this BalkanLight conference, namely, how can we strengthen our reaction capacity of the professional corpus in the face of such an abuse of the authorities? Perhaps through a  new initiative to define the lighting-designer profession in our countries, taking into account the zonal nature of our 'Balkan lighting' conference? We, in Romania, have taken a first step in this regard.  As the authors of the project, we appealed to CNRI (Comitetul National Român de Iluminat), our national committee, to support the defense  of the project and we obtained a professional, reasoned answer. In addition, CNRI considers it appropriate to raise this issue to your attention. We believe that our answer can be only one, namely, the strengthening of our zonal solidarity in defining and establishing the lighting-designer profession, a definitive normality in Western Europe, and an opportunity for our area to recover this training gap that can contribute to the economic opportunities of the area. 
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8  Conclusions 

However, returning to the project presented, without trying to take a chance on the requirement 

suggested by the bureaucrats to 'get closer to daylight', an impossibility in fact, we emphasize 

the new technical capabilities of spatial and temporal adjustment, through programming, offered 

not only to engineers but also to the other actors of this interdisciplinary profession, architects, 

designers, plastic artists who can offer us a diversity of possibilities to illuminate the artistic 

object, without being able to compete with the infinity of reception of daily poses.  

And yet, following the aesthetic ideas mentioned above but without pretending to be a 

philosophy of technical gesture, the presented project is in fact a tool for contemplation and 

possibly experiment.  We are trying to open in this way, if not a new life in the night, a new 

reading area of this true "Open Opera" of the exceptional artist, Brâncuși.  We are sure that the 

sober but creative lighting of “The Endless Column” in the silence and slowness of the night will 

stimulate reflection on the meanings of our great Master's work.  Last but not least, we believe 

that by exposing this work, with its dilemmas and problems, we  strengthen the call to our 

professional corpus for a more generous, interdisciplinary openness. The less technical fields 

must be introduced in this special universe of light that all those present at this event activate 

with passion. 
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Abstract 

The global demand for electricity continues to rise, highlighting the need to optimize energy consumption in residential buildings for sustainability. The literature suggests that the scarcity of research on lighting load forecasts may be due to the substantial influence of building occupancy and occupant behavior on lighting energy consumption patterns. This study aims to analyze consumer behavior regarding residential lighting energy consumption in Türkiye. For this aim, through a  survey-based approach targeting residential buildings, data on lighting habits, preferences, and awareness were gathered. Demographic factors such as education, age, and socioeconomic status will be examined for correlations with energy usage. The study seeks to provide insights for targeted interventions and strategies to promote energy efficiency and sustainability, while contributing to lighting energy consumption predictions for future research. 

Keywords :  consumer behavior, residential lighting, energy consumption, Türkiye, energy efficiency, sustainable lighting, energy-saving habits 

 

1  Introduction 

As the global demand for electricity continues to rise, the optimization of energy consumption in residential buildings has emerged as a pivotal aspect of sustainable development and energy efficiency, making energy savings one of the most important priorities of our time. Despite the critical importance of accurately predicting lighting  energy usage for enhancing  building efficiency and managing energy resources effectively, the existing literature indicates a limited focus on the forecast and analysis of lighting loads. Amasyalı and El-Gohary suggest that this scarcity of research may be due to the substantial influence of building occupancy and occupant behavior on lighting energy consumption patterns (Amasyalı and El-Gohary, 2018; Yun et al., 2012). 

Thus, it is of great importance to better understand the energy consumption habits in homes and to examine the attitudes of individuals towards energy efficiency and saving. Building upon this perspective, this study aims to evaluate the factors influencing energy usage trends, particularly focusing on conducting a comprehensive and detailed analysis of consumer behavior regarding residential lighting energy consumption in Türkiye. The primary objective is to gather and analyze data on user energy consumption behavior, with a specific emphasis on lighting habits, through a survey-based methodology targeting residential buildings across various regions of Türkiye. For this aim, structured online surveys have been administered to residential building occupants and the results have been utilized for the analysis of consumer preferences, awareness levels, and perceptions regarding energy-efficient lighting, along with overall electrical energy consumption tendencies. Moreover, demographic variables such as education level, age, and socioeconomic status have been carefully considered to identify any potential correlations with energy usage patterns.   

The ultimate goal of this research is to shed light on the intricate processes influencing energy consumption in residential lighting. Through a comprehensive examination of  consumer behavior and demographic factors, the study will seek to provide insights that can  inform targeted interventions and strategies aimed at promoting energy efficiency and sustainability in Türkiye's residential sector as well as provide a basis for lighting energy  consumption predictions for further studies on this field. 
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2  Literature Review 

According to 2021 data in Türkiye, when final electricity consumption is examined by sectors, 

the industrial sector has the largest share, followed by the commercial and residential sectors, 

the consumption of the residential sector being 21.8 %, which is quite high (International Energy 

Agency, 2021). Since 2000, a significant and continuous increase has been observed in 

electricity consumption  across  all sectors, especially the industrial and residential sectors 

(International Energy Agency, 2024). 

Although there are numerous research studies in the literature that examine various aspects of 

domestic energy consumption, the number of studies specifically addressing lighting energy 

consumption is limited.  The study by Nacht et al. (2023), for example, provides  a thorough 

assessment of modeling methodologies for household energy usage, including case studies 

that evaluate and forecast patterns of energy consumption. In a similar vein, Johnson (2004) 

evaluates home lighting technologies in the US, emphasizing the  potential and obstacles 

presented by energy-efficient lighting solutions. Furthermore, research by T50 (2023) examines 

several ways to lower energy use while reviewing energy-efficient retrofit techniques for electric 

lighting and daylighting systems in buildings (Ouf and Issa, 2017). The significance of precise 

modeling methods in addressing the intricacies of household energy consumption is 

emphasized by these studies.  In order to encourage sustainable energy habits, these works 

highlight the necessity of thorough analysis and precise lighting energy usage projection. 

Recent advancements in smart lighting systems have also been explored in the literature, 

highlighting their potential to significantly reduce energy consumption in residential settings. 

Smart lighting technologies, which include automated controls and adaptive lighting systems, 

have been shown to optimize energy use by adjusting light levels based on occupancy and 

natural light availability (Smith et al., 2021). These systems not only enhance energy efficiency 

but also improve user comfort and satisfaction by providing personalized lighting environments 

(Brown & Green, 2022). The integration of smart lighting with other home automation systems 

further amplifies these benefits, creating a more cohesive and efficient energy management 

strategy (Lee et al., 2020). 

Moreover, the role of policy and regulatory frameworks in promoting energy-efficient lighting 

solutions has been a focal point of recent studies. Government incentives and regulations, such 

as subsidies for energy-efficient lighting products and mandatory energy performance 

standards, have been instrumental in driving the adoption of these technologies (White, 2019). 

Research by Black and White (2023) underscores the importance of such policies in overcoming 

market barriers and accelerating the transition to sustainable lighting practices. Additionally, 

international collaborations and agreements, such as the Paris Agreement, have emphasized 

the need for global efforts to reduce energy consumption and greenhouse gas emissions 

through improved lighting efficiency (Green, 2020).   

With the increasing demand for power worldwide, optimizing utilization of energy in households 

is essential for maximizing energy efficiency and sustainable development. A significant portion 

of the world's electricity is consumed for  lighting, making it a major area of concern. The 

literature does, however, appear to place little focus on lighting load analysis and forecasts. 

The significant impact that building occupancy and human behavior have on lighting power 

usage trends draws attention to this disparity (Pérez-Lombard, Ortiz and Pout, 2008). Gaining 

an understanding of these patterns is crucial to improving building efficiency and efficiently 

allocating energy resources (T50, 2023). 

3  Methodology 

Survey Design and Development 

[image: ]

In  this study,  a questionnaire entitled Energy Consumption Habits and New Energy 

Technologies in Residential Buildings has been prepared. The survey was designed to evaluate 

consumer behavior related to residential lighting energy consumption in Türkiye and attitudes 

towards new energy-efficient technologies such as LED bulbs,  smart lighting systems  and 

applications using consumer data to facilitate energy savings. The survey focused on important 

issues such as electrical appliances used in homes, lighting types, physical characteristics of 

apartments and energy bills. Participants were asked to provide information on topics such as 
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the energy efficiency of the devices they use, the types of lighting they prefer (LED, fluorescent, etc.), and the amount  of  their electricity  bills. In light of this information, the extent to which individuals' energy consumption behaviors are suitable for energy saving and the factors related to energy consumption habits were analyzed. 

A two-stage approach was  adopted  to ensure the quality and relevance of survey questions. First, an expert review was conducted by sending the draft version of the survey to seven experts in the fields of energy efficiency, lighting technologies and consumer behavior. The experts, both from academic and the private sector, made up of electrical, mechanical, civil engineers and architects, provided detailed feedback on various aspects, including the clarity of the questions, the relevance of the topics and the overall structure of the survey. Based on their feedback, adjustments were made to the survey, including restating certain questions to provide clarity, adding new questions to close important gaps, and removing unnecessary or less relevant items. 

Final Survey Distribution 

[image: ]

The purpose of the final survey was to gather fundamental data regarding the lighting practices of the participants, such as the kind of lighting they use, how often they use it, how well-informed they are about energy-efficient solutions, and what barriers they see to using them. In order to facilitate analysis based on variables like age, income, household size, and geography, the poll also contained demographic questions. Using Istanbul Technical University’s survey tool Veti, the completed survey was disseminated to a larger community (Rzazade et al., 2024). A wide range of Turkish families were included in the target group, and the survey was distributed through internet platforms, social media, and email. Throughout the course of a few weeks, respondents were urged to fill out the questionnaire and give their answers as part of the data acquisition process.  A survey titled "Energy Consumption Habits in Households and New Energy Technologies" consists of a total of 56 questions. From this pool, only the questions relevant to the topics of the Balkan Light conference were selected for analysis. The first question received responses from 465 participants, while the final question was answered by 410 respondents, reflecting the slight variation in response rates throughout the survey. After the data was gathered, statistical techniques were applied to combine and analyze the data in order to identify emerging trends and patterns in customer behavior. 

4  Results 

The survey sample has a close gender distribution, with male respondents constituting 54.62% and female respondents 43.44% of the total number (with the remaining 1.94 % refraining from specifying their gender),  ensuring that the results reflect gender-balanced perspectives on energy use. The age distribution shows that the majority of respondents (28.97%) are between the ages of 36 and 45; this is a significant demographic group that influences household energy consumption decisions. This age group, along with the ages of 18-25 and 26-35, account for the majority of active households.  Most of the respondents in the survey are from Istanbul (68.43 %), which is expected given the study's affiliation with Istanbul Technical University. However, the survey has reached participants from 32 cities across Türkiye. The majority of respondents (41.16%) have completed a bachelor’s degree in minimum, 24.89 % with Master’s and  20.00 % with PhD degrees, indicating a quite high level of education, which is generally associated with higher  awareness of energy saving technologies and practices.  This high education level is a natural result of the survey being announced through Istanbul Technical University’s announcement channels.  This situation will inevitably lead to a bias in the responses in favor of supporting new technologies. However, the opinions of the early adopters of new technologies that could enhance energy efficiency are quite valuable  as they can influence the rest of the community as well. A significant proportion of respondents (75.81%) live in apartment buildings, while a small number live in detached houses (9.72%). This distribution can have consequences for energy consumption, as apartment dwellers often have less control over major energy systems such as heating. However, lighting remains an important area where individuals can make energy-efficient choices, and this is a concept which is specifically highlighted in this survey.  While the original survey includes more questions regarding residential properties, these are not related to the scope of this study, and thus will not be presented in this paper. The analysis will be made in two sections, questions directly related to lighting and questions directly related to energy efficiency. 
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Questions about Lighting 

[image: ]

The first question in the survey regarding lighting  was on the types of light sources the 

respondents used in their households. The respondents were free to choose as many answers 

as they wished. The responses to this question have been summarized in Figure 1. It can be 

seen that the highest result is for Light Emitting Diode (LED) light sources, the most novel 

technology with high levels of efficacy even with residential type lamps, with a value of 82.03 %. 

The interesting result is that the next highest answer is incandescent lamps, the oldest and the 

least energy efficient technology among others, with 17.97  % of the respondents still using 

these kinds of lamps, followed by halogen lamps with a value of 12.55 %, the two least energy 

efficient options with the lowest efficacy values. As the respondents were free to choose as 

many answers as they wished for this question, another point of view is to look at the 

households that do not have any LED light sources installed, which corresponds to a value of 

17.97 %. It’s interesting to see that, even though it is a small percentage, 6.49 % of respondents 

do not even know the type of light source that they use in their home.  

 

Don't know        6.49%

Other     1.52%

Fluorescent Light Bulbs              12.34%

Halogen Light Bulbs              12.55%

LED Light Bulbs                                                                     82.03%

Compact Fluorescent Lamps (CFL)               14.50%

Incandescent Light Bulbs                  17.97%

0.00%        20.00%       40.00%       60.00%       80.00%       100.00%

 

Figure 1 –Types of Light Sources Used in the Houses of the Respondents 

Another important question on lighting was the factors that influenced the respondents’ choice 

of light sources to be used in their households. Once again, it was possible to choose as many 

factors as the respondents wished. The responses to this question have been plotted in Figure 

2. As can be seen from the figure, the highest response is energy efficiency, selected by

85.36 % of the respondents, followed by color temperature (77.92 %) and price (70.72 %). The

lowest frequency of responses appeared for color rendering index (8.68 %); the authors believe

that this was mostly due to the fact that the respondents were unfamiliar with the term. Another

interesting finding is that, while energy efficiency received a very high rating, the environmental

impact of the light source was not very important to the respondents (18.36 %).

 

Other      2.48%

Brand                        24.32%

Environmental Impact                     18.36%

Lifetime                                                         53.60%

Power                                  38.96%

Color Rendering Index             8.68%

Color Temperature                                                                           77.92%

Energy Efficiency 85.36%

Price                                                                             70.72%

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00% 80.00% 90.00%

 

Figure 2 – Factors Influencing the Choice of Light Sources to be Used at Home 
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The respondents were asked whether or not they believed that it was possible to make significant changes in their overall consumption by using energy efficient lighting systems. The results can be seen in Figure 3. Here the answers were very much in favor of the relationship between energy efficient lighting systems and energy savings. 38.32 % stated that they can definitely make a difference by using energy efficient lighting followed by a fundamental value of 42.40 % for those who believed that they can also make a difference. In total, 80.72 % of the participants believed that it was possible to make a significant difference in lighting energy consumption through using energy efficient light sources.  

 

Don't know         2.72%

Definitely not      0.68%

e                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        No                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     6.80% ns

spo                                                                                                                                                                                                                                                                                                                                                                                                                                                        Unsure                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             9.07% Re

Yes 42.40%

Definitely                                                                                       38.32%

0.00%    5.00%   10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00% 45.00%

Percentage of Respondents

 

Figure 3 – Opinion on Energy Consumption through using Energy-Efficient Lighting Systems 

The respondents were asked about whether or not they have replaced the light sources in their home with energy efficient options such as LED lamps in the past few years. The answers to this question have been plotted in Figure 4. As can be seen from the figure, the percentage of people who have actually replaced all of their older technology light sources with new ones is only 27.98 % and there’s still another 14.91 % who have not done any replacements – probably the same respondents who still use incandescent and halogen lamps. This may be due to lack of knowledge in the field, the price disadvantage of energy efficient lighting options or simply human inertia. In the meantime, more than  68.58% of the participants have replaced their lighting systems with energy-saving options such as LED bulbs in recent years, and 16.51 % have claimed that their light sources were already LEDs. This finding  further supports the tendency of the respondents’ transition to more efficient technologies. The growing shift towards LED lighting, which has been going on for years, reflects the increasing awareness of energy efficiency, even though traditional lighting methods still remain in use. All in all, the responses show that there’s still room for novel light sources in residential spaces and this also suggests that there’s need to continue promoting higher efficiency light sources, especially for household utilization.  

 

No, I haven't                           14.91%

 

e                                                                                          No, all the light sources are already LEDs                                                                                          16.51% ns

spo

Re Yes, I've replaced some of them 40.60%

Yes, I've replaced all of them                                                27.98%

0.00% 5.00% 10.00%15.00%20.00%25.00%30.00%35.00%40.00%45.00%

Percentage of Respondents 

 

Figure 4 – Household Adoption of Energy-Efficient Light Sources Over Recent Years 
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The answers to the question regarding the types of lighting controls the respondents use in 

their households are given in Figure 5.  Despite the increasing interest in energy-efficient 

lighting,  when asked about lighting control systems, most respondents (74.83%)  have stated 

that they only  use manual controls for lighting, and only a small percentage use smart 

technologies such as remote control or automation. This is also evident due to the difficulty of 

installation and cost.  

 

Other    0.34%

Timers     0.69%

 

ol                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Voice on/off                                                                                                                                                                       0.69% tr Motion sensors      2.93%

Con                                                                                          Smart phone/tablet applications        4.31%

Remote controls         5.69%

Dimmer           10.52%

Manual control (hand on/off) 74.83%

0.00% 10.00% 20.00% 30.00% 40.00% 50.00% 60.00% 70.00% 80.00%

Percentage of Respondents 

 

Figure 5 – Methods of Home Lighting Control 

As a final question on lighting, the respondents were asked about their satisfaction level for the 

general lighting in their houses, the answers of which can be seen in Figure 6. The results show 

that 81.27% of respondents were generally satisfied with the current lighting conditions, which 

is quite a high turnout.  

 

Very dissatisfied     0.46%

e                                                                                                                                                                                                                                                                                                                                                                        Dissatisfied           4.81%

ns

spo                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Unsure                  13.50%

Re                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        Satisfied                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          64.53%

Very satisfied                           16.70%

0.00%      10.00%     20.00%     30.00%     40.00%     50.00%     60.00%     70.00%

Percentage of Respondents

 

Figure 6 – Home Lighting Satisfaction Levels 

The following section will deliberate on the questions that were related to energy efficiency and 

the respondents’ general attitude towards the adoption of novel energy saving technologies.  

 

Questions about Energy Efficiency 

[image: ]

The questionnaire included several questions regarding the respondents’ point of view on 

energy efficiency. One of these questions was related to how conscious the respondents 

thought they were about the energy consumption in their home. The answers to this question 

have been plotted in Figure 7. While the highest answer frequency is for “moderately 

conscious”, the total percentage of the respondents who find themselves more than somewhat 

conscious is 73.81, which is a quite high value. The results to another question on whether or 

not respondents monitored their electric bills, 75.57%  answered that they  frequently monitor 

their electric bills, and in another question 65.91% of the respondents indicated that their bills 

have a substantial impact on their energy usage behaviors. This financial sensitivity highlights 
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the significance of affordable options in encouraging the implementation of energy-saving lighting systems as well. Survey participants also displayed a strong awareness of their energy usage. Almost 55.73% of people monitor their energy usage frequently, showing a strong base for increased use of smart energy management technology like smart lighting. 

 

Very conscious                   8.57%

 

e                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Conscious                                                  27.14%

ns

spo                                                                                          Moderately conscious                                                                      38.10%

Re                                                                                                                                            Somewhat conscious                                                                                                                                                                                                                                                                                                                                         23.31%

Not conscious         3.10%
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Figure 7 – Levels of Consciousness Regarding Energy Consumption 

One question deliberated on how much the respondents tried to make energy savings in their home. The responses to this question are given in Figure 8. With the majority of respondents trying to save energy most of the time, overall,  92.76% of respondents actively try to save energy in their homes, and in another question, many of them indicated that they use practices such as using eco-modes on  electrical devices. Most homes (68.33%) have devices with energy-saving modes, and 80.73% of the respondents indicate that they use these features for energy efficiency. 

 

Never      1.12%

Rarely                6.26%

Sometimes                                        23.04%

Most of the time 47.20%

All the time                                                 22.37%

0.00% 5.00% 10.00% 15.00% 20.00% 25.00% 30.00% 35.00% 40.00% 45.00% 50.00%

Number of Respondents

 

Figure 8 – Attempts at Saving Energy at Home 

When asked about which energy saving applications the respondents currently used at home, results show that the use of LED light sources is the most applicable method (78.64 %) that residents can currently implement for energy efficiency in their households, compared to more time consuming and expensive approaches that would necessitate major mechanical or architectural renovations, as can be seen in Figure 9. Around half of the respondents indicated that they prioritize energy efficiency when making decisions about their homes, showing a high demand for energy-saving technologies. Nearly half of the participants are open to investing in technologies or techniques that can further decrease energy usage, as can be seen in Figure 10. This indicates that smart lighting systems, especially those with automation and real-time energy monitoring features, have a promising market outlook. Respondents have already implemented common energy-saving practices such as using energy-efficient lighting and
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managing heating and cooling systems, which are in line with the objective of decreasing total 

energy usage.  

 

Other       4.46%

Regular Maintenance of HVAC systems                                  41.55%

Renewable energy systems       4.69%

Home insulation applications                                             51.17%

Smart thermostats                 17.61%

LED lighting systems                                                                    78.64%

Utilization of energy efficient appliances                                                           64.55%
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Figure 9 – Energy Saving Applications used in Households 
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Figure 10 – Willingness to Invest in Energy-Saving Technologies in the near Future 

Still, obstacles persist in the adoption of energy-saving practices, with cost and a lack of 

information being the main hindrances. This emphasizes the importance of offering financial 

subsidies  and increasing awareness about the advantages of energy-efficient technologies 

which mostly fall into the jurisdiction of governmental bodies. Around half of the  participants 

have integrated smart home gadgets, and although their satisfaction levels differ, the increasing 

popularity of home automation suggests a promising future for smart lighting technology  as 

well. When energy-efficient lighting is integrated with smart home technologies, consumers can 

enjoy the convenience and cost benefits they desire  contributing to the greater cause of 

reducing energy consumption in buildings at the same time. 

The responses were further analyzed using Pearson Correlation to identify any strong 

relationships between them. The majority of the answers did not present strong correlations. 

However, the question about how important energy efficiency was in the decisions the 

respondents took about their households showed moderate (between 0.3 and 0.5) and weak 

(between 0.1 and 0.3) correlations between several  other questions. These included: the 

respondents' efforts to save energy at home (0.4652), how electricity bills influenced their 

energy-saving habits (0.3496), and their self-reported level of energy consciousness (0.3682) 

and their belief in achieving significant energy savings through efficient light sources (0.2496). 

Another set of moderate correlations appeared within the same group of questions. The 

question about energy-saving efforts at home showed moderate correlations with the influence 

of  bills  on the  energy-saving habits (0.3368) and the respondents' self-reported energy 

consciousness (0.3263).  Several weak correlations  were found between the responses to 

whether users believed they could achieve significant energy savings by using energy-efficient 
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Abstract 

We  discuss the parallels between lamp replacement in lighting systems and instrument 

calibration, particularly in applying calibration interval assignment methods to a lighting system. 

This study shows that the uncertainty growth in instruments is similar to the lamp's maintenance 

factor, concluding that calibration renewal policies are more advanced than lighting 

maintenance schedules. The research suggests extending the concept of reliability targets, 

used in calibration, to lighting as a service quality index. Weibull and lognormal models were 

chosen for simulation, and the MCMC method was compared with the S3 method for 

determining optimal inspection intervals. The MCMC method was advantageous as it provides 

additional information, such as the standard error in determining model parameters, which helps 

predict the uncertainty in the inspection interval. Ultimately, the study shows that while 

instrument calibration and lamp inspection may seem unrelated, they share common reliability 

engineering principles, and applying these principles to lighting systems has been successfully 

demonstrated. 

Keywords :  Reliability  engineering, Lighting maintenance factor, Renewal policy, Lamp 

inspection interval, Calibration interval, Markov chain Monte Carlo

 

1  Introduction 

Lighting is an essential element of any building or facility, and its maintenance influences 

energy consumption, safety, and quality of service. With the transition to LED-based lighting 

systems, LED lamps' Mean Time to Failure (MTTF) has become comparable to or even longer 

than their driver components. This shift necessitates reevaluating the reliability analysis and 

maintenance strategies for these systems. Nevertheless, lighting has no static feature that 

could be continuously maintained after installation. Over time, a lighting system is subject to 

 

consideration in lighting is its maintenance schedule and factors, ensuring the systems function 1 correctly and efficiently.  EN 12464-1 degradation of its performance because of dirt accumulation and ageing. An essential  is a European standard specifying indoor workplace 

lighting requirements. It applies to various environments, including offices, healthcare facilities, 

and retail spaces. The standard aims to ensure optimal lighting conditions for visual comfort 

and performance. In addition, it describes the maintenance schedule and factors. 

 

Several researchers studied the maintenance of lighting systems by applying reliability 2 engineering principles. M. Rausand and A. Høyland wrote a general theory for optimisation of replacement considering cost. Dekker and his colleagues 3 studied several strategies for the maintenance of light standards, where each light standard consists of a certain number of independent and identical lamps screwed on a chandelier. The lamps are subject to stochastic failures and must be correctively replaced if the number of failed lamps reaches a prespecified number. Yuan and Xu 4 studied an optimal replacement policy for a repairable system when its repairman is on vacation. Park and Kim 5 highlight that the lifetime was estimated as a statistical distribution expressing the sampling and temporal uncertainty of degradation. The warranty life can be suggested from an optimum replacement policy using the gamma process model. 

Reliability engineering has been applied to the maintenance of instruments and measuring 

devices. Calibration is the process of testing and adjusting instruments by comparing them to 

an established standard, ensuring they operate within specified tolerances. The calibration 

 

such as those provided by the National Conference of Standards Laboratories International 6 (NCSLI) interval of such instruments is a well-established concept extensively documented in standards 

. These standards offer statistical methods for determining the optimum calibration 
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interval to maintain a group of instruments within a desired reliability target. Using numerical 7 experiments, Shim and Park showed that the Markov Chain Monte Carlo (MCMC) method can replace the most elaborate method, S3, in the NCSLI standard. The maintenance policy and methodology of measurement instruments are more mature than those of the lighting field, considering that the community had already published such a standard document. 

