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OPTICSIM: OPTiK AGLARDA YONLENDIRME VE DALGA BOYU
ATAMASI ICIN TASARLANMIS BENZETIM YAZILIMI

OZET

Gegtigimiz on yil icerisinde, bilgisayar ve telekomiinikasyon aglarinda ¢ok siddetli
bir degisim yasamistir. Internetin hizli sekilde biiylimesiyle, aglardaki band
genigliginin artmasi yoniinde biiylik bir ihtiya¢ olusmustur. Dalgaboyu boliimlemeli
cogullama (Wavelength Division Multiplexing), optik liflerdeki biiyiik band
genigligini degerlendirme acisindan umut verici bir teknoloji olarak ortaya ¢ikmuistir.
Bu gelismenin sonucu olarak, yonlendirme ve dalga boyu atama optik aglarda en
o6nemli konulardan birini olusturmustur. Eski protokol yapisini yeni biiyiik kapasiteli
optik aglara uyarlama ve optik aglarin kapasitesini etkili sekilde kullanma agisindan
yeni teknikler ve algoritmalar ileri siiriilmiistiir. WDM ayn1 optik lif iizerinde birden
fazla veri akisini saglayabildigi i¢in etkili bir teknolojidir. Bir optik ag iizerinde veri
akisini etkili sekilde gerceklemek zor bir problemdir ve algoritmik bir yaklasim
gerektirir.

Yiiksek kapasite saglanmasina ragmen, O/E (opto-elekronik) ve E/O (elektro-optik)
dontigiimler bu hiza bir limit olusturmaktadir. Varilmak istenen hedef ise tiim agi
bastan basa optik lif ile baglamaktir. Bu sekilde tiim baglantilar fiberoptik kablolar
tizerinden higbir elektronik doniisiime ihtiya¢ duymadan iletilebilmektedir. Bu ¢esit
aglara “tam optik aglar” ve bu tip aglarda kurulan baglantilara “isikyolu”
denilmektedir.

Calismamiz temel olarak tam baglantili aglarda 1sikyolu kurulmasi temeline
dayanmaktadir. Bu tiir optik WDM aglarda yonlendirme ve dalga boyu atama
algoritmalarinin karsilastirilmasi i¢in bir simiilasyon araci gelistirilmistir. Bu
simiilasyon aracindan elde edilen sonuglar algoritmalarin basarimlarini gostermekte
ve karakteristikleri ile ilgili fikir vermektedir.

Bu tez yonlendirme ve dalga boyu atama algoritmalarinin simiilasyonu ve onerilen
yeni algoritmalarinin, olusturulan GUI aracina adaptasyonu iizerine odaklanmistir.
Gelistirilen grafik kullanici arayiizii uygulamasi kullaniciya bu algoritmalarin nasil
karsilastirilmasi ile ilgili cok sayida fonksiyon sunmaktadir. Kullanicilar ayrica kendi
algoritmalarini bu araytize kolayca ekleyebilmektedirler.
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OPTICSIM: SIMULATOR FOR ROUTING AND WAVELENGTH
ASSIGNMENT SIMULATOR IN OPTICAL NETWORKS

SUMMARY

In the past decade, computer and telecommunication networks have experienced
quite a drastic change. With the explosive growth of the Internet, there has been a
huge demand for network bandwidth; Wavelength division multiplexing (WDM) has
emerged as a promising technique to utilize the huge bandwidth of optical fibers. As
a result of this development, Routing and Wavelength Assignment (RWA) became
one of the most important issues in optical networks. New techniques and algorithms
are proposed for adapting the old protocol structure to the new huge capacity optical
networks and using the capacity of optical networks efficiently. WDM is an
attractive technique since the same fiber can be used for multiple data streams and
this creates a need for algorithms how to use these data streams on one fiber
effectively.

Despite of providing huge capacity, O/E (opto-electronic) and E/O (electro-optical)
conversions put a limitation to this incredible network speed. The desirable goal is to
connect the network with fiber-optic on an end-to-end basis, where all connection
goes through fiber-optic cables without any conversion. These types of networks are
called “all-optical networks” and the connections established on these networks are
called “lightpaths™.

