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A COMPUTATIONAL MODEL FOR ACCOMMODATING SPATIAL
UNCERTAINTY: PREDICTING INHABITATION PATTERNS IN
OPEN-PLANNED SPACES

SUMMARY

Predicting spatial occupancy and users’ behaviour has always been an important field
of research. A range of computational models have been developed for analysing
spatial inhabitation and human activities, which are typically focussed on macro-
patterns, often in cellular or linearly-organised spaces. Few models exist for
simulating where people will cluster within complex environments. One reason for
this relates to the inherent uncertainty associated with spatial attributes. This thesis
proposes a computational model for predicting patterns of inhabitation in ill-defined
spaces which are the subject of higher levels of uncertainty. Such spaces are common
in large exhibition and conference halls, airport foyers and the concourses of train
stations. They are free, open-planned spaces which are not divided into defined
rooms by doors or walls, but accumulations of various sub-functions and their virtual
sub-spaces within an overall environment. Since the configuration does not define
strict patterns of usage, the task of modelling these patterns becomes more difficult.
As a novel approach, fuzzy sets theory is used in the model as the means for handling
uncertainty; for both the expression of vague spatial configuration and for the
analytical estimation of how people spatially behave.

A total space could, hypothetically, be seen as a fuzzy set where each sub-space (and
its sub-function) is a fuzzy subset. The smallest unit of this space, which can
accommodate a person, is an element or member. Any member in the two-
dimensional space belongs to a sub-space with a membership degree 0 <x < 1. So, a
member can belong to more than one sub-space and a sub-space can be comprised of
members with various differing membership degrees. The membership degree is
defined by the possibility of a person in that spatial unit; as being present in that sub-
space and involved in that sub-function. The sub-spaces in the model are defined as
“fuzzy architectural spatial objects” (FASOs). They comprise points, lines, regions
and complex regions in buildings, which possess similar features. Having three
different zones in a simple fuzzy region, all of the spatial units have the membership
degree of x = 1 in the core, 0 < x < 1 in the indeterminate boundary and x = 0 in the
exterior. This describes the possibilities of being wholly or partly involved in the
activity, or being totally disengaged from it. The zones are virtually constructed in
the space. The borders between them are fuzzy; not demarcated physically but
through conceptual separations that are flexible and permeable to members. So, those
objects are neither stable in size nor in shape; they are able to enlarge, diminish,
move, merge, separate or disappear, or additionally transform into each other. They
change by the free flow of possibilities of involvement or engagement in the space.
The practical value of the notion of FASOs in the model is that they provide a spatial
representation of the prediction of those possibilities. The possibility of presence is
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linked to the membership degree of a spatial unit of a certain FASO, so; spatial usage
(inhabitation patterns) could be conceptualised as being about the memberships in a
spatial set coupled with the capacity to map the whole space accordingly.

On this basis, the model calculates the possibilities of presence using a fuzzy
inference system (FIS) which operates through some parameters (inputs) and logical
postulates (if-then rules) that reflect a specific usage function of features, objects and
people in the space. The outputs of the FIS are the membership degrees of all the
spatial units in the whole space. Later, the model visualises the distribution of
possibilities in order to make the FASOs appear on the given plan. The result of the
model is a spatial usage map which shows the zones that in all likelihood there will
be a person or persons, and the zones that signify a remote possibility of people in
those parts of the space. Also it is possible to make deductions about the quality of
spatial usage when we interpret the topological relations among the FASOs. The
model is structured to be open-ended, to accommodate additional parameters and
logical rules as required. In this way the model is capable of mapping different
combinations of spatial usage; another set of space, function and user. Any change in
the input variables and control statements will make the FASOs change. Then it is
possible to compare different predictive maps and to evaluate them for various
altered conditions.

After a detailed explanation of the computational process of the model, which is run
in MATLAB software, the thesis demonstrates a case study. One of the major
exhibition spaces in Istanbul; Tophane-i Amire is analysed when a popular travelling
exhibition is on display; the Salvador Dali Exhibition. Appropriate parameters are
chosen from the sets of morphological features and functional requirements, also
visitor profile and population, which affect the spatial occupancy in the exhibition
hall. The logical rules are listed which create meaningful links between inputs and
the output -the membership degree of a FASO. Three usage maps are generated
depending on different population densities in the space. The results and accuracy of
this application of the model are also discussed in the thesis. According to the
findings about usage of space for the Dali Exhibition in Tophane-i Amire, the spatial
arrangement and layout is efficient for a lower visitor density in terms of the
fulfilment of function and the quality of display, but insufficient to adapt to higher
densities. From an architectural perspective, the predictive maps broadly replicate the
observed usage of space. So, the occupants’ behaviour and the pattern of inhabitation
could be foreseen (and problems potentially avoided) by modelling the FASOs and
their topological relations. Accordingly, the thesis suggests more future work related
to the case study; such as modelling and comparing alternative display layouts of the
exhibition for a better installation, and analysing the flexibility of the exhibition hall
by modelling different exhibitions that have taken place.

The model can also be used for different functions and typologies; where there is a
constant flow of people like in an airport foyer. Additionally, the applications are not
limited to only an architectural scale and for open planned interior environments, the
model can also be utilised for cases of urban studies, like the usage of public squares
and parks. But, the proposed model cannot be used for the analysis of divided cell-
like spaces or fixed furnished settings like a theatre, where the configuration
eliminates uncertainty by strictly imposed usages of space.
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While several parts of the model build directly on previous research, its significance
is found in the way it deals with spatial uncertainty. For any specific condition of
space, function and users, the model draws a very real-life picture of the spatial
usage. This capacity of the FASO model to map the potential limits and character of
the uncertainty implicit in space is necessary, as a decision tool both at the
preliminary design stage to provide feedback to the concept project, and during the
building’s occupation to forecast problems and make operational adjustments. This
type of analysis can be used to assist architects, designers, operators and users, as
well as students and educators who need to be able to assess the performance and
flexibility of such spaces. However, it must be acknowledged that the proposed
model is still under development, needing a much larger set of examples and a more
detailed correlation analyses between the predictions of the model and actual
behaviour patterns. While further evidence is needed, along with refinement of the
model, to confirm its application, it still offers a rare way of approaching the analysis
of uncertain spaces; a way to test the total space and whether it is adaptable to
change by measuring its capacity under differing space, function and user related
conditions.
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MEKANSAL BELIRSIiZLiGIN COZUMUNE YONELIK
SAYISAL BIR MODEL ONERISi: ACIK PLAN MEKANLARDA
KULLANIM ORUNTUSUNUN TAHMINI

OZET

Bu tez calismasinda mekansal belirsizlik itizerine odaklanilarak, bu durumdaki
kullanim Oriintlisiniin tahminine ve sunumuna yonelik bir bilgisayar modeli
gelistirilmigtir. Mekansal belirsizlik, mekan bi¢imleniminin net ve kesin islevsel
ayrimlar ortaya koymadigi agik-serbest planli tasarimlarda goriiliir. Buna o6rnek
olarak ¢ok amagli salonlar, genis sergi salonlari, tren garlari ya da havalimanlari
verilebilir. Bu mekanlar kisimlara ayrilarak boliinmediginden ancak alt islevler ve
onlarin alt mekan kiimelerinin biraraya gelmesi ile tanimlanabilirler. Mekansal
belirsizlik kullanici davranisi ve kullanim semalarinin ortaya dokiilmesini de daha
zor ve karmasik hale getirmektedir. Ote yandan, mimarlar esnek ve degisime adapte
olabilmis mekanlar i¢in kullanim yoniinden belirleyici olmayan tasarim
yaklagimlarini tercih etmektedirler. Ancak bu tarz mekanlarin da farkli islev,
diizenleme ve kullanic1 gruplarmma gore nasil yasayacagimi tahmin etmek ve
Ongorebilmek, gerek tasarim asamasinda gerekse kullanim esnasinda oldukca 6nemli
bir ihtiyactir. Bu noktadan hareketle tezde, mekansal belirsizlik; bulanik mantik ve
bulanik kiime teorisi i¢cinde ele alinmis, ve kullanim simiilasyonu yapabilecek 6zgiin
bir model 6nerisinde bulunulmustur. Amag, oncelikle total mekan i¢indeki insanlarin
alt mekansal kiimelerde bulunma olasiligin1 hesaplamak; ve daha sonra tiim olasilik
dagilimlarin1 uygun sekilde gorsellestirmektir. Boylece belirsizlik faktoriine ragmen
tasarimecilar, isletmeciler ya da kullanicilar -hatta tasarim egitimi i¢inde 6grenciler ve
egitimciler de- mekanin nicel ve nitel performans: tizerine karar verebilecek somut
veriler elde etmis olacaktir.

Literatiirde mekansal kullanim ve kullanic1 hareketi lizerine bircok metod ve model
onerisinde bulunulmustur. Ozellikle kompleks, dinamik ve lineer olmayan mekansal
sistemlerin ve karmasik kullanici davraniglarinin tahmini i¢in etmen tabanl
modeller, hiicresel otomatlar, sosyal kuvvet modelleri, bifurkasyon ve kaos teorisine
dayali yontemler, 6zellikle belirsizligin stokastik siirecini inceleyen Markov zinciri
ve Monte Carlo metodlar1 gibi bir¢ok yaklagim one siirtilmiistiir. Mekan sentaksi
teorisi ve morfoloji tabanli ¢aligmalar da kullanim ve davranig oriintiileri hakkinda
hipotezler olusturmustur. Ne var ki hala, genis, serbest ve agik plan tasarimlarin
mekan analizine yonelik tek ve kapsayici bir yontem gelistirilememistir. Bunun en
onemli nedenleri mekan kurgusundaki belirsizligin dikkate alinmamasi ya da isleme
dahil edilememesi, ve kullanim semasini olusturan tiim mekansal, islevsel ve insani
faktorlerin birarada degerlendirilememesidir. Tez calismasi bu acig1 gidererek;
mekansal belirsizlik i¢inde gergege en yakin kullanim diizenini verebilecek uygun
tahmin modelinin gelistirilmesini hedeflemistir. Tez; teori, yontem, model ve
modelin uygulamasi agamalarin1 igeren oldukca genis ve kapsamli bir arastirma
sunmaktadir.
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Calismada ilk olarak belirsizlik kavrami ve belirsizligin tasarim igindeki yeri
irdelenmistir. Belirsizlik; fizik, matematik, ekonomi ve cografya gibi bir¢ok
disiplinin ¢alisma alaninda 6nemli bir yer tutmaktadir. Arastirmacilar belirsizligi
tanimlamaya, 6l¢meye ve sistemlere dahil hale getirmeye ¢abalamaktadir. En genel
tanmimuiyla belirsizlik, muglak, kuskulu ve kararsiz olan bir durumu ifade etmek igin
kullanilmaktadir. Eksik ve hatali bilgi, bilgi kaynaklarina veya Olgiime dayali
tutarsizliklar, bulaniklik, sembolik/dilsel anlasmazlik, cesitlilik, smiflandirma
yanligliklari, rastlantisallik, ayrica insana ve arastirmaciya bagli 6znel faktorler
belirsizligin sebepleri arasinda siralanabilir. Belirsizligin nedeni hem olas1 sonuglar
hem de kullanilacak yontem acisindan oOnemlidir. Belirsizlik, yapili ¢evrenin
olusumunda ve mimarlik pratiginde de bulunmaktadir. Tasarim diislincesi, sonucu
basta bilinmeyen ve dogrusal ilerlemeyen bir siirecte ortaya c¢ikar. Mimarin bir¢ok
farkli girdi ve sorunsali muglak ve kisisel bir bicimde harmanlamas: yaraticilikla
dogrudan iliskilidir. Tasarimin ilk safhalarindaki eskizler ve konsept modeller ile
kavram haritalar1 ve yerlesim diagramlar1 keskin bi¢imler ve teknik ¢izimlerden
farkli olarak diisiincenin kurumsal ana hatlarin1 ve baglamsal iligkileri ortaya koyar.
Bu araglar belirsizligin tasarim siirecindeki ifadeleridir.

Ote yandan belirsizlik tasarim konsepti olarak da ortaya konmustur. Belirsizligin
yapinin yagamindaki degisimlere adaptasyonu seklinde ele alinmasi ilk kez 1960 lara
kadar uzanir. Ozellikle Archigram iitoyopyalarinda belirsizlige; bitmemis, gelisebilen
ve degisebilen mimariye gonderme yapilir. Yillar iginde farkli akimlar ve projeler bu
fikri desteklemis ve gelistirmistir. Bilgisayar destekli tasarim akigkan, dinamik ve
stirekli mekanlarin ve formlarin One siirlilmesini saglamistir. Esneklik konsepti
belirsizligin mimari ifadesinde oOnemli yer tutar. Esnek mekanlar ve sistemler
tasarlamak degisime; yeni durum ve ihtiyaglara cevap verebilmek agisindan
onemsenmistir. Ozellikle modern mimari sdylemde yer edinen bu yaklasim, Le
Corbusier, Mies van der Rohe ve Frank Lloyd Wright gibi iinli mimarlarin
manifestolarinda ve yapilarinda vardir. Agik planli tasarimlar ise esnekligin
mekansal karsiligi olarak 6ne siiriilmiistiir. Mekansal baglantisallik, biitlinciillik ve
cok islevlilik agik plan tasarimlarin en belirgin karakteristigidir. Yine modernist
tislupta 6nemli yer edinen acik planlar duvar ve diger tiim boliicii elemanlar
reddederek radikal bir 6zgiirliikk getirmistir. Acik, total planlar ev, ofis ve miize gibi
cok farkl tipolojilerde ve biiytikliiklerde uygulanmigtir. Boyle mekanlarin belli islev,
diizen ve yogunlukta nasil kullanilabilecegini 6ngdérmek ve haritalamak belirsizligin
dogru bi¢cimde ele alinmasina ve dl¢iilmesine baglhdir.