This paper first illustrates the similarity between lighting system replacement and instrument calibration. Then, considering several  renewal policies and appropriate reliability models, we review calibration interval assignment methods documented in the NCSLI standards and a new method we developed based on the MCMC method. We demonstrate the application of the MCMC method in a synthetic lighting system, using Weibull and lognormal distributions to simulate their lamp failures. The results highlight the method's effectiveness in determining the reliability model parameter,  and  in  providing  optimal  inspection intervals  for the lamps for various reliability targets, thereby to ensuring the service quality of a lighting system. 

 

Table 1 – Comparison summary between instrument calibration and lamp inspection 

Comparison items      Instrument calibration             Lamp inspection 

Out of tolerance        Uncertainty growth after           Failure or reduction of lamp mechanism           adjustment over time             maintenance factor over time 

 

RA: always adjust after            RA: always replace after calibration inspection 

 

Renewal policy         RF:  adjustment only when out    RF: replace only when out of of tolerance operation 

 

RN:  adjust only if a particular     RN:  replacement only if a condition meets according to particular condition meets, for an additional requirement of example, under a value of LMF the renewal policy 

Reliability target         The same definition can be applied to both fields. 

 

Reliability models  Under the same reliability engineering principle, the same models  can be applied in both fields 

 

2  Similarity between lamp replacement and instrument calibration 

  Instrument's uncertainty growth versus lamp's maintenance factor 

[image: ]

reduction 

An instrument's measurement uncertainty grows over time since calibration. Eventually, the instrument deviates from a preset tolerance and is accepted as a failure. A lamp fails or deviates from a preset level of numinous flux over time. 

On the other hand, the EU standard defines a lighting maintenance factor (LMF) to account for the depreciation in the performance of lighting systems over time, ensuring that the lighting design maintains the required illuminance levels throughout the lifespan after installation. The multiplication of several components yields the LMF. The luminal flux maintenance factor (LFMF) relates to the decrease in the luminous flux of the lamps over time. The Lamp Survival Factor (LSF) accounts for replacing any failed lamps to ensure consistent lighting performance. The Luminaire maintenance factor accounts for reduced luminaire performance due to factors like dirt accumulation. The Room (LMF)surface  maintenance  factor (RSMF) considers how dirt impacts room surfaces (walls, ceilings), which can lower the overall lighting quality. This article includes only individual factors relevant to the lamp, LFMF and LSF in the LMF. Then, the LMF is similar to the instrument's uncertainty growth.  
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In short, instruments are considered to fail if they are out of tolerance, while lamps are regarded 

as failed if they are not on. Sometimes, we can adjust an instrument even if it is within tolerance. 

Similarly, we can replace a lamp even if it still works  with less luminous flux. The policy 

mentioned below can decide on the adjustments or the replacements. 

Renewal policies in calibration versus maintenance schedule in lighting 

[image: ]

The NCSL document describes three renewal policies in the calibration process. The 'renew-

always (RA)' policy adjusts all instruments during calibration at a calibration interval, whether 

within or out of tolerance, corresponding to replacing all lamps at an inspection interval, 

regardless of whether they failed. The 'renew-if-failed (RF)' policy adjusts only instruments out 

of tolerance, corresponding to replacing only failed lamps. A lamp is not only in this failed 

condition, but its driver is in the prevail of LED lighting.   

The 'renew-as-needed (RN)' policy adjusts only instruments out of an additional performance 

criterion, corresponding to replacing lamps due to the LMF reduction. In lighting, the LMF 

threshold can act as the needed condition. In any case, all the policies presume that 

maintenance records of all lamps should be kept to analyse optimal intervals in advance. 

Although immediate replacement of a failed lamp in a building's lighting system may seem 

beneficial, it increases maintenance costs. Therefore, a regular inspection schedule at 

predetermined intervals is more acceptable for maintaining a system's reliability target. 

Although the EU standard describes a maintenance schedule, it is not as detailed as the NCSL 

document. 

 

Reliability target for maintaining instruments and lighting system 

[image: ]

Even if we do our best to maintain all instruments within tolerances by regular calibration, a 

fraction of the instruments tends to deviate from the tolerances over time and finally fail. We 

can define a reliability target as a fraction of the instruments within tolerance between 

successive calibrations. An organisation can set a target and maintenance policy to maintain 

its quality level quantitatively.  

Similarly, the reliability target can be applied to a lighting system in which only a fraction of 

lamps  is  operating normally. A building maintenance unit can set the target to maintain its 

service quality quantitively. 

 

Reliability models of degradation in instruments and lighting system 

[image: ]

The uncertainty growth of the instruments shares its mechanism with the maintenance factor 

decrease in the lighting system. The NCSL documents present several reliability models. We 

apply only Weibull and lognormal models as examples to the lighting system. 

The Weibull model can be expressed as 

𝛼𝛼

𝑅𝑅          −�𝑡𝑡𝛽𝛽� ( 𝑡𝑡 ) = 𝑒𝑒                                                                                                                (1)

where  β  and  α  are  scale  and  shape  parameters,  respectively,  they  are  to  be  statistically 

 

becomes the exponential model as α approaches 1. This model is suitable for explaining an 8 increasing failure rate with failures caused by the wear-and-tear on the artefact over time determined by considering a set of lamp inspection records. The Weibull model asymptotically . 

The lognormal model is expressed as 

 

𝑅𝑅(𝑡𝑡) =  1 − Φ �          �,                                                                 (2) 𝜎𝜎 ln(𝑡𝑡 ) − 𝜇𝜇

 

313

BalkanLight'2024 Proceedings

 

where Φ(x) is a cumulative distribution function of the standard normal distribution. µ and σ is mean and standard deviation, respectively. 

3  The S3 method of the NCSL and the MCMC method 

The NCSL document presents three methods for calibration interval assessment, S1(classical), S2 (binomial), and S3 (renewal time), based on the maximum likelihood estimation. The S1 is restricted to only an exponential reliability model with less expandability. The S2 was developed to accommodate various reliability models, including the Weibull and lognormal models.  

The S3 is accepted as the most advanced because it can accommodate all the renewal policies and various reliability models. Moreover, this method does not substantially require transforming the raw calibration records to the histogram. The S3 method yields the logarithm of its total likelihood function expressed as 

𝑁𝑁    𝑛𝑛𝑖𝑖

ln 𝐿𝐿 = � ��𝑥𝑥 𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙 𝜌𝜌𝑖𝑖𝑖𝑖 + �1 − 𝑥𝑥𝑖𝑖𝑖𝑖� 𝑙𝑙𝑙𝑙�1 − 𝜌𝜌𝑖𝑖𝑖𝑖� + 𝑙𝑙𝑙𝑙 𝑟𝑟𝑖𝑖𝑖𝑖�,   (3)

𝑖𝑖=1 𝑖𝑖=1

𝜌𝜌                       ,                                  , 𝑖𝑖𝑖𝑖 = 𝑅𝑅�𝜏𝜏 𝑖𝑖𝑖𝑖 � / 𝑟𝑟 𝑖𝑖𝑖𝑖 𝑟𝑟 𝑖𝑖𝑖𝑖 = 𝑅𝑅�𝜏𝜏 𝑖𝑖𝑖𝑖 − 𝐼𝐼 𝑖𝑖𝑖𝑖 �

where xij = 1 if the j-th renewal is carried out for intolerance condition in the i-th device and xij = 0 otherwise. Moreover, τij is the elapsed time from the (j-1)-th renewal to the j-th renewal. R is a reliability model whose  parameters  will  be determined, and Iij  is the calibration interval immediately preceding the j-th renewal of the i-th lamp. The parameters that maximise Eq (3) are determined through an optimisation technique. 

MCMC is a class of algorithms for sampling from a target probability distribution and is frequently used in Bayesian modelling. MCMC sampling operates based on a particular type of stochastic process such as the Markov chain. Hence, the target distribution can be sampled from a chain of stochastic processes  after reaching an equilibrium distribution. The random walk simulation is a sort of Monte Carlo that is the other component of the MCMC method. Our previous paper showed that the MCMC can maximise  Eq (3)  to assign optimal calibration intervals for various renewal policies with the Weibull and lognormal models.[7] 

4  Results of the MCMC method application to a lighting system 

Simulation of lamp inspection records 

[image: ]

We first created simulated lighting inspection records using Python and related libraries. These simulated records were used to test a method for determining the optimal inspection intervals for a lighting system. Instead of using real inspection data, hypothetical data was employed to evaluate the effectiveness of the method under various inspection scenarios, including different replacement policies. 

Each record was labelled as either 'On' or 'Failed' for individual lamps within the lighting system. The status of 'On' or 'Failure' was determined using a random number generator that followed a probability density function (PDF) associated with a specific measurement reliability model. the PDF is defined by the equation PDF = − 𝑑𝑑𝑅𝑅(𝑡𝑡)⁄𝑑𝑑𝑡𝑡, where 𝑅𝑅(𝑡𝑡) and 𝑡𝑡 denote reliability model elapsed time respectively. The random numbers were produced using the 'Weibull' and 'lognormal' functions from the 'numpy.random' class within the Numpy library. For this simulation, inspection records were generated for 200 lamps, with each lamp undergoing 10 inspections. The interval between inspections was randomly set within a predetermined range using a uniform random number generator. The details of the conditions used for simulating the inspection records are presented in Table 2, and Fig. 1 provides typical examples of these records to facilitate intuitive understanding. It should be noted that the elapsed time and inspection intervals are measured in arbitrary units (a.u.), derived from simulated calibration records, although for practical purposes, these units can be considered as months in this study. 
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Table 2 – Conditions for simulating the inspection records of the lighting system. 

 

Condition                                                 Inspection interval Reliability model Renewal policy (arbitrary unit) 

1                                           RF Weibull 

2         (β = 25.50, α = 2.67)           RA 

12-24

3                                           RF Lognormal 

4          (μ = 2.70, σ = 1.40)            RA 

 

Figure 1 – Examples illustrating simulated hypothetical inspection records under (a) condition 

1 and (b) condition 4 are shown. Out of 200 lamps, only those with lamp ID numbers 0–25 are 

partially displayed. The colours red, blue, and green represent 'Failure & replacement', 'On', 

and 'On & replacement', respectively. 

  Estimation of reliability model using S3 and MCMC methods 

[image: ]

Table 3 – Estimation results for the reliability models derived by the S3 and MCMC methods. 

[image: ]

Condition         Preset                       Parameter estimates 

Parameters      S3 method              MCMC method 

 

1                                β = 25.60,       β = 25.61,        SD(β) = 0.33 α = 2.83 α = 2.83 SD( α) = 0.09 β = 25.50, α = 2.67 β = 25.40, β = 25.53, SD( β) = 0.67 2 α = 2.74 α = 2,72 SD( α) = 0.21

 

3                                μ = 2.68,        μ = 2.67,         SD(μ) = 0.06 σ = 1.36 σ = 1.37 SD( σ) = 0.06 μ = 2.70, σ = 1.40 μ = 2.74, μ = 2.72, SD( μ) = 0.06 4 σ = 1.30 σ = 1.53 SD( σ) = 0.41

 

Table 3 summarises the estimated parameters derived using the S3 and MCMC methods. These 

values are compared against the preset values, which are considered the actual values for the 

reliability model. The representative value of parameter estimates  for the MCMC method  is 

calculated as the mean of 10,000 samples (two chains of 5,000 samples each). Both methods 

generally yielded similar parameter estimates. Considering the distribution of the parameters 

estimated by the MCMC method, the two methods were compatible within two standard 
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deviations. This range can be viewed as the expanded uncertainty of parameters with an approximate confidence level of 95%.

Fig. 2 depicts the reliability curves modelled by these estimates, providing an intuitive and clear comparison of the methods. The black solid line represents the curve parameterised by the preset values, considered the ground truth. The curves denoted by blue triangles and red open circles correspond to the estimates from Table 2 using the S3 and MCMC methods, respectively. 

For records simulated under the RF policy (Condition 1, 3), the estimated results from both the S3 and MCMC methods show strong agreement and nearly identical measurement reliability curves with negligible differences, as illustrated in Fig. 2(a) and (c). Moreover, both methods predicted the reliability very closely to the ground truth curves. 

Conversely, under the RA policy, especially for the lognormal model, as shown in Fig. 2(d), the two methods displayed slight discrepancies. Furthermore, at long-elapsed times exceeding 24 (a.u.), reliability accuracy was lower. When lamps are replaced at every inspection under the RA policy, information on 'On' or 'Failure' for times beyond the preset inspection interval range is unavailable, resulting in divergent model estimations by each method, with reduced accuracy for extended elapsed times. 

[image: ]

 

Figure 2 – the reliability curves modelled by the methods. The black solid line represents the 

curve parameterised by the preset values, considered the ground truth. The curves denoted by 

blue triangles and red open circles correspond to the estimates from Table 3 using the S3 and 

MCMC methods, respectively.. 
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5  Conclusion 

We explore the similarity between lamp replacement and instrument calibration to test how the 

calibration interval assignment method can be applied to a lighting system. First, we show that 

the instrument's uncertainty growth is similar to the lamp's maintenance factor. We come to the 

conclusion that the renewal policies in calibration are more mature than the maintenance 

schedule in lighting. Therefore, we apply the renewal policies to a light system. In addition, the 

concept of reliability target developed in calibration can be extended to lighting systems as a 

service quality index. We argue that the lighting systems share reliability models with calibration 

intervals. We chose Weibull and lognormal models from several models for the simulation. We 

review the S3 method developed by the NCSL and the MCMC method to determine an optimal 

inspection interval using them. 

To demonstrate the merits of the MCMC method for lamp inspection interval, we generated 

hypothetical inspection records by considering four conditions with two reliability models and 

two RF and RA renewal policies. This simulation assumes that we have replaced failed lamps 

just after one year. For all four conditions, we know that the MCMC and S3 methods yield almost 

similar parameters of both reliability models as the preset parameters. Based on the determined 

parameters of a model, we can obtain an optimal inspection interval for a given reliability target. 

The MCMC is more advantageous than the S3 because it provides additional information, such 

as the standard error, in determining the model parameters. This error allows us to predict the 

uncertainty of the determined inspection interval. 

At a glance, instrument calibration seems to have nothing to do with lamp inspection of lighting 

systems. However, they share the same principles of reliability engineering. Looking into the 

standard document published by NCSL, we have applied its method  to a light system and 

successfully demonstrated its usefulness using a synthetic dataset. 
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Abstract

Combination of new hardware, software, nanotechnology and illumination properties created new realities in visual perception. Visual perception related to illumination in different new realities are compared. A reality, which may be similar to the real-world reality, is created in virtual reality. In augmented reality there is a reality which doesn´t exist. In mixed reality there are coexisting realities of virtual reality combined with augmented reality. They are made by screens in headsets or screens around the human body. Parallel reality is created by pixels of the screens, which can send light in different directions in different colours at the same time. So different viewers (which are scanned before for body shapes before and followed by tracker) can see different / individual informations or different images on the same screen, because each of them watch the screen from another angle. The new raelity technologies bring new necessities of detailed illumination knowledge.

Keywords: Virtual reality, augmented reality, mixed reality, parallel reality, illumination.

 

1      New visual realities and illumination

The concepts of Virtual Reality (VR), Augmented Reality (AR), Mixed Reality (MR), and Parallel Reality all pertain to the ways technology can shape our perception of the world, but they vary significantly in how they alter or enhance reality. The illumination may be with LED screens only or mixed with environmental illumination.

The overview of each reality and their differences are evaluated. It should be taken into consideration the illumination of the screens are much less than enviromental illumination, because the light is achieving the eye directly and not like in pigment colour perception as a reflection of the light which is falling on the surface. So this amount of illuminace on the screnn is measured in nits.

One nit is equal to one candela per square meter (1cd/m2). It should be known that the sun at noon is has about 1.6 billion nits. New LCD/LED screens have about 500-1.000 nits, smart phones and new smart TV screens have with vraious high dynamic range (HDR) technologies have about 4.000 nits and more which allow them to be seen at daylight also.

2 Realities

2.1     Virtual reality

Definition: Virtual reality immerses users in a completely artificial, computer-generated environment, cutting them off from the real world.

Experience: Users wear headsets or devices that create a 3D, interactive experience, often simulating real-world environments or fantastical, imagined worlds. All sensory inputs are replaced by the digital world.

Applications: VR is commonly used in gaming, training simulations (e.g., flight simulators, military training), education, virtual tourism, and therapy (like exposure therapy). (Milgram 1995, Slater 2016). Illumination: VR offers a heightened sense of immersion, but at the cost of completely detaching users from their physical surroundings. The user is illuminated by the artificial reality they are immersed in.

2.2     Augmented Reality (AR)

Definition: Augmented reality overlays digital content (such as images, sounds, or text) onto the real world in real time.
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Experience: Unlike VR, AR doesn't replace reality but enhances it by adding virtual elements. Using a

smartphone or AR glasses to see digital objects or information is overlaid onto the physical

environment.

Applications: AR is popular in industries like gaming, retail (e.g., virtual fitting rooms), navigation (e.g.,

interactive maps), education, and maintenance (e.g., heads-up displays for technicians). (Azuma 1997

, Carmigniani 2011 , Billinghurst 2015)

Illumination: AR illuminates reality by enriching the environment with additional layers of information,

guiding or interacting with the user while keeping them connected to the real world.

2.3     Mixed Reality (MR)

Definition: Mixed reality blends both physical and digital worlds, where virtual objects can interact with

real-world elements in a more integrated way than AR.

Experience: MR is more advanced than AR, allowing virtual objects not only to be placed in the real

world but also to interact with it. For example, a digital character could walk behind a table or interact

with real-world surfaces. Devices like Microsoft’s HoloLens offer this level of interactivity.

Applications: MR is used in fields like architecture (for overlaying virtual models on construction sites),

design, collaborative workspaces, and advanced simulation training. (Milgram 1994b , Jerald 2015 ,

Papagiannakis 2008).

Illumination: MR offers an even deeper sense of illumination by merging the boundaries between real

and virtual worlds, creating hybrid experiences where both environments influence one another.

2.4     Parallel Reality

Definition: Parallel reality refers to the simultaneous projection of different, customized information to

multiple users in the same physical space.

Experience: Each individual sees or experiences a different "reality" customized for them, though they

are in the same location. For instance, two people standing in front of a display screen may each see

entirely different content tailored to their preferences or language due to ability of pixel LEDs to send

different light information to different angles. A company called Parallel Reality by Misapplied Sciences

developed a display that can beam unique content to multiple viewers without the need for individual

devices like smartphones or headsets.

Applications: This technology can be applied in airports (displaying personalized flight information),

retail, entertainment, or public spaces where personalized data or messages can be sent to each

individual simultaneously. (Misapplied Sciences 2020, Chatzopoulos 2017)

Illumination: Parallel reality illuminates the environment in a highly personalized way, giving different

people unique views of the same physical world, creating tailored realities within shared spaces.

3         Summary of Differences

Virtual Reality (VR): Full immersion in a digital world, disconnected from the real world. Illumination is

only through the screen.

Augmented Reality (AR): Digital elements overlaid onto the real world, enhancing but not replacing it.

Illumination is mixed up with the environmental illumination with the illumination on the screen.

Mixed Reality (MR): A blend of physical and virtual worlds, where real and digital objects interact.

Illumination is mixed up with the environmental illumination with the illumination on the screen. There

is an interaction in illumination because the realities interact with each other.

Parallel Reality: Simultaneous display of different realities or information to multiple people in the same

space. Illumination is through the screen with sorrunded with enviromental illumination . The

illumination changes with the viewing angle of the screen.
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4      Conclusion

Each of these realities offer a distinct way of illuminating and altering reality, shaping how we perceive and interact with the world and others. The illumination of the screens and environment are differ mostly in big amounts. This differences between pigment reflected light perception in environment and direct illumination in screens these differences are egalized due to the nature of different perception.
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Abstract 

Modern urbanism radical processes and departure from the canons in the urban environment 

characterize the current state of urban planning concepts that are used in daylighting. 

Interactive and immersive lighting techniques taking into account virtual reality in the city 

structure, neurotechnologies that affect the light forms placement and determine the 

psychological state of residents in the evening and at night, characterize the current lighting 

environment. The lack of new lighting techniques for artificial lighting of urban environment 

objects and their contextual inconsistency with the urban planning structure of the city raises 

the question of a radical addition to the architectural and lighting environment structure by 

virtuality and immersion means and objects. The work scientific novelty lies in the development 

of techniques and principles of virtuality of artificial lighting, the formation of new immersive 

light forms of the urban environment, and the substantiation of the super lighting paradigm in 

lighting design. VR technologies help to achieve the effect of presence and verification of design 

solutions with a greater neurophysiological response, which can reduce energy costs and 

improve the light-visual ecology when choosing lighting and artistic  solutions for lighting 

projects. 

Keywords : neurotechnology, genius loci, combinatorics, light forms, artificial intelligence, 

emotional urbanism, super lighting 

 

1  Prerequisites, virtuality and super lighting in the night city environment 

The increasing complexity of large cities daytime urban structure, the multitude of illuminated 

architectural objects encourage us to study and scientifically define the emerging reality of night 

cities, taking into account virtuality, new urban planning and digital technologies, identity, and 

light pollution. As a result, it is necessary to develop new principles of lighting using modern 

methods and to assess the psychological level of the impact of the light environment on a 

person. 

1.1     Paradigm and signs of super lighting 

Modern digital and light-urban concepts, various types of light-color forms in the work of lighting 

designers can be used in the harmonization of the architectural and lighting environment. In 

addition, a large amount of artificial light in the city required the creation of unique approaches 

for its limitation using darkness design methods, defining urban planning zones of lighting 

restriction and control (Narboni, 2013). The meaning and shadow form (the opposite of light) in 

light forms and installations is expressed as an artistic and compositional means, reflects the 

idea of partial immateriality and creates a wide range of visual images and immersive effects. 

Lighting techniques with the effect of visual imitation and effective sensory impact are becoming 

relevant, which can be used in lighting design, expanding the range of immersive methods of 

artificial lighting in the night city. Lighting techniques radically enhance the feeling of reality for 

a person when using a VR headset. Perception is possible simultaneously in VR/AR devices 

and in a real light environment, for which special scenarios and principles for placing light forms 

and illuminated objects are developed. Simulating reality in VR causes a number of sensations 

similar to reality in the viewer, but with the ability to test cognitive and neuropsychological 

reactions during virtual movement and observation of a virtual light form in a night environment, 

which allows us to draw conclusions about the aesthetics of lighting design, methods of artificial 

lighting, the correct placement of light sculptures and installations in the planning structure of 

the city. Thus, fundamental innovations in urban development and lighting design define a new 

modern paradigm of super lighting, which consists in the explosive accumulation and use of 

 

321

BalkanLight'2024 Proceedings

 

lighting technologies and compositional techniques in the artificial architectural and lighting environment of the city, taking into account digital technologies, virtuality, immersion, energy efficiency and light-visual pollution. 

1.2     Tactical urbanism, urban injections and participatory design 

Tactical urbanism consists in the speed of decision-making on environmental and urban planning solutions, taking into account minimal financial costs, the need for an urgent change in function by minimal construction and architectural-environmental means (Lydon, Garcia, 2019). Such a process is characterized by a departure from the canons and stereotypes in the urban environment. In lighting design, the processes of mobile and tactical urbanism can be used as contextual and local use of lighting devices with a minimum luminous flux, non-standard use of lamps, unique and simple lighting solutions. Architectural transgressions are expressed in the implementation of urban “injections” into the urban space in the form of innovative volumetric-spatial ideas, a characteristic tendency of instant and short-term change in the specialization of urban space is highlighted. In the improvement of cities, the “reversal” technique of architectural functions is distinguished, for example, where there was a parking lot, there became a square or parklet, and the transport area turned into a pedestrian space. Forms of “disorder” are the reductions of restrictions in the space and planning of a modern city, flexibility and openness of architectural solutions, social control and unpredictability of the environment use, the offer of a variety of planning and environmental possibilities. The roles of urban networks and infrastructure (“below”), public spaces and structures (“above”) are being rethought (Sendra, Sennett, 2020). Participatory design involves simple but effective solutions taking into account the psychology of residents, which helps to overcome stereotypes of the urban environment. The inclusion or involvement of residents in the process of adopting architectural and environmental and other innovations in the structure of the urban environment allows for the creation of friendly and comfortable spaces (Sanoff, 2010). 

1.3     Genius Loci. Light Code 

Light codes and the “genius loci” that comprise the semantic elements of postmodernism are used in contemporary architectural theory. The concept of “genius loci” was developed by Christian Norberg-Schulz in his work “Genius Loci: Towards a Phenomenology of Architecture” where he wrote that architecture can provide an “existential foothold”. He proposed to study the mental consequences of the perception and symbolization of architecture. A person needs symbols, or works of art, “represent life-situations”, the purpose of art is to preserve and convey meanings. The emphasis is placed on the perception of the quality of the environment, which is the object of human identification, where he feels that he gains a sense of support. The author formulated the concept of “existential space”, explaining the relationship between a person and his environment. The concepts of “space” and “character” are separated and correspond to the main mental functions – “orientation” and “identification”. Space and character are associated with architecture, following the specification of existential space. “Existential foothold” and “dwelling” are closely related; a person lives in a dwelling when he can freely navigate it and identify himself with the environment (Norberg-Schulz, 1979). In the modern period, as a manifestation of the main provisions of postmodernism, one can attribute the concept of “light codes” of cities, which consists in the interpretation of the light environment through a system of semiotic signs, and which can be encoded and decoded, and the resulting “light code” plays a key role in the perception of the city in social, cultural and economic aspects (Wasserfurth-Grzybowski, 2018). 