Our study mainly depends on the subject of establishing lightpaths on all-optical
networks. A simulation tool is developed to compare the routing and wavelength
assignment algorithm on wavelength-routed optical WDM networks. The results
obtained show us the performance of the algorithms and gives about the
characteristics of these algorithms by using the simulation tool.

This thesis focuses on creating of a GUI application to simulate RWA algorithms and
to adapt newly developed RWA algorithms into the GUI tool. This GUI application
is very useful in order to compare the performance of various RWA algorithms.

Xii



1. INTRODUCTION

The explosive growth of the Internet and the development of an information-oriented
society, the requirements of the Internet have increased drastically. These
requirements created a need for a technology to transmit data with high bandwidths
and Wavelength Division Multiplexing (WDM) has been a solution in order to
supply enormous bandwidth needs. WDM is based on the idea of using the
characteristic of fiber-optic for carrying multiple data streams simultaneously;
however, there is a fundamental requirement in fiber-optic that the channels, which
are obtained with WDM technique, must operate at different wavelengths. This is
one of the most important constraint of WDM technology and the purpose of
wavelength assignment algorithms depend on this. Today, WDM is used by many
network providers for point-to-point transmission. The telecommunications industry,
network service providers, and research communities worldwide are paying close

attention to this technology.

Although optical networks operate at high speeds, some problems are faced as a
result of this speed and our thesis subject “routing and wavelength assignment” is
one of these problems. In optical networks; the data streams are transferred on light
wavelength instead of copper wire and routing decisions become more important
while working with light-speed. The limited capacity of optic switches and
constraints of high frequencies, data streams must be routed from source to

destination without waiting queues.

In WDM networks, data is transmitted on wavelengths. This property requires
routing by using wavelengths. A wavelength-routed network that carries the data
streams from source to destination without any O/E or E/O conversions is called “all
optical” network. The connection that is established from source to destination on

fiber-optic cables is referred as “light path’ or “clear channel”.

All-optical networks may not support to switch from one wavelength to another one .
The constraint of using one wavelength per path is known as wavelength continuity
constraint.
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Figure 1-1: Wavelength Conversion in Optical Networks

Wavelength-continuity constraint can be relaxed if we have the ability to convert the
data on one wavelength to another wavelength in the next node with the help of some
devices. This is referred as wavelength conversion and the networks that have such
switches are called wavelength-convertible networks.

Basically, RWA problem interests in creating lightpaths between source and
destination pairs and assigning a suitable wavelength for this connection. In this
work, we keep the wavelength continuity constraint. RWA is an NP-Complete
problem, hence some heuristics are proposed to reach a solution. The RWA problem
can be divided into two main subproblems: The first sub-problem is finding a route
between a source and a destination, briefly routing problem, and the second sub-
problem is choosing the right wavelength on that route. Routing sub-problem can be
solved by using shortest path algorithms. Wavelength assignment employ various
techniques such as random wavelength assignment, first-fit, least-used, most-used,
least-loaded. These heuristics will be explained and compared in the following
chapters.

The main goal of the study is to create a user-friendly graphical user interface
application to simulate routing and wavelength assignment algorithms. Some well-

known heuristics are added to the application and the results observed are presented.

Chapter 2 gives an overview about the RWA techniques. Chapter 3 gives the
implementation details of the tool developed. The comparison results of various
RWA techniques are given in Chapter 4. Chapter 5 concludes the work by giving
future directions.



2. OVERVIEW OF ROUTING AND WAVELENGTH ASSIGNMENT

This section gives an overview of the optical communications network, the
technologies used in it and briefly the basic differences of it from non-optical
communications network. It provides a brief knowledge about the topic for the reader

to understand the rest of the thesis.