Belirsizligin matematiksel ifadesi i¢in bircok ydntem mevcuttur. Bunlar arasinda
olasilik teorisi, istatistik, klasik kiime teorisi, bulanik kiime teorisi, olabilirlik teorisi,
kaba kiime teorisi ve kanit kurami sayilabilir. Belirsizligin 6l¢iimiinde kullanilan en
yaygin metod: olasilik teorisi olaylarin sonuglar ile ilgili bilinmezlige odaklanir ve
rastlantisallik i¢indeki tiim olas1 neticeleri listeler. Oysa, Onerilen modelde de
kullanilan bulanik kiime teorisi olaylarin kendilerindeki muglaklikla ilgilenir. Bu; bir
degiskenin kazanma ihtimalinin hesab1 yerine, o degiskenin ne oldugu ve nereye ait
oldugu ile ilgili bir degerlendirmeyi kapsar. Bulanik kiime teorisinin kuramsal
temelini bulanik mantik olusturur. ilk kez 1970 lerde Aristo ikili ¢ikarim mantigina
alternatif olarak Lotfi A. Zadeh tarafindan Onerilen bulanik mantik; ortanin
dislanmasi ilkesini redderek kismi ve nispi dogru (gerceklik) savini One siirer.
Olaylar ya “0” ya da “digeri” seklinde net sonuclar ve siniflamalar yerine hem “o0”
hem de “digeri” olabilecek sekilde tarif edilir; boylece bulanik kiimeleri klasik

XXiV



kiimelerden ayiran temel yaklasim ortaya cikar. Oyle ki, bir bulanik kiime klasik
kiimeden farkli olarak belirsiz sinirlara sahiptir. Dolayisiyla bir bulanik kiime farkl
tiyelik derecelerine sahip elemanlardan (olaylardan) meydana gelir; ve bir eleman
ayn1 mantik ¢ercevesinde birden fazla kiimeye ait olabilir.

Bulanik mantik ve kiime teorisi uygulamalar1 icin MATLAB bilgisayar programi
kullanilmaktadir. Bulamik Cikarim Sistemi (BCS) basit sebep-sonug iliskileri
tizerinden kompleks davranislari modelleyebilir. BCS bes asamadan olusur, bunlar
sirayla soyledir; 1. Bulaniklastirma (giris degiskenlerine tiyelik fonksiyonlarinin
atanmasi), 2. Kural tabani (girdiler ve ¢ikti arasinda eger-ise kontrol kurallarinin
belirlenmesi ve gerekirse “ve, veya, degil” islemlerinin uygulanmasi), 3. Cikarim
motoru (her bir kuralin 6ncii béliimlerinin hesaplanip sonug (bulanik) alt kiimelerinin
olusturulmasi), 4. (Bulanik) Harmanlama (sonug¢ (bulanik) alt kiimelerinin tek bir
(bulanik) kiime olusturacak sekilde birlestirilmesi), ve 5. Durulastirma (bulanik
ciktinin uygun yontemle (6rnegin; en biiyiik iiyelik, agirlik merkezi ya da agirlikh
ortalama) kesin sayiya doniistiiriilmesi). Sugeno ve Mamdani en ¢ok kullanilan iki
cikarim sistemi ¢esididir, aralarindaki tek fark Sugeno yonteminin kural sonucglarini
bulanik degil sabit ve dogrusal vermesi bdylece durulastirmaya gerek olmadan
hesaplamay1 bitirmesidir.

Bulanik mantik bir¢ok alanda uygulandigi gibi mimaride de belirsizlige dayal
problemlerin ¢dziimii igin dnerilmistir. Ozellikle tasarim asamasinda eskizlerin dzet
ve Oznel dilini bilgisayara aktarmak, ve tasarim ortamini dijital olarak yasatabilmek
igin bulamk mantik ilkeleri kullamlmistir. Ote yandan, belirsizligin tasarima
aktarilmasinda da bulanik yaklagima bagvurulabilir. Yap1 elemanlarinin geleneksel
ve kesin birlesimlerinden akigkan formlara ve i¢ ige gecen mekanlara gelindiginde
bulanik smirlar ve kismi iiyelikler karsimiza c¢ikar. Tez g¢alismasi da agik plan
mekanlari bu mantiksal ve matematiksel yaklasim {lizerinden anlamaya ¢alismistir.
Bulanik mantik ve kiime teorisi 6neri modelde hem mekansal belirsizligin ifadesinde
hem de kullanim olasiliginin hesaplanmasinda kullanilmistir.

Model oncelikle kavramsal olarak acik plan mekanlarin bulanik kiime teorisine
dayanan bulanik mekansal objelerden meydana geldigini; ve bu objelerin de
mekansal, islevsel ve kullanic1 odakli birtakim parametrelere gore olustugunu 6ne
stirmiistiir. Hipoteze gore, boliicli elemanlarla parcalanmamis total bir agik plan bir
bulanik kiimedir, ve her alt islev ve onun alt mekan 6gesi bir bulanik alt kiime
(tiyelik fonksiyonu) tanimlar. Planda bir insanin bulunabilecegi en kii¢iik mekansal
birim kiime elemanidir, bu; verilen plana 50 x 50 cm {initelerden olusan bir grid
konulmasiyla elde edilebilir. Bir insanin belirli bir mekansal iinitede bulunma
olasilig1 o kiime elemaninin ilgili alt islev ve alt mekana ait olma derecesini ifade
eder. Mimari olarak mekansal alt kiimeler “bulanik objeler” olarak tanimlanmstir.
Bulanik obje kuramu ilk kez cografyacilar tarafindan sinirlar1 net olmayan uzamsal
nesnelere yonelik kullanilmustir. Ornegin, Amerika eyaletler haritasindaki sinirlar net
ve keskinken bir havadurumu haritasinda farkli hava kosullar1 arasindaki gecisler
daha yumusaktir; birden fazla duruma ait ortak alanlar ve igige gegen ara bolgeler
vardir. Bulanik obje nokta, ¢izgi ya da bolge olabilir. Bir bulanik bdlge x =1, 0 <x <
1 ve x = 1 seklinde farkl iiyelik derecelerine ait elemanlarin olusturdugu ¢ekirdek,
ara zon ve dig alandan olusur. Bulanik objeler esnektir; biiyiikliikkleri ve bi¢imleri
degisebilir. Objeler arasindaki topolojik iliskiler olgunun biitiinii ve genel durum
hakkinda yorum yapabilmemizi saglar. Cografi olgekte ele aliman bu objeler, tez

XXV



calismasinda agik planlarin alt mekan pargalarinin 6zelligini anlatmak i¢in uygun bir
ara¢ olarak gorlilmiis ve mimari mekana adapte edilmistir. Bu sanal objeler mekan
elemanlarinin dolma olasiligin1 yansitacaktir. Bu baglamda mekan kullanimini; baska
bir deyisle elemanlarin iiyelik derecelerini etkileyecek faktorler 6nem kazanir. Bu
faktorlerden biri alt islev odagindan fiziksel uzakliktir. Mekanin yapisal, gorsel,
algisal vb. o6zelligi de bir kriter olabilir. Isleve ait nitel ve nicel faktdrler de
distiniilmelidir (6rnegin alt islev sayisi ve hizmet kalitesi gibi). Ayrica mekan
kullanicilarinin fiziksel, sosyal ve davranigsal durumlari ile niifus faktorii kullanim
semasinin bulunmasinda oldukg¢a etkilidir.

Modelin bilgisayar destekli hesaplama ve gorsellestirme siireci MATLAB
programinda gergeklestirilir. Ilk asama mekan birimlerinin (noktalarin) iiyelik
derecelerinin BCS kullanilarak hesaplanmasidir. Oncelikle, belirli bir mekan, islev
ve kullanici durumundaki kullanim oriintiistinii olusturacak uygun parametreler
secilir. Her nokta icin parametre degeri, diger gerekli gozlem, deney ve ek
hesaplamalar ile elde edilerek girdi data dosyasi hazirlanir. Ayni anda, girdiler ve
cikt1 arasindaki mantiksal iligkiler belirlenir. BCS 6nceden anlatildigi gibi uygulanir
ve sonucta her grid noktasina ait 0 < x < 1 iyelik dereceleri belirlenmis olur.
Gorsellestirme kismui tiyelik derecelerine goére mekansal birimlerin kirmizi-yesil-mavi
skalasinda renklendirilmesidir. Sonugta, insanlarin mekandaki noktalarda bulunma
thtimaline gore farkli zonlardan olusan mekansal objeler elde edilmis olur. Farkli
biiyiikliik ve bicimdeki bulanik objelerden meydana gelen yeni plan bir kullanim
haritas1 sunmaktadir. Objeler ve aralarindaki topolojik iliskiler farkli amaclar i¢in
yorumlanip, tasarim verisi olarak kullanilabilir. Parametre degerlerindeki
degisiklikler (6rnegin popiilasyondaki artis) her seferinde yeni haritalar olusturacak;
bdylece farkli dizim, aktivite ve yogunluk durumlar1 degerlendirilebilecektir.

Tez, kapsamli bir alan arastirmasi icermektedir. Model, Istanbul’da Tophane-i Amire
sergi salonunda Salvador Dali sergisinin mekansal kullanim Griintiisiinlin tahmini ve
simiilasyonu i¢in kullanilmigtir. Tophane-i Amire yenilenmis eski bir top
dokiimhanesi olup 1150 m? lik yigma bir yapidir. Sadece sekiz kagir siitunla boliinen
dikdortgen simetrik acik plan tasarimi bir¢ok sergiye ev sahipligi yapmaktadir.
Bunlardan biri de 23 Aralik 2011 — 26 Subat 2012 tarihleri arasinda gosterilen Dali
sergisidir. 121 adet kii¢iik boyutlu resim, kolonlar arasimna yerlestirilen boliicii
duvarlarla olusturulmus sergi diizeninde temalarina gore asilmistir. Mekanin ayrintili
rolovesi yaninda, sergileme siiresi boyunca fotograflar ve video kayitlari alinmistir.

Uygulamada, oncelikle bu vakadaki kullanict davranisini etkileyecek parametreler
saptanmistir. Resim izleme noktasina olan uzaklik, gorsel biitiinlesme degeri ve
ziyaret¢i popiilasyonu faktorleri yaninda, ayrica sergi salonunda olusabilecek
kuyruklar ve toplanmalar igin dolasim rotasi izine olan uzaklik parametresi de
secilmistir. Mesafeler ArcMap programi, gorsel biitiinlesme degerleri de Depthmap
yazilimi araciligiyla hesaplanmis ve mekan noktalarimin girdi degerleri elde
edilmistir. Popiilasyon ise az, orta ve ¢ok yogun zamanlardaki ziyaret¢i sayimindan
bulunmustur. Cikt1 tiyelik derecesi ve girdiler arasindaki mantiksal iligski su sekilde
kurulmustur: uzakhik azaldikg¢a, gorsel biitiinlesme arttikca ve popiilasyon
yukseldikge iiyelik derecesi artar; ve tersi yonde iiyelik derecesi azalir. Sugeno tipi
BCS kullanilarak her nokta i¢in sonu¢ iiyelik dereceleri hesaplanmis ve
gorsellestirme silirecinin sonunda bulanik mekansal objeler ortaya c¢ikmistir. Bu
haliyle plan tanimlanan mevcut duruma ait bir kullanim haritas: sunmustur.
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Uygulama ii¢ farkli popiilasyon diizeyi igin tekrarlanmis ve sonugta elde edilen
planlar degerlendirilmistir. Az yogun haritada planin biliylik boliimii bulunma
olasiliginin diisiikliigiinii gosterecek bigimde mavi skalada (dis alan) resmedilmistir.
Mekansal birimler ara zonlarda farkli alt islevlere ait olsa da, bulanik objeler
cakismadan ferah ve belirgin bir kiimelenme olusturmustur. Ayrica gorsel
biitiinlesmenin yiiksek oldugu noktalarda olusan mekansal objeler diisiik olan
noktalara gore daha bilyiiktiir; bu da mekan diziminin ve gorsel baglantililik
Ol¢iitlintin kullanim tizerindeki etkisini vurgulamaktadir. Cok yogun haritada farkl
olarak dikkat ¢ekici degisimler goriilmektedir. Mekandaki tiim noktalar artik en az %
25 dolu olma potansiyeli kazanmistir. Daha fazla kisi barindirma ihtiyact bulanik
objelerin ¢ekirdeklerini genisletmistir. Tam tiyelik zonlar1 birbiri igine gecerek kiime
niteligini bozmustur. Alt islev mekanlarinin iist {iste binerek aynilagmasi mimari
olarak sikisik ve konforsuz bir tablo cizmistir. Ayrica bu haritada tematik resim
gruplarinin baslarinda ve dolasim rotalar1 tizerinde kuyruklar1 ve toplanmalar1 temsil
eden yeni mekansal objeler ortaya ¢ikmustir.

Tezde, tahmin haritalarinin, ger¢ek kullanim verileri ile karsilastirilarak, saglanmasi
yoluna gidilmis; boylece, modelin bu alan aragtirmasi iizerinden etkinliginin ve
islevselliginin ispatlanmasi hedeflenmistir. Farkli yogunluk zamanlarinda cekilen
fotograflardaki kullanici dagilimlari; toplanmalar, olusan kuyruklar ve sikisikliklar
bulanik mekansal objeleri onaylamaktadir. Bunun yanisira, tez ¢alismasi modelin
sistemli gergeklemesi i¢in ek analizlere bagvurmustur. Az, orta ve ¢ok yogun bir
zamanda, insanlarin sergi salonunda bulundugu noktalarin plana islenmesi ile
mekandaki bir anlik kullanim durumu elde edilmistir. Bu planlar modelin verdigi
tahmin haritalar1 ile c¢akistirllmis ve insanlarin, beklendigi gibi yiiksek iiyelik
derecelerine sahip noktalarda gezdigi goriilmistiir. Ger¢ek kullanim durumuna ait
planlarin, kullanic1 hareketine bagli olarak, de§isen her an i¢in farkli bir yerlesim
gosterecegi kesindir, ancak bu planlarin da islenen 6rneklerin varyasyonlari olup yine
tahmin haritalarin1 dogrulayacagi ongoriilmiistiir. Bu baglamda tek bir an yerine bir
zaman dilimi ele alinarak baska bir analiz daha yapilmistir. Orta yogunlukta, bir
saatlik siire i¢cinde ardisik 30 video goriintiisiindeki dolu noktalar katmanlar halinde
plana islenmis ve model ¢iktist ile karsilastirilmistir. Deney (gelisigiizel deneme)
yoluyla elde edilen asil olasilik degerleri oOneri dagilimla eslesmis; kullanim
Oriintiisiiniin yogunlugu uyusmustur. Gergek kullanim durumlariyla ortiisen tahmin
haritalar1 géstermistir ki Tophane-i Amire sergi salonu Dali sergisinin az ziyaretgisi
oldugu zamanlarda elverisli ve uygun bir ortam sunarken, say1 arttikca olusan
kalabalik sergi deneyimini olumsuz yonde etkilemektedir. Siiphesiz ki, modelle
saglanan bu kullanim 6ngoriisii en ¢ok tasarim agamasinda (Sergi heniiz kurulmadan)
faydali olabilir. Farkli sergileme diizenleri ve olas1 yerlesimler modellenip, alternatif
planlar degerlendirilebilir. Boylece mimar ya da Kiiratér karar verme siirecinde
gercege oldukca yakin verilerle hareket etmis olur.