1.4     Artificial intelligence and new digital technologies 

Artificial intelligence (AI) accepts information about the present and the past, and makes decisions about future complex situations, subjectivity and irrationality are reduced, while intelligence can be comparable to the human brain, which can form a thinking dynamic lighting of the urban environment. Data on the urban environment is increasingly accumulated in digital form, processed using statistical and economic analysis software, geographic information systems, their accumulation becomes continuous and an excess occurs. Many digital systems accumulate personalized data, which can also be obtained through crowdsourcing, they are provided by the residents themselves. The description and study of urban processes based on the integration of digital data and information phenomena forms a new direction in the study of information – “urban informatics”. In this case, computational models and algorithms are used 
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that predict possible future scenarios. Big data and urban information systems are united by 

the concept of a smart urban environment, which is close to the idea of sustainable 

development, adaptation and restoration of cities (Kitchin, 2015). 

1.5     Light pollution and energy efficiency 

Illuminated advertising, architectural lighting, the use of electric lighting in large quantities and 

in many areas of social activity lead to increased energy costs and deterioration of the night-

time light ecology. The paradox lies in the contradiction between the desire to aesthetically and 

functionally illuminate the volumetric-spatial and planning elements of the city and the excess 


of light with a violation of the alignment and deviation of the rays from the target, especially 

when lighting is directed at details above the horizon line with the obvious opacity of the air in 

megacities. Today, questions are raised about economic efficiency while simultaneously taking 

into account distorting and non-ecological factors of lighting, sky overexposure, which 

negatively affect not only humans. A light panorama of the city can serve as an indicator of light 

 

Many studies model the artistic expressiveness of a light panorama, but do not predict the 2 quantitative factor of light (L, cd/m pollution, which shows the brightness level of the silhouette and background above the city. ) and, therefore, there are no means for its minimization. 

For this purpose, special lighting techniques can be developed. The criteria for the quality of 

light incorporated into the general plan can be developed taking into account ecological factors. 

The spatial and temporal parameters of the location and influence of artificial light on humans 

and animals in the city structure are related to the amount and duration of lighting, which allows 

the implementation of appropriate planning and geoinformation systems when creating a 

lighting general plan. Energy savings can also be realized due to the low reflection coefficient 

of materials (Köhler, 2013). 

As a solution to the problem of reducing energy consumption and rational distribution of artificial 

light in urban spaces of modern cities, a new concept of designing and creating a special “dark 

structure” was proposed to offer a new strategy for public lighting (Narboni, 2012, 2013). 

Energy-saving technologies - solar panels and LEDs are used in many modern media facades. 

The energy consumption of one LED source is significantly less than other types of lamps. 

However, to create a high-resolution image, a large number of LEDs and energy are needed. 

The problem of energy conservation was solved in the GreenPix media facade in Beijing, where 

a photovoltaic system was combined with LED pixels (Hank Haeusler, 2009). The density of the 

photovoltaic cells improved the thermal conductivity of the building and converted solar 

radiation into energy for the media facade. The “light trees” in Vienna used an innovative light 

fitting that included LED elements powered by solar panels (Bright, 2008). In the educational 

projects for creating a light environment on embankments, lanterns with wind generators and 

eclectic energy storage were used. 

2       Modern research using VR technologies in architecture and lighting 

design 

Virtual reality in lighting design, first of all, cannot reflect real objects, but visual effects can be 

perceived, it is the light and color stimuli, silhouettes and background superimposed on 

architectural digital models of objects or the planning structure of the city that are important. As 

a accompanying effect, additional neurophysiological and visual effects of depth, perspective 

and motion sickness, dizziness, tactile in the headset with the pressure on the temples of the 

head arise. The high pixel resolution of the digital image, which enhances the planarity, is 

especially important. The illusion of immersion is enhanced by the wide angle of view in the VR 

headset. Virtual immersion technology in the VR headset is used when working with an object 

or  building to improve the quality of architectural and planning solutions - this is an effective 

modeling tool that can be used to check the internal volumetric parameters of the interior space, 

or the external data of the urban environment (Vilar, Filgueiras, 2022; Whyte, 2022). Today, we 

can say that digital and computer power create sufficiently realistic detailing of the virtual 

environment to recreate the illusion of immersion and presence, but at the same time, there is 

an increase in various technologies, such as instant rendering, interoperability (transfer of 

virtual content from one virtual world to another), persistence (user experience in all VW), 

synchronization (shared experience of each user), an unlimited number of user avatars, which 

will provide an even higher level of virtuality and presence in VR (Matthew, 2023). A topical 

issue is the imitation of virtuality in the modeling of light forms, the calculation of their light-
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compositional rhythmic and combinatorial variables - this is a regular or variable distribution of brightness (color) contrasts, shadows, which expresses the integrity and architectonics of an object. At the same time, the gradient distribution of brightness and color of the surface, especially the vertical light form, can visually create its massiveness or lightness, stability or dynamics (Shchepetkov, 2021). Virtual technologies allow modeling a lighting environment quite realistically, simulating the psychological effect of immersion and presence. A virtual headset allows testing design planning, urban development, volumetric-spatial and light and color solutions for interaction with a person. “Virtual world engine” makes it possible to simulate objects of the artificial architectural and lighting environment with elements of immersion and test design solutions with the participation of an architect, designer and customer (Matthew, 2023). An expanded sensory range (visual, sensual, illusory) in VR modeling  and using a headset when assessing an architectural and lighting solution can increase the reliability of the results, decisions made and the rationality of the chosen method. In addition, it is possible to prepare elementary lighting modules of architectural objects for subsequent variation and check the level of their psychological impact on the viewer and the indicators of the design solution using a virtual reality headset. The models variants of historical architectural objects with preliminary versions of simulating artificial lighting, the floodlighting option is supposed to be experimentally tested in VR in the future. Experiments in lighting design reflect the practice of creating various light forms and the practice of using VR in creating architectural projects (Shchepetkov, 2021; Vilar, Filgueiras, Rebelo, 2022; Whyte, 2022). When considering the modern classification of light forms, characteristic techniques of their lighting and the genre of objects are distinguished, as well as the method of using artificial light, inside and outside the form, self-illumination and illuminated, static or dynamic lighting, light color, human participation, autonomy, spatial parameter, light form function, light control, use of lamp type. These features can be observed in energy-saving light installations and virtual forms that contain an interactive component and affect the virtuality and immersion of the environment. Virtual light forms can combine elements of augmented reality and be observed using other digital technologies and devices (Karpenko, Shchepetkov, 2021). 

3       Methods for studying the virtuality of the city's light environment and recording signs of super lighting 

The current state of urban lighting is defined as a synthesis of artificial light and information technology. The simultaneous and chaotic impact of interactive lighting techniques creates an illusory sense of unreality and immersion in the viewer, and allows this phenomenon to be viewed through a system of light and color stimuli, the neuropsychological measurement and assessment of which will allow formulating new approaches to designing the city's lighting environment. The study of the city's lighting environment from the point of view of virtuality involves light planning analysis, recording the viewer's neuropsychological activity, using a VR headset, and evaluating the developed techniques using semantic differential and combinatorics. 

3.1     Principles of transition to virtuality and immersion of the urban environment 

The theoretical and practical justification of the new super lighting paradigm is the use of new digital and virtual reality technologies in modeling and creating a light environment and forms, panoramas and visual pools of the city's light environment. Light-visual information can be received and calculated at the height of human eyes. There is an optimal expenditure of visual-psychological energy, all light effects embedded in the light form are perceived and observed more clearly. The principles of virtuality and immersion of the night urban environment arise in VR and are determined as a result of the interaction of artificial light and architectural and urban form. Limitation of peripheral vision and complete immersion of a person in an immersive environment also create a feeling of intangible and non-tactile virtuality. The interactivity of light forms, the imposition of material and virtual elements in real time complement and contribute to the effect of immersion in the urban environment in the evening. 

Virtuality and immersion arise both in the headset and as a result of the interaction of projected artificial light (video mapping) and architectural and urban form, for example, domed spaces using optical polarization of glasses. Light panoramas immerse a  person in a virtual environment. VR/AR headsets are proposed to be used on a permanent basis when moving in 
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the daytime architectural environment and the space of quests, shows, technology parks, 

festivals, holidays and various social events and activities. Other options for using virtuality are 

gaming, marketing, business, holographic and virtual teleportation (holoportation) - multi-user 

interaction in the digital world. 

3.2  Experimental logic of the study of virtual reality in the architectural-light 

environment 

The mechanism for studying virtual reality in an architectural and light environment includes an 

analysis of the night city structure, recording of visual and psychological reactions to the 

perception of light forms, conducting tests with a VR headset with the presentation of virtual 

analogues of light forms, measuring and describing the psychophysiological reaction of a 

person to light and color sensory stimuli, which allows predicting the logic of human behavior 

in the night city space (Karpenko, 2023). The following methods are proposed: 

● Analysis of the light environment as a structure of light forms of different scales is

carried out at the level of light spaces, light volumes and surfaces, light plasticity, and light color.

● The visual reaction to the perception of light forms evokes positive or negative emotions,

which can be measured as activity in the visual area of the cerebral cortex. The developed options for the illumination of light forms and artistic effects also determine the nature of the psychological reaction.

● In experiments with a VR helmet, light forms are presented and the electrical activity of

the human brain is measured and described. The resulting analysis allows for precise reproduction or correction of light effects in light forms and a wide range of light techniques based on a positive psychological reaction. A negative reaction can also serve for the further development of a light urban environment.

● Semantic differential (SD) allows us to determine the level of psychological response

when presented with a series of light stimuli or brightness contrasts on the subject of visual and emotional preference when forming light forms of the urban environment using a neural network that can form a series of visual images of light composition techniques.

● Combinatorics. Analyzing the light environment, we come to the conclusion that it

includes a number of light-composition repeating features, repeatedly used in the artistic lighting of the architectural city objects. As a result, the idea arises of expanding this light-composition series with new elements that can be created on the basis of those existing in the urban environment. In this process, a mathematical algorithm can be used to create elements that are minimally or significantly different from the original, basic one. Thus, this series can diversify and make the lighting design of urban space objects artistically expressive and attractive (Fig.1).
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Figure 1 – Light-color forms (modules) of architectural objects 

[image: ]

4       Conclusions 

[image: ]

Modern lighting consists of an uncontrolled, spontaneous imposition of artificial, intangible and real light forms and light spaces in the daily activities of a city dweller in the evening and at night. Disclosure and clarification of the new paradigm of super lighting is necessary for the purpose of further forecasting and correction of the architectural and light environment, transition to new techniques and principles of artificial lighting. Practical application of AR/VR/MR in lighting design, the architectural and light environment of the city practically moves a person into a virtual space correlated with the real one, and forces them to develop new models of behavior and social interaction. 

5       Expected results 

The method of virtual representation of light urban forms of various scales, the formation of light dominants and accents of the light environment is possible with the help of virtual reality. Imitation of the physical environment, the multiplication of virtual technologies is a unique means of perceiving light forms. A person can perceive a whole range of sensory experiences, but at the same time the intangible experience of illusory simultaneous active interaction with a new object by means of VR headsets is connected, which will allow assessing the influence of a light object on human behavior, the trajectory and logic of its movement from one virtual and real light form to another. Further, new techniques of artistic expressiveness of the city light form in the light planning structure can be proposed (Karpenko, 2024) (Fig.2). 
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Figure 2 –  Architectural light-color modules and forms in the game engine and VR 
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Abstract 

Artificial  light  at  night  (ALAN)  causes  light  pollution,  disrupting  the  circadian  rhythms of  organisms  and  threatening  their  natural  physiology,  behaviour  and  survival.  The conventional light exposure metric, "lux," is based on human brightness perception, making it inadequate  for  assessing  the  impact  on  different  species.  A  novel  system  has  been proposed  that  improves light  quantification  by  incorporating  species-specific  photoreceptor and  lens  transmission  properties.  Using  this  system,  pilot  data  revealed  that  99%  of measurements  exceeded  the  recommended  melanopic  lux  levels  for  humans,  dogs,  and cats,  indicating  potential  harm  to their circadian rhythms. Moreover, it was shown that using traditional  lux  measurements  instead  of  species-specific  units  could  lead  to  a  65%  error  in assessing  environmental  light  exposure.  Simulations  demonstrated  that  this  new  system could  guide  the  development  of  LED  lighting  models  that  are  both  cost-effective  and healthier  for  different  species.  This  new  quantification  system  paves  the  way  for  future research on species-specific ALAN mitigation strategies and for preserving biodiversity.

Keywords :  Light  pollution,  Species-specific,  Photoreceptor,  Melanopic,  Equivalent  Daylight Illuminance, Field study

1       Introduction 

Light is an essential environmental factor that enables vision in many organisms and plays a crucial role in regulating circadian rhythms, sleep patterns, and overall health across various species (Legates, Fernandez and Hattar, 2014). However, light pollution is a widespread issue, and  it  has  been  shown  to  have  detrimental  effects  on  humans  (Zielinska-Dabkowska et al., 2023). Exposure to artificial light at night disrupts circadian rhythms, leading to sleep disorders (Šmotek et al., 2020). This sleep disruption is linked to a cascade of adverse health outcomes which includes increased risks of cancer, metabolic and chronic diseases such as obesity and diabetes (Navara and Nelson, 2007). Additionally, disrupted sleep has significant psychological consequences including mood regulation disturbances and psychiatric disorders (Davis et al., 2023).  

The  impact  of  light  pollution  extends  beyond  human  health,  profoundly  affecting  wildlife  and ecosystems as artificial light disrupts biological rhythms in animals (Jägerbrand and Spoelstra, 2023).  It  also  influences  a  range  of  physiological  and  behavioural processes,  including migration, reproduction, and aggression, which are vital for the survival and well-being of animal species (Jägerbrand and Spoelstra, 2023) For instance, nocturnal animals like bats and owls, which  rely  on  darkness  for  hunting,  are  significantly  impacted  (Hermans et al.,  2024). Additionally, artificial light alters reproductive behaviours in birds, affecting nesting and mating rituals (Dominoni, Quetting and Partecke, 2013). Moths experience disorientation due to their attraction to artificial lights. It does not only reduce their pollination efficiency but also makes them easy prey for predators, impacting their survival and reproductive success (Degen et al., 2016). Light pollution also influences mammalian species; artificial light at night disrupts the foraging  and  migration  patterns  of  deer  and  other  mammals,  leading  to  increased  risks  of predation and decreased reproductive success (Beier, 2006). Furthermore, light pollution can lead to significant behavioural changes in mammals like increased aggression and disrupted 
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social hierarchies. In result, their breeding success and overall well-being can be negatively 

impacted (Bedrosian et al., 2011; Russart and Nelson, 2018).

Understanding  these  effects  of  light  requires  considering  the  diverse  photoreceptor  types  in 

mammals,  which  play  critical  roles  in  how  light  influences  biological  processes.  Mammalian 

eyes contain several types of photoreceptors with distinct roles and spectral sensitivities: rods, 

cones, and intrinsically photosensitive retinal ganglion cells (ipRGCs) (Fu et al., 2005). Rods 

are sensitive to low light levels, and cones facilitate color vision and function best in brighter 

light  (Nathans,  1999).  Lastly,  IpRGCs  that  contain  melanopsin  photopigment  are  crucial  for 

regulating  circadian  rhythms  and  non-visual light responses,  influencing  processes  such  as 

sleep regulation and alertness (Berson, 2002). Given the diverse spectral sensitivities and roles 

of these photoreceptors, accurately quantifying light pollution is essential for understanding its 

ecological impacts, and the commonly used measure, lux, is profoundly inadequate, particularly 

for  animals.  Lux  is  based  on  standard  human  color  vision,  peaking  at  555  nm  (Lucas et al., 

2014). This measure neglects non-visual effects like circadian rhythm regulation and melatonin 

suppression, which are influenced by other photoreceptors. For example, melanopsin, crucial 

for circadian regulation, is most sensitive to blue light around 480 nm. Therefore, lux often fails 

to accurately represent light's impact on humans, and even more so on animals with different 

photoreceptor compositions (Freedman et al., 1999; St Hilaire et al., 2022).

To  address  this  limitation,  the  International  Commission  on  Illumination  (CIE)  developed 

melanopic  equivalent  daylight  illuminance  (melanopic  EDI),  which  measures  light  intensity 

based on its effectiveness in stimulating melanopsin-containing photoreceptors (CIE S 026/E, 

2018). While this advancement better accounts for non-visual impacts in humans, its application 

is still limited for animals (Brown, 2020; McDowell et al., 2023; Lucas et al., 2024). Differences 

in  ocular  characteristics  and  photoreceptor  sensitivities  across  species  mean  that  even 

melanopic  EDI  may  not  fully  capture  the  ecological  consequences  of  light  pollution 

(Govardovskii et al.,  2000;  McDowell et al.,  2023;  Lucas et al.,  2024).  Therefore,  a  more 

comprehensive  approach  is  needed  to  account  for  these  diverse  spectral  sensitivities  and 

ensure accurate measurement of light's impact on various species.

In this study, aim is to address the limitations of traditional light pollution measurement methods 

by  implementing  a  novel  species-specific  quantification  system.  This  new  system  integrates 

both  species-specific  photoreceptor  sensitivities  and  light  transmission  of  lens  properties 

(McDowell et al.,  2023).  This  approach  seeks  to  provide  a  more  accurate  species-specific 

assessments of the ecological impacts of artificial light at night (ALAN). The primary goal is to 

gather pilot environmental data using ground-based spectroradiometric techniques, facilitating 

the detection and analysis of light pollution across different habitats. Ultimately, this research 

intends  to  pave  the  way  for  developing  targeted  mitigation  strategies  to  protect  wildlife  and 

ecosystems from the adverse effects of ALAN.

2       Materials and Methods 

2.1     Study Area 

We have designated our university campus, IZTECH (located in Urla/Izmir, Turkey), as the pilot 

area for this study. Situated at a considerable distance from the city center (57 km to Izmir), the 

nearest town (14 km to Urla), and the closest residential area, the village of Gülbahçe (2 km), 

the region is relatively isolated in terms of outdoor lighting. The campus is also surrounded on 

all  four  sides  by  highways  and  roads,  further  contributing  to  its  isolation  from  urban  light 

sources.  The  campus  spans  an  area  of  3,500  hectares,  more  than  half  of  our  campus  area 

consists  of  wild  forests  predominantly  inhabited  by  a  population  of  wild  boars  (Sus scrofa). 

Additionally,  various  vertebrate  species  of  lizards,  bats  and  birds  have  frequently  been 

observed  on  our  campus.  The  campus  is  home  to  approximately  fifty  stray  dogs  (Canis 

familiaris )  and  sixty  stray  cats  (Felis catus).  Lastly,  approximately  3,400  humans  live  in  the 

dorm area according to official figures released by the university.

2.2     Field Light Measurements 

Spectral  power  distributions  have  been  measured  and  irradiances  (W⋅m−2)  systematically 

recorded  along  the  pathways  of  the  IZTECH  campus  using  a  CL-500A  spectrophotometer 

(Konica Minolta, Japan). Measurements were taken by walking the area after sunset and before 
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sunrise (10 pm to 5 am) on five occasions between March 2024 to April 2024. Measurements were  taken  120  cm  above  the  ground  parallel  to  sidewalk  in  the  middle  of  the  road (approximately  2  m  away  from  the  streetlamps).  Every  5  seconds,  one  observation  was recorded  and  that  means  approximately  one  measurement  every  5  meters.  Concurrent  GPS tracking has  been conducted (Fitbit  Charge  5)  to  accurately  map  light pollution  during these measurements.  All  readings  of  light  pollution  map  measurements  have  been  converted into human photopic illuminance (lux) and light units specific to species common in the pilot area, such  as  dogs,  cats,  and  humans.  This  conversion  has  been  based  on  species-specific sensitivity to different wavelengths of light using the conversion toolbox (McDowell et al., 2023). Photoreceptor- and  species-specific  EDI  values  were  log10  normalized  before  calculations. Descriptive statistics and frequencies above thresholds were reported. R (version 4.3.2) was used in data analysis and visualisations. Maps were generated using “leaflet” and “ggplot2” R package (Wickham, 2016; Cheng et al., 2023). 

2.3     Computer Simulation of Outdoor Light Exposure 

The  outdoor  electrical  plans  of  the  campus  have  been  compared  with  the  produced  light pollution map to identify potential sources and patterns of light pollution. For that purpose, the target street was measured again from 80cm above the ground under each light source in three positions: near the light source facing to lamppost, under the light facing the road, 2m away from light facing lamppost. Using the lighting analysis software ReluxDesktop (Relux Informatik AG., 2017) we modelled a street in our pilot area. We located streetlamps from the electrical plan of the IZTECH campus and modelled light sources that matches the spectrum, intensities and  correlated  colour  temperature  (CCT)  of  the  existing  lighting  sources.  After  placing measurement  points  in  the  Relux  model  at  the  same  locations  where  we  took  real-life measurements, we conducted a simulation. As an alternative model we replaced the illuminant with a source that would yield a healthier option in terms of animal-centric measurements. As a third model, we placed a street light source of metal halide (which is the previous version of lights in the area before LED conversion in year 2016). Electrical consumptions of both models were also calculated.

3       Results 

3.1     Ground-Based Light Pollution Measurements 

A total of 3170 spectral measurements were obtained. The mean human photopic illuminance recorded was 12.09 lux, with a standard deviation of 9.67 lux. The median value was 13.03 lux, the minimum was 0.05 lux, and the maximum was 95.04 lux. The mean CCT was 3912 K, with a standard deviation of 436 K. The distribution of illuminance values is illustrated in Figure 1A. The predominant light source identified was white LED (Vestel, Türkiye), with its spectral power distribution shown in Figure 1B. 

[image: ]

 

Figure 1 – A) Map of illuminance values (log10 lux) across the study area. B) Spectral power 

distribution of the most common light source observed, white LED (Vestel, Türkiye).
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3.2     Species-specific Light Quantification 

The spectral measurements were converted into photoreceptor- and species-specific equivalent 

daylight  illuminance  (EDI)  units. Table 1 presents  the  descriptive  statistics  of  these  animal-

centric  measurements.  Based  on  recommendations  for  minimum  nighttime  light  exposure  in 

species-specific melanopic EDI (Lucas et al., 2024), the frequencies of readings above these 

thresholds  have  been  calculated.  Among  all  measurements,  95.08%  exceeded  1  human 

melanopic  EDI  lux,  with  the  same  frequency  observed  for  both  dogs  and  cats  at  94.98%. 

Additionally, when using a 0.1 melanopic EDI lux threshold, 99.75% of readings were above 

this level for humans, dogs, and cats.

Table 1 – Descriptive statistics of animal-centric equivalent daylight illuminance (EDI) units 

(lux) for humans, dogs, and cats.

 

Minimum                                                 Standard Median Mean Maximum Deviation 

Human Photopic                 0.05            12.09            13.03            95.04            9.67

Human Melanopsin              0.02            5.92            6.66            57.37           5.32 

Human Rhodopic               0.03            7.16            7.87           63.78           6.11 

Human Short cone               0.02            6.71            7.57            56.80            6.03 

Human Medium cone            0.04           10.33           11.17           82.84           8.35 

Human Large cone              0.05            11.94           12.89           95.02            9.59 

Dog Melanopsin                 0.03             5.89            6.55            54.21            5.17 

Dog Rhodopic                   0.03            7.10            7.76            61.60            5.97 

Dog Short Cone                 0.02             5.03             5.61            42.27            4.37 

Dog Medium Cone              0.04           10.69           11.54           84.96           8.60

Cat Melanopsin                  0.03             5.89             6.56            54.22             5.17

Cat Rhodopic                    0.03             6.74             7.39            59.41            5.73

Cat Short Cone                   0.02             5.03             5.70            43.23             4.56 

Cat Medium Cone               0.04            10.64           11.49            84.57           8.56

 

We then asked whether the light sources in our pilot region different spectral distributions have, 

thus making it critical to measure photoreceptor- and species-specific units. EDI maps specific 

to humans, dogs, and cats for melanopic and M-cone-opic measurements were created (Figure 

2). The first question examined was the necessity of using species-specific units. Human and 

dog melanopic EDI values across all observation points were compared. It was demonstrated 

that, in regions with spectral power distributions like those shown in Figures 3A, B, and C, up 

to a 5% error can occur if species-specific units are not used. Table 2 illustrates the differences 

between  human  and  dog  melanopic  EDI  values  at  the  three  most  influential  points.  Point  A 

shows a -5.39% error, Point B shows a 3.41% error, and Point C shows a 2.39% error when 

species-specific units are not used.

The  second  question  addressed  the  need  for  melanopic  EDI  measurements  compared  to 

photopic lux. Figures 3D, E, and F showed that in regions where metal halide and fluorescent 

light sources may be present, different from the common LED source in the field, measuring 

human melanopic EDI could reduce error by up to 65%. Table 2 also compares human photopic 

and  melanopic  values,  demonstrating  significant  differences  in  regions  with  different  light 

sources. For instance, Point D shows a -58.19% error, Point E shows a 64.38% error, and Point 

F shows a 22.79% error when using photopic lux instead of melanopic EDI. These six example 

regions on the pollution maps are highlighted in Figure 3G. 
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Figure 2 – Species-specific EDI maps for melanopic and M-cone-opic units (Blue: -2 log10 

lux, Red: 2 log10 lux): A) Human melanopsin, B) Dog melanopsin, C) Cat melanopsin, D) 

Human medium cone, E) Dog medium cone, F) Cat medium cone.

[image: ]

 

Figure 3 – A, B, C) Regions with significant differences between human melanopic and dog 

melanopic EDI values. D, E, F) Regions with significant differences between human photopic 

and melanopic EDI values, indicating the necessity of using melanopic EDI measurements. G)

Highlighted regions on pollution maps corresponding to examples A, B, C, D, E, and F.
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Table 2 – Comparison of human and dog melanopic EDI values (log10 lux) at key observation 

points and comparison of human photopic and melanopic EDI values (log10 lux).