2.1 Overview of Optical Communications Network

Fiber-optic cables gained a big importance for network backbones for its high
capacity and low error rate properties. Light is used as the carrier in these cables.
Wavelength Division Multiplexing method aims to carry as many multiple data
streams as possible. If E/O (electrical to optical) and O/E (optical to electrical)
converters exist in the system then these conversions must be done in the system and
this will decide the limits of the system. Optic switches are used to communicate in
the optic area before entering electronic area by limiting the conversions only at the
source and destination node. An optic circuit is established from source and
destination in this way and no O/E conversion or via versa is needed in the middle
nodes for transmission. This Lightpath is indexed with its wavelength in the system.

These networks are referred as transparent.

This kind of networks will supply the isolation of the transmission protocols, used in
source and destination nodes, as well as increasing the transmission capacity. The
management and operation of the nodes in the middle part, used for transmission of

coming data stream, is also simplified in this way.

As stated in the handbook of optical communication, one of the most important
factors in design of WDM networks is deciding on the number of wavelengths to use.
The number of maximum wavelengths is limited by optical device technology and is
affected primarily by the total available bandwidth or spectral range of the
components (including the fiber) and the spacing between the channels.
Conventional fibers have a low attenuation range between 1335 and 1625 nm with a

“water-peak window” at 1385 nm [1].



Channel spacing is affected by several factors:

1. Channel bit rates

2. Optical power budget

3. Non-linearities in the fiber

4. The resolution of transmitters and receivers

The optical components used in point-to-point optical WDM can be seen in Figure
2.1.
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Figure 2-1: Optical components in point-point optical WDM

The operation of this mechanism is sending the signals via transmitters (lasers) and
coupling the signals by using a multiplexer (wavelength) into a fiber. Signals may be
amplified by using amplifiers. In the figure, EDFA stands for erbium-doped fiber
amplifiers and OADM stands for optical add drop multiplexers.

In wavelength-routed all-optical networks, the nodes at the source and destination
communicates thorough the lightpath. Lightpath is a connection type which consists
of one or more fiber-optic cables. The constraint of using the same wavelength from
source to destination is referred as wavelength-continuity constraint.

Wavelength-continuity constraint can be overcome with switches that can do
wavelength-conversion. But the prices of devices that is capable of doing this
conversion is too expensive and that results in considering other techniques to

efficiently use network under the wavelength-continuity constraint.

2.1.1 Optical Networks Architecture

A point-to-point optical transport link is the basic structure of all type of optical

networks. Some certain known topologies are formed by the combination of these



basic point-to-point optical transport links. The evolution of optical networks started
from SONET and electric time-domain multiplexing (ETDM). ETDM was used to
obtain high bit-rate in optical domain. And another global standard came out of
North America that is called as synchronous digital hierarchy (SDH). There are some
variations of this protocol, which uses the standard (STM-m), such as; STM-1, STS-
3, STM-4, STS-12 and so on.

In parallel to wavelength division multiplexing (WDM) and time division
multiplexing (TDM) technologies, researchers are pushing optical time domain
multiplexing (OTDM) that can take tens of gigabit stream to several hundreds of
gigabit streams. An explosive growth occurred in the 1990s when EDFAs 6 became
available and multiple wavelength signals could be amplified without de-
multiplexing. The so-called course WDM migrated to dense-WDM (DWDM) and

ultra-dense WDM, and new standards are still evolving [1].

In literature, one finds an array of terminology to describe the various optical
networks related to architecture, geographical coverage, multiplex-technology,

management, switching- and routing-based technologies and so on.

As mentioned before, point-to-point optical connection constitutes an optical
network infrastructure. The geographic area definition can also be other criteria to
divide network into types. The overall network infrastructure is divided into three
major zones: access/edge, regional/metro and long-haul/backbone optical networks.

Access/edge-networks provide the connectivity of source and destination clients to
the nearest node or carrier central. These kinds of networks’ range are from 1 to 10
kilometers. Long-haul networks are used for backbone connections and span greater

region and global distances.