Sonug olarak, tez calismasi mekansal belirsizlik i¢inde agik plan tasarimlarin
kullanim Oriintiistinlin tahminine yonelik bir model gelistirmis ve bu modeli ayrintili
bir uygulamayla denemistir. Model, farkli mekansal, islevsel ve kullanici
durumlarina, uygun parametre ve kurallarla adapte olabilecek esnek bir gerveye
sahiptir. Elde edilen neticeler modelin yerinde tahminler yaptigini ve etkin bir sistem
kurdugunu gosterse de, yeni uygulamalar ve saglamalarla daha gelismis ve ileri bir
seviyeye ulasabilecegi diistiniilmektedir.
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1. INTRODUCTION

This chapter gives an introduction to the thesis and proposed model. First of all, the
scope and the motivation of the research are explained. Later, previous approaches
are discussed followed by the aim of the present model. In the last section, under the
title of “The Methodology;” the hypotheses, methods and procedures are given, also

an outine of the thesis is presented.

1.1 The Scope and Motive of the Research

The present research focuses on the uncertainty inherent in spatial composition. This
uncertainty is prevalent in fluid and continuous spaces, such as in free and open
planned designs where an entire space is occupied in a holistic way, but multi-
functionality still plays an important role. Such spaces are common in large
exhibition and conference halls, airport foyers and the concourses of train stations.
These spaces are not divided into defined rooms by doors or walls, but rather spatial
modelling, coupled with material and colour changes, which act to separate various
sub-functions and sub-spaces within an overall environment. This lack of clear
spatial configuration prompts the uncertainty present in inhabitation patterns and it
also makes the task of modelling these patterns complex and difficult.

This type of uncertainty is a by-product of the freedom that exists in the way people
use architectural space, which is often regarded as an asset, and deliberately
manifested by architects for the sake of promoting flexibility and adaptability.
However, despite its benefits, a need to map the potential limits and character of the
uncertainty implicit in such spaces is necessary, both at the preliminary design stage
to provide feedback to the concept project, and during the building’s occupation to
forecast problems and make operational adjustments. So, an appropriate model
showing the patterns of potential usage is expected to be appreciatively used as a
design decision tool by anybody who needs to assess the performance and capacity
of total spaces, including; architects, operators, managers and occupants (users) as
well as design students and educators.



1.2 Previous Work

In the last few decades researchers have developed a variety of analytical methods,
data mining processes, parametric tools and visualisation techniques for supporting
spatial occupancy and behavioural mapping (Batty et al., 2013, Cheshire and
O’Brien, 2013). Human activity has been both predicted and simulated in terms of
environmental interaction within a building (Fujii and Tanimoto, 2004) and
pedestrian movement through space, especially during an evacuation (Fang et al.,
2011). Expert systems have provided suggested means for modelling spatial usage
for any design decision and evaluation process, in order to replicate human behaviour
(Rosenman et al., 1991, Rosenman and Gero, 1993). On the other hand, spatial usage
has been fundamentally linked to the morphology of space (Hillier and Hanson,
1984). In this tradition, researchers have used topological relations, isovist properties
and syntactic measurements to consider inhabitation and movement patterns as well

as perceptual and cognitive schemas (Turner, 2003, Penn, 2003, Ostwald, 2011).

To respond to the challenges associated with working with complex, dynamic and
non-linear systems, new mathematical methods and techniques have been devised,;
including agent-based models, cellular automata, social force models, the methods
depending on bifurcation theory and chaos theory, also other stochastic methods of
Markov chain and Monte Carlo. Agent-based modelling is an individual-centric
modelling which establishes a connection between the active entities (agents) and
their behaviour. An agent-based model (ABM) is used to investigate bidirectional
flow evacuation, where pedestrian speed is determined by the speed of the leading
agent and the surrounding agents (Dai et al., 2013). Cellular automata (CA) are
discrete and decentralized systems consisting of large numbers of simple identical
components with local connectivity. A two-dimensional CA model is applied to
simulate the process of evacuation with respect to the kin behaviour, which results in
backtracking (Yang et al.,, 2005). A social force model is another microscopic
approach for pedestrian behaviour. According to this idea, behavioural changes are
guided by social forces; not simply the effects of the environment (e.g. other
pedestrians or borders) but essentially the motivation to act which evokes the
physical production of an acceleration or deceleration (Helbing and Molnar, 1995).
The theory of bifurcation is the mathematical study of the nature and properties of

sudden shifts in behaviour, which is mostly applied in nonlinear dynamical systems.



For example, the mechanism of crowd jamming is demonstrated by using catastrophe
theory, a branch of bifurcation theory (Xiaoping et al., 2010). Chaos theory is the
study of apparently random or unpredictable behaviour of systems that are highly
sensitive to initial conditions -a paradigm popularly referred to as the butterfly effect.
Accordingly, the occupant’s response pattern is chaotic; minor changes may create a
greater change of the occupant’s attitudes (Lu et al., 2010). Markov chain describes a
random process (usually characterized as memoryless) from one state space to
another. The Markov chain method is used to generate stochastic occupancy
schedules within a building by using statistical properties of occupancy such as the
time of morning arrival and night departure (Wang et al., 2011). Monte Carlo method
like Markov chain refers to a stochastic process and relies on repeated random
sampling to obtain numerical results. A Monte Carlo modelling approach is
developed to establish a realistic simulation of how the spaces are actually used

according to survey statistics (Degelman, 1999).

However, despite such advances in spatio-temporal analysis there are few equivalent
models for handling patterns of inhabitation within complex structures including
large, free or open planned architectural spaces and open public urban spaces. Those
that do exist are typically derived from the methods associated with space syntax and
relevant morphological theories (Shpuza and Peponis, 2008, Bhatia et al., 2012),
agent-based models (Shelhorn et al., 1999), simulations of gaze dynamics (Wong et
al., 2012), behaviour maps (Marusic, 2011) or GIS-tracking and global positioning
systems (Gong and Mackett, 2011). But, there is still no single accurate method for
mapping usage of this kind of spatial structure. This is in part due to the
inefficiencies in handling uncertainty which exists as an inherent feature of
architectural systems, those which organize space as not being limited to distinct
boundaries (Arabacioglu, 2010), thus consequently complicating the capacity to

model or analyse patterns of spatial behaviour and occupancy.

Concerning this situation, the present work aims at a suitable approach for predicting
and simulating spatial inhabitation in response to higher levels of uncertainty which
are associated with particular, complex, spatial structures. The proposed
computational model is intended to be capable of replicating actual behavioural

schemas and showing possible occupancy in free, open-planned, total spaces.



1.3 Methodology of the Thesis

In this study, spatial usage is conceptualized as the distribution of the possibilities of
people present in the whole space. The single possibility value of a person being in
the smallest spatial unit is linked to the membership degree of that unit in belonging
to a certain sub-function and sub-space. The sub-space set is characterised as a fuzzy
sub-set, which is comprised of spatial units with various degrees of membership (0 <
x < 1). To express this quality, “Fuzzy Architectural Spatial Objects” (FASOs) are
devised. These objects, having the types “points,” “lines” and “regions,” are virtually
constructed, special sub-spaces which have different membership zones that are not
demarcated by crisp boundaries. Based on these assumptions, the patterns of
inhabitation are related to the capacity to map an uncertain environment according to
the possibilities of presence; thereby representing the given plan as an accumulation
of the FASOs. In this way, the complex nature of spatial behaviour and occupancy
can be foreseen; and the uncertainty attributed to the space can be measured and

expressed.

Following this conceptual premise, the model first calculates the probability of
people being involved in a sub-function and sub-space within a larger space, and

then visualizes the distribution of those possibilities across the whole space.

The thesis postulates that uncertainty is most appropriately dealt with by using fuzzy
logic while analysing spatial usage in ill-defined volumes. As a suitable
mathematical tool for measuring uncertainty, Fuzzy Inference System (FIS) is used
for calculating the possibility of presence. The inference system gives membership
degrees by operating through certain space, function and user related parameters, and
logical rules defining the relations between inputs and output. By overcoming the
challenges and inefficacies of previous methods, a FIS combines all factors effecting
spatial inhabitation; not merely using morphology and isovist properties of syntax
theories or occupancy behaviours of singular agents. Also, unlike the stochastic
processes, a vague and limited knowledge with simple control rules provides
accurate outcomes, without any need for statistical data to make probabilistic

estimations.

With the possibilities acquired via the inference system, the FASOs numerically
emerge in the space. But, at the second stage they have to be visualised by colouring



each unit according to its membership degree. Thus, the given plan is modified as a
heat-map showing the likelihood of people involved in the sub-functions. It denotes
the spatial usage map, which can be architecturally interpreted by evaluating the
differing size and shape of the FASOs and the topological relations among them.

The proposed model is introduced in the thesis by following the steps: the conceptual
development, operational procedure, also an application and verification, and finally
an overview of further research. As the case study, the model is run to simulate
spatial usage at different population levels in a major exhibition hall when a popular
travelling exhibition is on display. The visual and statistical data belonging to the
actual occupancy is obtained. The model is tested by comparing the predictive maps
with the plans showing the exact usage in a single time frame and overlapping across

a sequence of times.

In regard to the frame of the research, the thesis is organized into four parts. Figure
1.1 illustrates the flow of the research with all the concepts and relations the thesis
encompasses. Part 1 (Chapters 2 and 3) discusses the relevant literature for the
theoretical and methodological base of the proposed model, highlighting the links
between the uncertainty embedded in design issues and their treatment by fuzziness.
Part 2 (Chapter 4) is allocated for the explanation of the model. Uncertainty and
fuzzy sets in space, the idea of the FASOs, and also space, function and user related
parameters effecting spatial usage are explained first, followed by the entire
computational process of the model: the calculation and visualisation components,
which are both run in MATLAB software. Part 3 (Chapter 5) examines the other
parts of the model. The model was applied for a specific set of features, objects and
people within a space, to produce the FASO map of this condition. To evaluate the
quality of spatial usage the process was repeated three times for different population
densities. Since the parameter: “the number of visitors” changed, new FASO maps
were obtained. The related diagram seen in Figure 1.1 stresses this flexibility of the
model as it provides an analytical framework for architecture. It is open to the
addition of new rules and parameters to map every space-function-user combination
for a given plan. In this way it is possible to compare different predictive maps and to
evaluate them for various altered conditions. This part additionally includes the
validation of the model for this application, and also suggests other possible practices

for the space and layout examined in the case study. The final part (Chapter 6):



“Conclusion” ends the thesis argument on the point that the model is a promising
tool for analysing inhabitation patterns in uncertain, ill-defined spaces. This chapter
also mentions future research proposals using the model for different typologies and
scales.

A much shorter version of this research was recently published in the scientific
journal “Building and Environment” (Cekmis et al., 2014). At different progressive
stages, the work was also presented in several national and international meetings
such as CASA Seminar in London (Cekmis, 2012). But, this thesis now provides the
most comprehensive and current resource for those who will conduct new

applications or attempt to improve and develop the model.
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2. UNCERTAINTY

This chapter demonstrates a review of literature pertinent to the present research.
Uncertainty in space and design forms the theoretical background of the proposed
model. The first section in this chapter gives an expanded meaning of uncertainty.
The following section reviews uncertainty in management, urban studies and
geography. Later, the concept is elaborated within architectural design by identifying
uncertainty both as an inherent feature of the design process, and as a design

manifest advocating adaptability to change.

2.1 The Notion of Uncertainty

Uncertainty is a term handled in different disciplines including physics and
mathematics, also engineering, economics, geography and psychology. Keeping its
own terminology, each field endeavours to identify, quantify and incorporate
uncertainty. According to Chao and Ayyub (1998) uncertainties in engineering
systems can be attributed to ambiguity due to non-cognitive sources (e.g physical
randomness) and vagueness due to cognitive sources (e.g definition of parameters).
Within the same discipline, Lovell (1995) puts uncertainty in a place between
complete ignorance and possession of sure knowledge. From an economist
perspective, uncertainty reflects our lack of sureness about something or someone,
ranging from just short of complete sureness to an almost complete lack of
conviction about an outcome (Epstein, 1999). In GIS literature, Zhang and
Goodchild (2002) use uncertainty as an umbrella term for errors, randomness and
vagueness. From the fields of neuroscience and psychology, Glimcher (2004) refers
to unpredictability as the irreducible uncertainty in human behaviour depending on
an indeterminate nonphysical process. In a broad sense, the term uncertainty is used
to express the state of being vague, ambiguous, hesitant and cloudy; or the lack of

clarity, exactness and precision.



2.1.1 From certainty to uncertainty

Until the twentieth century Newtonian mechanics was regarded as the foundation of
physics. According to Laplace (1902) if we know the present state of the universe
(with all the forces that compose it and within the effect-cause relation) it would be
possible to apply the same formula both to the movement of the greatest bodies of
the universe and those of the lightest atom; and, “nothing would be uncertain and, the
future, as the past, would be present to its eyes”. But, this strong determinism which
represents the universe as a very precise clock is shaken by two great breakthroughs
in physics; the theory of general relativity and quantum mechanics. Relativity that
was conceived by Albert Einstein has changed profoundly our ideas of time-space
and matter-energy. The idea of quantum theory was discovered by Max Planck, and
developed by a group of physicists. Niels Bohr, one of the pioneers, says that
quantum systems demand the overlapping of several complementary descriptions
such as the duality of “this is a wave” and “this is a particle” (Peat, 2002). So, as
Polkinghorne (1994) summarised, the universe; the system we live in became to be
perceived as cloud-like rather than clock-like due to the uncertainty in nature as well

as in science.

In 1927, Werner Heisenberg outlined that one cannot simultaneously measure with
absolute precision both the position and the momentum of an electron at any given
instant. He argued that every measurement destroys one part of our knowledge
gained by previous measurements, so the precision of the measurement of a
particular property makes the other more imprecise; more inexact or uncertain
(Cassidy, 2009). The reciprocal relationship between the indeterminacy of these two
measurements has become known as “(Heisenberg’s) Uncertainty Principle”. And
because of this uncertainty, it is seen as impossible to know both the present position
and momentum of an electron for certain, and consequently its quality at any future

time.