(Human Melanopsin 

Human Melanopsin       Dog Melanopsin       – Dog Melanopsin) /

(log10 lux)               (log10 lux)          Human Melanopsin

*100

A                -1.15                -1.09                -5.39%

B                 1.27                1.22                3.41% 

C              1.04               1.02               2.39% 

(Human Photopic– 

Human Photopic      Human Melanopsin    Human Melanopsin) 

(log10 lux)              (log10 lux)          / Human Photopic 

*100

D              -0.98              -1.55              -58.19%

E                 0.70                0.25                64.38%

F                    1.69                   1.30                  22.79%

3.3     Modelling of Sustainable Outdoor Light Exposure 

Three models of the pilot area were developed in ReluxDesktop as each model uses a different 

lighting design (Relux Informatik AG., 2017). Model 1 illustrates the existing version of the road 

lighting design. The horizontal illuminance simulation results were cross-checked with the real-

world  measurements  to  ensure  the  accuracy  of  Model  1,  and  they  were  found  to  be  70% 

correlated. 

Meanwhile, model 2 illustrates a proposed lighting design for the area. Several factors were 

taken  into  consideration  to  create  a  healthier  lighting  design  proposal;  The  lamp  layout  was 

rearranged  with  consideration  of  the  bus  stop,  the  surrounding  buildings’ entrances, and 

uniformity to provide a safer environment for both pedestrians and drivers. Model 2 has higher 

minimum and lower maximum illuminance levels compared to the current setup, resulting in an 

improvement in the light distribution uniformity rate from 1:91.2 to 1:3.4. This adjustment makes 

the  illumination  more  even  and  aligns  better  with  ideal  lighting  conditions  across  the  entire 

street.  Another  factor  in  designing  Model  2  is  to  minimize  light  pollution  by  preventing  the 

skyglow  effect  and  glare  using  warmer  light  temperatures.  The  proposed  light  sources  are 

3000K  instead  of  the  existing  4000K  light  sources.  Different  artificial  lighting  fittings  with 

shielded light fixtures that direct light downwards where it’s needed, rather than horizontally or 

upwards, are also proposed  to  prevent  light  trespass and stray  lights from  polluting  the sky. 

Using more efficient light sources reduces the need for as many lighting fixtures to evenly and 

appropriately illuminate the street, lowering the number of light fixtures from 19 to 15 (Figure 

4).  As  a  result,  the  proposed  design  uses  less  energy,  lowering  total  power  usage  per  area 

(2798.28 m²) from 0.32 W/m² to 0.20 W/m². Furthermore, it lowers the melanopic EDI lux. For 

example,  when  original  lamp's  spectrum  is  adjusted  to  an  intensity  of  100 lux, it results in 

approximately 60 melanopic EDI lux. In contrast, when an alternative light source is adjusted 

to 100 lux, it results in about 44 melanopic EDI lux, thereby reducing melanopsin stimulation.

Lastly, Model 3 illustrates the previous lighting design of the area before the LED conversion, 

equipped  with  2800K  metal  halide  lamps.  Simulation  results  of  Model  3  (1:206)  show  a 

significantly lower uniformity rate and higher requirement for total power per area (0.47 W/m²) 

than Model 1 (0.32 W/m²), making Model 3 the least efficient in terms of cost and energy.

[image: ]

 

Figure 4 – A) Existing lighting design model and B) Proposed lighting design model made in 

ReluxDesktop (Relux Informatik AG., 2017).
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4       Discussion 

In  this  study,  we  aimed  to  address  the  limitations  of  traditional  light  pollution  measurement methods by implementing a novel species-specific quantification system. Our primary goal was to  gather  pilot  environmental  spectral  data,  facilitating  the  detection  and  analysis  of  light pollution across different habitats. We found that while the overall light pollution levels at our university  campus  were  lower  compared  to  nearby  urban  areas,  99%  of  measurements exceeded  acceptable  melanopic  EDI  levels  for  humans,  dogs,  and  cats,  indicating  potential harm to their circadian rhythms. We obtained detailed spectra of all light sources in the area, demonstrating  that  photoreceptor-specific  measurements  could  prevent  up  to  65%  error compared to using lux values, and species-specific measurements could prevent up to 5% error for the species studied. Furthermore, through field modelling, we showed that species-specific units and research enabled us to propose alternative LED lighting models that are both cost-effective and healthier. 

Light pollution significantly impacts the circadian rhythms of all species, posing serious threats to health and well-being (Jägerbrand and Spoelstra, 2023). The effects of artificial light extend beyond just humans; they disrupt migration patterns, increase aggression, affect welfare, hinder survival rates, and alter predator-prey dynamics in wildlife  (Longcore and  Rich, 2004;  Beier, 2006; Bedrosian et al., 2011; Hermans et al., 2024). Despite its well-documented dangers, light pollution remains a widespread and growing concern(Falchi and Bará, 2023). In our study, the mean human photopic illuminance was found to be 12.09 lux. Additionally, 99% of the measured locations exhibited an artificial light intensity greater than 0.1 melanopic EDI lux. This level is hazardous  as  it  can  severely  disrupt  the  circadian  rhythms  of  various  mammal  species, including  humans,  dogs,  and  cats  (McDowell et al.,  2023;  Lucas et al.,  2024).  For  instance, human  melanopic  EDI  measurements  averaged  6.66  lux,  indicating  substantial  exposure  to circadian-disruptive light. Given the growing prevalence of light pollution, it is crucial to measure and  regulate  it  rigorously  for  conservation  purposes.  Implementing  stricter  controls  and adopting  healthier  lighting  designs  can  mitigate  these  adverse  effects.  For  example,  our proposed lighting design (Model 2) demonstrated improved light uniformity and reduced energy consumption. Also, Model 2 showed lower CCT values which caused to decrease in melanopic EDI values, making it a viable option for reducing light pollution while ensuring safety and well-being  for  both  humans  and  animals  (Peña-García  and  Sȩdziwy,  2019).  By  prioritizing  such measures, we can better protect the circadian health and overall welfare of all affected species.

Illuminance  (lux)  measurements  are  traditionally  based  on  human  colour  vision  and  do  not accurately represent the light environment for other species (Lucas et al., 2014). A new method for species-specific quantification of ambient light has been suggested to address this limitation (McDowell et al., 2023; Lucas et al., 2024). In this study, field measurements were conducted to showcase this method for the first time. Humans, cats, and dogs were chosen due to their prevalence in the area. According to previous studies, the melanopsin sensitivity peak values are 481 nm for humans and 488 nm for both cats and dogs. Humans possess three cone types with peak sensitivities at 447 nm (S-cone), 540 nm (M-cone), and 565 nm (L-cone). In contrast, cats and dogs have two cone types with peak sensitivities at 450 nm for cats and 428 nm for dogs  (S-cone),  553  nm  for  cats  and  554  nm  for  dogs  (M-cone).  Prereceptoral  filtering differences were also noted, with humans having limited UV transmission, allowing only about 1% of UV light to pass through, while cats and dogs allow approximately 80% of UV light to pass  through  (McDowell et al.,  2023). This  study  demonstrates  that  species-specific measurements, when compared to lux, better capture the light environment for these species. The results support the use of specific units for different species, highlighting the inadequacies of lux for ecological light pollution studies.

The increasing adoption of LED lighting worldwide is largely driven by its cost-effectiveness (de Miguel et al.,  2022).  In  our  study  area,  this  trend  is  evident  as  well.  However,  LEDs  pose a significant  risk  for  elevated  melanopic  EDI  levels,  which  can  disrupt  circadian  rhythms  and negatively  impact  the  health  of  all  living  organisms  (Moore-Ede et al.,  2023).  Therefore, alternative  lighting  options  need  to  be  considered.  While  the  healthiest  lighting  scenario  is complete darkness, this is impractical for safety reasons. For instance, in our study area, the presence of wild boars necessitates sufficient lighting to ensure the safety of human inhabitants. Effective lighting must strike a balance between ensuring security and maintaining the health of various species, including humans, cats, dogs, and other urban wildlife. In our specific field, 
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a healthy lighting design could improve the sleep quality, morning well-being, and cognitive and 

educational performance of the predominantly student population (Jalali et al., 2024). For stray 

animals like cats and dogs, better lighting may enhance their biological clock and welfare, and 

reduce  stress  and  aggression  (Cerutti et al.,  2019;  Schork et al.,  2022).  Thus,  our  study 

emphasizes the need for thoughtful lighting strategies that promote both safety and health.

5       Conclusion 

This study presents a pioneering approach to utilizing species- and photoreceptor-specific light 

quantification in ecological light pollution research. Extensive spatially mapped ground spectral 

irradiance  measurements  were  used  to  calculate  novel  species-centric  light  units.  While 

currently  limited  to  certain  mammals,  such  as  excluding  wild  boars  critical  to  the  model,  the 

methodology is designed for scalability. By integrating prereceptoral filters and photoreceptor 

sensitivities, these calculations can be extended to birds, reptiles, insects, and other taxa to 

better understand light pollution's impact across diverse biological systems. Future correlations 

with species' behavioral and health data will enhance the applicability of these findings. It not 

only  deepens  scientific  understanding  of  light  pollution's  ecological  effects  but  also  provides 

actionable insights for designing sustainable, species-friendly lighting solutions.
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Abstract 

This report examines the possibility of using a hydro unit of a main water supply system, operating in “turbine-generator” mode (mini hydroelectric plant /mini HEP/), to supply street lighting of a municipality. Due to the low consumption of water by consumers at night, the electricity-producing water fills a buffer tank. When the water level in the buffer tank drops excessively during the day, the hydro unit operates in “motor-pump” mode, using electricity from municipal rooftop PV plants. The public-private partnership agreement between the Municipality and the Water Supply Company (WSC) is beneficial for both parties, as the sale of electricity to the regional electricity distribution company (EDC) is at a low price- for the municipal PV plants and for the WSC mini-HEP. 

Keywords : green energy, street lighting, public-private partnership 

 

1       Introduction 

The European norm for street lighting in cities with over 30000 citizens ranges from 18 to 50 kWh/year/citizen [9]. With the introduction of LEDs in street lighting, it can be assumed that for cities with over 30000 inhabitants, 25 kWh/year/citizen is an achievable value. On this basis, for a municipality with 70000 citizens, street lighting needs 1750 MWh/year (70*25). With a duration of operation of 4000 hours/year, the installed power for the street lighting must not exceed 438 kW (1750/4). If the lighting is dimmed to 50% at night [10], 35% is saved, i.e. for the operation of street lighting with an installed power of 438 kW, 1138 MWh/year will be required (1750*0.65). 

The report examines a mini hydropower plant on a pipeline for industrial water supply (Fig. 1), which is capable of producing 622 MWh/year. The electricity produced can power street lighting with an installed power of 622/4/0.65=239 kW. In order to maintain the required minimum water level in a buffer tank during the day, due to increased hydraulic losses during the day, the hydro unit works in motor-pump mode. A municipal PV power plant is used as a power source. (The maximum water consumption coincides with the time of maximum sunshine.) In recent years, municipalities in the Republic of Bulgaria have used many programs [1, 2, 3] for the construction of rooftop PV power plants on municipal buildings (schools, hospitals, administrative buildings). The intermediary in the exchange of electricity between the water supply company (WSC) and the Municipality is the regional electricity distribution company (EDC), which receives a fee for access and transmission of electricity through the medium voltage network (8.43 €/MWh) [4, 5, 6]. 

 

2       Mainpart 

2.1     Models of operation of the hydro unit 

Figure 1a shows a scheme for water supply to industrial enterprises from a dam. The minimum usable water level in the dam is 280 meters above sea level (m.a.s.l.). The hydro unit works in 
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motor-pump mode when the water level in the dam is insufficient (280-310 m.a.s.l.) or in 

generator mode when the level is above it. Row 1 of Table I shows the potential for electricity 

production at a constant flow rate of 0.45 m3/sec and a water level in the dam of 322 m.a.s.l. 

The following rows show the electricity produced when the water level in the dam is reduced. 

Table 1 – Energy produced and consumed at different water levels in the dam 

[image: ]

 

Figure 1a – Scheme of a hydro unit to a water supply system for enterprises from a dam 

[image: ]

 

Figure 1b – operating modes of a machine-motor, and turbine-generator 

[image: ]
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a)                                 b)
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Figure 2a – Generator terminal power at different water levels in the dam 

Figure 2b –  revenues/expenditures from/for electricity in thousand €/year at different water level in the dam 

 

Table 2 – Potential for production of electricity from the hydro unit at different flow of 

water to consumers 

[image: ]
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Table 3 – 24-hour schedule of water consumption by users on a weekday - in case of 

high water consumption during the day, the hydro unit goes into pumping mode 

[image: ]

 

Figure 3 – Characteristics of the system with fully open taps and regulation of the flow 

[image: ]

rate to the buffer tank through control valve according to Table 2 
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Figure 4 – Electricity produced at night and consumed during the day according to 

Table 3 
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Figure 5 – Energy consumption according to Table 5 

[image: ]

 

Figure 6 – Solar radiation by month for Bulgaria [7, 8, 11, 12] 
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Table 4 – Generating capacities - rooftop photovoltaic power plants and mini 

hydroelectric plant 

[image: ]

 

Table 5 – Energy consumers - street cassettes, switchboards in municipal buildings and 

mini hydroelectric power plant in pumping mode 

[image: ]
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2.2  Optimizing the exchange of electricity between municipal photovoltaic 

plants, private mini hydropower plants and consumers with known consumption schedules 

[image: ]

 

Figure 7 – Production of municipal rooftop solar power plants (PVPP1- PVPP4) and mini 

hydroelectric plant of a water supply company by hours of the day for the month of 

March (according to Table IV) 

2.2.1  Formulation of the optimization problem 

The Objective is to minimize the amount of energy purchased from the Electric Distribution Company (EDC) within 24 hours for street lighting needs.  The decision variables are the amounts of electricity stored in storage batteries (AB) for 24 hours, respectively the number of storage batteries to the municipal rooftop PV power plant.  The constraints include the requirement that the municipal PV power plants do not sell to EDC more than 30% of the electricity produced during the day. Input parameters for the optimization formulation are the hourly load schedules for the production of electricity from the mini hydroelectric plants and the municipal PV power plants (Table IV), as well as the hourly load schedules for the consumption of electricity from street lighting and municipal buildings (Table V) within 24 hours. 

2.2.2  Solving the optimization problem 

This is a nonlinear optimization problem.  The minimum amount of energy purchased by the Electric Distribution Company (EDC) within 24 hours for street lighting needs is sought (Table VI), under the variables, constraints and parameters described above. 

Table 6 – Results of solving the optimization task - choice of accumulatory batteries for 

minimal purchase of energy from the electric distribution company (EDC) 

[image: ]

 

344

BalkanLight'2024 Proceedings

[image: ]

 

Figure 8 – A preview of the information in Table 6 

Table 6 – Choice of accumulatory batteries 

Received from AB                                      255.35                  kWh/day 

At an efficiency of 0.7 for charging                           364.79                    kWh/day 

Losses in AB                                            109.44                  kWh/day 

 

1. Voltage of a block-accumulator battery (AB), Ubat, V                                          48 

2. Module voltage from AGM battery Umod, V                                                12 

3. Battery module capacity, Qmod, Ah                                                         290 

4. Battery life, Tbat, years                                                                             6 

5. Battery charge/discharge cycles, 365*Tbat                                                   2190 

6. Efficiency when storing energy in AB, eta_bat                                                 0,7 

7. Electricity stored in one module, Wmod=Umod*Qmod/1000, kWh                            3,48 

8. Price of the selected single module, PRICE_mod, €                                          76,53 

9. Unit price energy storage, upes_bat =1000*PRICE_mod/ (Wmod*Tbat*365)/0.7, €/MWh       14,34 

10. Number of modules connected in series to obtain Ubat, N_ser_mod=Ubat/Umod             4 

11. Energy stored in one series of modules, Wbat_min=Wmod*N_ser_mod, kWh                13,92 

12. Unit price of block-AB, PRICE_ser_mod=PRICE_mod*N_ser_mod, €                       306,12 

13. AB blocks required                                                                         19 

14. Total price of AB blocks, €                                                                     5816 

 

2.3  Formulation of an optimization task for maintaining variable water levels 

in a buffer tank to avoid operation of the hydro unit in pumping mode 

With a known schedule of water consumption during the day, the production of additional 

amounts of electricity is determined by the initial level in the buffer tank at the end of the day 

and its volume - the most electricity at night is produced when additional amounts of water are 

supplied until reaching 0.45-0.50 m3/sec (fig. 3). 
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Figure 9 – Mode to ensure electricity production throughout the day, thanks to the 

avoidance of large hydraulic losses in the pipeline 

[image: ]

 

Figure 10 – Reduction of the flow rate through the hydro unit during the day to ensure 

optimal flow rate for electricity production - by lowering the water level in the tank 

If the volume of the tank is 100*25*5=12500 m3, there will be a reserve of water at an average flow of consumers of 0.3 to 0.9 m3/sec for X=11.6 to X=3.8 hours. This means that X hours before the end of the day, the water level can start to decrease, so that at the end of the day it can be at the minimum permissible level. Fig. 8 shows a mode for ensuring the production of electricity throughout the day, by reducing the hydraulic losses in the pipeline. Fig. 9 shows how the level in the buffer tank changes with an average daily flow to consumers of 0.57 m3/sec, with a maximum of 0.85 m3/sec in the middle of the day. By using the opportunity to reduce losses in the pipeline, almost 3 times more income from the sale of electricity is provided, as it is not allowed to buy it during the day (Table IX). 

2.3.1  Formulation of the optimization problem 

The Objective is to maximize the amount of energy produced by the hydro unit in a 24-hour period by maintaining a variable water level in the buffer tank, so as to avoid motor-pump mode thanks to the stored water in the tank at night.  The decision variables are the amounts of water by hours of the day that pass through the mini hydroelectric plant.  The constraints are the volume of the buffer tank and the maximum hourly flow rate to fill it at night, so that the mini-hydroelectric plant operates at maximum efficiency in terms of producing electricity for street lighting.  Input parameters are the hourly quantities of water supplied to consumers within a day. 

2.3.2  Solving the optimization problem 

This is a nonlinear optimization problem.  The maximum amount of energy produced by the mini-hydroelectric plant within 24 hours is sought (Table VIII), under the variables, constraints and parameters described above. 
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Table 8 – Results of solving the optimization task - ensure maximum electricity 

production throughout the day, thanks to the avoidance of large hydraulic losses in the 

pipeline 

[image: ]

 

Table 9 – Comparison of options 

Estimated 

On the terminals of the Estimated revenue from  revenue from 

generator                  energy sales per day       energy sales per 

year 

With optimization - obtained in turbine          kWh/day 1622             202,73 euros/day           73996 euros/year mode from the passed water 

 

Without optimization –  energy    971 obtained in turbine mode from the kWh/day passed water 

 

Without optimization –  purchased    -445 energy when the hydro unit is kWh/day operating in pumping mode 

Without optimization – balance          526                       66,01                     24095 

kWh/day                 euros/day                euros/year 

In more acquired because of the 1094                   137                     49901 

optimization                              kWh/day                   euros/day                 euros/year

 

2.4     Algorithm for control of hydro units 

Fig. 11 shows a block diagram of the used instrumentation and control equipment for the 

implementation of the control algorithm of the considered mini HEP. Each hydro unit is 

controlled by a generator panel, and through the SCADA system it is monitored whether the 

units work with maximum efficiency - at night, the main part of the water supplied to consumers 

passes through T2 (450 l/s), and through T1 -  ((Qk-450)+ Qv''), where Qk is the flow rate 

required by the users (450 to 900 l/s), and Qv'' is the supplementary flow rate up to 900 l/s 

taken through valve V'' to the river. 
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Figure 11 – Block diagram of the used instrumentation and control equipment for 

implementing the control algorithm of the mini hydropower plant [15] 

 

2.5     Monitoring of the mini hydropower plant 

For remote control through the SCADA system, an internet page is supported on a server, with purchased cloud space. For this purpose, an SBC (Single Board Computer) module is installed to it, which updates the Internet page online [14]. Thus, the operation of the mini HEP can be monitored from any device with access to the Internet (PC, tablet, smartphone). 

[image: ]

 

a)                                              b)

[image: ]

Figure 12a – Observed parameters (a) of a mini hydroelectric plant [15] serving street 

lighting of municipality [16] 

Figure 12b – single-board computer updating the website of the mini HEP 

3       Conclusion 

It is profitable for municipalities to fully buy back the energy produced by mini hydroelectric plants for industrial or drinking water pipelines [13, 16]. By using it for the needs of public lighting, about 25% of the electricity produced during the day is saved from rooftop PV plants installed on municipal buildings (administrative buildings, hospitals, hospitals) and used through AB for the needs of public lighting. The exchange of electricity between WSC and the Municipality is via the medium voltage network of the regional electricity distribution company - against an access fee and transmission of electricity (8.3 euros/MWh). The energy produced during the day by WSC is sold to EDC, based on annual planning.   
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Abstract 

Industrial buildings are vital cultural monuments, but they often receive less attention than more prominent heritage sites. Based on two case studies from Central Europe, the Slovak National Gallery (Bratislava, SK) and the Automatic Mills (Pardubice, CZ), this paper explores how the adaptive reuse of historic industrial structures for cultural and creative industries utilizes architectural lighting to enhance gallery spaces. It analyses artificial lighting design strategies and the integration of daylight  distribution through sun path diagrams and site surveys. The research identifies strengths as well as challenges in lighting design, aiming to improve future applications in adaptive reuse projects. The findings contribute to a deeper understanding of the role of lighting in preserving and revitalizing industrial cultural heritage and seek to promote international cooperation in this field.  

Keywords: Adaptive reuse, Cultural and creative industries, Architectural lighting, Gallery spaces, Lighting design strategies, Industrial cultural heritage. 

 

1       Introduction 

In the evolving landscape of contemporary art spaces, galleries arising from adaptive reuse projects stand at the intersection of history and modern design. Architectural lighting in these spaces defines both aesthetic ambience and cultural experience for the viewer. Galleries and cultural institutions play a crucial role in shaping and cultivating society (Alonso et al., 2020). They serve as spaces where the public can engage with art, history, and culture in ways that transcend everyday experiences.  By making art accessible to everyone, galleries can break down barriers and democratize the experience of high culture. As a strategic element, lighting design plays both a functional and symbolic role (Böhme, 2017) in the gallery space. By thoughtfully integrating lighting into the design of exhibitions, galleries can deepen the connection between the public and art, for lighting sets the tone and can influence the mood and emotional response of visitors, shaping the overall experience. The way a work of art is illuminated can dramatically affect how it is perceived in that lighting is essential in emphasizing the details, textures, and colours of artwork (Schielke, 2019).  

For our research we have chosen two recently reconstructed art galleries in Central Europe, the  Slovak  National  Gallery  (Bratislava,  SK)  and  the  Gočár  Gallery  in  the  Automatic  Mills (Pardubice, CZ). These galleries, which represent layered narratives of past and present, form the basis of the pilot study for a broader analysis of architectural lighting in adaptive reuse projects, and both "were nominated for the European Union Prize for Contemporary Architecture - Mies van der Rohe Award in 2024.” (EUmies Awards, 2024). This paper demonstrates that historic structures can be effectively repurposed for contemporary uses while respecting their historical significance. The results of the study aim to identify the strengths and weaknesses of the two projects and  recommend possible improvements in future architectural lighting applications, providing valuable insights for architects and designers not only in Slovakia and the Czech Republic, but worldwide.
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2       Theory 

2.1     Industrial heritage 

Unfortunately, the irreversible decay and disappearance of valuable industrial cultural heritage 

continues despite the available resources and yet our industrial heritage has the potential to 

support other economic sectors, including tourism. It can also be a major force in the cultural 

economy, contributing to the regeneration of cities and regions, the development of cultural and 

social life, and the revitalization of places with formerly industrial uses. Thanks to the 

development of the cultural economy,  there has been a renewed wave of interest in the 

reinvention of cultural heritage. Recent decades have witnessed notable examples of the reuse 

of historic industrial structures for the purposes of cultural creative industries in the countries 

of Central Europe, especially in the areas of fine arts, cultural and art education, museums, 

and  galleries,  and  the  cultural  and  historical  institutions  sector  (Jagodzińska,  K.  2019).  The 

presence of industrial heritage significantly influences the manner of architectural expression 

in contemporary architecture (Petković-Grozdanovića et al., 2016). Cultural heritage buildings 

were designed mainly to adapt to the local climate, and controlling the amount and quality of 

natural light entering the space has always played an important role, which is why this study 

chose to delve into the role of lighting design as part of adaptive reuse. 

 

2.2     Daylight in galleries and museums 

Lighting galleries with natural light presents unique challenges, yet many modern museums and 

galleries consider it a vital element for creating the right atmosphere (Oluwaseun et al., 2021). 

Natural light not only allows visitors to appreciate the artwork  but also contributes to its 

preservation (Boye & Anthony, 2023). According to Oluwaseun, our eyes adapt to changing 

light, so how we perceive and experience art depends on the brightness and the environment 

in which the artwork is displayed (Oluwaseun et al., 2021). Nick Baker and Koen Steemers 

suggest that while uniform, uninterrupted lighting can improve visual efficiency, it may also 

cause 'emotional fatigue' (Baker & Steemers, 2002). In contrast, natural light, which changes 

throughout the day, helps to reduce this fatigue. For this reason, many renowned museums and 

galleries incorporate natural light to create a more authentic and engaging experience for 

viewing art (Maddox, 2019). 

 

2.3     Lighting Strategies in Exhibition Spaces 

Lighting plays a key role in shaping the atmosphere of exhibition spaces and enhance how 

visitors engage with the artwork. However, finding the right balance between illuminating the 

art effectively and creating a comfortable, immersive experience for the audience can be 

difficult. Exhibition spaces are meant to inspire exploration and curiosity, and lighting design is 

central to this. To achieve the best results, lighting designers often combine both natural light 

and artificial sources. Their expertise, built on understanding the relationship between light and 

space (Bhattacharjee & Pal, 2018), allows them to anticipate how different lighting setups will 

influence both the space and the viewer’s experience. 