Metro and regional networks are the gaps between access and long-haul networks.
There is not a defined measure for the spanning area of metro and regional networks.
As a result of serving as interconnects and bridge the gap between the access the
networks and the high-speed metro-core, several equipments and protocol
requirements need to be considered for this kind of networks. These networks needs
the essential technologies such as WDM, optical ADM (OADM) and such
technologies to become a bridge to convert access network’s electrical signals to

optical wavelengths.



2.1.2 Wavelength Division Multiplexing (WDM)

Synchronous Optical Network/Synchronous Digital Hierarchy (SONET/SDH)
infrastructure and Time Division Multiplexing are essential technologies for limits in
terms of bandwidth. These constraints are the results of frame size, framing rate,
clock speed, and device opto-electronics and so on. The original driver for the
development of WDM technology was the need for original bandwidth. Wavelength
Division Multiplexing is a promising approach for using enormous bandwidth of

optical laser. WDM is a big revolution inside the optical communications revolution.

The existence and advance of optical fiber communications is based on the invention
of the laser, the invention of low-loss optical fibers. The need for higher capacity
transmission was helped by the fact of the development of more powerful computers.
This is one of the key reasons why the explosive growth of optical fiber transmission

technology parallels computer processing and other key information technologies.
e  WDM required the development of many new enabling technologies such as
e Broadband optical amplifiers of high-gain
e Integrated guided-wave wavelength filters and multiplexers
e WDM laser sources
e High speed modulators

WDM technology is progressing at a high pace. This pace is enabled by high-speed
electronics. The potential bitrate per WDM channel has increased to up to 40 Gb/s
and higher.

The dramatic decrease in transmission cost, combined with the unprecedented
capacities appearing at a network node and new traffic statistics imposed by the
Internet and data transmission has caused a rethinking of long-haul and ultra long-
haul network architectures. New designs are being explored that take advantage of
the fact that WDM has opened up a new dimension in networking: it has added the
dimension of wavelength to the classical networking dimensions of space and time.
New architectures are under explorations that are transparent to bitrate, modulation

format and protocol [2].
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Figure 2-2: WDM Network Types

Four kinds of WDM systems are available:
e Metro WDM (<200 km)
e Long-haul or regional WDM (200 km to 800 km)
e Extended long-haul WDM (800 km to 2000 km)

e Ultra-long-haul WDM (>2000 km)

2.1.3 Wavelength Conversion in WDM Networks

An optical switch can do the switching of a wavelength i on an incoming link to a
wavelength j on an outgoing link. Optical switch must have the wavelength-
conversion capabilities to do this. This conversion process is required in some

necessary cases for the continuity of data transmission.
There are three classes of wavelength routing switches: [1]

1. Switches with full-wavelength conversion capability, which can switch an

incoming wavelength to any outgoing wavelength.

2. Switches with limited-wavelength conversion capability, which can switch an

incoming wavelength to a subset of the outgoing wavelengths.

3. Switches with no-wavelength conversion capability, which can switch an

incoming wavelength only to the same outgoing wavelength.



In the last case, a lightpath occupies the same wavelength on each fiber link along its
path in the network (Wavelength continuity constraint) and these wavelength-routed
networks are referred as wavelength-continuous networks. This constraint increases
the probability of call blocking. Call blocking will be the main interest of the
performance criteria in the thesis. The bandwidth available on the defined lightpath is
reserved for connection during its holding time and the wavelength used in that path
cannot be allocated to other connections. When the connection is terminated, the

lightpath allocated before, becomes idle again on all of the links along the route.

O/E and E/O conversions are also another constraint that affects the performance and
it has been shown that the blocking probability is decreased and network

performance is improved in full-wavelength conversion.[3]

A single lightpath can use a different wavelength along each of the links in the path
in network-convertible networks. A wavelength-convertible network which supports

complete conversion at all nodes is just like a circuit-switched network.

In k-adjacent wavelength switching, an incoming wavelength can be translated only
to a subset (feasible wavelength set) consisting of k of the W outgoing wavelengths

[1].