Within the same century, a new uncertainty arose in mathematics itself. Everything
started in 1900 with the famous paradox of Russell; ‘the set of all sets that are not
members of themselves,” which leads to a contradiction since it must be a member of
itself, and nonmember of itself. This paradox was important because it undermined
the naive set theory —the fundamentals of mathematics, and it was required to

consider tackling such antinomies. On the other side, David Hilbert proposed a



research project —known as “metamathematics,” or “Hilbert’s program” (Science et
Vie, 1997). He wanted -the mathematicians- to formulate a solid logical foundation
in order to demonstrate the ‘consistency and completeness’ of mathematics. He
applied the rules of logic to the mathematical theorems, as supposed; every statement
or judgment is either true or false —if statement A is false; then not A is true.
However, a negative answer was given to Hilbert’s program by Gdodel, a young
Austrian mathematician. In 1931 he published “incompleteness theorem,” a
landmark discovery as powerful as Einstein's theory of relativity. For him, there is a
statement which says neither A nor not A is true (like the self-contradictory
paradoxes). In an abstract way, Godel’s theorem tells that there are mathematical
truths that can never be proved. Alan Turing took the problem in a different way and
much deeper than Godel. He used computer, which was implicit in Godel’s paper, by
claiming that any computation that a human being can perform should be possible to
do using a machine (Turing machine) —as Hilbert mentioned ‘a mechanical
procedure’. And in 1936, he showed ‘the halting problem” when he asked what is
impossible for such a machine (Chaitin, 2007). So, the axiomatic theory of Hilbert

ends in failure by being both incomplete and undecidable.

Furthermore, nonlinear structures and dynamic systems in both mathematics and
physics were expressed by two novel approaches; chaos and complexity.
Nonlinearity does not satisfy the superposition property, homogeneity and
proportional cause-effect relation. In nonlinear systems, small changes in causal
elements can lead to dramatically different outputs (Byrne, 1998). Dynamic systems
are also highly sensitive to initial conditions (butterfly effect) and rendering long-
term predictions are impossible in spite of their deterministic nature. Hence, the
behaviour of dynamic and nonlinear systems is generally chaotic and complex.
Especially many natural systems are observed as chaotic structures. Not surprising
that the foundation of chaos theory is settled in 1961 by Edward Lorenz, who is a
meteorologist. Complexity as a wider concept leads to new fields related with
uncertainty such as neural networks, cellular automata, robotics and genetic

algorithms.

In terms of uncertainty, another great development occurred in the discipline of
geometry with the movement towards the non-Euclidean geometry. And the most

recent development in geometry is fractals which was first introduced by Benoit



Mandelbrot. It had emerged from the pursuit of regularity of irregularity (order
beneath chaos). Fract[ion]al geometry is seen as the best existing mathematical
descriptions of many complex natural forms. In his book, Mandelbrot (1983) starts
with “Clouds are not spheres, mountains are not cones, coastlines are not circles, and
bark is not smooth, nor does lightning travel in a straight line”. His studies of
irregular patterns explored a quality of self-similarity; symmetry across scale
(Gleick, 1987). Fractals from natural compositions to artefacts are studied in

numerous disciplines; such as biology, art and architecture.

2.1.2 Sources and types of uncertainty

Incomplete-incorrect information or knowledge, disagreement between information
sources (contradiction), fuzziness, symbolic-linguistic imprecision, variability and
randomness are mostly indicated as the sources of uncertainty. Measurement
(methods and techniques) and human factor (assumptions and personal predicates of
observer/researcher) problems can also give rise to uncertainty. Identifying the
source of uncertainty is a critical task for estimating its consequence —its effect on

the final outcome.

Many researchers have categorized uncertainty into different types depending on the
origin of its occurrence. Rolston (1988) expresses four types of uncertainty: a.
uncertain knowledge (having only a heuristic knowledge regarding some aspect of
the domain); b. uncertain data (even being certain of the domain knowledge, there
may still be uncertainty in the data); c. incomplete information (necessity to make
decisions based on incomplete information); d. randomness (the condition that some
domains are inherently random). On the other hand, uncertainty does not merely
imply the lack of the qualities of the inputs (data, information or knowledge), but
also it is related with the signification, categorisation and interpretation of those
inputs. For instance, a researcher investigating about the elderly has accurate and
certain biological age data whilst there stands a big uncertainty in the taxonomy of
the ‘old.” Or, ‘cold’ refers to different subjective perceptions of having low
temperature by a researcher in Egypt and another in Canada, apart from the measured
certain degree Celsius. Disregarding uncertainty by putting crisp borders to the
concepts such as age and temperature gives rise to errors and misunderstandings due

to the ignorance of the cognitive and reasoning scheme of humans, personal biases
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and cultural variations; also the natural facts of the world and their indubitable

presence in the science.

Aleatory and epistemic uncertainty is another well-known distinction (Oberkampf et
al., 2004). Aleatory uncertainty arises from the inherent variation associated with the
physical system or environment, and the mathematical representations that are
mostly used to handle aleatory uncertainties are probability distributions. The
knowledge of experts cannot be expected to reduce aleatory uncertainty although
their knowledge may be useful in quantifying the uncertainty. Thus, this type of
uncertainty is sometimes referred to as irreducible uncertainty. Tossing a coin or
rolling a dice is a statistical example of aleatory uncertainty. On the other side
epistemic uncertainty derives from a missing part of the physical system or
environment. The term is used to define any lack of knowledge or information in any
phase or activity of the modelling process. This type of uncertainty can be eliminated
or reduced to a certain extent by gathering relevant data or conducting sufficient

research.

Lo and Mueller (2010) propose an elaborated taxonomy of uncertainty, which tries to
cover a wide spectrum of intellectual pursuits. The distinguished levels start with
“Complete Certainty” which refers to the realm of idealized determinism, that all
past and future states of the system are determined exactly. Level 2: “Risk without
Uncertainty,” 3: “Fully Reducible Uncertainty,” 4: “Partially Reducible
Uncertainty,” 5: “Irreducible Uncertainty” follows on gradually. And finally 6: level

o “Zen Uncertainty” describes attempts to understand uncertainty as mere illusions.

In his book “Les sciences de l'imprécis” in 1990 Moles (2004) put emphasis on
uncertainty as an important fact in science, and it is pretty easy to witness. The null
hypothesis typically indicates 1/n proportion of n numbered options (equal rates).
However, a simple reasoning, an external data, or at least a wispy sense will change
the proportion assigned to each option; hence, that type of knowledge although it is
imperfect, incomplete or so primitive, yet it is not ‘null.” Uncertain knowledge is
better than to know nothing. In this respect, any subjective knowledge or any kind of
data that reduces the covalent options (creates difference) has to be the object of
science. On the other hand, under the taxonomy of uncertainty, Moles (2004),
describes uncertain phenomena which are somehow not associated with the

objectivity of science. He mentions the fields in which the things are uncertain at
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present and will probably remain uncertain for a long time; subconscious and
subliminal matters are cited as examples. Also, uncertainties in some areas such as
religions and beliefs are revealed with the support of sociology and psychology. This
approach shows the inherent uncertainty in our way of life and our frame of mind,

besides the explicit uncertainty in mathematical formulations.

2.1.3 Decision making under uncertainty

Uncertainty is intrinsically linked to problem solving and decision making both in
science and in everyday life. Our decision making depends on the concept of utility —
a measure of the desirability, or of the various consequences of our actions (Jordaan,
2005). Rendering optimal is another crucial issue for decision making under
uncertainty. Most problems (especially design problems themselves) are
multiobjective in nature, where one is interested in simultaneously optimising two or
more conflicting objectives. For example the goals of low cost and high quality are
generally mutually exclusive. Another topic of interest is the relation between
uncertainty and risk for decision makers. Knight (2009) puts emphasis on
interdependence and says “uncertainty must be taken in a sense radically distinct
from the familiar notion of risk, from which it has never been properly separated.”
Profit is labelled as the key which pushes a person to take risk. Risk is present in
every circumstance of uncertainty as a result of unpredictable outcomes and
inaccurate measurement of loss. Yet, uncertainty is associated with the incident, and
it is an intrinsic feature of nature. Risk, contrarily, is about the actions and the
outcomes. Uncertainty is the same for all who deal with it, but risk depends on the
choice that a person opts for, as in the example: the possibility of raining is uncertain

for everyone; but the risk of getting wet is specific to one person.

Experiments on human cognition and decision mechanisms indicate that people
avoid unknown probabilities in decisions under uncertainty; named as ‘ambiguity
aversion’ (Camerer and Weber, 1992). Especially some unpleasant outcomes of risky
choices make people uncomfortable; and they regard them as undesirable situations
which one needs to reduce or minimize. However, vagueness (fuzziness) and
imprecision is inherent in our daily life. And for simple, quick and practical decisions
human thinking and judgement works well with uncertainty. This refers to the

‘linguistic uncertainty’. Lootsma (1997) says that while people think and decide, a

12



considerable amount of imprecise information with a quantitative connation is
transmitted via natural language. And, he lists the frequency indicators as well-
known examples: “almost never, rarely, sometimes, often, mostly and almost
always,” which are all meaningful in a particular context only. The question of
whether a man is short, somewhat taller, rather tall, tall, or very tall depends on the
situation (in comparison with whom). So, graded judgement should also be
considered within a particular framework. Additionally, those qualifications -tall-
and set of categories -tall men- are identified within a shared social consciousness,

which also creates the communication.

Obijectivity which eliminates personal biases, a priori commitment and emotional
involvement is often attributed to the property of science and scientific measurement.
But subjectivity exists in each theory, measurement and concept. All the theories and
philosophies (or discovery of ideas) are the outcomes of a subjective mind, as the
whole (scientific) world is interpreted through our own way of understanding. And,
the perspective, feelings, past experience and knowledge (of the expert) as the
components of individual subjectivity plays an important role in decision making.
All uncertainties derived from subjectivity result in both fuzziness (e.g. “the square is
crowded”, here the subject is square), and probabilistic uncertainty (e.g. “the

probability of the square being crowded is high”, here the subject is the probability).

2.2 Uncertainty in Building and Space Studies

The built environment is always subject to uncertainty arising from many factors

related to human actions, risk factors and the nature of the phenomenon.
2.2.1 Management

Uncertainty is a key challenge in managerial works, especially in construction
projects (Chapman and Ward, 2011), which have a specific set of objectives and
constraints such as a proposed time and budget. Project management acts to find a
compromise between all inputs and possible outputs in the face of uncertainty.
Uncertainty also has an immense impact on disaster and emergency management
strategies. Almost all disasters pose uncertain and complex processes that are uneasy
to foresee and to be prepared against its results. Along with uncertainty as the

probabilities of events occurring, predictions are frequently based on incomplete and,
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often, statistically inadequate records (Granger, 2000). Additionally, uncertainty has
a decisive role in environmental and natural resource management (Cardinall and

Day, 1998) together with economy and society based developments.
2.2.2 Urban design

Uncertainty is crucial in urban studies; including planning, city structure and public
space. Batty (2007) says “system of cities are no longer thought of as being
‘complicated’ but rather ‘complex,” in that there is always uncertainty about the
outcome of processes of change that originate from the bottom up”. Public space
always has a fluid and dynamic configuration, as it naturally represents social life.
Cupers and Miessen (2002) stress that public space and urbanity have always been
connected to “disorder, functional heterogeneity and diversity.” Public spaces are
(should be) places where the individual and the community can openly and freely
meet and interact. Highly structured, programmed, and controlled spaces in the
contemporary city threaten the city’s public connectivity; itS openness and
unpredictability. Sennett (2007) argues that the over-determination both of the city’s
visual forms and its social functions result in the “Brittle City;” a closed system,
which ignores evolutionary growth and change in time. It is experienced in Le
Corbusier's “Plan Voisin” for Paris where rigid images and precise delineations
remove the urban imagery. However, the idea of “Open City,” influenced by Jane
Jacobs’ urban studies, attaches uncertainty and complexity to the design of cities.
Sennett describes the systematic elements of an open city as “passage territories,”
“incomplete form” and “development narratives” —which if those three are

incorporated is “democratic”.

2.2.3 Geography

Researchers in the discipline of geography are the first to discuss the notion of spatial
uncertainty. A vast majority of research is conducted on uncertainities in spatial
choice, behaviour and decision-making in human cognitive and perceptual processes.
Imperfect situations in spatial data sources, data (information), classification,
analysing, representing and mapping in geographic information systems (GIS) are
also examined. For Couclelis (1996) the imperfection may derive from one or all of
the following variables: the observer or its means of observation, the application

purposes, and the characteristics of the phenomenon. Campari (1996) describes the
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space as an “ensemble” of elements and entities with uncertain boundaries, and their
determination depends on the context in which the elements and entities are
observed. Bordogna et al. (2006) stress that spatial entities characterised by either
unsharp boundaries or sharp boundaries whose positions are ill-known are forced
into rigid representations which are embodied as artificial boundaries or disregard
relevant irregularities. However, spaces are rarely defined and delimited in such a

decisive manner.

2.3 Uncertainty in Architectural Design

In this section, uncertainty in architectural design is addressed as being in the
emergence of the design idea, and as being the purpose of design itself. The major
concern here is the blurring boundaries in architectural form and space, which

prompts uncertainty in the shape grammar and in the spatial configuration.
2.3.1 Uncertainty in the design process

Uncertainty is inherent in the design thought. According to Schon (1987) designers,
architects in particular, make representations of something non-existent, “something
to be brought to reality,” dealing with unknown and uncertain variables, constraints
and consequences that, throughout designing, may be discovered and defined. In the
beginning, the final outcome is always uncertain and designing is a continuous
process of definition and discovery in a constant loop of construction, surprise,
analysis, criticism and reconstruction. This continuous endear is named as
“reflection-in-action”. The designer deals with uncertainty through reflecting on his
own actions, reframing the unexpected outcomes throughout the process. This open-
ended process is like a ‘trial and error’ method in which the designer’s reflection on
each trial is a new starting point for the next trial; and new meanings and directions
for the last artifact. Stiny (2008) strongly relates ‘uncertainty’ to the concept of
‘ambiguity’. For him, it is not possible to know in advance what you are going to see
and do next; ambiguity is an unavoidable factor within the design process. And he
claims that although ambiguity causes “misunderstanding, confusion, incoherence
and scandal,” it is not possible to be creative without it. He argues against the logical
notion of counting, standardizing and analysing, which traditionally has attempted to

reduce ambiguity as much as possible. Rather, he proposes assuming, using and
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promoting ambiguity as a method for supporting creative design processes. Lester
and Piore (2004) also relate uncertainty and ambiguity to the concept ‘innovation’.
For a designer the world “appears so complex and uncertain that not even the
possible outcomes are known”. Innovation derived from uncertainty and ambiguity is
used as an initial resource out of which new ideas emerge. Additionally, Ozkar
(2004) in her thesis discusses that uncertainties and reasoning can be handled
simultaneously in design education to benefit creativity —through abstract forms, not
fixed elements and structures by saying: “Design students should understand the
creative process as a thought process that explores uncertainties and redefines

constraints”.