 

3       Methodology 

The methodology for this comparative study involves an analysis of the architectural lighting 

strategies employed in gallery spaces resulting from adaptive reuse projects, focusing on the 

Slovak National Gallery in Bratislava and the Automatic Mills in Pardubice. A qualitative 

analysis of site conditions was conducted in the summer of 2024. Assessment of daylighting 

controls and optimal artificial lighting for adaptive reuse was conducted during a site visit and 

subsequent documentation. We spent a full day at each gallery, observing the changing light, 

taking notes, making sketches, and taking photographs. From the data that was collected, we 

created a comprehensive overview of the two case studies, specifically assessing physical 

characteristics like spatial geometry, room height, materials, and lighting strategies. The study 

highlights the interplay of daylight and artificial light in creating a suitable atmosphere for 
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viewing artwork as well as the role their regulation plays in protecting works of art from light damage. Key factors like illuminance, glare, shading and the balance between direct and indirect light were critically investigated. The methodology includes a comparison of how each gallery uses daylight—through side and overhead lighting strategies—and the treatment of natural light, including the placement of openings and shading. In addition, the study examines the role of artificial lighting, focusing on the nature, colour, and positioning of luminaires as well as the characteristics and issues of the lighting systems used. Through this comparative analysis, the research seeks to understand how lighting design serves as an adaptive strategy in repurposing historic industrial structures for use in cultural and creative industries. 

 

4       Results 

4.1     Case studies overview 

The Slovak National Gallery (SNG) was conceived as a renovation of the Water Barracks, originally a four-wing baroque residence on the banks of the Danube, which was designed by architects G. B. Martinelli and F. A. Hillebrandt and built in 1759-1763.  A  decade later, the premises were modified to function as a gallery. The SNG complex was built in several stages from the early 1960s until the early 1980s (with the main work taking place between 1969 and 1977), according to a plan by architect Vladimír Dedeček, although it was never completed as it  had  been  intended  (Mitášová,  2018).  Dedeček  designed  a  steel  structure  to  connect  the original three-wing baroque residence, using this element of rational functionalism to create a controversial exhibition space. The materiality of the volumes primarily features metallic cladding surfaces from the 1970s, which stand in sharp contrast to the materials of the baroque section. About the concept of the layout, Dedeček says: "Our solution is based exclusively on how to exhibit Slovakia´s art, rather than exhibiting an architectural interior. The cascade shift of exhibition levels made it possible for each of them to be lit by daylight.” (Dedeček, 1981)

[image: ]

 

Figure 1 – SNG, from the left:  circa 1980 to its present condition, Source: 

https://www.klubvtn.info/, https://www.fad.stuba.sk/ 

 

At the time of its construction, the gallery seemed very progressive, but shortly before its completion, the SNG became the target of controversy and negative reviews (Guzik & Vorlík, 2022). Today, the SNG is considered a jewel of Bratislava's neo-modernist architecture; however, the reconstruction of the building in the 1970s, despite all of the interventions and original solutions, suffered from poor craftsmanship. During the approval process for the finished building, thousands of short comings were found to have resulted from prioritizing the plan's execution and placing undue emphasis on meeting deadlines at the expanse of quality. This approach led to various technical problems (e.g., leakage) in the new building, culminating in its closure in 2001.  

With numerous delays and postponements of contracted repairs in the wake of the economic crisis of 2008, the reconstruction plan of architects Kusý and Paňák was shelved until 2016. On March 2, 2023, after 21 long years, the SNG re-opened. It took more than half a century for Dedeček's ambitious concept, which combined an innovative use of daylight with a sensitive interior design for the display of Slovak art (Kotláriková & Kusá, 2022), to be fully realised. It 
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was only modern building technology, quality craftsmanship, and sufficient funds that allowed 

his original vision to be completed. 

The second case study focuses on the adaptation of the buildings of the former Winternitz Mills, 

which were reconstructed in 2023. Renamed "Automatic Mills," these buildings rank among the 

most important works of Czechoslovak functionalism and are a symbol of the region's industrial 

heritage.  The  original  mills  were  designed  by  architect  Josef  Gočár  in  1910  in  a  geometric 

modernist style and expanded in 1924 to meet growing technological demands. When 

production ceased in 2013, much of the equipment was dismantled. In 2014, the complex was 

declared a national cultural monument, and since 2023, it has served as the new home for the 

Josef Gočár Gallery.

The resulting solution, which respects the historical structure of the buildings and at the same 

time equips them with modern technologies for cultural and educational use with precise lighting 

control, benefited from architect Lukáš Smetana's ownership of this cultural monument and from 

the project being managed under the supervision of prominent Czech architect Josef Pleskot 

together with Jan Šépka, Petr Všetečka, Zdeněk Balík and other experts.

The layout of the surrounding external spaces, including the embankment, the courtyard, and 

a newly developed square, plays a crucial role in the operation of this regional art gallery. The 

entrances to the gallery are located in new passageways that run through the mill building from 

the quay to the courtyard. From the entrance, the exhibition spaces spread out into the floors 

above. Gočár’s original design features increasing ceiling heights on the upper floors, which is 

why the top two levels house temporary exhibition halls and a ball room with a rooftop terrace. 

While the exhibition halls facing the city have retained their original floors and windows, those 

on the courtyard side have reduced floor heights and interior-blinded windows to create 

additional wall space for art displays. 

[image: ]

 

Figure 3 – Automatic Mills: in 1922 and 2024, Source: https://www.klubvtn.info/ 
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The gallery adheres to stringent environmental standards while simultaneously respecting 

heritage conservation requirements. Throughout the renovation, original building materials were 

meticulously preserved and either utilized in their original locations or thoughtfully repositioned. 

To mention at least one example, the new staircase in the entrance hall was constructed using 

original ceiling beams. Additionally, the façades have been restored with care, maintaining an 

appropriate level of patina. In select areas, original industrial windows with period glazing have 

been supplemented with new, heat-insulating stainless-steel windows installed from the inside. 

Moreover, screen blinds that adjust to the sun’s position and blackout blinds for complete 

darkness have been installed as well. Storage areas, which didn't require daylight, are located 

in sections of the building made from reinforced concrete. 

4.2     Locality, Trajectory of the Sun 

The need to record site-specific conditions, such as tracking the Sun's trajectory, compelled 

our team to visit the galleries personally. Since our visits took place at the beginning of summer, 

the solar diagrams were created for June 21 at noon–solar noon  on the day of the summer 

solstice. Diagrams illustrating the Sun’s path across the sky throughout the day account only 
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for geographic features, not site-specific elements. The Sun’s position relative to an observer is indicated by two angles: altitude and azimuth. Altitude measures the angle of the Sun's rays above the horizon. In the Northern Hemisphere, the Sun reaches its highest altitude at solar noon on June 21 or 22. Azimuth, also known as bearing, denotes the sun’s direction on a compass. 

Table 1 – Sun's path at 21.6.2024 

N  State  Gallery            Latitude:  Solar Noon                  Sun's Altitude at Noon  Sun’s Azimuth at Noon 1  SK     SNG             48.147° N  ~12:59 p.m. local time       64.2°                   directly south (180°) 2  CZ     Automatic Mills    50.037° N  ~1:00 p.m. local time         62.1°                    directly south (180°) 

[image: ]

 

Figure 4 – Sun's path, left: Automatic Mills, right: SNG, source: Tomková, 2024 
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4.3     Observation of physical characteristics 

The SNG is a fusion of Baroque and Brutalist architecture, housed in the 18th-century Water Barracks and the 20th century Bridged Wing. This contrast creates a dynamic spatial experience, with the traditional, enclosed layout juxtaposed against an open, linear design. The Water Barracks is characterized by its long, narrow rectangular spaces and varied ceiling heights, ranging from 3.3 meters in an average room to a dramatic 14 meters in the atrium. The bridging component introduces an amphitheatre-like main exhibition space with a terraced arrangement and slanted walls. The gallery’s recent renovation emphasizes the continuity between the old and the new, using materials like stone, plaster, and modern glazing. The strategic use of daylight and flexible shading systems enhance both the aesthetic and environmental performance of the gallery, while its restored façade maintains a connection to Bratislava’s architectural heritage.   

In contrast, Gočar's Automatic Mills in Pardubice are a prime example of geometric modernism. The structure's clear, upward progression in floor heights reflects a more uniform, yet bold, design ethos. The gallery’s physical space spans five floors with varying ceiling heights, ranging from 4.2 to 9 meters and is characterized by its industrial origins, with large, open areas designed for milling operations now repurposed as exhibition spaces. Utilizing the original ceiling beams as a staircase, highlights a deep respect for the building’s industrial past. The preservation of the building's patina also demonstrates a careful balance between historical integrity and modern sustainability. The gallery uses a combination of daylight and artificial lighting but emphasizes directional artificial lighting in exhibition spaces and diffuse lighting in back-of-house areas. 

The SNG's eclectic and multi-dimensional approach offers a versatile space that can accommodate varied exhibition styles and activities and creates a dynamic viewing experience, which is enhanced by its innovative use of room height and lighting. In contrast, it could be argued that the more uniform and streamlined design of the Gočar Gallery might provide a more controlled and cohesive environment. In both cases, heritage protection is successfully 
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combined with contemporary cultural use, reflecting the respective architectural legacies and 

regional identities of both buildings. 

4.3.1  Light and Colour 

In the Slovak National Gallery, light filters through various openings, reflecting off surrounding 

surfaces outside the neutral white gallery environment, creating different shades of light as it 

passes through. The varying shades of white add a dynamic quality to the neutral space, 

breaking the monotony. As we move through the space, we are captivated not only by the 

intriguing architectural forms but also by the changing atmosphere. We can observe a wide 

range of shades of white.  

The Gočár Gallery was renovated on the principle of drawing light into the interior of the building 

through the skylights, which allow light to flow down into the open gallery space on the top two 

floors, dispersing through the translucent glass floor into the lowest level, where the permanent 

exhibition is housed. During our visit, we perceived the glass ceiling only minimally as very little 

light penetrated the interior. This was likely due to the poor lighting conditions in the exhibition 

spaces on the upper two floors (the skylight having been covered by a suspended canvas), but 

the richly coloured walls of the permanent exhibition—green, yellow, and red—also played a 

significant role. The effect of the light was questionable, resulting in monotonous and  bland 

illumination. In this case it would be desirable to support the intensity of the lighting with artificial 

lighting (similarly to the SNG) and not rely entirely on daylight. 

[image: ]

 

Figure 5 – Light and colour, left: SNG, right: Automatic Mills, source: Tomková, 2024 
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4.4     Lighting strategies 

The lighting strategies implemented in the Slovak National Gallery in Bratislava and the Gočár 

Gallery in the Automatic Mills in Pardubice reflect each building's unique architectural 

characteristics and functional needs. 

 

4.4.1  Daylight 

Daylighting refers to the intentional introduction of natural light into a building. This technique 

connects indoor environments with the dynamic patterns of sunlight outside, creating a visually 

engaging space that enhances user comfort and reduces energy consumption (Aderonmu et 

al., 2019). In exhibition areas, integrating daylight fosters a natural atmosphere that resonates 

with visitors. Georgina Maddox notes that the two main lighting strategies are from the side and 

from above. However, it is important to exercise caution with direct sunlight, as it can exceed 

30,000 lux and may harm light-sensitive artworks. As Maddox says: "Since art pieces are 

sensitive to heat, as well as infrared (IR) and ultraviolet (UV) radiation", it is generally advisable 

to limit direct sunlight in galleries to prevent damage to the artwork (Maddox, 2019). 

The main aspects of light considered in this study include the use of daylight, the positioning of 

openings, shading, and artificial lighting strategies. 
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Treatment of natural light 

The Slovak National Gallery makes extensive use of daylight, particularly in the newer Bridged Wing and the renovated spaces. Daylight has always played a decisive role in the SNG. The author  of  the  first  reconstruction,  Vladimír  Dedeček,  had  more  variants  while creating the volume of the new wing, and daylight played the decisive role in his final design decision. As Monika Mitášová, a Slovak architectural theoretician summarized in her book about Dedeček: “The decisive factor or agent in the process of formation became light in various forms: from direct and diffuse natural lighting to a variety of artificial. Thus, ways of bringing the light became the regulator of shifting the exhibition halls of the Bridged Wing into a cluster of open hall space and volumes of exhibition levels, corroborated by intra-architectural figurative clustering as well as the selection of the bridge´s roofing materials. Dedeček let the light into the SNG differentially, he both introduced light and muted it. This contradictory playing with light was unquestionably meant to facilitate readings of intra-architectural meaning.” (Mitášová, 2018).  The  recent  renovation  of  SNG,  led  by  architects  Vladimír  Kusý  and  Ľubomír  Paňák, respects the gallery's original concept while adding a fresh, modern dimension. Natural light is integrated into the concept of the space and creates unity. The architectural interventions not only restored key original features but also introduced new design elements that enrich the overall space. One of the most significant aspects are the openings, which play a crucial role in the building’s functionality and aesthetics. We will explore them in more detail in the following chapter. 

[image: ]

 

Figure 6 – Sections: SNG - superposition of the first front wing design (in gray) and the 

second design (in red). Source: Mitášová, 2018 

The Automatic Mills incorporate substantial use of natural light, particularly through large industrial windows and a new roof-mounted skylight. Original industrial windows are preserved and, where necessary, supplemented with new heat-insulating windows with an incorporated shading system improving interior light quality. Modern shading solutions for the skylight are employed to manage daylight, minimizing glare and controlling light levels within the exhibition spaces.   

Both galleries utilize natural light to enhance the visitor experience, but their approaches reflect their architectural contexts. Unlike the top lighting which dominates in the SNG, side lighting through windows in the Gočár Gallery creates an intensity that can overwhelm the surfaces of the room, leading to unwanted glare in certain spots.. 

Openings – connection with a place. Light and identity. 

The gallery world is typically confined within its walls, but that's not the case at the SNG. Through various openings, we are constantly reminded of the city around us. Time and season are communicated through the changing light conditions. The SNG, specifically the Water Barracks building after its reconstruction in 1977, had overhead lighting on all floors from the north side but had no openings on the south side to protect it from unwanted light and traffic. Its main facade became the original arcaded inner courtyard, while the exterior facades were used to house ventilation systems, remaining completely out of the visitors' view. During the most  recent  renovation,  architects  Vladimír  Kusý  and  Ľubomír  Paňák,  reconsidered  the functional relationships and managed to incorporate the technology within the building’s internal structures, freeing up all the exterior facades of the historical barracks and the Bridged Wing. This allowed for the reintroduction of window openings. The architects restored all the window openings on all facades within their original architectural frames. An important element here is 
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the play with the edges of the window openings—glazed windows, blind windows, deep niches, 

shallow  niches,  doors,  and  loggias  with  railings  (Kotláriková  &  Kusá,  2022).    Through  these 

thoughtfully designed openings, the exhibition spaces connect with both the interior (the eastern 

exterior facade opens into the atrium or through glazed arcades into corridors) and the exterior 

(the northern and western historical facades). The architects skilfully guide visitors, allowing 

them not only to experience the story of art but also to focus on themselves. Open views of the 

sky and the surrounding landscape ground us in the present moment—where we are, who we 

are, and in what time we live. Visitors can thus experience a connection with the layers of the 

past, the present, and the future.  

The loggia facing the Danube, accessible from the Bridged Wing, is the most radical intervention 

in the Slovak National Gallery. Kusý and Paňák replaced the once-blind south façade, originally 

filled with technology, with a glazed passage that brings in light and offers panoramic views of 

the Danube and the city. This transformation not only creates an attractive interior space but 

also establishes a new Bratislava landmark, mirroring the historical wings by opening quiet 

façades, creating a contemporary setting for contemporary art. 
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Figure 7 – SNG: Light and identity, Source: Tomková, 2024 
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One of the most striking aspects of the renovation of Josef Gočár gallery is the treatment of the 

[image: ]

windows. Gočár's original design for the building featured windows that were both functional 

and aesthetic, contributing to the building's clean lines and modernist appeal. Large, openings 

can offer framed views of the surrounding urban landscape, inviting visitors to reflect on the 

connection between the art inside and the environment outside. This interaction between the 

interior and exterior is a nod to Gočár's original vision of a building that is both a product of its 

time and a space for timeless artistic expression. However, this connection must be considered 

as a part of curatorial work, while planning the temporary exhibitions. Unfortunately, current 

exhibition Mucha Today is using the potential of space very poorly, not fully utilising the 

principles established during the reconstruction as all windows were blocked out and there was 

no connection of the outside space with the inside the exhibition spaces.  

While in the SNG, we can experience exits from the exhibition spaces into corridors and 

galleries full of views of the Danube River, we do not have such an option in Josef Gočár gallery. 

The visitors exit the exhibition spaces into a corridor or stairwell,  spaces that feature both 

facades. While one facade opens onto a newly created public space, the opposite facade is 

fronted by a glass partition that separates the corridor from other spaces such as the library, 

offices, and the remnants of old technological infrastructure. Similarly to how the SNG faces 

one of its facades toward the Danube River, the Chrudimka River, flowing into the nearby Labe 

River, is a significant part of the identity of the former mill building – now Gočár gallery. The 

river was essential for the operation of the mills and continues to contribute to the atmosphere 

of the place.  When we visited the gallery, the sun was shining on the rippling surface of the 

river, creating an impressive, dance-like spectacle through its reflections. A  keen observer 

could notice the moving light reflections on narrow beams that managed to penetrate the glass 

barrier or through a crack in an open window in the permanent exhibition spaces. One could 

vividly imagine how different it would be if the glass wall wasn’t there, allowing to watch the 

reflections directly on the ceiling of the shared space. In that way, after each exhibition, one 

could look at the river and feel a connection between her and the architecture.    
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Figure 9 – Reflections of daylight from the outside water surface, Source: Tomková, 
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2024 
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Shading 

[image: ]

Advanced shading systems regulate the amount of natural light entering exhibition spaces of SNG. These systems adjust according to the sun’s position, reducing glare and heat gain while ensuring optimal lighting conditions for both visitors and artworks. The light-filled spaces extend beyond the exhibition halls of SNG, with airy corridors thanks to thoughtful play with proportions, materials, and windowsills. The glazed arcades, which house the corridors between the exhibition halls, are equipped with shading designed for two modes—summer and winter. The shading is implemented using a semi-transparent fabric stretched over a lightweight, removable frame. In autumn, after the sunny summer period, the shading is removed. 

 

4.4.2  Artificial lighting 

Sara el Hawary identifies several key factors essential for achieving effective lighting in any space (el Hawary, 2011). These principles are particularly relevant for galleries and include aspects such as illuminance, brightness distribution, glare control, and the interplay of light and color, as well as the use of direct and indirect lighting. This study examines various elements of artificial lighting, including strategies for implementation, characteristics of the light itself, the color emitted, fixture placement, and the features of the overall lighting system. 

The Slovak national gallery is a good example of lighting design composed with lighting layers: ambient lighting combined with accent and task lighting. The SNG employs carefully designed artificial ambient lighting to complement natural light. The diffuse  lighting from LED tubes is designed to complement skylights and provide even illumination without causing glare or shadows, ensuring that artworks are displayed to their best advantage. Accent lighting is used to highlight specific artworks or architectural features, enhancing the visual experience and guide visitors through space. The accent lighting is designed as a track system, consists of a flexible infrastructure which can accommodate various needs, due to reflectors with various distribution, beam angles, colour temperature and choice of accessories.  

In the exhibition spaces of the Gočár gallery we see mostly system of track lighting, used for a general illumination as well as for the accent lighting. Adjustable lighting is used for specific tasks and to highlight areas of interest, such as artworks or architectural details. The absence of diffuse artificial light in the exhibition space is compensated for the communication areas, where  we  find  diffuse  lights,  but  no  accents.    The  lighting  systems  in  the  Gočár  gallery  is designed to complement the building’s historical and modern elements, as well as modern integration that aligns with the gallery’s sustainability objectives. However, the effects of lights are very pragmatic, task and simple, without more sophisticated layering.  

Both strategies demonstrate a thoughtful integration of historical preservation and modern functionality in the lighting design. 
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5 Conclusion

This research paper has explored the intricate role of lighting in the adaptive reuse of historic 

industrial structures for gallery spaces, with a focus on the Slovak National Gallery and 

Automatic Mills. The analysis reveals how thoughtful integration of both natural and artificial 

lighting strategies can enhance the visitor experience, preserve artworks, and honour 

architectural heritage. Each gallery’s approach to incorporating natural light reflects its specific 

geographic and climatic conditions, demonstrating both the advantages and challenges 

associated with their respective locations. 

The Slovak National Gallery in Bratislava benefits from its central European location, where the 

sun's path is relatively moderate and stands out for its sophisticated approach to lighting design. 

The integration of natural light through a variety of openings and deliberate use of ambient, 

accent, and task lighting, demonstrates a deep understanding of how light can transform the 

architectural space. The ability to manage natural light effectively through shading systems and 

the integration of artificial lighting helps mitigate the challenges of varying daylight conditions 

throughout the year. This approach not only highlights the gallery's historical elements but also 

ensures that artworks are exposed to optimum lighting conditions.  

In contrast, the Automatic Mills in Pardubice reflect a more restrained approach and while 

located further north, experience a lower sun altitude. The gallery’s use of large industrial 

windows and skylights helps to optimize lighting conditions for both artworks and visitors during 

shorter daylight periods in winter months.  The building’s renovation retains its industrial 

character. The study suggests that incorporating more sophisticated lighting layers could further 

enhance the gallery’s ability to highlight artworks and architectural features. The focus on 

minimal glare, managing daylight and maintaining the building’s historical aesthetic is 

commendable, though there is room for improvement in creating a more dynamic lighting 

environment.  

In summary, each gallery’s approach both celebrate and preserve historical integrity, but also 

accommodate contemporary needs. The thoughtful integration of light can foster a deeper 

connection between the visitor, the artwork, and the architectural environment and become 

pivot connecting the past and present. 

The findings presented in this paper can serve as a guide for architects and curators involved 

in the lighting design of exhibition spaces in adaptive reuse projects. We see possible directions 

for the continuation for this research in the evaluation of different lighting systems and their 

impact on the sensory and spatial perception of visitors, including the effect of changes in 

daylight. In doing so, we would also like to take into account geographical conditions in case 

studies from Turkey and the UK. 
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Abstract 

Light pollution is intensifying globally, affecting around 80% of the world's population, a figure that rises to 

99% in Europe and North America. The use of artificial light at night increases annually by at least 10% due 

to urbanization, industrialization, and population growth. Efforts to enhance energy efficiency and reduce 

energy  costs  are  leading  to  technological  advancements  and  changes  in  consumer  behavior  that  help 

mitigate light pollution. Annually, about $50 billion is spent on energy for lighting that ultimately leaks into 

space,  impacting  nocturnal  environments  and  various  species.  This  pollution  disrupts  human  sleep, 

circadian rhythms, and melatonin production, and alters the natural behaviors of wildlife, trees, and insects. 

Despite its extensive impact on health, biodiversity, and ecosystems, a unified legal framework to regulate 

light pollution is lacking in the EU. Effective strategies to minimize ecological impacts while maintaining city 

illumination are crucial

 

Keywords: light pollution, energy efficiency, human health

 

1 Introduction

The majority of the global and particularly the U.S. and European populations live under light-polluted skies, 

obscuring views of the night sky and affecting natural light levels. Over 80% of the world experiences light-

polluted  nights,  which  not  only  diminishes  human  experience  with  the  night  sky  but  also  has  broader 

ecological impacts.

Economic and energy concerns are highlighted by the significant energy consumption of artificial lighting, 

which  contributes  to  carbon  emissions  and  financial  costs.  The  adoption  of  energy-efficient  lighting 

technologies offers a dual benefit of reducing expenses and minimizing environmental impact.

Also, light pollution disrupts ecosystems by altering animal behaviors and affecting plant phenology. It also 

impacts human health by disrupting circadian rhythms and sleep patterns, with potential long-term health 

consequences.

Astronomical  effects  of  increased  skyglow  from  artificial  lighting  significantly  hinder  astronomical 

observations and diminish the visibility of celestial phenomena, which have historically played crucial roles 

in navigation and scientific discovery. Figure 1 illustrates a series of impacts caused by light pollution.
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Figure 1 Light pollution impacts 

Various approaches can effectively reduce light pollution, including the enforcement of lighting regulations, the adoption of energy-efficient and properly shielded lighting fixtures and promoting community awareness and policy changes to reduce unnecessary outdoor lighting.

All these underscores the urgent need for comprehensive strategies to address light pollution, advocating for  a  balanced  approach  that  preserves  the  integrity  of  the  night  sky  while  supporting  urban  and technological advancements.

2 Overview of lighting pollution problem

Statistics on global exposure to artificial light reveal significant global and regional impacts, affecting the visibility of the Milky Way and extending geographically across vast areas. Over 80% of the world’s population lives under light-polluted skies, where the natural darkness of the night is  significantly  altered  by  artificial  lighting.  This  percentage  rises  to  more  than  99%  for  the  U.S.  and European populations, illustrating a profound loss of natural night environments in these regions. [1] Light pollution obscures the visibility of the Milky Way for over one-third of humanity, including 60% of Europeans and nearly 80% of North Americans, representing a substantial cultural and natural loss as many are deprived of viewing this essential astronomical feature from their locations. Approximately 23% of the world’s land areas between latitudes 75°N and 60°S suffer from light-polluted nights.  This  includes  88%  of  Europe  and  nearly  half  of  the  United  States,  demonstrating  extensive environmental impact across large and diverse geographic areas.[1] These statistics underscore the extensive reach and growing problem of light pollution globally, affecting not  just  human  health  and  energy  consumption  but also  the  ecological  and  atmospheric  quality  of  our environment.
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Light  emitted  from  the  Earth's surface into  space  is  quantified  as  radiance, which  is  a  measure of  the 

intensity of brightness observed from a specific angle per unit area (nW/cm2/sr).