2.1.4 All-Optical Networks

All-optical networks are the wave of the future. The demand for higher bandwidth
and the emerging technologies and applications makes the development of end-to-
end fiber-optic network inevitability. The AON era is approaching and the telecom

and technology leader companies must decide on the standards for this technology.

Figure 2-3: All-optical Networks



Signals must remain in the optical domain from source to the destination in all-
optical networks. This can be done by eliminating opto-electronic conversions. Opto-

electronic conversion is the most known bottleneck of optical networks.

Wavelength routing is invented to enable the switching in optical networks. A
wavelength router is an optical switch that is capable of routing a signal based on its
input port and its wavelength. A wavelength router may have the additional

capability of changing the wavelength of the signal it routes.

Switch 1

incoming fibers
Switch 2

outgoing fibers
Switch 3

Switch 4

Figure 2-4: Wavelength Router

A wavelength-routing node with nodal degree three and four wavelength is shown

above.

2.1.5 Traffic Types in Optical Networks

In a wavelength-routed network, the traffic can be either static or dynamic [4]:

e Static Traffic Pattern: The requests are known before the system start and
lightpaths are set up according to these requests. The lightpaths remain in the

network for a long period of time.

e Dynamic Traffic Pattern: Traffic requests and data flows vary in time. New
ligtpaths must be set up or released to supply the variations in the traffic. The
ligtpaths should be re-checked as a precaution for hardware failures and

connection problems etc and new ligtpaths must be established to failover if



necessary. Lightpaths are released after some finite amount of time and the
resources for that lightpath is released back to the system. Some problems
occur while using dynamic traffic pattern: routing and wavelength-conversion
algorithms must use the resources as efficient as possible and the
communication between the nodes must be well-designed. While algorithms
produce the efficient output for using the sources, communication protocols
take the responsibility of broadcasting the control and resource data about the

network among the nodes.

2.2 Routing and Wavelength Assignment

Establishment of a lightpath between two nodes that aim to communicate each other
with minimizing the effect of this lightpath for the following requests and
eliminating the effect of this on already established connections is one of the most
important problems of wavelength-routed optical networks. The routing problem
consists of two sub-problems in wavelength-routed optical networks. The first sub-
problem is to decide on the path along the lightpath can be established and the
second sub-problem is to assign a wavelength to the selected route. These two sub-
problems are the parts of Routing and Wavelength Assignment Problem. It is aimed
to use network resources efficiently and establish as many lightpaths as possible.

There are some constraints while thinking on the result of this problem:
e Two lightpaths on same fiber cannot be assigned to same wavelength.

e [f there aren’t and wavelength-convertible switch in the network, the same
wavelength must be assigned to the lightpath along its route. This constraint
is known as Wavelength-continuity constraint as mentioned before.

These constraints are the primary inputs of RWA algorithms. These algorithms try to
maximize the number of lightpaths that can be established from nodes while taking

care of these constraints.

This problem is NP-complete problem. Some heuristics are proposed for the solution
of this problem. RWA algorithms play a key role in the performance improvements

of wavelength-routed WDM networks.
RWA can be categorized into two parts according to traffic type of the network:
e Static Lightpath Establishment Problem

e Dynamic Lightpath Establishment Problem
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2.2.1 Static Lightpath Establishment (SLE)

The static routing and wavelength establishment problem is also known as Static
Lightpath Establishment Problem. In Static Lightpath Establishment, lightpath
requests are known in the beginning and the lightpaths, established according the
requests, remain in the network for the duration of network life-time. The typical
objective of SLE is to minimize the number of wavelength needed to establish
lightpaths in the network as well as maximizing the number of connections that can
be established. This dual problem creates the main concept of SLE.

SLE with wavelength-continuity constraint can be formulated as an integer liner
program (ILP). The aim of this formulation is to minimize the flow in each link. The
formulation of this is deeply explained in the paper of Hui Zang, Jason P. Jue and

Biswanath Mukherjee [5]. But shortly it can be summarized as follow:

e Obtain the minimum number of wavelength required for a given set of
connection requests by performing a search on the minimum number of

wavelengths in the networks.
e Maximize the number of established connections.
Heuristics approaches are used for this NP problem.