The language of sketches and conceptual models in the preliminary design stage, also
the bubble and zoning diagrams express the abstraction levels of the idea by retaining
uncertainty and ambiguity for the final project. They show all primary relations,
initial decisions including relative sizes and forms as well as syntactic composition
before they are moulded into exact shapes and strictly defined spaces at the end.
Figure 2.1 shows the concept models belonging to an architectural design studio
(Cekmis and Hacihasanoglu, 2011), where students exercised basic design principles
by deferring secondary decisions in a more uncertain and vague way when compared

with the final projects.

Figure 2.1 : Concept models (Cekmis and Hacihasanoglu, 2011).

2.3.2 Uncertainty as a design manifest

Besides the uncertainty and its innovative stimulation during the design process,
uncertainty can be attributed to the design idea itself. Price (2003) proposes that

uncertainties convert from the abstract design concept to the physical life of a
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building. That is an enterprise of transforming indeterminate situations into

indeterminate physical solutions.

2.3.2.1 Developments in the concept

The concept of indeterminacy was proposed by architects in the 60s and 70s as a way
to assume and address the problems related to the uncertainty of change during the
life of a building. Archigram and its allies promoted utopic ideas and a new
architecture sympathetic to uncertainty, incompleteness and emergent situations
(Sadler, 2005). John Weeks brought the word “indeterminacy” to architectural
discourse with his project for the Northwick Park Hospital in London, 1961-64. He
proposed an additive mode of indeterminacy, in which endless and extendable
modular pavilions were able to grow linearly and thus were free to adapt to arising
needs throughout their lives (Hughes, 2000). Within ten years Archigram extended
the notion of indeterminacy. A member, Peter Cook (1999) told: “Architecture can
be much related to the ambiguity of life. It can be throw-away or addictive; it can be
ad-hoc; it can be more allied to the personality and personal situation of the people

who may have to use it”.

Frederick Kiesler’s projects; Endless House and Universal Theatre (Figure 2.2) in the
1960s are theorised around the concepts of continuity and endlessness (Phillips,
2008). Kiesler proposed responsive architecture modulated to an evolving set of
parameters that could expand and contract in correlation to varied spatial needs
simultaneously within one continuous form. With the design of Universal Theatre, he
attempted to create an inclusive spatial atmosphere that diffused the physical and
social boundaries of architecture. Elasticity served as an important metaphor for

Kiesler as it guided his practice beyond the limited scope of fixed static structures.

In 1970, the term “kinetic architecture” was introduced by William Zuk and Roger
H. Clark (1970). They took several ideas developed in the 1960s from construction,
engineering, planning, robotics and aerospace, and implied control and shape
modification through mechanical movement. For them, architecture can be defined
as a “three dimensional form-response to a set of pressures,” and therefore kinetic
architecture is the mechanical modification of the shape according to the change on
these pressures. They classify “incremental architecture” as the chance to envision a

range of possible states and buildings open to accept new, outside elements which
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may not have existed at the time of the original inception. They also define
“deformable architecture” as the chance to meet a variety of functions where at the
time of the original design it is only necessary to predict a range of future changes

which may occur.

Figure 2.2 : Endless House and Universal Theatre (Phillips, 2008).

As the use of computerized form-generation tools in the architectural design process
enhanced, new concepts regarding the design of the architectural form increased. The
notion of indeterminacy, in-becoming and continuity used in early proposed models
have shifted with the advent of cyberspace to an extent that a building itself is
uncertain in terms of shape and space. In 1991, Marcos Novak wrote an inspiring
article named “Liquid Architectures in Cyberspace.” He expressed that, “Cyberspace
is liquid. Liquid cyberspace, liquid architecture, liquid cities... Liquid architecture is
more than Kkinetic architecture, robotic architecture, architecture of fixed parts and
variable links. Liquid architecture is an architecture that breathes, pulses, leaps as
one form and lands as another.” For Novak, form belonging to liquid architecture is
contingent on the interests of the beholder without doors and hallways. A liquid
architecture in cyberspace is also a dematerialized architecture. This architecture

tends to the pattern quality of music composition beyond the space, form and light.

Open Source Architecture (O-S-A) proposed “The Hylomorphic Project,” which the
concept uncertainty is in the creation of form (Iris, 2008). The research discusses the
concept of uncertainty as a method in architectural design processes, where
computerized calculations serve as the creative force in designing the architectural
form. The design process includes a meaningful dimension of uncertainty regarding
the product at the end of the process (Figure 2.3). Furthermore, that approach refers

to processes in which this dimension of uncertainty is intrinsic to the computational
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process in itself. Given the complexity of the calculation and the embodiment of
indeterminacy within the computational process, the discussion is of uncertainty as a
method and a process and of the potentiality of the method with regard to design.
The design process of The Hylomorphic Project serves as a platform for

unpredictable and extraordinary results that would not have otherwise been possible.

Figure 2.3 : The Hylomorphic Project (http://www.0-s-a.com/portfolio/the-
hylomorphic-project/).
Rosenberg (2009) uses “Scissor-pair Transformable Structures,” first invented in the
1960s, to explore the generation of uncertain spaces and behaviours. The “Centre
Scissor-Pair” is the basic configuration for simple transformable structures (Figure
2.4). Scissor-pair Transformable Structures are mechanisms able to change as they
follow a sequence of states, changing physically from one overall shape to another in
a continuous process, offerring the chance to design and build indeterminate physical
solutions. Rosenberg claims that the use of these types of structures in architecture
constitutes an opportunity to materialize the dual condition of uncertainty; the one

during the design process and the one during the life of the building.
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Figure 2.4 : Scissor-pair Transformable Structures (Rosenberg, 2009).
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2.3.2.2 The idea of flexibility and open-plans

The idea of flexibility is clearly an architectural response to uncertainty. Designing a
flexible system is seen as a method for managing uncertainty. In general, the term
flexibility is applied to an object which is pliable and yielding. In architecture and
design the term flexibility does not refer to the physical characteristics of material
(pliability or rigidity), but rather the tendency to change in order to suit new

conditions and requirements.

In the beginning of the 20" century, Frank Lloyd Wright developed his Prairie-style
domestic architecture influenced by Japanese design of flowing spaces; their
unfettered integration by sliding walls and open-plans. Those years his books were
owned by emerging modernist designers including Peter Behrens, Le Corbusier,
Walter Gropius, Mies van der Rohe and Otto Wagner (Kronenburg, 2007). The idea
of flexibility was conceived as a missing part of functionalism of modernity. Against
the presumption that all parts of a building should be destined for specific uses,
recognition that not all uses could be foreseen at the moment of design made
‘flexibility’ a desirable architectural property. Gropius advised that the architect
should conceive buildings not as monuments but as receptacles for the flow of life
which they have to serve; and his conception should be flexible enough to create a

background fit to absorb the dynamic features of our modern life.

Associated concepts of flexibility

Flexibility is associated with many concepts in design. The phenomenon of ‘change’
is at the core of flexibility. Kronenburg (2007) claims that flexible buildings are
intended to respond to changing situations in their use, operation and location. This is
architecture which adapts, transforms, moves and interacts with its users; not the one
which is static, stagnates, restricts and inhibits. He says that change constantly takes
place in economic, social, and cultural life. Change occurs (1) in the environment
around the buildings, (2) in the way they are used, and (3) in the purpose beyond

recognition. And flexible architecture is designed for ‘responsive’ living.

Flexibility is related to the capacity to accommodate the different size of dwelling
which is expanding or shrinking, which we may call ‘elasticity’. The concept of
elasticity is concerned with the study of changes in the floor area, spatial
requirements and the shape of the dwelling. According to Moharram (1980),

elasticity can be achieved in two ways — by ‘add-on’ (adding new space to the overall
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space already given), and by ‘add-in’ (adding spaces to the interior of the building

without changing the existing area).

‘Scaleability’ also describes a property of space for expansion and contraction. For
example, Brubaker (1998) notes how schools may require annexes and additions to

meet the needs of increased enrolment or curricular alterations.

‘Versatility’ is the ability to provide for multiple uses of space. This approach deals
with two variables; space and time. Space may be used either for several functions at
the same time, or for different functions at different times. It requires the
interchangeability of functions in the space. According to Monahan (2002)
cafeterias, auditoriums and ‘multi-purpose rooms’ signal one mode of versatility, but

versatile spaces such as these run the risk of homogeneity.

Flexibility and ‘variability’ are essentially complementary. Flexibility refers
primarily to the adaptation to change, while variability refers to change as such.
Various configurations allow for different users of the same unit to choose a different
layout from multiple options. Habraken (1976) devised variations as the systematic
design of support structures that led to the design of the module. Dluhosch (1973)
stressed that variability of use is achieved by the manipulation of objects either in a

personalized manner or by design.

‘Modifiability’ is the spatial property which invites active manipulation and
appropriation. Maccreanor (1998) states the need for physical change in housing
emerges due to two reasons. Housing units are expected to offer freedom of choice
(typological variety) for users having a diversity of lifestyles prior to occupation.
Secondly, they should provide the opportunity to make adjustments or modifications

(adaptability/flexibility) according to changing wishes and demands over time.

‘Adaptability’ which is the ability of individual modifications to suit new conditions
is used for theorists; occasionally in a similar meaning and overlap with flexibility.
However, there also exists a controversial conception about terms. Maccreanor
(1998) identifies flexibility that does not imply the necessity of endless change and
breakdown of accepted formula. And adaptability is a different way of viewing
flexibility” which refers to “transfunctionallity] and multifunctional[ity]”. For
housing projects, Schneider and Till (2007) describe flexibility as achievement by
altering the physical fabric of a building, and adaptability as achievement by
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designing rooms or units so that they can be used in a variety of ways. In short,
adaptability is related to the use of space. Flexibility, on the other hand, is defined as
suitability for different physical arrangements, which is valid not only for the interior
but also for the exterior adjustments of the unit itself.

‘Evolvability’ which is a unique term in system engineering extends the viewpoint of
design. Evolution is a word most commonly associated with the concept of
incremental change of an entity over time. And system evolvability is the ability of a
system to adapt in response to changes in its environment, requirements and
implementation technologies. In a similar sense, evolvable spaces and buildings can
change and adapt to altering circumstances during their life cycles. Evolvabilitiy in
architecture particularly refers to an imaginative adaptiveness; a capacity to deal with

the unforeseen just like nature always does.

The notion of ‘affordances,’ coined by the psychologist James Gibson in 1977 to
indicate the actionable properties the environment offers to an animal, is applied to
architecture and buildings in order to represent functionality and usability
(Koutamanis, 2006). Human interaction with the built environment is largely
conditioned by the affordances of building elements and spaces. “The multi-level
abstraction and the flexibility of choice implied by the underlying functional patterns
are essential for the correlation of designers’ and users’ perception of affordances.”
Maier et al. (2009) suggest that the idea of affordance may serve as a conceptual

basis and unifying framework for architectural theory, design and practice.

The concept of ‘permanence’ is introduced into architectural discourse in Vitruvius’
Ten Books of Architecture as ‘firmitas’ (Touw, 2006); mass and solidity crafted to
endure eternally. As a contemporary notion, dynamic permanence through a
flexibility of location and, potentially, of function; involves all scales from building

parts to entire buildings.

‘Fluidity’ represents the design of space for the flow of individuals, sight, sound, and
air. Open spaces are well-known designs to provide fluidity. Fluidity may be
interpreted as the diffusion or intertwining of building elements or functions. Also
the texture of space, the meaning and the sense is possibly translocated. Change,

fluidity and movement is conceived as the unifying feature of architecture today and
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‘dynamism’ is in the centre; as dynamic inhabitants, materials, structures,

connections and associations (Harris, 2002).

‘Movement’ is a strong term which refers to the dynamism of flexible architecture. It
is also the keystone of 20™ century utopias. It inherently bears the potential of
mobility. For Archigram, mobility was important and omnipresent, even for the
urban landscape that became a “Walking City”. Buildings can form new clusters
anywhere to deal with the changing demands of a city. Yesterday’s offices could

change into tomorrow’s museums and kindergartens.

‘Functionality’ is a blurred term within its relation with flexibility. Flexibility was
first coined in the modernist age as a hope of redeeming functionalism from
deterministic excess by introducing time and the unknown. Forty (2000) sets forth
the confusion in the meaning of flexibility which is based on two contradictory roles:
“it has served to extend functionalism and so make it viable” and “it has been

employed to resist functionalism.”

Open-plans

Forty (2000) identifies three types of architectural flexibility: by spatial redundancy,
by technical means, and as a political strategy. Hill (2003) adds one more: the open-
plans. Spatial redundancy is well explained by Koolhaas and Mau in S, M, L, XL
(1995). Flexibility is the creation of margin — excess capacity that enables different
and even opposite interpretations and uses. Spatial redundancy is a feature owned,
for example by Baroque palaces, where rooms were not dedicated to specific uses.
Suggesting a loose fit between space and use, the open-plan is similar to flexibility
by spatial redundancy, but unlike flexibility by technical means, in that change of use
is less dependent upon a physical transformation of the building than a change in the
perception of the user (Hill, 2003).

An earlier example of the open-plan can be Villa Madama (in the 1510s) by Raphael
and Antonio de Sangallo. According to Evans (1997); the villa was, in terms of
occupation, an open plan permeable to the numerous members of the household,
because all its rooms can be public and permeable to movement. He attributed this
design approach to the way of life which is evident in the 16" century, displaced in
the 19" century by the corridor plan, “which is appropriate to a society that finds
carnality distasteful, which sees the body as a vessel of mind and spirit, and in which

privacy is habitual... In this respect modernity itself was an amplification of
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nineteenth century sensibilities.” Modernist open plan does not reflect a society
which prompts ‘carnality;” however the interconnectivity of spaces is apparent in
both the Villa Madama and the Barcelona Pavilion (Hill, 2003).