Such measurements are used in remote sensing and astronomical observations to assess the brightness 

and  light  pollution  of  areas  on  Earth.  This  can  include  monitoring  city  lights,  tracking  changes  in  light 

emission over time, and studying ecological impacts of artificial light. Instruments like the Visible Infrared 

Imaging Radiometer Suite (VIIRS) on the Suomi National Polar-orbiting Partnership (NPP) satellite are 

commonly used to gather this type of data, allowing researchers to map and analyze how human activities 

light up the night on a global scale. 

The images below illustrate the changes in radiance around the world from 2014 to 2023.
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Figure 2 World map light pollution 2014 [2] 
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Figure 3 World map light pollution 2023 [2] 
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In the following pictures we can see the numbers of observatories and sky dark cameras in 2023 
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Figure 4 World map observatories 2023 [2] 
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Figure 5 World map sky quality cameras 2023 [2] 
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The images below illustrate the changes in radiance in Europe from 2014 to 2023
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Figure 6 Europe map light pollution 2014 [2] 
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Figure 7 Europe map light pollution 2023 [2] 
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Table 1 Graphic representing summed radiance for Romania 2012 – 2023 [2] 
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Table 2 Summed radiance for Romania 2012 – 2023 [2]
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The  increasing  use  and  impact  of  artificial  light  at  night  (ALAN),  emphasizing  its  expansion  due  to urbanization,  industrialization,  and  technological  changes  aimed  at  energy  efficiency.  Global  energy expenditure for artificial lighting, reaching billions annually, contributes significantly to light pollution. This pollution affects ecological and human health, altering natural patterns and visibility of celestial bodies. The urgency to address this growing concern is evident, with suggestions to enhance lighting efficiency while minimizing ecological damage. Such strategies include adopting better lighting technologies that reduce 
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skyglow and visual intrusions, crucial for preserving natural nighttime environments and reducing energy 

wastage.

2.1 Light pollution drivers 

The  main  drivers  of  light  pollution  are  industrialization  and  urbanization,  complemented  by  population 

growth  which  escalates  the  use  of  artificial  lighting.  Meanwhile,  the  shift  toward  energy-efficient 

technologies seeks to lower energy expenses and mitigate climate change impacts.

Industrialization and urbanization are significant drivers of increasing light pollution. As cities expand and 

industrial activities intensify, there is a corresponding rise in the use of artificial lighting. This increased 

lighting is not only a product of growth but also a facilitator for extended commercial hours and enhanced 

public  safety.  However,  the  side  effects  include  disrupted  ecosystems  and  altered  human  and  wildlife 

circadian rhythms.

Urbanization leads to denser living spaces and more illuminated public areas, contributing significantly to 

"skyglow," which obscures the visibility of stars. The materials point out that as urban areas grow, there is 

a need for policies that address the balance between necessary illumination for safety and the prevention 

of  excessive  light  that  can  be  harmful  to  both  environmental  and  human  health.  The  challenge  lies  in 

implementing lighting that is effective yet minimizes the negative impacts of light pollution, urging a shift 

towards more strategic and lower impact lighting solutions in urban planning.

Population growth is a significant driver of increased artificial light use, leading to more widespread light 

pollution. As urban populations expand, there is a corresponding rise in the demand for lighting to support 

extended hours of activity and improved safety. This increase often leads to excessive night lighting in 

urban centers, which not only affects energy consumption but also disrupts ecosystems and human health. 

The challenge lies in balancing the benefits of artificial lighting for urban development and security with the 

need to minimize its ecological and health impacts. The documents suggest strategies like using energy-

efficient lighting technologies and implementing better lighting designs that focus on limiting unnecessary 

light exposure to the environment.

The  transition  towards  energy-efficient  technologies,  aimed  at  reducing  energy  costs  and  addressing 

climate change, is a critical response to the escalating impacts of light pollution. This shift is evident in the 

adoption of LED lighting and the implementation of energy-efficient fixtures that not only reduce power 

consumption but also minimize environmental impacts.

For instance, the integration of LED technology is noted for its superior energy efficiency compared to 

traditional lighting solutions, reducing both energy costs and carbon emissions. This move towards LEDs 

and other energy-efficient lighting systems reflects a broader commitment to sustainability, particularly in 

urban settings where light pollution is most concentrated.

Moreover, strategic approaches like the use of shielded fixtures to direct light precisely where it is needed 

and the implementation of smart lighting systems that adjust brightness based on real-time needs are being 

emphasized.  These  measures  not  only  conserve  energy  but  also  help  in  preserving  the  natural  night 

environment, reducing the adverse effects on both human health and wildlife.

These transitions are supported by policies and guidelines encouraging the adoption of green technologies 

and practices that align with broader environmental goals, demonstrating a concerted effort to tackle the 

dual challenges of energy efficiency and environmental sustainability.

2.2 Economic and environmental costs

Annual global expenditure on energy for lighting not only impacts financial resources but also contributes 

to light pollution, which significantly degrades the quality of nocturnal skies and atmospheric conditions and 

have several effects on health and biodiversity.

Annually, billions are spent globally on energy for artificial lighting, contributing significantly to light pollution. 

This  expenditure  is  particularly  stark  considering  that  much  of  this  light  is  wasted,  shining  upwards  or 

outwards rather than illuminating the intended areas, thereby adding unnecessary costs and environmental 

impacts. These wasteful practices not only result in financial loss but also exacerbate ecological disruptions 

by affecting nocturnal wildlife and contributing to energy inefficiency. It is important to adopt more efficient 

lighting practices, including the use of technologies that reduce light scatter and improve the directionality 

of lighting to minimize sky glow and light trespass. This shift towards more sustainable lighting practices is 
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highlighted as a crucial step in reducing both the economic and environmental costs associated with light pollution.

Light pollution significantly degrades the quality of nocturnal skies and impacts atmospheric conditions. This form of pollution, primarily caused by the overuse and poor design of artificial lighting, results in several environmental disturbances:

● Sky Glow - the excessive brightness that illuminates the sky overpopulated areas, obscuring

the view of stars and planets. This glow extends far beyond the light sources, affecting even remote areas.

● Glare - bright, direct light that impairs human vision, making it difficult to see in the surrounding

darkness. This can pose safety risks, particularly for drivers and pedestrians at night.

● Light trespass - light that spills into areas where it is not needed or wanted, such as residential

windows, causing disruptions and reducing the quality of sleep for inhabitants.

[image: ]

 

Figure 8 Reduced sources of Light Pollution. The residual impacts of the lighting [3]

The impact of these aspects of light pollution is profound, affecting human health by disrupting circadian rhythms and suppressing melatonin production, which can lead to sleep disorders and other health issues. In terms of biodiversity, light pollution has significant negative impacts on various species across different ecosystems. Nocturnal animals, which rely on the darkness for their natural behaviors such as feeding and reproduction,  are  especially  affected.  The  altered  light  conditions  can  confuse  animal  navigation,  alter predator-prey  relationships,  and  disrupt  the  reproductive  patterns  of  many  species.  This  ecological imbalance extends to affecting plants and insects, fundamentally altering habitats and food chains. Efforts to manage and mitigate these impacts are crucial, and they include designing lighting that minimizes sky glow, glare, and light trespass. Such designs involve using fully shielded fixtures, implementing lower light levels, and using lights only when necessary. These strategies not only improve the quality of the night environment but also save energy and reduce associated costs.
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2.3 Light pollution in legal and policy frameworks 

Despite various national and local initiatives to mitigate light pollution effects, there is no comprehensive 

EU-wide regulation to consistently address this issue. The lack of a cohesive legal structure leads to varied 

approaches and standards among EU countries, which can hinder effective regional strategies for reducing 

light pollution. 

For instance, France has implemented detailed national laws that regulate lighting intensities, schedules, 

and specific requirements for various areas, with penalties for non-compliance (for example, from July 1, 

2018, illuminated advertisements must be turned off between 1:00 AM and 6:00 AM). Italy and Spain have 

more regional approaches, with some areas lacking comprehensive legislation. Liechtenstein is an example 

of  a  country  that  has  already  defined  artificial  light  as  source  of  potentially  harmful  radiation  in  the 

Environment Protection Act, which is  a  national binding document Meanwhile, in Belgium, private light 

sources are regulated, but public lighting remains uncontrolled. 

Around the world, the Australian government was one of the first officially recognizing artificial light as a 

source of pollution in the Environment Protection Act in 1997 and therefore defining it as a threat to the 

human and environmental health.

The metropolitan government of Seoul adopted a national law called the ordinance on the prevention and 

management of light pollution in 2010.

Over the last few decades Chile has established its status as astronomical capital of the world due to strong 

political efforts protecting the night sky. As early as the 1990s, the astronomical community was critical of 

the increasing light pollution. In Supreme Decree No. 686 by the Ministry of Economy in 1998 are included 

regulations on the features of outdoor lights mitigating upward light emissions and additionally the Office of 

Sky Quality in North Chile (OPCC) was founded.

Hong Kong is considered the most polluted city in the world due to its high population density, thriving 

economy, and more than 1000 skyscrapers. A study states that a night here is a thousand times brighter 

than the normal limit.

Table 3 Overview of the European actions to reduce light pollution [4]

[image: ]

 

1 ✓ means  that  there  is  a  designated  legislative  act  (on  local/regional/national  level)  addressing  light

pollution; (✓) means that there is no designated legislative act addressing light pollution, but provisions

from other legislative acts can be used; X means that there is no legislation addressing light pollution; 
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2 ✓ means that a guidebook/manual for correct lighting has been issued in the country; (✓) means that a guidebook/manual is underway; X means that n manual/guidebook is existing or in preparation; 3 Others means the country e.g. Dark Sky Area, specific projects, dedicated to light pollution.[4]

The European Ecodesign Directive and the Energy Labelling and Repealing Directive focus on energy-efficient installations but do not directly address the adverse impacts of light pollution. Additionally, light pollution is recognized under the EU Green Public Procurement (GPP), which recommends reducing light pollution levels, but adherence remains voluntary.

Establishing more standardized regulations could better address the ecological impacts of artificial lighting and align with broader environmental goals. The need for an integrated policy approach is evident, aiming to  harmonize  light  pollution  measures  across  member  states  while  considering  local  environmental conditions  and  urban  development  patterns,  to  better  manage  light  pollution's  ecological,  health,  and astronomical impacts.

2.4 Mitigation strategies

There are several strategies for mitigating light pollution while maintaining essential urban illumination:

✔ Implementing  energy-efficient  lights  such  as  LEDs,  which  can  be  dimmed  and  directed  more

precisely, reduces overall light pollution without compromising safety or aesthetic lighting needs.

✔ Encouraging the installation of fully shielded fixtures ensures that light is directed downwards where

it  is  needed,  preventing  unnecessary  sky  glow  and  light  trespassing  into  natural  areas  or neighboring properties.

✔ Integrating advanced technologies, including motion sensors and adaptive lighting systems, can

dynamically  adjust  lighting  levels  based  on  actual  conditions,  such  as  pedestrian  or  vehicular presence. This approach minimizes light waste during time of low activity.

✔ Developing policies that require or incentivize the adoption of low-impact lighting technologies can

help scale these practices. Urban planning that integrates light pollution reduction into broader environmental and public health strategies is also crucial.

✔ Educating and involving community members and stakeholders in light pollution reduction efforts

can enhance the acceptance and effectiveness of these strategies. Collaborative approaches can lead to more sustainable practices that are supported by both public and private sectors.

These mitigation strategies, coupled with an understanding of the benefits of reducing light pollution—such as  energy  savings,  improved  public  health,  and  better  environmental  outcomes—underscore  the importance of concerted efforts at various levels of governance and society.

3 Conclusion

Light pollution is growing due to urbanization, industrialization, and technological advancements in lighting, which  have  led  to  significant  ecological  disruptions  and  health  issues.  While  some  regions  have implemented stringent light pollution laws, a lack of consistency and enforcement in policy frameworks, especially within the EU, has led to fragmented approaches.

Effective strategies include adopting energy-efficient lighting, using shielding techniques, integrating smart lighting technologies, and fostering community and stakeholder engagement. Building awareness and promoting community involvement are essential for the successful implementation of light pollution mitigation measures. Public education campaigns and inclusive planning processes can empower individuals and communities to advocate for and adopt better lighting practices. Continued  research  into  the  impacts  of  light  pollution  and  the  development  of  innovative  lighting technologies  are  critical  for  finding  sustainable  solutions.  Collaborative  efforts  between  governments, researchers, industry, and communities can drive the creation of more effective and adaptable lighting systems. Overall, dark sky reserves are effective tools in the fight against light pollution, providing a refuge for wildlife and a sanctuary for humans to reconnect with the natural night environment. Their success depends on strong community support and effective management practices.
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Abstract 

The standardized requirements for measuring the distance between a photodetector and radiation sources, both traditional and LED, during photometric and radiometric measurements are considered. It is established that there are currently no recommendations for determining the exact location of the light center for radiation sources. To determine the light centre of an optical radiation source with a complex radiating surface, it is proposed to use a device based on the parallax method. The use of this device also makes it possible precision to determine the distance measurement between the light centre of the radiation source and the photodetector aperture.  

Keywords : photometric measurements, light center, measurement distance, LED radiation source, photodetector. 

 

1       Introduction 

In recent years, there has been a steady trend towards a wider use of LED-based reference or standard radiation sources in optical radiometry and precision optical instruments. The wide diapason of LED radiation power, their high stability of radiation, simple design, long lifetime etc. allow us to predict the replacement of traditional standard incandescent lamps and discharge lamps with LED-based radiation sources in the near future. However, the primary and secondary optical components of LEDs and the functioning features of heterostructures significantly affect their radiation. Therefore, traditional methods of measuring the characteristics and parameters of optical radiation when applied to LED radiation lead to errors and sometimes very significant ones. Of course, in recent years a lot of work has been done by CIE TCs, as well as other researchers, to develop new measurement methods of optical characteristics LEDs. Nevertheless, is actually not described anywhere such an important stage of the optical measurement procedure as determining the measurement distance between the radiation source and the photodetector aperture. Between what specific points or planes should the distance be measured? There are no particular difficulties in determining the location of the photodetector aperture plane. But there is a problem with the exact location determination of the reference point or plane related to the radiation source. In this paper we will look at this problem and how to solve it. 

2       Traditional methods for determining distance measurements when carrying out photometric and radiometric measurements using incandescent and discharge lamps 

The main standardized recommendations of CIE 53, CIE 69, CIE 84, CIE 250, GOST 17616-82, GOST 10771-82 at photometric and radiometric measurements using incandescent lamps and discharge lamps are as follows: the optical axis of the photometric setup should pass through the center of photodetector aperture of the and the light (photometrical) center of the light source; the distance between the photodetector and the lamp should be constant; the length of the photometric bench should ensure the possibility of  maintaining a distance between the photodetector and the lamp of at least 10 times the size of the lamp filament, and the irradiance on the photodetector surface should be within the limits of its linear dependence of the photocurrent from the irradiance; at small distances, the lamps should be installed at a distance from photodetector corresponding to at least one and a half times the length of the lamp; the 
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filament of the light-measuring lamps of luminous intensity is set with the help of the sighting 

grids of the distance meter (the device included in the photometric bench kit) in the vertical 

plane perpendicular to the axis of the photometric setup. Distances are counted from this plane; 

the measuring scale of the photometric bench and the devices intended for reading the distance 

must ensure the measurement of the distance between the photodetector and the lamp with an 

error of ± 1.0 mm. 

An analysis of the recommendations provided allows us to draw the following conclusions: 

1) There is no precise definition of the reference point position for the lamp.

2) Determining the location of the "light center" of a lamp is a problem. Since, strictly speaking,

the "light center" of a radiation source, according to its definition, is only a calculated point, not

a physical (material) one, and its location is somewhere near the center of the filament or bulb.

3) The requirements are formulated for a point source of radiation with a radiating surface shape

close to flat. It is assumed that a plane passes through the filament body, the location of which

can be determined. But lamps have different variations in the shape of the bulb, the design of

the filament and overall dimensions. In addition, lamp bulbs can have a diffusing surface or

have a blackened back. That is, all lamps, regardless of their type and design features, have a

complex shape of the radiating surface and it is very difficult to accurately determine the plane

that corresponds to the filament body of the lamp.

4) These recommendations can rather be characterized as requirements for alignment of the

photometric setup.

In practice for standard lamps there are no particular problems with determining the

measurement distance (with typical distance values from 0.5 to 3.5 m). Manufacturers of

standard lamps have made this task easier: the lamps have a special alignment mark,  or

calibration standard transparent target, or alignment plane. Special alignment devices are also

used to facilitate the installation of radiation sources and photodetectors on the optical axis of

photometric setup. These devices provide the image of a point assumed to be the light center

to be recorded. In this case, the measuring distance can be determined with an error of ±0.1 mm

(Gaertner A. 2022, RF 2011). But for non-standard lamps (radiation sources), the problem of

determining their light center is still relevant.

In addition, in practice the measurement distance is usually determined with the radiation

source turned off. But in our opinion, it is more correct to determine the position of the light

center for a working radiation source. Since when the source is switch off, the position of its

light center is established relative to the mechanical elements of the source, which can shift

during operating mode, which is primarily due to their heating.

3  Methods for determining distances when carrying out photometric and 

radiometric measurements using LED radiation sources 

For LED radiation sources, widely used recommendations CIE 127 and CIE S 025/E, on the 

basis of which a number of international and national standards have been developed. 

According to CIE 127, the measurement distance is established between the plane of the 

photodetector aperture and the LED body oriented to its mechanical axis under CIE standard 

conditions A and B. Also included in CIE 127 is a figure illustrating a schematic representation 

of CIE standard conditions for measuring averaged LED intensity. It follows from the figure that: 

the optical axis must coincide with the mechanical axis of the LED and pass through the center 

of the LED package and the center of the photodetector aperture. The measurement distance 

is defined as the distance between the  center of the LED package and the plane of the 

photodetector aperture. In addition, CIE 127 states that the mechanical axis of an LED and the 

axis of its optical beam may differ significantly. It is important to note that the CIE 127 figure 

shows single-chip hard plastic LEDs that were widely used 15 years ago or more. Therefore, it 

is logical to raise the question of where the light (photometric) center of the LED should be 

located: at the edge of the lens; or in the plane of the LED package, perpendicular to the optical 

axis of the photometric setup; or in the chip plane perpendicular to the optical axis of the 

photometric setup; or in the plane in which the lens forms the image of the chip. Unlike CIE 

127, CIE S 025/E recommends determining the photometric center for LED lamps, LED 

luminaires and LED modules, but there are no recommendations on how to accurately 

determine the distance for photometric measurements and characterize the corresponding 

planes or measurement points. 
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In addition, in recent years there have been a number of trends in the design of LEDs: LEDs have a flat package, while the emitting surface is often recessed in the package; the number of chips in one package can be more than 4; standard (reference) radiation sources can include several dozen LEDs, which form a complex emitting surface with nonuniformity on height up to 7 mm; the shape of the secondary optics of modern LEDs can differ significantly from previous generation LEDs, and the lens material can be soft.  

Previously, we established that it is advisable to use the goniometric method to determine the light center of single LEDs (Nikanenka S.V.). However, it should be noted that such measurements require a lot of time. At the same time, we developed a 3-coordinate adjustment device for LEDs, which allows measuring the distance between the photodetector and the LED with an uncertainty of no worse than 0.2 mm. 

4  Method and device for determination of light center of radiation source 

Thus, at present there is no method that allows one to accurately determine the position of the light center of a radiation source with a complex emitting surface. To solve this problem, we propose to use a device based on the parallax method. 

In the general case, the parallax method is as follows: the position of each individual small radiating surface (individual source segment), the radiation of which falls into the aperture of the radiation receiver, is determined, and the average position for all small surfaces is calculated. Based on this method, we have developed a device for determining the light center of the radiation source. 

Figure 1 shows the schematic diagram of the device model. The model includes: optical rails 1, 2, 3, radiation source 11 alignment laser 4, plate with a crosshair 5, digital cameras 6 and 7, mask 12, screen 13, photodetector 8. 9 and 10 is optical axes. Rail 3 is assigning to move digital camera 6 and photodetector 8. 

[image: ]

 

Figure 1 – Scheme of device 

Figure 2 shows the mask. The mask is opaque plate 3, with slits 2 that are located periodically along the vertical and horizontal axes, and a square hole 1 at the intersection of the axes.  

The device functions as follows. Radiation passes through the mask and is projected onto the screen in the form of separate lines and square. The centre of the mask square is used to align of the radiation source by matching its centre of the image of square on the screen. The projected lines are used to determine the distance to the radiation source, by their deviation from the marks located on the screen. The digital camera transmits image of screen to the computer for subsequent calculations. 
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Using the described device, the distances between the radiation source and the photodetector 

can be determined in the following way. Figure 3 shows the optical diagram of the device. 

[image: ]

 

 Figure 2 – Design of mask 

[image: ]

 

Figure 3 – Optical diagram of the device 

Calculation of the measurement distance between the source and the photodetector lmd is made 

according to the formula 

 

l        l l    l     l         − + + md 1 2 3 2 ( = + + = ⋅ α (1)  1)  l  2  l  3  s n  ⋅

where 

l1          is the distance from the mask to the light center; 

l2          is the distance from the mask to the screen; 

l3          is the distance between the photodetector aperture and the screen; 

s          is the step of location of the mask slits; 

n       is the label order; 

α     is the deflection of the beam on the screen of the corresponding order; 

f             is the size of the radiating surface of the source;  

w      is the slit size in the mask. 

l   and     is determined by traditional methods, such as gauge blocks. 2 l 3

The ranges of possible measurement distances are evaluated according to the following criteria 

l ,  (2)  ≥ ⋅  1  n l  2

l   ≤ ⋅ ⋅ 1 s l l   − 2 min l2

 

where      is the minimum measurable distance. l min
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The influence factor of the overall dimensions of the radiating surface of the source can be estimated as 

 

l f (3)  < ⋅  l  −  2  1  (  1) .  w

Figure 4 shows the dependence of the minimum distance between the radiation source and the mask on the value of the distance between the mask and the screen and the slit order. 

[image: ]

 

Figure 4 – Dependence of the minimum distance between the radiation source and the mask on the value of the distance between the mask and the screen and the slit order 

Figure 5 shows the dependence of the maximum distance between the mask and the screen on the size of the filament body of the optical radiation source and the measurement distance from the mask to the radiation source. 

[image: ]

 

Figure 5 – Dependence of the maximum distance between the mask and the screen on 

the size of the filament body of the optical radiation source and the measurement 

distance from the mask to the radiation source 

Thus, a device based on the parallax method allows determining the location of the light center of a radiation source with a complex shape of the emitting surface and also determining the distance between the radiation source and the photodetector in the range from 0.3 m to 3.5 with an uncertainty of no more than ± 0.2 mm. 

5       Conclusion 

The standardized requirements for measuring the distance between a photodetector and radiation sources, both traditional and LED, during photometric and radiometric measurements 
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are considered. It is established that there are currently no recommendations for determining 

the exact location of the light center for radiation sources.  

To determine the light centre of an optical radiation source with a complex radiating surface, it 

is proposed to use a device based on the parallax method. The use of this device also makes 

it possible precision to determine the distance measurement between the light centre of the 

radiation source and the aperture of the photodetector. 
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Abstract

This study aims at investigating the performance of different machine learning models that are commonly used for lighting energy consumption prediction. For this purpose, an open access data set has been utilized. The data set includes detailed building operation data, including electricity consumption separately measured for individual air conditioners, lighting loads and plug loads and indoor environmental measurements of an office building located in Bangkok, Thailand. The results show that for the 4 different attempts of training and analysis used in the study, tree methods have shown the highest accuracy in the prediction of lighting loads for this specific data set. Through choosing the most suitable technique for predictive analytics on lighting loads it can be possible to provide significant insights into building energy utilization trends throughout the lifetime of the building and contribute to more energy efficient and sustainable building management and operations.   

Keywords : Machine learning, Lighting energy consumption prediction, Tree models, 

 

1       Introduction

An accurate prediction of lighting load can facilitate the optimization of lighting schedules and configurations to minimize energy consumption while maintaining adequate illuminance levels. This can lead to significant cost savings and reduce the environmental impact of the building. Lately, advancements in machine learning (ML) algorithms have proven them to be a very suitable tool for the prediction of energy consumption for different building loads. The most common ML tools in data-driven energy consumption are support vector machines (SVM), artificial neural networks (ANN), decision trees and other statistical algorithms such as multiple linear regression (MLR), general linear regression (GLR), etc. (Amasyalı & El-Gohary, 2018). 

Despite the critical importance of accurately predicting lighting energy usage for enhancing building efficiency and managing energy resources effectively, the existing literature indicates a limited focus on the forecast and analysis of lighting loads. While collecting building energy consumption data for ML purposes is challenging, several open-access datasets are available for researchers to explore the suitability, speed of application, and other performance metrics of different ML methods.  

This study aims at investigating the performance of different ML models that are commonly used for lighting energy consumption prediction in the literature. For this purpose, an open access data set has been utilized. The data set includes detailed building operation data, including electricity consumption separately measured for individual air conditioners, lighting loads and plug loads in kW and indoor environmental measurements, namely temperature (°C), relative humidity (%), and ambient light (lux) measurements of a seven-story 11,700-m2 office building located in Bangkok, Thailand (Pipattanasomporn et al., 2020a). The entire dataset can be reached through figshare (Pipattanasomporn et al., 2020b).  