This problem can be grouped into two sub-problems as routing and wavelength

assignment to minimize the complexity.

e Routing sub-problem: This sub-problem can be solved with the known
routing algorithms of shortest path, minimum cost path and etc. This problem
is taken into consideration without the add-ons of optical networks’
wavelength and fiber number inputs. Increasing fiber numbers cause a
decrease in blocking probability and with the more number of fibers all
around the network, the more network treat like a network with convertible

switches.

e Wavelength assignment sub-problem: Graph-coloring problem can be used
for the solution of this sub-problem. The route is selected on the previous
sub-problem and path graph is obtained from this selection. There are so
many resources for graph-coloring problem and this is also an NP-complete

problem.
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2.2.2 Dynamic Lightpath Establishment (DLE)

Connection requests may change in time according to failover the node and edge
problems and change the traffic pattern of the network. The decision for establishing
the lightpaths must be made on-line. While deciding on which resource to use for the
request, the resource must be allocated as efficient as possible to minimize the
blocking probability of the further requests. The request may be blocked if any
suitable wavelength along the route can not be found. There are also advanced
reservation models for allocation of the resources. A typical reservation model is

characterized by
e Source node
e Destination node
e Bandwidth demand
e Specified starting time
e A specified duration (STSD)

In some networks, QoS quality and insurance are expected and advance resource
allocation methods are used to supply this demand. This allocation mechanism also

decreases the blocking probability. [6]

There are some constraints for dynamic lightpath establishment like the constraints
of SLE such as:

e Two lightpaths on same fiber cannot be assigned to same wavelength.

e Wavelength-convertible switches must be taken into consideration. If the
network has all wavelength-convertible ability then the presence of one free

wavelength on fiber is enough for lightpath establishment.

If there is no wavelength-converter in the network, then same wavelength must be
used along the selected path and that wavelength must not be used for another

connection.
Because of the dynamic structure of DLE problem, it will be divided into two parts:
e Routing Sub-problem

e Wavelength Assignment Sub-problem
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2.2.2.1 Routing sub-problem

The routing problem is selecting the proper path for establishing the lightpath

according the coming request. There are some methods for this sub-problem:

2.2.2.1.1 Fixed Routing

Fixed routing is a widely used static routing technique in which every source-
destination pair is assigned to a single path [7]. One of the shortest-path algorithms
must be used for route selection. If a lightpath is requested between two nodes then

the route, which is selected before, must be used for the lightpath establishment.

This is the simplest route selection technique among others. Using the same route
between two needs increases the blocking probability. System redundancy decreases

as a result of having one path to compare.

The selected route is always the shortest path in terms of node number and capacity.
The following figure shows the shortest path from nodey to nodes,.

Figure 2-5: Fixed Routing from node, to node,

2.2.2.1.2 Fixed-Alternate Routing

This technique considers multiple routes. More than one path can be taken into
consideration to increase the system redundancy. Fixed-alternate routing technique
selects a route between source and destination among the previously decided ones
when a request arrives. Nodes maintain a routing table that contains the fixed routes
from it to the other nodes. The most important thing for these routes is not to share
any common links. Fixed-alternate routing aims to find as many routes as possible
which don’t share any common links. The more routes the node has in its routing

table, the more redundant the network will be.
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The source node attempts to establish a connection with the source by trying every
possible route from it to destination node under the requirement of the selected

wavelength assignment.

A (]
eccccccccsce

W,
Figure 2-6: Fixed alternate-routing from node to node;
The figure above shows the existing routes from nodey to node;. Maximum number
of fixed-alternate routes from node; and node; is two. The important criterion for

these routes is that W; and W, don’t share any common links among their paths. If

one suitable route can’t be found from source to destination then the connection is
blocked.