Japanese architecture was better known to early modernists; also the open plan.
‘Fusuma,’ sliding partitions in traditional Japanese house was praised by Gropius.
There is no “circulation space” as we understand it; connections are made between
rooms, each room is an antechamber (anteroom) to another and names can be given
to rooms based on the uses to which they are put at a given time of day (Rabeneck et
al., 1974). Furniture is mostly lightweight and movable, such as beds which are only
brought out when in use, and the rest of the time they are folded away. However Hill
(2003) criticizes the adaptation of Japanese (and Korean) architecture to the
modernist open plan in terms of being misinterpreted and having hardened their
spatial, social and environmental “porosity;” the unique characteristic of the

connection between inside and outside.

In the early 20" century the ‘open plan’ became a key site in modernist architecture.
Its most extreme versions, without rooms or doors, seemed to symbolise a radical
and unprecedented freedom. The “free plan” or “plan libre” as the opening up of
spatial composition was also the third of the “Five points of a new architecture”
published by Le Corbusier in 1927 to promote his ideas at the Weissenhof in
Stuttgart. The free design of the ground plan is managed by interior walls placed
wherever required; each floor being entirely independent of the rest. The open,
flowing space of this free plan was central to the work of leading modernist
architects. While exploring the potential of this pattern, Mies van der Rohe pushed it
further by proposing the idea of a “column-free universal space” to be deployed at
every scale from the house to wide mayor public buildings. Crown Hall (Figure 2.5),
which was completed in 1965, is a pure rectangle with a 36.6 x 67 m wide floor plan
enclosing a column free interior space (Cohen, 1996). Lots of diverse scaled projects
by different architects represent this concept such as the Hangar Project by
Wachsmann, 1953 and Eames House by Charles Eames, 1949.

Both past and present, spaciousness and flexibility of open plans are appreciated in
many projects, especially for the typologies incuding houses and offices, also the
exhibition areas of galleries and museums. The architectural design of exhibition

areas plays a critical role in facilitating visitors’ encounters with the displays. Open
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planned projects provide a wide range of possibilities in the arrangement of art
objects and of combinations for engagement between visitor and art object. The
Pompidou Center (Figure 2.6), as a competition project, gains its significance by
virtue of its flexible design which identifies the relation between the collection and
the exhibition space. The juxtaposition of different functions under the containment
of huge, undivided voids reflects the initial idea’s focus on the concept of flexibility

(Silver, 1994). The space of any part of the museum’s differentiated program can be

enlarged or shrunk with respect to the changing needs of these functions.
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Figure 2.6 : The Pompidou Center (Erkaya, 2008).
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Peponis et al. (2004) concentrated on open plan exhibitions and the effect of
exhibition layouts on visitors' spatial behaviour. This study focuses on the effects of
accessibility and visibility on visitor movement paths and engagement with display
objects. Physical boundaries connect or separate spaces, and reflect ‘structures’ in a
building program. Thus, the “disposition and arrangement of boundaries” structure
permeability in space and organize accessibility patterns in a building configuration
(Peponis et al., 1997). However, in open plan museums, physical boundaries are less
prominent. Path choice is particularly critical for open plan museums where visitors'
spatial behaviour is less determined by partitions or other physical constraints, but

where some implicit boundaries are recognized through visibility (Kaynar, 2009).

2.4 Chapter Summary

This chapter revealed that uncertainty exists in daily life, in almost every real world
problem, and science did no longer endeavour to reach precise and exact
conclusions. By addressing the concept within three different fields; complex
processes of management, fluidity of social city forms and the notion of spatial
uncertainty were introduced. But this chapter comprehensively investigated
uncertainty in architectural design encompassing the areas of design process and
design manifest. The significant point in this part was the idea of flexibility and
emergence of flexibility as open-plans, which will be referred to throughout the rest
of the thesis.

Overall, in this chapter the theoretical part of the proposed model was illustrated by
exploring uncertainty in many aspects. The following chapter will review the
methodological base of the model. Fuzzy logic and fuzzy sets are proposed as the

appropriate way of handling uncertainty.
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3. FUZZY LOGIC AND FUZZY SETS

This chapter first introduces some methods and techniques proposed for modelling
uncertainty, and later elaborates on fuzzy logic and the theory of fuzzy sets as the
most suitable approach to be used in the spatial model. The computational tool for
applying fuzzy reasoning is immediately explained in the following section. The last
sections are allocated for literature review of fuzzy logic and sets methods in
management, urban studies and geography, also fuzzy thinking in architectural

design with respect to the previous chapter.

3.1 Measuring Uncertainty

The expression of uncertainty in measurement is a challenging aspect for researchers.
There is a substantial and growing body of research focusing on the mathematical
treatment of uncertainty. Probability theory, statistics, classical set theory, fuzzy set
theory, possibility theory, rough set theory and evidence theory (Dempster-Shafer

Theory) can be cited as well-known methods for measuring uncertainty.

“Probability theory” is the essential tool of mathematics to deal with random
problems. Its root is in a gambler’s dispute in the 17" century, but was clarified by
Kolmogorov in the 20™ century via a treatment of probability theory on an axiomatic
basis for statistics and stochastic processes (Li and Du, 2007). The outcome of a
random event cannot be determined before it has materialised, whilst we are able to
have an idea about the outcomes. We assign equal probabilities to each finite number
of possible outcomes of that chance experiment. For example when we toss a coin,
both the possible outcomes H (heads) and T (tails) has the probability of 1/2. If the
randomness of the case is not structured in this way, the experiment is repeated a
large number of times -trials- with an expectation of probability distribution among
the possible outcomes —frequency concept of probability (Grinstead and Snell, 1997).

“Statistic” which is also used as a tool to measure uncertainty is conceptually related
with the probability theory. Probability is interested in predicting the likelihood of

future events, while statistics involve the analysis of the frequency of past events
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(Skiena, 2001). Hence, a statistician makes observations and gathers data to reach
rules about future matters (who looks backwards), the reverse of what a

mathematician using probability does (who looks forward).

“Classical set theory” brings a fundamental concept needed for uncertainty analysis.
A set is a collection of items or elements from a universe of interest. In set theory, an
object is either a member of a set or not; which refers to classical or crisp sets
(Ayyub and Kilir, 2006). It expresses the uncertainty through the use of sets of
mutually exclusive potential alternatives. However, crisp set theory is not capable of

representing uncertainty in many cases in terms of description and classification.

“Fuzzy set theory” is an outgrowth of classical sets. Fuzzy sets have imprecise
boundaries different from crisp sets. Thus, the membership in a fuzzy set is gradual
rather than abrupt, which is labelled as the membership function (Klir and Wierman,
1999). Fuzzy logic and set theory was coined by Lotfi A. Zadeh in 1965 as an
alternative for binary logic. This approach allows partial belonging -values in the

interval [0 - 1]; from the highest level of compatibility (1) to non-compatibility (0).

“Possibility theory” was introduced as an extension of fuzzy sets by Zadeh (1978). It
uses possibility to describe uncertainty instead of probability; grounding that
imprecision that is intrinsic in natural languages (also in human decisions) is

possibilistic rather that probabilistic.

“Rough set theory” was developed as a way to describe uncertainty where the
classical sets fail. Those sets were first described by Pawlak (1991) by proposing a
formal approximation of a crisp set through a pair of precise subsets: the lower and
the upper approximation. Theories of fuzzy sets and rough sets are derived from
classical set theory in favour of modelling vagueness and ambiguity. However, a
fundamental question arises concerning their relationships and differences. Rough
sets pertain to the indiscernibility between objects due to the equivalence relation,
while fuzzy sets deal with the ill-definition of boundary of an objects group (Yao,
1998). As Zadeh (1998) told, a fuzzy set may be viewed as a class with unsharp

boundaries, whereas a rough set is a crisp set which is coarsely described.

“Evidence theory” (Dempster-Shafer theory) was reinterpreted and published by
Glenn Shafer in 1976 as an extension of the work of Arthur Dempster (Shafer, 1976).
The theory is based on two ideas in principle; belief and plausibility as measures of
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uncertainty. Plausibility of an event depends on the quality of belief which measures
the strength of the evidence of experiments or of any other reliable source. And the
degree of a belief (belief function) of an event is known through the combination of
independent pieces of information from different sources.

There exist generally multiple types of uncertainty within the same (design) problem.
The source of uncertainty you deal with determines the methodological approach you
should use —among those which have been briefly introduced above. The theory of
fuzzy logic differs from the other methods in several important ways that also make
it ideal for the proposed spatial model, even though it is less well known in
architecture than probability theory and statistics. The next section presenting fuzzy

logic and fuzzy sets highlights those advantages and convenience.

3.2 Fuzzy Mathematics

As the most commonly known tool of measuring uncertainty, probability theory (or
allied methods like statistics and evidence theory) models a type of uncertainty
which is related to the ‘events’ —about their results which will either occur or not.
Probability theory proposes a quantitative analysis of random and frequent
phenomena. However, fuzzy set theory models a different kind of uncertainty. It
refers to the uncertainty which cannot be described by endless trials and experiments;
that is the vagueness and ambiguity inherent in the ‘facts’ (such as natural
formations). Instead of modeling a variable’s likelihood of achieving a specific value
(Talley, 2008) fuzzy set theory indicates to which group a variable or alternative
belongs. In a nutshell, fuzzy logic enables a qualitative analysis of intrinsically

uncertain phenomena.

3.2.1 Fuzzy logic

Fuzzy logic is the conceptual foundation of fuzzy sets. Zadeh (1975, 1979) says that
fuzzy logic is not fuzzy; it is a precise logic of imprecision and approximate
reasoning. It can be seen as an attempt at formalization and mechanization of two
remarkable human capabilities (Zadeh, 2008): the capability to converse, reason and
make rational decisions in an environment of imperfect information, and the
capability to perform a wide variety of physical and mental tasks without any

measurements and any computations.
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Fuzzy logic is based on the notion of partial or relative truth which fluctuates
between completely true and completely false —different from the conventional dual
logical statement which is either true or false, but not in between (Zimmermann,
2001). The bivalence in logic, as well as science and mathematics, which identifies a
world of black and white, dates back to the ancient Greeks; Aristotle’s binary logic
postulates the law: it is either “A” or “not A;” it can’t be “A” and “not-A” (the law of
excluded middle). The critical response to this logical assumption has always existed,
before Aristo and later; as like in the belief system of Buddha seeing the world filled
with contradictions; in the rhetoric of the sophists in Greek; and in the wax argument
by Descartes. The state of being both A and not-A defines a situation of intermediate.
As Kosko (1993) states: “Everything is in flux. Everything flows...there are the
atoms in between...The finger shades into the hand, the hand shades into the wrist,
the wrist into the arm. Earth’s atmosphere shades into space. The mountain crumbles
into a hill and in time crumbles into a plain”. So, in the world of black and white,
there exists gray “from accurate to inaccurate as they change”. But, the probability
theory, first proposed to handle this type of uncertainty, does not support the grays;
instead it is about the events which are black or white; occurs and not occurs.
Aristotle’s law of A or not-A is fundamental in the probability theory, whereas the
“fuzziness” in fuzzy logic denotes grayness between black and white —referring to
multivalence; the quality of having many values. Overall, fuzzy logic can be cited as
a multivalued logic, where the principle of theory depends on the matter of degree

including truth (set membership). Then, it formulizes the approximate reasoning.

Zadeh (1997) mentions three basic concepts of human cognition which are
granulation, organization and causation; “granulation involves decomposition of a
whole into parts; organization involves integration of parts into a whole; and
causation relates to the association of causes with effects.” And, humans are capable
of making rational decisions in an environment of imprecision, partial knowledge,
partial certainty and partial truth by using fuzzy information granulation. So, fuzzy
logic is highly effective and successful in dealing with real-world problems. Fuzzy
logic prompts a qualitative analysis referring to linguistic thinking. Humans employ
words in computing and reasoning, arrive at conclusions expressed as words —
different from the traditional sense of computing that involves manipulation of
numbers and symbols. The concept of “Computing with Words” (CW) (Zadeh, 1996)
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is an assignment of words to numbers (membership values and functions); and an
assignment of numbers to words. The information is conveyed by a collection of
propositions expressed in a natural language. There are a number of word categories;
nouns (e.g. age), adjectives (e.g. young), adverbs (e.g. very) and verbs in natural
language. The adjectives and adverbs define the noun as a matter of degree. The
epistemological and ontological foundation of fuzzy logic relies on this

representation of meaning and knowledge (Tiirksen, 2006).

3.2.2 Fuzzy sets

Fuzziness is mathematically expressed by fuzzy sets to capture the idea of partial
membership. The classical (crisp) set theory is incapable of modelling linguistic
vagueness and imprecision. Because, a set is a collection of distinct objects —each
single element can either belong to or not belong to a set. This refers to the
Aristotelian logic; the law of A is either true (1) or false (0). All the elements in a set
are completely equal in terms of their belonging to the set. For instance, the set ‘age’
has subsets (the collections of elements within a set): “old,” “middle-aged” and
“young,” which are strictly separated from each other. The universe of discourse X
covers all the ages a human can be, any age value x € X is the member of only one
subset x, MF = 1; and non-member of the other subsets x, MF = 0. For instance x =
35 is either young or middle aged. So, in traditional bivalent set theory, there exists a

sharp distinction between members and non-members of a set.

Considering two classical sets A and B defined on the universe X, the basic
operations that can be performed are;

The union (3.1), called logically as OR, represents all the elements that reside
in either the set A, the set B or both sets A and B;

AUuB={xlxeAorxeB} (3.1)

The intersection (3.2), called logically as AND, represents all the elements

that simultaneously reside in both sets A and B;
ANB={xjx € Aand x € B} (3.2)

The complement (3.3), called logically as NOT, represents all the elements

that do not reside in the set A;

A={xx¢A, x€eX} (3.3)
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As distinct from the traditional bivalent sets, in a fuzzy set the truth ranges in value
between 0 and 1, as it refers to the partial truth. A fuzzy set contains elements that
have varying degrees of membership. So an element can reside in more than one set
with different membership degrees according to its degree of belonging (Sen, 2009).
This idea is in contrast with classical set theory that members of a crisp set would not
be members unless their membership was full or complete (MF = 1). An element in a
fuzzy set has a membership value in the interval of [0, 1], thus a fuzzy set (3.4) is

characterized by ‘membership functions’:

A={(x pa(x)) | x € X} (3.4)

The fuzzy set “age” (nouns), for instance, has fuzzy subsets (or membership
functions): “old,” “middle-aged” and “young” (adjectives) which overlap (Zadeh,
2008). And any age value is identified by membership degree 0 < x < 1 according to
it belonging to the membership function (Figure 3.1). In the real world, the adjectives
such as young, middle aged and old refer to continuous numerical scales, as x = 35
can be both young and middle aged, very or slightly. This reality; this type of
uncertainty arising from the vagueness and imprecision of the fact itself can
mathematically be expressed by fuzzy sets. In relation to fuzzy logic, the
membership function is the granulation of data (or knowledge), while adverbs such
as very and slightly indicate the degree attached to label partial truth —membership

degrees in fuzzy sets.
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quantized Age granulated Age
Crisp Set Fuzzy Set

Figure 3.1 : The granulation of age (Adapted from Zadeh, 2008).