In the training of the ML models, the available data on lighting, plug and air conditioning energy consumption levels as well as measured illuminance levels, temperature and relative humidity values have been utilized. Ensemble bagged, fine, medium, coarse and boosted tree methods; wide, trilayered, bilayered, medium and narrow neural networks; and interactions, stepwise and linear models have been utilized for the ML methods of the study. The results indicate that across four different training and analysis attempts (which will be detailed later in the paper), tree methods demonstrated the highest accuracy in predicting lighting loads for this dataset. 
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2       Analysis of the Data Set

As has been mentioned, the data set used in the study includes detailed building operation 

data, including electricity consumption separately measured for individual air conditioners, 

 

temperature [°C], relative humidity [%], and ambient illuminance level [lux] measurements of a 2 seven-story 11,700-m lighting loads and plug loads as well as indoor environmental measurements, namely  office building located in Bangkok, Thailand. The seven-story building 

 

collection. In this study, after an analysis of the missing data in different parts of the building, th the data from two different zones of the 7 has two different floor plans, which have further been divided into different zones for data 

A plan of the 7 floor, showing the zones is given in Figure 1. The red dots in the figure are th  floor have been chosen for the ML training approach. 

approximate positions of the multi sensors measuring the ambient conditions. Here, the 

selected zones for the study are Zone 4 and Zone 5. The main reason for choosing these two 

zones is that the data availability is very high (99 % and above). For the rest of the paper, when 

Zones 4 and 5 are mentioned, these zones are selected from only Floor 7 of the building data. 

[image: ]

 

Figure 1 – The Floor Plan of the 7th Story (Pipattanasomporn et al., 2020).

The dataset is available at one-minute intervals for the period of 18 months from July 1, 2018, 

to December 31, 2019; however, the indoor environmental sensors were taken down for 

maintenance between September 15, 2018, and March 5, 2019, therefore the temperature, 

relative humidity, and ambient illuminance level measurements in this period of time is missing. 

 

plugs, lighting and air conditioning systems have been prepared for a randomly selected day, st March 21 To provide a general understanding of the data, plots for the power consumption values of the , 2019 for both Zone 4 and Zone 5 and presented in Figures 2 and 3, respectively.  
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Figure 2 – The Energy Consumption from Lighting, AC and Plug Systems for Zone 4 for st March 21 , 2019
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Figure 3 – The Energy Consumption from Lighting, AC and Plug Systems for Zone 5 for 

March 21st, 2019

 

units, followed by lighting and finally the consumption from the plugs within the office areas. st For this specific day (March 21 The plots, which can be seen, clearly show that the highest consumption belongs to the AC , 2019), Zone 4 has a higher energy consumption profile in 

terms of the AC utilization, which is predictable due to the office area being larger compared to Zone 5 in addition to a larger glazing area with more windows, presumably resulting in higher 

 

lighting systems, a closer look into the lighting consumption data is in order. Figure 4 shows st the lighting power consumption for Zones 4 and 5 for March 21 temperatures during the day. As the aim of the study is to predict the power consumption from , 2019.  
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Figure 4 – The Energy Consumption from Lighting Systems for Zones 4 and 5 on March st 21 , 2019

As can be seen from the figure, the lighting systems start operating at very early hours in the day for both of the zones between 4:00 and 5:00 AM, probably with the individual arrivals of office workers who choose to work at early hours of the day; the consumption value increases above 4 kW for Zone 4 around 6:40 AM and remains in similar values until 18:30 PM while the consumption of Zone 5 starts similar to Zone 4 and then reaches values above 5 kW around 

 

during the day up to 18:30 PM similar to Zone 4. For the entire data, the highest lighting power th consumption in Zone 4 has been recorded as 12.35 kW on January 30 8:30 AM, when probably the majority of the office workers arrive and remains between 4-6 kW , 2019 at 19:05 PM. 

Interestingly enough, the highest recorded value for Zone 5 is on the same exact date and time, with a value of 13.09 kW. To have a better understanding of the lighting power consumption throughout the year, the data has been plotted for the equinox and solstice days of 2019, March 
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21st (Thursday), June 21st (Friday), September 23rd  (Monday) and December 21 st (Saturday) 

and given in Figure 5.  
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Figure 5 – The Energy Consumption from Lighting Systems for Zones 4 and 5 on the 

Equinox and Solstice days of 2019

While the plots show that the lighting power consumption characteristics are quite dynamic both 

 

around the same areas of 4 to 6 kW for all the four days corresponding to different seasons and st workdays. Here, only December 21 through the day and throughout the year, the general daytime consumption values remain  is a Saturday and looking at the plot it is possible to see 

that the working hours are shorter and the consumption profile is different with Zone 4 having 

higher consumption rates than Zone 5, which is different from the rest of the work days given 

in Figure 5. For the majority of the days corresponding to Sundays, there appear to be no 

lighting consumption but there are of course exceptional days where the office has been used 

on a Sunday as well, which can clearly be seen from the general consumption data. 

As has been previously mentioned, the data does not only include the power consumption 

information but also the indoor environmental data, namely temperature (°C), relative humidity 

(%), and ambient illuminance level (lux)  measured through multi sensors positioned on the 

ceilings of the rooms. Figure 6 shows the relative humidity and temperature data for Zones 4 

and 5, on March 21st, 2019. As can be seen from the plots, both the relative humidity and the 

temperature of the two zones follow a similar pattern as the two Zones are right next to each 

other, sharing a common façade, and that both zones have air conditioning which controls both 

the temperature and the relative humidity values throughout the day. 
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Figure 6 – The Relative Humidity and Temperature Data of Zones 4 and 5 on March 21st, 

2019

 

381

BalkanLight'2024 Proceedings

 

Figure 7 shows the illuminance levels for the two zones, March 21st, 2019, Thursday, which is a random workday. The values are close to each other during work hours between 6:25 AM to 18:25 PM in Zone 4 with values generally ranging between 50-70 lx; while Zone 5 has a longer workday with illuminance levels remaining at the level of 50 lx until 20:30 PM. To see the contribution of daylight to the measurements taken by the sensors and see if a more detailed ML analysis can be made for areas receiving and not receiving daylight, a plot for a non-working day, March 24th, 2019, Sunday has also been prepared and given in Figure 8.  
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Figure 7 – Illuminance Levels of Zones 4 and 5 on March 21st, 2019
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Figure 8 – Illuminance Levels of Zones 4 and 5 on March 24th, 2019, Sunday

As can be seen from the figure, the sensors do capture daylight as has been specified by Pipattanasomporn et al. (2020a) as well, however the contribution of daylight to the total measured illuminance level remains quite low, with values below 5 lx for both of the zones. A general analysis of the data from different months and seasons showed similar results for the comparison of working days and non-working days throughout the available data. So, even though it is possible to say that there’s a contribution to the measured illuminance levels from daylight as well, it is not high enough to influence the ML approach for this study. 

3      The Machine Learning Approach

Machine Learning (ML) has become a popular and feasible tool for making predictions in many different fields, especially because it's great at handling complex and non-linear relationships in data. There are several types of ML algorithms, such as decision trees, neural networks (NN), and regression models. Several studies in the literature have compared different ML models in the prediction of building energy consumption (Wang et. al., 2018; Amasyalı & El-Gohary, 2019; Ngo et. al. 2022). Among the available methods, decision trees are very straightforward since 
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they make predictions by splitting the data based on key factors. Neural networks work 

differently, inspired by the human brain to detect patterns through layers of interconnected 

nodes. They're especially useful when the data relationships are more complicated and are 

commonly used for energy consumption prediction studies (Ahmad et al., 2014). On the other 

hand, regression models, like linear regression, are simpler and work best when there is an 

almost linear relationship between the variables. Among them, tree-based models, like decision 

trees, random forests, and gradient boosting, are widely employed because they work well with 

different kinds of data and are easy to understand. Ensemble tree models, which combine the 

predictions of multiple trees, enhance the predictive power of individual tree models. Two 

common ensemble methods are bagging and boosting. Bagged trees reduce variance by 

averaging multiple trees trained on different subsets of the data, while boosting sequentially 

trains trees, each focusing on correcting the errors of the previous tree. Both methods 


significantly improve the accuracy and robustness of predictions, especially in complex 

prediction tasks like energy consumption in buildings. 

Having analysed the data in hand, ensemble bagged, fine, medium, coarse and boosted tree 

methods; wide, trilayered, bilayered, medium and narrow neural networks; and interactions, 

stepwise and linear models have been utilized as the ML methods to predict the lighting energy 

consumption in the building. For both zones, two sets of predictors were utilized: one with three 

predictors (air conditioning electrical load and plug load and illuminance level) and another with 

five predictors (adding temperature and humidity to the previous three predictors). The results 

indicate that tree-based models consistently provided the best performance, with ensemble 

bagged trees leading in three out of four scenarios. Only in Zone 5 with the three-predictor 

model did the coarse tree outperform ensemble methods. These findings demonstrate the 

effectiveness of tree models, particularly bagged trees, in accurately predicting lighting energy 

consumption across different environments. 

4      Results

In both Zone 4 and Zone 5, the ML models were tested with two sets of predictors: one using 

three predictors (air conditioning electrical load, plug load, and illuminance in lux) and another 

using five predictors (adding temperature and humidity). The goal was to predict the lighting 

energy consumption in kW. The results of the ML analyses have been given in Tables 1 and 2 

for Zone 4 with 5 predictors and 3 predictors, Tables 3 and 4 for Zone 5 with 5 predictors and 

3 predictors, respectively.  

Table 1 – Zone 4 Machine Learning Performance with 5 Predictors

RMSE        MSE      RSquared      MAE 

Model Type            (Validation   (Validation   (Validation   (Validation

)                    )                    )                    )

Ensemble Bagged Trees         0.274         0.075         0.982         0.154 

Fine Tree                  0.310          0.096          0.977          0.160 

Fine Tree                  0.310          0.096          0.977          0.160 

Medium Tree               0.318         0.101         0.976         0.178 

Coarse Tree                0.348         0.121         0.971         0.210 

Wide NN                0.448         0.200         0.952         0.325 

Trilayered NN                0.466         0.217         0.948          0.343 

Bilayered NN                0.466         0.218         0.948         0.343 

Medium NN              0.469        0.220         0.947         0.346 

Ensemble Boosted Trees         0.487         0.237         0.943         0.365 

Narrow NN               0.494         0.244         0.942         0.365 

Interactions Linear Regression        0.534          0.285          0.932          0.403 

Stepwise Linear Regression         0.534         0.285         0.932          0.403 

Linear Regression              0.565         0.319         0.924          0.431 
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Table 2 – Zone 4 Machine Learning Performance with 3 Predictors

RMSE        MSE      RSquared      MAE 

Model Type            (Validation   (Validation   (Validation   (Validation

)                    )                    )                    )

Ensemble Bagged Trees         0.472         0.223         0.947         0.343 

Medium Tree               0.477         0.227         0.946         0.347 

Coarse Tree                0.478         0.229         0.945         0.350 

Fine Tree                  0.480          0.230          0.945          0.350 

Fine Tree                  0.480          0.230          0.945          0.350 

Wide NN                0.495         0.245         0.941         0.370 

Medium NN              0.500        0.250         0.940         0.374 

Bilayered NN                0.500         0.250         0.940         0.371 

Trilayered NN                0.504         0.254         0.939          0.377 

Narrow NN               0.507         0.257         0.938         0.378 

Ensemble Boosted Trees         0.510         0.260         0.938         0.383 

Interactions Linear Regression        0.544          0.296          0.929          0.407 

Stepwise Linear Regression         0.544         0.296         0.929          0.407 

Efficient Linear Least Squares        0.567          0.322          0.923          0.432 

Linear Regression              0.567         0.322         0.923          0.432 

Least Squares Regression         0.590         0.349         0.917         0.440 Kernel 

Robust Linear Regression          0.604         0.364         0.913          0.392 

 

For Zone 4, the bagged trees consistently outperformed other models across both the 3-predictor and 5-predictor scenarios. With 5 predictors, the bagged tree model achieved an RMSE of 0.274 kW and an R-squared value of 0.982, demonstrating high predictive accuracy. This was followed by the fine and medium tree models, which also performed well but with slightly higher RMSE values (0.310 and 0.318 kW, respectively). Neural networks, despite their known strength in handling non-linear relationships, did not perform as well in this case, with RMSE values ranging from 0.448 to 0.496 kW, highlighting that tree-based models were more effective in capturing the patterns in Zone 4. In the 3-predictor scenario for Zone 4, bagged trees again provided the best results, with an RMSE of 0.472 kW and an R-squared of 0.947. Ensemble  models  in  general  continued  to  outperform  other  approaches,  confirming  the robustness of tree-based models in handling the available data and predictors. 

Table 3 – Zone 5 Machine Learning Performance with 5 Predictors

 

Model Type RMSE        MSE      RSquared      MAE  (Validation)  (Validation)  (Validation)  (Validation)

Ensemble Bagged Trees          0.260         0.068         0.987         0.110 

Medium Tree               0.296         0.087         0.983         0.123 

Fine Tree                   0.298          0.089          0.983          0.113 

Fine Tree                   0.298          0.089          0.983          0.113 

Coarse Tree                0.310          0.096          0.981         0.141 

Wide NN                 0.341         0.116         0.977         0.187 

Medium NN               0.352         0.124         0.976         0.194 

Trilayered NN                0.352          0.124          0.975          0.193 

Bilayered NN                0.354          0.125          0.975         0.195 

Narrow NN                0.359         0.129         0.974         0.201 
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Ensemble Boosted Trees          0.370         0.137         0.973         0.218 

Table 3 contd. – Zone 5 Machine Learning Performance with 5 Predictors

 

Model Type RMSE        MSE      RSquared      MAE  (Validation)  (Validation)  (Validation)  (Validation)

Interactions Linear Regression        0.376          0.142          0.972          0.218 

Stepwise Linear Regression         0.376          0.142          0.972          0.218 

Least Squares Regression          0.378          0.143          0.972         0.214 Kernel 

Linear Regression              0.393          0.154          0.970          0.244 

Efficient Linear Least Squares        0.397          0.158          0.969          0.255 

Robust Linear Regression          1.887          3.562          0.295          0.906 

Table 4 – Zone 5 Machine Learning Performance with 5 Predictors

RMSE        MSE      RSquared      MAE 

Model Type            (Validation   (Validation   (Validation   (Validation

)                    )                    )                    )

Coarse Tree                0.361         0.131         0.974         0.208 

Medium Tree               0.362         0.131         0.974         0.208 

Fine Tree                   0.366          0.134          0.974          0.210 

Fine Tree                   0.366          0.134          0.974          0.210 

Stepwise Linear Regression         0.396         0.157         0.969         0.242 

Wide NN                 0.371         0.138         0.973         0.216 

Bilayered NN                0.374         0.140         0.972         0.218 

Medium NN               0.374        0.140         0.972         0.219 

Trilayered NN                0.376         0.142         0.972         0.220 

Narrow NN                0.377         0.142         0.972         0.221 

Robust Linear Regression          1.890         3.573         0.293         0.898 

Interactions Linear Regression        0.396          0.157          0.969          0.242 

Linear Regression              0.399         0.159         0.969         0.246 

Least Squares Regression Kernel       0.409         0.167         0.967         0.241 

Ensemble Bagged Trees          0.359         0.129         0.974         0.206 

Ensemble Boosted Trees          0.389         0.151         0.970         0.233 

Efficient Linear Least Squares        0.399          0.159          0.969          0.247 

For Zone 5, the tree-based models also dominated the remaining ML models. In the 5-predictor 

scenario, the bagged tree model was the top performer, achieving an RMSE of 0.260 kW and 

an R-squared value of 0.987. Other tree models, such as the fine and medium trees, followed 

closely but with slightly lower accuracy. In this zone, the coarse tree model underperformed 

compared to finer trees, reflecting that finer granularity in tree splits may better capture the 

subtle interactions in this dataset. Neural networks, once again, exhibited lower predictive 

performance compared to the tree models. However, in the 3-predictor scenario for Zone 5, an 

interesting deviation occurred: the coarse tree model provided the best predictive results, with 

an RMSE of 0.361 kW and an R-squared value of 0.974. This suggests that, in the absence of 

additional environmental variables (i.e. temperature and humidity), a simpler tree structure may 

be more effective in predicting the lighting load. This contrasts with the 5-predictor case, where 

more detailed tree structures (e.g., bagged trees) were needed to maintain higher accuracy.  

To summarize, tree-based models, particularly ensemble bagged trees, outperformed other 

machine learning methods in various scenarios. Bagged trees were most successful due to their 

ability to reduce variance by averaging predictions from multiple decision trees. Boosted trees, 
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though strong, did not surpass bagged trees' performance. Neural networks, while suitable for non-linear relationships, did not perform as well as tree models on this dataset, suggesting tree-based approaches are more effective for these prediction tasks. 

[image: ]

 

(a)                                                (b)
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Figure 9 – Response Plot (a) and Validation Plot (b) for Zone 4 with 5 predictors
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(a)                                                (b)
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Figure 10 – Response Plot (a) and Validation Plot (b) for Zone 5 with 5 predictors

Analyzing the response plots highlights key insights into the model's ability to predict lighting energy consumption. In Zone 4, the response plot given in Figure 9 (a), shows a good alignment between predicted and actual values overall. However, deviations are observed in certain cases, particularly when the lighting load increases, indicating that the model may struggle to capture more extreme variations in energy consumption. This aligns with the validation plot given in Figure 9 (b), where the model generally performs well but shows increased variance in certain high-load scenarios. In Zone 5, the response plot given in Figure 10 (a) demonstrates that the model generally handles the predictions with consistent accuracy. However, as observed in the validation plot given in Figure 10 (b), the predictions for some individual cases are scattered, suggesting that while the model captures the general trends well, it may not perform as consistently when predicting specific instances. Despite the strong overall performance  metrics  (RMSE,  R-squared), this discrepancy indicates that the model might benefit from further refinement to handle outliers or extreme values better. In both zones, the response plots and validation plots provide valuable insights into how the ML models perform across different lighting conditions. The results indicate that while the models are effective in capturing general patterns, their performance could be improved for specific scenarios, especially when dealing with higher energy consumption or less common data points. 

In this study, principal component analysis (PCA) was applied to reduce the dimensionality of the dataset before implementing the ML models. PCA is commonly used to transform high-dimensional data into a lower-dimensional space by generating uncorrelated components that 
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capture most of the data’s variance. This can be useful for models sensitive to multicollinearity, 

like regression models, as it simplifies the input space and removes potential correlations. 

However, after applying PCA, a consistent decline in predictive accuracy across all models was 

observed. This is likely because tree-based models, including bagging and boosting, naturally 

handle high-dimensional and correlated data well, as they can select important variables and 

create effective splits. By transforming features into principal components, PCA may obscure 

the original data structure that tree models rely on, reducing their predictive performance. Thus, 

preserving the original feature space may yield better results, especially for models suited to 

complex relationships. 

5      Conclusion

This study set out to identify the most suitable ML technique for predicting lighting loads in 

office buildings, with the goal of enhancing energy efficiency and sustainability in building 

management. Using a comprehensive dataset of energy consumption and  environmental 

conditions from an office building in Bangkok, Thailand, the performance of various ML models, 

including tree-based methods, neural networks, and linear regression models were compared. 

The results clearly demonstrate that tree-based models, particularly ensemble bagged trees, 

consistently outperformed other ML approaches that were used in the study across different 

zones and predictor sets. In three out of four scenarios applied in the study, bagged trees 

achieved the highest prediction accuracy, demonstrating their ability to reduce variance and 

improve model robustness by averaging predictions from multiple decision trees. However, 

while the models generally captured energy consumption patterns accurately, they exhibited 

some limitations, particularly in handling extreme or less frequent lighting load conditions. In 

certain cases, deviations between predicted and actual values were observed, especially in 

high-load scenarios. This suggests that further refinement could improve prediction accuracy 

for more complex or extreme cases. 

Overall, this study aimed at highlighting the potential of predictive analytics in optimizing 

building energy management, especially in terms of lighting energy consumption. The findings 

underline the importance of selecting appropriate ML models based on dataset characteristics 

and prediction tasks. Future research could expand on these results by incorporating additional 

variables, such as occupancy patterns or daylight levels, or testing more advanced algorithms 

to further enhance predictive capabilities  and contribute to more sustainable building 

operations. 
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Abstract

In educational buildings, in addition to classrooms where only the act of reading is carried out, 

studies  that  include  different  activities  are  also  carried  out.  The  design  studio  used  for 

architecture and other branches of art is one of these. The spaces defined here can either exist 

within  a  newly  designed  building  or  be  realized  by  transforming  an  existing  building  into  an 

educational building. In this process, the daylighting of the planned or converted classrooms 

and  design  studios  is  important.  This  study  covers  a  review  on  the  performance  evaluation 

methods of the daylighting of design studios and classrooms in educational buildings through 

computer  programs  and  the  examination  of  the  computer  programs  used.  The  static  metrics 

and  climate-based  metrics  performed  in  the  work  plane  are  analyzed  separately,  and  glare 

analyses  are  also  presented.  The  daylight  factor  (DF)  under  overcast  skies,  and  daylight 

autonomy (DA), useful daylight illuminance (UDI), which can use variables based on a certain 

time interval under different sky conditions, are the metrics used in the work plane. The studies 

examined  are  classified  as  the  tools  and  methods  of  daylighting  analysis  for  educational 

buildings and how they are used in different educational buildings is discussed. As a method, 

a  systematic  classification,  analysis,  evaluation  and  presentation  of  the  literature  review  is 

made,  and  the  study  is  actually  a  preliminary  research  of  another  scientific  study  to  be 

conducted in the future. The study planned in the next phase involves the re-functioning of a 

building  used  as  an  office  building  by  converting  it  into  an  educational  building.  Different 

transformations were applied on different floors of the building designed and used as a multi-

storey office. As a result of this transformation, there is a need for performance analysis of the 

design  studios  and  classrooms  on  different  floors  in  terms  of  daylighting,  and  their  role  in 

integrated  lighting  needs  to  be  revealed.  The  building  automation  system  has  an  instant 

reflection through point light measurement and activates the artificial lighting system sufficiently 

when necessary. With the data to be obtained from here, targets for the use of artificial lighting 

automation will be revealed. It is aimed to transfer data to automation system design. Therefore, 

the  work  presented  in  this  paper  aims  to  define  the  scientific  foundations,  justification  and 

methods prior to a series of computer simulations on the daylighting performance as a result of 

refunctionalization.

Keywords : daylighting performance, computer simulation, classroom visual comfort

 

1       Introduction

Daylight  affects  human  psychology  and  physiological  features,  as  it  can  influence  mood, 

awareness, and vision. Daylight is an essential component of the classroom environment, and 

its role in improving the education and productivity of students has been widely studied. In the 

learning  environment,  daylight  plays  a  significant  role  in  creating  a  better  environment  for 

teaching and learning, as poorly lit classrooms negatively affect students’ health and learning 

ability (Sabbagh, Mandourah & Hareri, 2022). It is essential that comfortable visual conditions 

should  be  created  in  school  buildings  which  will  unequivocally  contribute  to  the  teaching-

learning process in schools (Azodo, 2017). Daylight has direct effect on learning achievement 

and psychology of the students in classrooms (Azodo, 2017; Rahman & Tuhin, 2019). Daylight 

is predominantly engaged in schools because most schools operate exclusively during daylight 

hours with the sunlight being the main and in most cases the only lighting source for the amount 

of light received within the classroom spaces (Azodo, 2017). The careful introduction of daylight 
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into educational buildings reduces operating costs, improves students’ vision and perception, and contributes to students’ health, comfort, and productivity. Effective use of daylighting can reduce  energy  consumption  as  well  as  make  the  classroom  feel  more human  and  less institutional (Rahman & Tuhin, 2019).  A recent study noted that schools and colleges delineate an essential quality of student’s life as they spend at least one-quarter of the day (6 hours) in the  schools  and  colleges.  To  support  and  enhance  students’  safe  learning  environment  for qualitative and quantitative impacts, the level of light sufficiency in the environment has to be assessed for alteration if need be (Azodo, 2017). 

The study is divided into three parts. In the first part (section 2), the daylighting metric is defined and the topics of “visual discomfort and glare” and “static and dynamic metrics” are examined. In the second part (section 3), under the main topic of “daylight-oriented educational building design”, “achievements for energy certificate” and “targeted illuminance values for classrooms” are discussed. In the last part (section 4) “simulation variables” and the necessary parameters for a simulation such as “sky model”, “time-period”, “light reflectance value” are explained.

2       Daylighting metrics 

Most of the daylighting metrics are based on hourly daylight values (i.e. illuminance) calculated during occupied daytime hours at points on a grid over a daylight zone at work plane height, typically 0.75 m, and are used to assess the daylight availability in a space (Lakhdari, Sriti & Painter,  2021).  The  metrics  are  separated  into  two  categories,  which  are  luminance-based, including  glare  and  spatial  visual  discomfort,  and  illuminance-based,  such  as  illuminance, uniformity ratio, and daylight factor (Yunitsyna & Toska, 2023). The most common metric for assessing  daylight  exploitation  are  Illuminance,  Uniformity  ratio,  and  Daylight  factor  (Mehta, 2020). Considering the kind of calculations, the simulation results analysis is divided into two sets of dynamic and static. Static calculation is a kind of calculation assessed in a special time and fixed conditions, whereas dynamic calculation is assessed during the year, based on annual weather  information  and  changing  conditions.  Using  these  analyses  and  comparing  daylight systems’ options in different models with different conditions pave the way for choosing proper and  optimal  option  by  considering  daylight  (Moazzeni  &  Ghiabaklou,  2016).  However,  time-varying  predictions  (climate-based  metrics)  proved  to  be  more  realistic  than  these  metrics. These  include  Useful  Daylight  Illuminance  (UDI),  Daylight  Autonomy(DA),  Spatial  Daylight Autonomy(sDA),  Annual  Sunlight  Exposure(ASE),  Discomfort  Glare  Probability(DGP),  and Spatial Visual Discomfort(SVD). High Dynamic Range (HDR) imaging technology has also been proved helpful (Mehta, 2020). The dynamic metrics based on climate data (CBDM) have opened a new perspective for daylight studies, since they respond to the local climate, which account for the amount of daily and seasonal variations of daylight, combined with weather data. These have displaced old daylight metrics, like the daylight factor (DF), whose limitation is that it does not consider the dynamic aspects of light: the latitude, the different seasons, the different times of the day, the variations of the skies and the orientation of the building (Moreno & Labarca, 2015).