There are some advantages of fixed-alternate routing from fixed-routing [5]:

e Fixed-alternate routing provides simplicity for lightpaths management.
Establishing and tearing up lightpaths become easier in this technique.

o Fixed-alternate routing provides some degree of system redundancy against

fault tolerances.

o Fixed-alternate routing decreases blocking probability compared to fixed-

routing.

e As stated in the same paper[5]: “It has been shown that, for certain networks,
having as few as two alternate routes provide lower blocking probabilities

than having full wavelength conversion at each node with fixed routing”.

Some heuristics to select the proper routes among the route set is as follow:
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Alternate Shortest Path (ASP)

This method aims to find the route with minimum hop-count. Classic

shortest-path algorithms with modifications can simply be applied to this.
Least Loaded Path (LLR)

Least Loaded Path algorithm evaluates every route with the most congested
path it has while selecting the proper route from the route set. But it evaluates
the capacity for the most congested path as the free number of wavelength it
has. This measure sometimes results in not finding a suitable wavelength for
lightpath establishment under wavelength-continuity constraint. LLR success
ratio is proportional to optic fiber/ number of wavelength. More than one

optic fiber creates the effect of wavelength-conversion in the optical network.
Least Loaded Path with k (LLR k)

Least Loaded Path algorithm evaluates every route in the route set and selects
the route which fits the criteria of the method. But the selected route may be
blocked as a result of wavelength continuity problem. This situation can be

fixed by looking at the following routes in the route set.
Fixed Path Least Congested (FPLC)

Fixed Path Least Congested algorithm evaluates the route capacity in terms of
the lightpaths that can be established through source node to destination node.
The usage ratio of wavelength at every edge must be known in this method.
The number of lightpath that can be established through every node in the

path is evaluated and the complexity of this calculation is very high.
Fixed Path Least Congested with k (FPLC k)

Fixed Path Least Congested algorithm’s computational complexity is very
high and this must be fixed with some modifications. k value indicates the
number of nodes that is taken into consideration. All the links through the
path are not evaluated for calculating the number of ligtpaths that can be
established through these nodes. Defining a k value decreases the
computational time and complexity of FPLC algorithm. FPLC-k gives better
results if k value converges to the average number of nodes in the optical

network.
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FPLC k algorithm is a modified version of FPLC algorithm and provides

simplicity for computational time and complexity.

Below there is an example for the comparison between LLR and FPLC

algorithm:

Figure 2-7: Topology for FPLC and LLR comparison

Two fibers present between every node in the topology and every wavelength
presents in both fibers. The wavelength usage information can be seen in the
table below. A request arrives for a wavelength establishment from node; to
nodes. There are two possible routes from this connection. The first
connection P; follows the path node;, node; and nodes. The second
connection follows the path node;, nodes and nodes. The results of FPLC and

LLR algorithms are as follow:

Table 2-1: Wavelength usage for FPLC and LLR comparison

M M M A A3 A3 A A
L,
L, X X X X
Ls
Ly X X X X X X
Ls
Lo X X X X X
L, X X X X
Lg
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According to LLR algorithm, P, route has 4 idle wavelengths and P, route has
2 idle wavelengths. LLR selects P; for bigger idle wavelengths. This

connection cannot be established under the wavelength-continuity constraint.

According to FPLC algorithm, P; route has 0 idle wavelengths and P, route
has 2 idle wavelengths. FPLC selects P, because P; hasn’t any resource to
allocate for connection. This algorithm seems better than LLR algorithm but
its complexity is bigger compared to LLR because FPLC computes the
possible lightpath establishment.