In Figure 3.2, fuzzy set properties are seen on a trapezoidal membership function.
Each member has a membership degree in a fuzzy set A within the interval [0, 1],
such as a; MF = 0.5 and a, MF = 1. The “a-cut” of fuzzy set A is the crisp set “A that
contains all the elements of the universal set X whose membership degrees in A are

greater than or equal to (or only greater than) the specified value of a. The set of all
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levels a € [0, 1] which represents distinct a-cuts of the given fuzzy set A is called a
“level set” of A. The “support” of fuzzy set A within a universal set X is the crisp set
that contains all the elements of X that have a nonzero membership degree in A. The
“height,” h(A), of fuzzy set A is the largest membership degree of any element in
that set. Fuzzy set A is called “normal” when h(A) = 1, and it is called “subnormal”
when h(A) < 1 (Klir and Yuan, 1995). Besides this vertical view of a fuzzy set as a
membership function, seen in Figure 3.2, another view is to consider a fuzzy set as a
nested family of classical subsets via the notion of level-cut, named as the horizontal
view of a fuzzy set (Dubois et al., 2000). The idea is to fix a positive threshold o and
to consider as members of the set the elements with membership grades above the
threshold. Moving the threshold in the unit interval, the family of crisp sets {pa: 1 >
a > 0} is generated (Figure 3.3).
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Figure 3.2 : A fuzzy set, vertical view.

membership grades
1>02>03>...>0n

Figure 3.3 : A fuzzy set, horizontal view.

Considering two fuzzy sets A and B defined on the universe X, the basic operations

that can be performed are (Celikyilmaz, 2008);
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The union (3.5) is defined by the maximum of membership functions;

AUB = paus(x) = max [pa(x), us(X)] (3.5)
The intersection (3.6) is defined by the minimum of membership functions;

ANB = pang(x) = min [pa(x), ps(X)] (3.6)
The complement (3.7) is for A®is defined as follows;

pa“(x) = 1 - pa(x) (3.7)

To make a comparison, Figure 3.4 illustrates a graph to show the difference in the
logical operations between two-valued logic; crisp logic and multivalued logic; fuzzy
logic (MathWorks, 2013a).

A A A
B B I
Two-valued
logic —
A and ndA
— — s
A B A B
k /
Multivalued
logic
oA
P . M \
AND OR NOT
min(A,B) max(A,B) (1-A)

Figure 3.4 : Logical operations (MathWorks, 2013a).

In sum, fuzzy sets are the mathematical representation of fuzzy logic —the mental
representation of reality. The facts such as age and temperature in natural language
are expressed by resolving intermediate categories between notations such as
true/false; young/old and cold/hot. Classical logic and crisp sets are too rigid to
account for such categories that membership is a gradual notion rather than an all-or-
nothing matter. In that sense, fuzzy logic and fuzzy sets provide an alternative to

binary logic and precise numbers.
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3.3 Fuzzy Computing

The fuzzy logic and sets capabilities can be exercised by using MATLAB. MATLAB
(matrix laboratory) developed by MathWorks is a high-level language and interactive
environment for numerical computation, visualization, and programming. “Fuzzy
Logic Toolbox” provides functions, graphical tools, and a Simulink block for
analyzing, designing, and simulating systems based on fuzzy logic (MathWorks,
2013a). The toolbox lets the user model complex system behaviors using simple

logic rules, and then implement these rules in a fuzzy inference system (FIS).

Fuzzy inference is a method that interprets the values in the input vector and, based
on user-defined rules, assigns values to the output vector. The FIS involves five
steps: fuzzification, rules, inference process, aggregation and defuzzification. Figure

3.5 shows the flow of the process of the fuzzy inference system.

Fuzzy inference process

crisp — ) ) ;- s ) . crisp

: —»| Fuzzification \A Defuzzification

input — A Rule 2 > Z — of ariables output
variables uzzifier / of output variables variable

Rule n

Figure 3.5 : Fuzzy inference system (Adapted from Raol, 2010).

The most commonly seen inference methods are Mamdani (Mamdani and Assilian,
1975) and Sugeno (Sugeno, 1985). The first two parts of the FIS; fuzzifying the
inputs and applying the fuzzy operator are exactly the same in both methods. The
difference lies in the consequents of their fuzzy rules: Mamdani fuzzy systems use
fuzzy sets as rule consequent whereas Sugeno fuzzy systems employ linear functions

of input variables as rule consequent (Sivanandam et al., 2007).

3.3.1 Fuzzification

In FIS, each input is defined as a fuzzy set which is characterized by its membership
functions (MFs); this is the “subset”. So the input variable, which is always an
integer numerically limited to the universe of discourse, is fuzzified by being
assigned a membership degree: 0 < x < 1 (Figure 3.6). This conversion of a Boolean
guantity to a truth value by using the sets of input MFs is named as the fuzzification
process. Fuzzification is applied for each input, and the rest of the inference process

operates with the fuzzified input variables.

35



n Membership function plot
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input variable: “inputl” input variable “x” =7,
range: [0 10] result of fuzzification = 0.75

Figure 3.6 : Fuzzification.

Fuzzy logic toolbox includes eleven built-in membership function types. The straight
line membership functions: triangular membership function (trimf) and trapezoidal
membership function (trapmf) have the advantage of simplicity. A triangular
membership function is defined by the variables a, b and c, where a is the left
intercept (mf = 0), b is the center peak (mf = 1) and c is the right intercept (mf = 0).
Trapezoidal membership function is used when the left or the right intercept or the

center peak coverts into an interval of values (mf = 1) (Hines, 1997).

Notably the output can also be defined as a fuzzy set with MFs if the Mamdani-type
inference is operating. However, in the Sugeno type of FIS, the system supports the

output membership functions, which are either linear or constant.

3.3.2 Rules

The second step is generating the rules. To obtain the output in FIS, inputs are
processed using a set of “IF-THEN” conditional statements (fuzzy control rules),
which are written in the following form: If (input is MF x) Then (output is MF Xx).
The if-part of the rule is called the antecedent or premise, while the then-part is
called the consequent or conclusion. If the antecedent of a rule has more than one
part, inputs are connected by logical operators — “AND”, “OR” and “NOT” — where
needed. Also, it is possible to weight one rule relative to the others in order to make

it more effective in the inference system.

A ‘relation’ is a set of ordered pairs. Relations express connections between different
sets, and they are a convenient tool for creating if-then rules (Kecman, 2001). R as a

crisp relation matrix in Table 3.1 (a) shows the association or interconnection
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between fruit color and state. This relation matrix can be interpreted as an existing

empirical set of If-then rules:
R; If the tomato is green, then it is unripe.
R, If the tomato is yellow, then it is semiripe.
R If the tomato is red, then it is ripe.

However, a better interconnection between fruit color and state is given by a fuzzy
relational matrix in Table 3.1 (b). Fuzzy relations between sets (inputs and output)
are defined in linguistic variables expressing various degrees or strengths of
associations, interactions and interconnections. The elements of the relational matrix
are degrees of membership, that is, possibilities, or degrees of belonging, of a

specific pair to the given relation R. So, R; can be written as follows:

Ry If the tomato is green, then it is unripe (n = 1), possibly semiripe (n =

0.5), and unlikely to be ripe (n = 0).

Table 3.1 : Relation matrixes (Kecman, 2001).

R (crisp) unripe semiripe  ripe
green 1 0 0
yellow 0 1 0
red 0 0 1
(a)
R (fuzzy) | unripe semiripe  ripe
green 1 0.5 0
yellow 0.3 1 0.4
red 0 0.2 1
(b)

Fuzzy rule base consists of the rules that would be used in the inference process. All
possible rules can be generated automatically by combining all the membership
functions of the inputs and output (Sen, 2009). Expert opinion, training data and also
the degree of belief (Nguyen and Walker, 2006) are the ways to validate the rules, as
well as to eliminate or weight them. These three methods are crucial in architectural
applications of fuzzy inference models, especially for predicting human behaviour

and inhabitation patterns.

37



3.3.3 Inference, aggregation and defuzzification

After the fuzzification and rules application steps, the FIS goes through the last three
processes. The inference process -also called as implication or rule evaluation-
determines an output by evaluating the rules. This describes how the membership
function of the input variable (its antecedent condition) influences the result (its
consequent condition). This is managed by an algorithmic process wherein for each
rule the ‘firing strength’ (the degree to which the antecedent part of a fuzzy rule is
satisfied) is computed (MathWorks, 2013a). Thereafter, the output value of the rule
is computed.

After the output of each rule is acquired, the rules must be combined in some manner
in order to make a decision. Decisions are based on the testing of all of the rules in a
FIS. In the aggregation process, all of the outputs of all the rules are grouped
together. The input of the aggregation process is the list of truncated output functions
returned by the implication process for each rule. The output of the aggregation
process is one fuzzy set for each output variable for Mamdani-type FIS. Since the
outputs of the rules are membership functions, they have to be defuzzified for a
quantifiable global output value. Selecting a crisp number u* representative of p out
(u) is a process known as deffuzification (Tsoukalas and Uhrig, 1997). The most
frequently used deffuzification techniques are the centroid or center of area (COA),
the center of sums (COS), and mean of maxima (MOM). However, defuzzification is
not required for the Sugeno-type FIS, since the outputs of the rules are already single
numbers and just need to be combined. The final output of the system is the weighted

average of all rule outputs.

Figure 3.7 shows a full-size fuzzy inference diagram; fuzzy inference, aggregation
and defuzzification processes for a “tipping problem” in both the Mamdani and
Sugeno -type FIS (MathWorks, 2013a). The inference is modelled to decide the tip at
a restaurant, according to two inputs: the quality of service and the quality of food.
Three rules are defined including both factors: 1. If the service is poor or the food is
rancid, then the tip is cheap 2. If the service is good, then the tip is average 3. If the
service is excellent or the food is delicious, then the tip is generous. The input
variables are; service = 3 and food = 8. The output value is tip = 16.7% for the
Mamdani-type FIS, and tip = 16.3% for the Sugeno-type FIS.
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Figure 3.7 : Inference, aggregation and defuzzification (MathWorks, 2013a).
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3.4 Fuzzy Thinking in Building and Space Studies

Fuzzy reasoning is used in many fields for understanding and interpretation of the
built environment, also to assist qualitative research as well as the mechanism for

problem solving and decision making.
3.4.1 Management

Fuzzy techniques are applied in managerial work especially for performance
assessments (Chan et al., 2009). For instance, risk analysis -relation between sources
and consequences- is conducted by using fuzzy estimations (Tah and Carr, 2000).
Fuzzy reasoning is used to evaluate design ideas, projects and planning decisions at
any stage. As an example, a fuzzy multi-criteria decision-making model is proposed
for the evaluation of end products of the architectural design process by Palabiyik
and Colakoglu (2012). In emergency management, the fuzzy approach is used in
numerous danger scenarios and simulations encompassing pre- and post-disaster
studies; from structure or material control and design (Sen, 2010, Giiclii and Yazici,
2007) to evacuation modelling (Tan et al., 2009, Zhu et al., 2008), crowd movement
(Deshpande and Gupta, 2010) and panic behaviour (Singh, 2006). In the field of
environment and natural resource management, recent works apply fuzzy tools to
sustainable technologies and eco-design (Vakili-Ardebili and Boussabaine, 2007,
Cornelissen et al.,, 2001). Additionally, many building performance analyses use
fuzzy logic for energy, comfort and control management —e.g. for HVAC systems
(Kolokotsa, 2007, Alcala et al., 2009, Bhavani and Khan, 2009).

3.4.2 Urban design

As the applications of linear rationalist planning methods (such as long range land
use planning and Euclidean zoning) have failed to solve urban problems of actually
complex and non-linear systems, new methodologies are steadily introduced. Fuzzy
thinking is appreciated as it is a favourable expression of uncertainty and complexity
in city planning, also to the fluidity of public space. Habib and Shokoohi (2009)
propose the fuzzy system approach for classification and solving complex urban
problems including control, polytely, optimizing, as well as open and decision
making problems. Sassen (2010) uses the term “cityness” which is not a western

notion of urbanity and refers to the intersection of differences. For her, conceiving
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cities as fuzzy logic systems will reveal the possibilities of the juxtapositions of
different settings, which cannot be managed by applying the formal logic of

planners.
3.4.3 Geography and “Fuzzy Spatial Objects” (FSOs)

By geographers, the logical system of fuzziness is seen as an appropriate tool to
handle ambiguity, vagueness and imperfection about space. In his oft-cited paper
“Fuzzy Sets and Spatial Choice,” John S. Pipkin (1978) argues against the classical
choice theories with Boolean truth-functional logics, which are becoming
increasingly incapable of providing a fully adequate account of the classes of
vagueness and ambiguity uncovered by research on spatial cognition. However, the
fuzzy set concept is capable of capturing this kind of uncertainty. For instance,
inexactness in the perception of distance can be formalized and interpreted as
“approximately the shortest” or “reasonably close to”. Spatial choice can also be
defined as a fuzzy set with membership functions (parking space, service quality and
travel time) which are taken as fuzzy subsets —where each fuzzy union or intersection
alternative of subsets possesses different behavioural implications. Similarly, Leung
(1983) underlines the difficulties encountered in attempting to analyse and predict
with exactitude the spatial preference, choice and movement of individuals. In
deciding on a mode of transportation, economical, relatively comfortable, good
service, and low accident rate may serve as standards, or in determining a place to
shop, the basic requirements may be not too far away, relatively high quality
products, and reasonable prices. However, there are no exact boundaries demarcating
economical in terms of fare, or not too far away in terms of physical distance. Thus,
“uncertainty arising from the interpretation and processing of these inexact concepts
has nothing to do with randomness but is directly related to fuzziness.” Additionally,
Thill and Sui (1993) investigate the relevance of fuzzy preferences for mental
mapping. Imprecision and ambiguity in individual residential preferences result in
the ambivalence and uncertainty to rank the spaces which will construct mental maps
(representing aggregate residential preferences in a population). They conclude that
interval scales used in rating or evaluating tasks do not force individuals to give a
crisp judgement of places, they are more adequate than ordinal scales for mental
mapping and for behavioural analysis.
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Contemporary researches prove that new capabilities are required in spatial analysis
due to the increasing awareness of uncertain situations. “Fuzzy spatial objects”
(FSOs) based on fuzzy logic and sets are specifically suggested by virtue of the
necessity for an appropriate reasoning in GIS.