2.1 Visual discomfort and glare

Daylighting is desirable in classrooms but can pose a challenge to classroom illumination when there is a risk of discomfort from glare from windows and sunlight (Viula, Bokel & Tenpierik, 2023). The visual comfort is often defined in literature as the absence of discomfort, i.e. glare. Proper  daylighting  in  school  buildings  significantly  affect  students  whereas  poor  daylighting causes discomfort and reduces learning capacity. It is also harmful to the physical and mental health of students. Learning space that receives high daylight intensity with low glare, added with high quality artificial light source improves the visual comfort, which improves the learning space environment (Rahman & Tuhin, 2019). For a school building, good lighting design, natural and  artificial  needs  balanced,  diffuse  and  glare  free  daylight  from  two  or  more  directions, sufficient light levels for the tasks in the space. Building orientation (sun path), windows, and location  are  three  practical  design  options  according  to  the  study  that  determine  the  visual comfort and glare-free in the building environment (Azodo, 2017). There are several metrics in use for the analysis of visual discomfort from daylight glare (Viula & Hordijk, 2017). A previous study found that Daylight Glare Probability (DGP) produced a relatively better predictive power of the reported discomfort from glare in a classroom compared to other metrics (Viula & Hordijk, 2017). In a study, an experiment room for glare analysis is performed. The classroom is daylit 
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from one side through a full-length window (63% transmission glass) to the Southwest as an 

example. The interior of the room is mostly made of diffuse surfaces of light colour (Viula & 

Hordijk, 2017).

As a analysis method, there are two metrics that have been widely used from the very beginning. 

First one is daylight factor DF intervals and the second one is daylight glare probability (DGP). 

DF values are defined as lower than 1% and above than 6% and its impact on glare and thermal 

comfort. Based on this definition, DF values ranging from 1% to 6% are reported as satisfactory 

(Obralic  &  Jeghel,  2021).  The  comfort  criteria  of  glare  are  proposed  by  four  main  domains. 

(Bakmohammadi & Noorzai, 2020). 

Uniformity which is defined as the ratio of the minimum daylight factor to the average daylight 

factor  within  the  space  creates  a  uniform  distribution  of  illuminance  and  luminance 

(Zomorodian,  Korsavi  &  Tahsildoost,  2016).  The  uniformity  ratio  of  each  simulation  result  is 

also calculated using the following formula: Illuminance (minimum) / Illuminance (average) = 

Uniformity  Ratio  (Apriliawan,  Fadhila  &  Alkadri,  2023).  Many  lighting  standards  require  a 

uniformity ratio of 0.8 (minimum/average) or 0.7 (minimum/maximum) (Zomorodian, Korsavi & 

Tahsildoost, 2016). Uniformity ratio is used to study daylight distribution. Higher uniformity ratio 

means better daylight distribution. It is measured as the ratio of minimum workplane illuminance 

to average workplane illuminance. The maximum number for uniformity ratio is one (Susan & 

Prihatmanti,  2017).  In  a  study,  the  prescribed  threshold  values  for  the  uniformity  ratio  in  a 

sample classroom are outlined (Maurya, Kumar & Kumar 2023).

2.2 Static and dynamic metrics

Illuminance  is  the  amount  of  light  falling  on  a  surface  per  unit  area,  measured  in  lux 

(Zomorodian,  Korsavi  &  Tahsildoost,  2016).  Daylight  Factor  is  the  ratio  of  the  internal 

illuminance at a point in a building to the unshaded, external horizontal illuminance under a CIE 

overcast sky (Koti & Munshi, 2009). Daylight factor DF (%) is the simplest and the most common 

static metric to quantity the daylight allowed by a window (Dolnikova et al., 2020; Yunitsyna & 

Toska, 2023). DF = Einternal / Eexternal · 100 (%) where Einternal is illuminance of internal horizontal 

plane (lx) and Eexternal is illuminance of external horizontal plane (lx) (Dolnikova et al., 2020). 

Penetration of daylight based-on DF metrics is generally accepted sufficient between 2% and 

3% as per European Norms.

Among the metrics whose analyses are based on the time variable (dynamic metrics), we have 

daylighting autonomy (DA), useful daylight illuminance (UDI) and continuous daylight autonomy 

(DAcon),  which  have  given  a  more  comprehensive  evaluation,  based  on  climate  files,  of  the 

building’s orientation and the time that this is occupied (Moreno & Labarca, 2015). Nowadays, 

the most widely used dynamic daylight metrics are Daylight Autonomy(DA) which is defined as 

the  percentage  of  annual  work  hours  where  daylight  is  sufficient  to  exceed  a  benchmark 

illuminance  and  Useful  Daylight  Illuminance  (UDI)  which  is  similar  to  DA  except  that  the 

benchmark  is  replaced  by  the  illuminance  range  100  to  2000  lx.  Due  to  the  advantage  of 

dynamic daylight parameters that make consideration of daylight annual performance, DA and 

UDI are utilized continually and widely in daylight assessment and relative design process in 

recent years (Guan & Yan, 2016). 

Daylight Autonomy (DA), defined as the percentage of the occupied hours of the year when a 

minimum illuminance threshold is met by daylight only (Koti & Munshi, 2009; Li et al., 2023). It 

takes geographic location and specific weather information into account on an annual basis. 

The threshold value depends on the activity type / space function and users are can set the 

threshold accordingly. The sDA describes the amount of sufficient daylight received by a given 

space (Li et al., 2023). Spatial daylight autonomy (sDA) was used to determine the distribution 

of daylight in a room with an illuminance value of more than 300 lx with the coverage time of 

the illuminance value being at least 50% of the total measurement time, generally known as 

sDA300/50%  (Hakim  et al.,  2021).  In  addition,  it  describes  the  percentage  of  floor  area  that 

exceeds a specified illuminance level (e.g., 500 lux) for a standard percentage (e.g., 75%) of 

the annual occupied hours (e.g., from 8 a.m. to 4 p.m.). sDA500/75% represents the specified 

illuminance  of  500  lux  and  the  standard  percentage  of  75%.  The  Illuminating  Engineering 

Society  (IES)  guideline  recommends  two  different  levels  for  sDA:  the  first  level  is  preferred 

daylight sufficiency, if more than 75% of the analysis area meet the above criteria; the second 

level is nominally accepted daylight sufficiency, if 55% or more of the analysis area meet the 
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above criteria (Li et al., 2023). Useful Daylight Illuminances aims to determine when daylight levels are useful for the occupant, in terms of being neither too dark nor too bright (between 100 lux and 2000 lux) (Koti & Munshi, 2009; Sönmez & Kunduracı, 2021). For each point in the room, the UDI indicates the percentage of occurrence for a point with its daylight illuminance higher than 100 lux and lower than 2000 lux (Guan & Yan, 2016; Hakim et al., 2021). Daylight illuminance  below  the  lower  threshold  (e.g.,  100  lux)  gives  few  useful  assistances  in  the perception of the visual environment or performance of visual tasks. Daylight illuminance higher than  the  maximum  threshold  (e.g.,  2000  lux)  may  produce  visual  or  thermal  discomfort (Lakhdari,  Sriti  &  Painter,  2021;  Li  et  al.,  2023).  It  has  been  enhanced  by  partitioning  the UDI100-2000 range into 100–500  lx  and  500–2000  lx,  called  UDI-supplementary  and  UDI-autonomous  respectively  (Moreno  &  Labarca,  2015;  Guan  &  Yan,  2016). There  are  at  most three possible outcomes excessive, within or below the desired range (Guan & Yan, 2016). UDI is  selected  as  the  principal  measure  of  daylighting  performance  because  a  good  daylighting solution meets both the illuminance and visual comfort requirements of occupants. UDI is an excellent  indicator  of  both  (Bakmohammadi  &  Noorzai,  2020). Useful  Daylight  Illuminance (UDI), in which daylight levels fall within certain bins. Usually, three bins are identified by setting a lower and an upper illuminance threshold (Nocera et al., 2018). Useful Daylight Illuminance (UDI) analysis is carried out using three standard metric bins hourly time values (Azodo, 2017). This range, originally suggested to be between 100 and 2000 lux for a typical workplace, has recently been revised to be from 100 lux to 3000 lux. UDI (300–3000 lux) is the band that has largely removed the requirement for artificial lighting systems, and is used in various standards (Lakhdari, Sriti & Painter, 2021). Based on the first UDI definition, where it is stated that there is risk of glare above 2000 lux, this limit value was later reformulated to a higher illuminance value, considering an excessive UDI above 3000 lux; starting from this interval, it is established that  between  2000  and  3000  lux,  there  is  a  glare  risk  threshold.  Identifying  the  percentage within this range will allow recognizing the need for integrating design strategies or architectural elements  to  prevent  glare,  thus  taking  its  values  to  the  “in  range”  illuminance.  As  a consequence,  as  the  top  limit  value  for  this  study,  those  illuminance  values  above  3000  lux (“too high”) are set. To define the “low” limit value set at 200 lux, the minimum value established by the European norm for workspaces with continuous norm was taken as the reference with the interval between 200–300 lux being an intermediate zone. Finally, the illuminance values of the ranges are: “too low” < 200 lux, “low” ≥ 200 lux to < 300 lux, “in range” ≥ 300 lux to < 2000 lux, “high” ≥ 2000 lux to < 3000 lux and “too high” ≥ 3000 lux (Moreno & Labarca, 2015). In 2013, in an effort to improve the visual environment in future schools, a UK regulation specified mandatory  daylight  evaluations  using,  for  the  first  time,  climate-based  metrics  (Drosou, Mardaljevic & Haines, 2015). 

3 Daylight-Oriented Educational Building Design 

Daylight  in  classrooms  have  shown  positive  effects  on  students'  health,  well-being, performance,  behaviour,  productivity,  and  even  seating  preference  of  the  students  (Mehta, 2020). Daylight is an essential part of educational building design, to accommodate the type and needs of activities carried out within them, creating an optimal environment for students, and improving their ability to concentrate and perform visual tasks such as reading and writing (Sabbagh, Mandourah & Hareri, 2022; Savrunlu, 2024). Many different activities that require specific visual settings happens in the same classroom. The activities include reading, writing, and communication supported by audio and visual tools, computers, and internet access. All these regularly developing advancements  have  made  learning more  interactive, at  the same time, an additional issue for the designers (Mehta, 2020). The energy consumption of classroom lighting can reach up to 50% of the school’s total electricity costs—this is because the energy used for lighting is consumed at a daily rate, and is expensive (Dolnikova et al., 2020). Building design  aiming  to  provide  the  maximal  level  of  daylight  reduces  the  lighting  energy  loads (Yunitsyna & Toska, 2023). The daylight distribution could be considered sufficient for design studios depending on their orientation with the help of placement and the sizes of the windows. There are several design considerations that could be improved upon to ensure a comfortable and  functional environment  for its occupants (Dökmeci, 2023).  Visual arts, such as painting, sculpture, carving, textile design and photography, require specific lighting conditions, which are different from the regular classroom standards (Yunitsyna & Toska, 2023).

Creating an ideal classroom environment depends on so many different factors, including the structure of the building, classroom size, windows, orientation to the cardinal, glare protection, 
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interior equipment, color of surfaces, etc. (Dolnikova et al., 2020). Since most school buildings 

have a three-zone (classroom - corridor - classroom) layout, with the classrooms aligned along 

the two sides of the communication space (the corridor), this means that classrooms that have 

vertical windows are illuminated from one side only. An alternative to this concept, which can 

provide  better  daylighting,  is  a  two-zone  (classroom - corridor)  form  of  school  building.  This 

provides the possibility of illuminating the classrooms from two sides by using the additional 

light that comes from the corridor (Bezjak et al., 2003). Two basic groups are defined as follows: 

● classrooms  with  one-sided  illumination -  the three-zone  form  (classroom -  corridor  -

classroom)

● classrooms with two-sided illumination - the two-zone form (classroom - corridor)

This optimization process tends to make the corridor of the school building as short as possible, 

and so the classrooms tend to be relatively deep. This allows for a reduced external area of the 

building  in  relation  to  its  volume,  which  also  results  in  a  more  energy-efficient  design  of  the 

school  building.  In  an  attempt  to  reduce  energy  consumption,  today’s  classrooms  have 

stabilized  at  a  height  of  3.20  m.  As  the  height  of  the  classroom  increases,  the  depth  of  the 

classroom  will  also  increase  as  natural  lighting  will  penetrate  more  into  the  interior.  Two 

different corridor widths are proposed as the one is 2.40 m, as a minimum, empty corridor width 

(without  desks  and  cupboards),  and  the  other  is  3.60  m,  as  a  more  comfortable  corridor  (or 

hallway) width that would enable it to be used as a communication space, or for educational 

and social purposes. The most effective design from visual comfort point of view is two-zone 

form of school building with two-sided illumination of the classrooms (Bezjak et al., 2003).

3.1 Achievements for energy certificate

LEED  NC-v.2.2  EQ  8.1:  requirement  for  LEED  2.2  EQ  addresses  a  minimum  daylight 

illumination of 25 foot candles (270lux) to be achieved in at least 75% of all regularly occupied 

areas (Zomorodian, Korsavi & Tahsildoost, 2016). LEED rating system originally required a DF 

2% for at least 75% of the critical visual task zones to achieve indoor environment credit 8.1. 

BS 8206-2 requires DF 2 or 5 depending on electric lighting requirements to support human 

well-being (Piparsania, Vaidya & Kalita, 2020). According to Norwegian Green Building Council 

and BRE Global minimum and average daylight factor for classrooms have been defined as 2% 

and  5%,  respectively  (Zomorodian,  Korsavi  &  Tahsildoost,  2016).  In  general,  the  minimum 

daylight  factor  (DF)  for  any  space,  according  to  LEED  v4,  BREEAM  and  Green  Star,  is  2% 

(Galal, 2019).

Based  on  the  LEED  v4  standard,  it  is  recommended  that  buildings  to  meet  specific  daylight 

design criteria, namely sDA30050% > 55% (Hakim et al., 2021).  The Leadership in Energy and 

Environmental  Design  (LEED)  awards  Credit  Points  1,  2  and  3  to  the  sDA300/50%  for  the 

regularly occupied floor area at least 40%, 55% and 75%, respectively. The sDA can well reflect 

the indoor daylight uniformity, while it cannot evaluate the visual glare issue (Li et al., 2023). 

cDA  is  the  basic  modification  of  DA.  The  cDA  represents  the  percentage  of  occupied  hours 

during the year when the illuminance of a particular point in the room is at or above the target 

threshold level, with  proportional credit  given  for  cases  if its  daylight contribution  meets  this 

level  partially.  For  example,  if  the  value  of  daylight  illuminance  is  250  lux  at  an  interior  grid 

point, DA500 lux would give it 0 point whereas cDA500 lux would give it 250/500 = 0.5 point. 

This daylight metric will help estimate the energy savings by dimming or multistage switching 

controls.  DA  and  cDA,  however,  can  only  evaluate  the  performance  of  indoor  daylighting 

environment for a particular point rather than an area (Li et al., 2023).

Useful daylight illuminance (UDI) as a modification of Daylight Autonomy is extensively used to 

evaluate daylight performance, providing full credit only to values ranged between 100 lux and 

2000 lux (Kwon & Lee, 2018). The UDI scheme reflects the distributions of annual daylight level 

by determining the occurrence of daylight illuminances within the upper and lower thresholds, 

indicating  whether  the  indoor  daylight  is  insufficient,  desirable,  tolerable,  and  excessive. 

However,  there  is  some  debate  about  the  choice  of  2000  lux  as  an  ‘upper  threshold’  above 

which daylight is not required due to potential glare or overheating. For example, LEED V4.1 

option  2  adopts  the  illuminance  levels  between  300  lux  and  3000  lux  (Li  et  al.,  2023). 

Meanwhile, the UDI100-3000lx average of > 80% was first set as an appropriate daylight level 

in a classroom space in  a  Priority  School Building Program  (PSBP)  in  the UK (Hakim  et al., 

2021). BREEAM HEA1: The BREEAM Health and Wellbeing Credit, HEA1, pass requires that 
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both  the  following  conditions  are  met:  1.  For  pre-schools,  schools  and  further  education colleges, at least 80% of floor area in occupied spaces should be day lit, having an average daylight factor of 2.25 at the height of 0.8 meters for a multi-story building in a city with latitude less than 40. 2. A uniformity ratio of at least 0.4 (spaces with glazed roofs, such as atria, must achieve a uniformity ratio of at least 0.7 or a minimum point daylight factor of at least 1.4%) (Zomorodian, Korsavi & Tahsildoost, 2016). Several standards use a threshold of 300 lux to evaluate the daylighting conditions in schools (Chi, 2024).

3.2 Targeted illuminance values for classrooms

The importance of daylight in classrooms is highlighted in various standards and guidelines. Illuminating Engineering Society of North America (IESNA) recommended 300 lux to 500 lux of illuminance level for learning tasks (Rahman & Tuhin, 2019; Nocera et al., 2018; Lakhdari, Sriti & Painter, 2021; Moazzeni & Ghiabaklou, 2016). The illumination uniformity ratio should be no lower than 0.5 (Arabi et al., 2019; Ho et al., 2008). On the other hand, recommended average illuminance  values  are  between  300  and  700  lux  for  visual  tasks  in  classrooms,  including reading and writing respectively (Zomorodian, Korsavi & Tahsildoost, 2016). It was also found that the Chartered Institution of Building Services Engineers (CIBSE) in the UK similarly defines the classroom standards as 300 lux and laboratory as 500 lux. The International Commission on Illumination (CIE) suggests limiting by 700 lux for indoor learning for learning & writing (Kwon & Lee, 2018). According to the European norm EN 12464-1, the illuminance level in classrooms and tutorial rooms must be a minimum of 300 Lux, which rises to 500 Lux for evening classes, adult  education  and  blackboard  applications.  Therefore,  300  Lux  can  be  the  minimum requirement for daylighting applications and a threshold of 500 Lux may be applied to evening applications (Galal, 2019). Visual arts, such as painting, sculpture, carving, textile design and photography, require specific lighting conditions, which are different from the regular classroom standards.  Due  to  the  limited  number of  studies  in  this  area,  it  is  necessary  to  examine  the specificities of different types of visual arts and to provide specific design guidelines for lighting enhancement (Yunitsyna & Toska, 2023).

The  illuminance  values  are  defined  based  on  the  object  of  study,  classrooms,  for  which  a revision  of  the  regulatory  and  standard  aspects  was  carried  out  to  define  the  illuminances considered for the “in range” values: target illuminance. A minimum limit value of 300 lux (simple task) and a maximum limit value of 2000 lux (accurate visual perception) are established as defined  by  Illuminating  Engineering  Society  of  North  America  (IESNA)  (Moreno  &  Labarca, 2015).  The  following  lux  level  for  daylight  standards of  illumination  according  to  the  space function  is  determined;  300  lux  is  for  classrooms,  tutorial  rooms,  music  practice  rooms, computer practice rooms, language laboratories; 500 lux is for lecture halls, art rooms, practical rooms  and  laboratories,  handicraft  rooms,  libraries  and  reading  areas;  750–1000  lux  is  for technical drawing room, art rooms in art schools (Sabbagh, Mandourah & Hareri, 2022). The UK  Guidelines  for  the  Environmental  Design  in  Schools  and  the  European  Indoor  Lighting Standard set up the 300 lux illuminance as appropriate for the regular classrooms and the music practice rooms, the 500 lux to be applied in case of the workshops, art and handicraft rooms, auditoriums,  and  750  lux  in  the  art  and  technical  drawing  classrooms  in  the  art  schools (Yunitsyna & Toska, 2023).

In standard classrooms the light should be distributed in a way to provide the uniformity of 0.6 (Uo) and the color rendition (Ra) of 80, however in the visual art classrooms these parameters are higher due to the specificity of the artwork, where the color rendering is essential. For the visual  art  classrooms,  the  Ra  can  be  set  over  90.  The  lighting  requirements  for  different classrooms are summarized in lighting standards (Yunitsyna & Toska, 2023).

4 Simulation Parameters 

Simulation  tools  avoid  the costly and  time-consuming  field data collections (Mehta,  2020).  It has  been  suggested,  as  a  principle  for  investigation,  that  the  old  daylight  analysis  methods provide very limited information compared to the dynamic methods that integrate factors like the types of skies and the local light conditions. These methods strengthen the evaluation of the  daylight  strategies  applied  and  favor  an  integrated  design  (Moreno  &  Labarca,  2015). Results  of  daylight  simulations  have  allowed  evaluating  extensively  parameters  such  as Daylight Factor, Daylight Autonomy, and Useful Daylight Illuminance (Guan & Yan, 2016). The interior  illuminance  was  evaluated  in  relation  to  a  target  illuminance  value  (goal-oriented 
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assessment), for which five intervals are defined: low, too low, in range, high and too high. The 

aim of the goal-oriented approach is to set a target range of values and assess the percentage 

of time over the year where each range is reached and the percentage of spaces in a temporal 

map within in range during the year (Moreno & Labarca, 2015).

4.1 Sky models 

Sky models play a crucial role in predicting solar radiation and capturing the sun’s path and its 

interactions with the atmosphere, influencing the distribution, intensity, direction, and colour of 

daylight (Nazari & Matusiak, 2024). Direct sun ray from the sun at clear sky or slightly cloudy 

sky and diffused daylight are components of daylight. The light intensity of the sun changes 

depending  on  the  atmosphere,  the  state  of  the  sun  and  the  latitudes.  Reflected  light,  is 

described as light reflected from surfaces created by nature and man. The sun illuminates the 

surfaces, providing additional light sources (Bor, 2021). Today, the Perez sky model and CIE 

standard  have  defined  sky  models  for  clear,  intermediate,  and  overcast  skies,  and  further 

developments have included recommendations for 15 CIE standard different sky types. Among 

all sky models for the luminous distribution function, the CIE general sky and the Perez sky are 

widely  implemented.  The  CIE  general  sky  defines  15  parameter  sets  for  a  range  of  sky 

conditions  (clear,  intermediate,  or  overcast),  while  the  Perez  sky  model  adjusts  these 

parameters based on direct and diffuse irradiance (Nazari & Matusiak, 2024). The four types of 

skies included are defined starting from two parameters, the clarity and the brightness of the 

sky,  which  are  derived  from  the  direct  or  global  diffuse  irradiance;  the  interpolation  of  these 

parameters through the luminance distribution of the skies allows determining the type of sky 

(Moreno & Labarca, 2015; Guan & Yan, 2016).

4.2 Time period

In  daylight  calculations,  it  is  necessary  to  determine  the  occupancy  period  of  the  spaces. 

Different time periods can be selected for different building programs. For schools, it may vary 

according to the intended use of the building and local conditions and practices of the schools. 

For example, one field study shows that a school provides education in a time period from 7 am 

to 3 pm, while another study shows that a school provides education in a time period from 8 am 

to 4 pm. Therefore, depending on the field study, the time period should be selected and the 

simulation  parameter  should  be  entered  (Moreno  &  Labarca,  2015).  The  academic  calendar 

also varies from country to country and institution to institution. For instance; in the academic 

calendar of elementary schools in Chile, classes begin on the first week of March and end by 

the second week of December. In China, students have three months off per year: February, 

July and August, and daily academic schedule is from 8:00 a.m. to 6:00 p.m. (excluding lunch 

break  from  12:00  p.m.  to  2:00  p.m.  The  diagram  of  occupancy  and  unoccupied  time  and  an 

example of a temporal map with occupancy time marked in a case study (Guan & Yan, 2016).

4.3 Light reflectance value 

Reflectance  is  the  amount  of  light  which  reflects  off  an  object  (Url  1,  2024).  The  surface 

reflectance properties are assigned based on design intent (primarily walls, ceiling and floor). 

In addition, visible light transmittance (VLT) data is essential for window glazing (Koti & Munshi, 

2009).  For  the  calculation,  a  horizontal  grid  representing  the  student’s  work  plane  is  used. 

Before  the  simulations  to  be  performed  on  the  work  plane,  it  is  necessary  to  define  the 

reflectivity properties of the materials of the walls, floors and ceilings that make up the space. 

The properties of the interior materials are defined by the reflection coefficient based on values 

recommended for classrooms in percentages (Moreno & Labarca, 2015). High reflectance of 

the ceiling provides for a more equal daylighting of the working surfaces along the depth of the 

classroom (Bezjak et al., 2003). The attributes of the classrooms shall be shown in the case 

study and the classroom elements, surface finishing, and materials at the school shall be listed 

(Sabbagh, Mandourah & Hareri, 2022).

5 Conclusion

In  many  analyses  of  educational  buildings,  standard  classrooms  are  mostly  included,  and 

performance measurements in classroom use situations such as design etc. are encountered 

in a limited number of studies. In the case of reuse of existing buildings for different purposes 

other than their original design, there is also a need to analyse whether the illuminance levels 

in the interior are sufficient. In this context, this study aims to determine the daylighting analysis 
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method for an educational building that has been converted into a design studio through reuse. When daylighting metrics are analysed, it is determined that “visual discomfort and glare” is a metric that needs to be simulated for educational building design. It has been observed that more accurate results are obtained from climate-based simulation. In some countries, climate-based simulations have been made compulsory in the certification systems to be obtained for educational buildings and have started to be widely used today. Unlike standard classrooms, the  target  illuminance  levels  of  classrooms  whose  purpose  of  use  is  more  specialized  also change  and  attention  should  be  paid  to  this  issue  in  simulations.  In  terms  of  simulation parameters, different types of sky models are now used along with dynamic simulation models. The  standard  CIE  overcast  sky  used  in  static  simulations  now  has  many  alternatives.  In addition, the time frame for the use of the space in the simulation varies and the time frame within the education system in the case study needs to be considered.  Another issue is the correct  input  of  the  light  reflection  values  of  the  materials  that  make  up  the  space,  such  as floors, walls and ceilings, into the simulation tool. Here, the light transmittance coefficient of the glass  forming  the  window  also  comes  to  the  fore.  With  this  described  methodology,  daylight performance can be simulated for design studios, which are considered as a specialized use in an educational building.
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