Distinct thematic layers carry different information with respect to the same spatial
unit. The concept vagueness is related to the nature of the observed spatial
phenomenon characterised by some gradual physical, social or cultural property.
Many natural features are fuzzy by definition (Bordogna et al., 2006). Our
understanding of, and actions in, space are necessarily unable to be described in
terms of classical set theory. Boolean logic, a two-valued system subdivides space
into a set of mutually exclusive and exhaustive regions with clear-cut boundaries. A
region or zone can not be treated as an entity or theoretical construct which is exactly
defined and delimited. Geographers consider this problem in relation to landscape
features and spatial zones, for instance by querying what a mountain and a valley is
when the two are adjacent; which points have to be assigned to the valley and which
points to the mountain. There is no strict boundary between these conditions, leading
to the value of the “partial truth” and “multiple membership” capacity of the fuzzy

set. This is why geographers have adopted fuzzy thinking as a means of analysis.

Schneider (1999) defines fuzzy spatial objects as objects with imprecise or vague
spatial attributes (e.g. the temperature areas in a weather map with fuzzy borders), as
opposed to crisp spatial objects, those with precise or exact attributes (e.g. U.S.
States map with crispy borders). In Figure 3.8, wave heights over the Mediterranean
Sea are illustrated on a weather map. According to the map, the wave heights have
varying characteristics, which are most dense in the south-west of Italy and clear on
the Eastern Mediterranean. The borders of the density regions are indeterminate

since the height characteristic changes somewhat gradually (Sozer, 2010).

The most established spatial data types are point, line and region; and fuzzy spatial
objects are comprised of fuzzy points, lines and regions (Sozer et al., 2008). A fuzzy
point is a point for which an exact position is not known but possible positions are
known within a certain area. In Figure 3.9 (a) the expected position of such a point is
shown by a black dot and the possible positions are shown by grey dots. For instance,
a ship waiting in the queue to cross Istanbul’s Bosphorus is supposed to be found at a

certain point but may drift from that position from time to time (move to the grey
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points). A fuzzy line is a line, the exact shape, position or length of which is not
known, but what is known is which area the line must reside in. In Figure 3.9 (b), the
centre line, for instance, shows the normal shape of a river. The actual river line can
change position and shape due to floods or droughts (seen as the grey area). A fuzzy
region is a region with indeterminate boundaries. In Figure 3.9 (c) a typical fuzzy
region is depicted and might be used to express the gradual change over a spatial
domain for a given attribute (e.g. wave height). Finally, a complex region is a set of
regions possibly with holes and multiple components, as seen in Figure 3.9 (d).

Foggy regions with clear patches, for example, can be represented as complex

regions.

Figure 3.8 : Wave heights over the Mediterranean Sea (Sozer, 2010).

ol | N
¢

(a) Fuzzy point (b) Fuzzy line (c) Fuzzy region | (d) Complex region

Figure 3.9 : Spatial data types (Sozer et al., 2008).

A fuzzy spatial object is defined by a fuzzy subset of the spatial domain, that is, by a
set of spatial elements whose membership is gradual rather than abrupt (Bordogna
and Chiesa, 2003). The fuzzy region, which is the most architecturally relevant data
type, has three zones comprised of points with different membership values in the

fuzzy set (Zhan and Lin, 2003): “the core,” “the indeterminate boundary” and “the
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exterior”. As the degree of belonging; the membership value of any point in the core
is x = 1, in the indeterminate boundary is 0 < x < 1, and in the exterior is X = 0
(Figure 3.10). The core is represented by the spatial elements that fully satisfy the
property; the exterior by the elements that do not satisfy the property; and the

indeterminate boundary by the elements with partial degrees of satisfaction.

Indeterminate boundary

Inside edge

Outside edge

\

Figure 3.10 : A fuzzy region (Zhan and Lin, 2003).

In geographical space, reasoning on spatial entities is supported by representations
that involve direction, topological, ordinal, distance, size and shape relationships
(Pullar and Egenhofer, 1988). Topological relations between two dimensional objects
are spatial relations that are preserved under such transformations as rotation, scaling
and rubber sheeting. Eight meaningful binary topological relations are introduced for
crisp regions; disjoint, meet, equal, inside, contains, covers, covered by and overlay
(Egenhofer et al., 1994). These relations, known as a 9-intersection model, are based
on the intersection between the parts (interior, boundary and exterior) of the regions
involved. Tang et al. (2006) adopted the 9-intersection matrix to identify the
topological relations for fuzzy spatial objects; for regions, lines and points. The
topological relations between fuzzy regions are inevitably fuzzy because of the
indeterminate boundaries of the regions involved. Figure 3.11 shows the semantic

terminology of the relations between two spatial regions.
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A and B are Aand B A equals B (3)
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or B contains A (4) or B covers A (6) disjoint boundaries (8)
vice versa (5) vice versa (7) intersecting boundaries (9)

Figure 3.11 : Topological relations between two FSOs.
3.5 Fuzzy Thinking in Architectural Design

3.5.1 Design process

Fuzzy thinking is regarded as a way to model uncertainty in the design process, as
Cao and Protzen (1999) propose a FRS_IBIS (Fuzzy reasoning system issue-based
information system) computational model to represent design knowledge and
architects’ reasoning patterns. In an experiment, invited designers are asked to
analyse and to provide guidelines for the entrance locations of a library building.
Participants re-examine their thoughts with the help of the fuzzy reasoning charts and
equations to identify differences and conflicts. So, the design reasoning and

argumentation process are quantified through fuzzy logic techniques.

The fuzzy approach is used in many design problems related to uncertain boundaries.
Koutamanis (2007) proposes fuzzy modelling as a digital equivalent of analogue
sketching which allows designers to register and manipulate imprecise and uncertain
information. While the crispness of computer-based models can be an obstacle to
certain modes of design thinking and interaction, especially in the early design
stages, the fuzzification of crisp forms creates more flexible and adaptable shapes by
expressing degrees of tolerance, incompleteness and uncertainty. Figure 3.12 shows
the fuzziness in sketches and fuzzy shapes described by minimal and maximal

values. Bayraktar and Cagdas (2013) propose a digital architectural design tool
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named “Fuzzy Layout Planner,” which allows creating sketch-like footprints. The
user can create layouts made of bubbles for the spaces needed. The bubbles are
moving dynamic parts, which have fuzzy boundaries. The vague definition of the
placement of the spaces brings more opportunities in the design process, thus the

architect gets the benefits of trial and error in the early design phase.

Figure 3.12 : Fuzziness and digital sketching (Koutamanis, 2007).

3.5.2 Design manifest

Fuzzy logic and fuzzy sets are involved in the idea of architectural design as parallel
with new developments in mathematics and geometry as well. While mathematics in
architecture has historically referenced notions of order, proportion, and ideal form,
the discipline of mathematics itself has shifted to encompass uncertainty,
incompleteness, relativity, and chaos, moving towards a situation in which truth itself
is elusive. Architecture is just beginning to embrace the underlying issues embedded
within this contemporary mathematics: uncertainty, unpredictability, chance,

recursion, wildness, and informality (Hernandez, 2013).

New interpretations of mass and volume become possible when the conventional
distinctions between the components of a building are dissolving. In Figure 3.13, we
see five stages of a cube to sphere transformation as a good metaphoric example. The
crisp borders disappear and the faces penetrate into each other. The cube and the
sphere define two distinct logical formations; Aristo and Fuzzy (Cekmis, 2014a). In a
similar sense, the vertical and horizontal borders (wall and floor), the covering
surfaces (roof), accesses (door), holes (window) and other architectural elements
become abstract and gain different syntactic and semantic meanings in design. We
see a glass wall different from the pattern of a classical window, or a wall stoops and
smoothly transforms to a roof. While a wall is bending to a roof, there is a grey zone

between them, some roof and some wall. This refers to a membership position in the
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fuzzy set and a soft transition without hard borders or edges. The architectural design
of a stair and a ramp shows it clearly, when we reach from one level to another by
having strict borders of sets of each step, or by having a soft climb where the
membership of virtual steps change gradually (Figure 3.14).

Figure 3.14 : A photograph from the Machida Railway Station in Tokyo.

Fuzzy logic is used to explain the works of some architects. In her article titled
“Study the Works of Peter Eisenman? Why?” Rossi (1999) links the projects of
Eisenman with fuzzy logic. Design conveys multiplicities, contradictions and
differences into temporary hypotheses. The fluid laws that lie at the base of the
planning process inflect solutions that, “if the first projects of Eisenman illustrate the
internal virtualities of a rigorously closed, rigid cube, the following plans show the
virtualities of the same shape subjected to the internal laws of deformation.” The
result reflects the mathematical logic lying at the base of the “variable linguistic” or
of the “calculation with words” conceived by Zadeh. Talasova (2012) uses fuzzy
expert systems to model the vague general principles of Adolf Loos’s architectural

works. When designing his villas, Adolf Loos applied his Raumplan principle. The

47



principle postulates that no floor plans, no vertical sections and no facades be
designed. Also solutions of the exterior and interior of the villas are rather

independent.

3.6 Chapter Summary

As discussed in this chapter, many mathematical methods could be used to model
uncertainty, among which probability theory was mostly applied in stochastic
processes. However, fuzzy logic and the theory of fuzzy sets were introduced as a
promising method to deal with uncertainty —by using the computational software:
MATLAB. Alternative to Boolean logic and classical sets, fuzzy systems reflect
linguistic thinking by replicating the way humans behave against uncertainty.
Depending on this property, the fuzzy approach has been applied in the areas of
management, urban studies and geography. To express imprecise and vague spatial
entities and their relations, the concept of FSOs has been devised in GIS. Fuzzy
thinking is also ideal to cope with uncertainty in architectural design, for dissolving
boundaries in the conventional expression of form and space both in the design

process and in the design manifest.

Overall, this chapter reviewed the literature which constitutes the methodological
foundation of the proposed model. The model uses fuzzy logic and fuzzy sets theory
as the means for handling uncertainty; for both the representation of ill-defined
spatial configurations and for the analytical prediction of how people spatially

behave. The fuzzy spatial model is comprehensively explained in the next chapter.
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4. MODEL

This chapter describes the fuzzy computing model which predicts and simulates
spatial inhabitation in response to higher levels of uncertainty. The first section gives
the conceptual base of the model; by interpreting and associating the concepts
presented in the previous two chapters. This section also explains the parameters
which construct the principles in establishing inhabitation patterns. The second
section elaborates both phases of the model: calculation and visualisation; which are
operated by the FIS and the image generator in MATLAB. The result of the model is

the maps that show the spatial usage in large, ill-defined volumes.

4.1 Conceptual Premise

This section first defines spatial uncertainty which is prevalent in fluid and
continuous spaces of open plan designs, and also proposes fuzzy sets to handle
ambiguity, vagueness and imperfection in those spaces. Later, a novel conceptual
tool: Fuzzy Architectural Spatial Objects (FASOSs) is introduced. Additionally, the
last part explains the parameters which affect the occupational behaviour; also to

which the inputs in the calculation part of the model will refer.

4.1.1 Spatial uncertainty and fuzzy sets in open-plans

This part focuses on the uncertainty in architectural space inherent in the spatial
configuration, which we call as spatial uncertainty. This uncertainty is prevalent in
fluid and continuous spaces, such as in free and open plan designs where an entire
space is occupied in a holistic way, but multi-functionality still plays an important
role. Such spaces are common in large exhibition and conference halls, airport foyers
and the concourses of train stations. These spaces are not divided into defined rooms
by doors or walls, but rather spatial modelling, coupled with material and colour
changes, separate various sub-functions and sub-spaces within an overall
environment. In terms of usage, a total space is an ensemble of various temporary

sub-functions. Each sub-function existing in the overall environment has a spatial
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entity with an uncertain boundary. Those virtually demarcated spaces are called as
sub-spaces. This lack of clear spatial configuration in open-plans also prompts the
uncertainty present in inhabitation patterns and it also makes the task of modelling
these patterns complex and difficult.

Overall, an open-planned space has many sub-functions and can also be represented
as an accumulation of sub-spaces. The theory of fuzzy logic and sets are ideal for
expressing this spatial identity. A total space could, hypothetically, be seen as a
fuzzy set where each sub-space (and its sub-function) is a fuzzy subset; that is, a
membership function. The whole, two-dimensional space is the universe of discourse
of the fuzzy set, and the smallest unit of this space -which can accommodate a
person- is an element or member. Any member belongs to a sub-space with a
membership degree 0 < x < 1. So the member can belong to more than one sub-space
and a sub-space can be comprised of members with various differing membership
degrees. This is a fundamental attribute of spatial uncertainty, where no physical
boundaries of sub-spaces exist and people can fulfil multiple functions within
different sub-spaces simultaneously. For example, a person could be in a queue to
pick up an airline ticket while checking their flight time on a monitor. Such a person
is participating in two functional activities while occupying two overlapping sub-
spaces of the terminal. This way of thinking about spatial uncertainty is not related to
frequency or randomness (statistics or probability) but to the inherent complexity and

indeterminacy of human usage of space.

4.1.2 Fuzzy Architectural Spatial Objects (FASOs)

The notion of sub-space is introduced as “Fuzzy Architectural Spatial Objects”
(FASOs) in this study, having similar features with FSOs which have been expressed
in GIS. The concepts of uncertainty addressed by geographers could be interpreted in
the same way as the uncertainties in architectural space. Thus, the geographic notion

of an FSO could easily be revised to accommodate architectural space.

A FASO is a fuzzy subset in the total space, which has members (spatial units) with
different degrees of belonging. The membership degree is 