Hybrid Fixed Path Least Congested with k (HFPLC k)

Hybrid Fixed Path Least Congested with k algorithm’s main idea is to use the
k most congested links on each route to find the best route when a request
arrives. Unlike FPLC k algorithm, HFPLC k uses k most congested path and
avoids using the most congested path. When a request arrives to the node, the
first k links obtained for each route are evaluated in term of congestion. The
route with the more number of free wavelengths that is continuous among
along its k links is chosen as successor. If two paths supply the same

requirement then the path with smallest number of hops is chosen.
Estimated Congestion Routing (ECR)

Estimated Congestion Routing does not interest in wavelength continuity
constraint like FPLC type algorithms. It uses a congestion function to
compute an approximate the link load of the optic network. The parameters to
compute the link load:

O The link current traffic
O The link capacity
O The link cost
The congestion level of a link (i,j) on a path P [8]:

Ci.jy = (number _of _ free wavelengths) ™ cost, /cost; (2.1)

The comparison of LLR, LLR k, FPLC, FPLC k, HFPLC k and ECR will

be shown in the following example:
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Figure 2-8: Topology for algorithm comparison.

The wavelength usage of this topology can be seen in Table 2.2. . A request
arrives for a wavelength establishment from node; to nodes. There are four
possible routes from this connection. P; follows the path node;, node, and
nodes. P, follows the path node; and nodeg. P; follows the path node;, nodes
and nodes. P4 follow the path node;, nodes, nodes and nodes. The k value is
selected as 2.

Table 2-2: Wavelength usages for algorithm comparison.

M Iy 3 M As e M
L, X X
L, X X
L, X X X X
L, X X X
Ls X X X X X
Lq X X X X X
L, X X X X
Ls X X

The results of LLR, LLR _k, FPLC, FPLC k, HFPLC k and ECR are:
According to LLR the route and wavelength selections:

o P; (1,2,6): link Ls (1,2) and link L4 (2,6) are analyzed. 2 wavelengths
are idle on the most congested link (Ls).
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0 P, (1,6): link L¢ (1,6) is analyzed. 2 wavelengths are idle on the most
congested link (Lg).

0 P;5(1,3,6): link L7 (1,3) and link Lg (3,6) are analyzed. 3 wavelengths

are idle on the most congested link (L7).

o Ps (1,4,5,6): link L; (1,4), L, (4,5) and Ls (5,6) are analyzed. 3

wavelengths are idle on the most congested link (L3).

LLR selects P; for connection establishment because it has 3 wavelengths
are idle on the most congested link. P; route and P4 routes both have 3 idle
wavelengths. Why is P; selected for successor? Because P3’s path is

shorter than Py.
According to LLR_k (k=2) the route and wavelength selections:

LLR k selects P; for successor route. There is no wavelength-
continuity problem for P; and no need to take the following paths into

consideration.
According to FPLC, the route and wavelength selections:

o P; {1,2,6} : link Ls (1,2) and link L4 (2,6) are analyzed. A, and A3 are
suitable. 2 lightpaths can be established through this route.

0 P, {1,6} : link L¢ (1,6) is analyzed. A; and A, are suitable. 2 lightpaths
can be established through this route.

0 P5(1,3,6): link L7 (1,3) and link Lg (3,6) are analyzed. A;, A, and A3 are
suitable. 3 lightpaths can be established through this route.

o P4 (1,4,5,6): link L;(1,4), link L, (4,5) and Ls (5,6) are analyzed. A;
and As are suitable. 2 lightpaths can be established through this route.

FPLC selects Ps; for successor route because 3 lightpaths can be

established through this route.
According to FPLC_Kk, (k=2) the route and wavelength selections:

o P; {1,2,6} : link Ls (1,2) and link L4 (2,6) are analyzed. A, and A3 are
suitable. 2 lightpaths can be established through this route.
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0 P, {1,6} : link L¢ (1,6) is analyzed. A; and A, are suitable. 2 lightpaths
can be established through this route.

o0 P5(1,3,6): link L7 (1,3) and link Lg (3,6) are analyzed. A;, A, and A3 are
suitable. 3 lightpaths can be established through this route.

o P4 (1,4,5,6): link L(1,4) and link L, (4,5) are analyzed. L3 isn’t
analyzed because of k value equals to 2. A; A4, As and A7 are suitable

for connection. 4 lightpaths can be established through this route.

FPLC k selects P4 for successor route. FPLC k thinks P4 is a good
route considered to other by looking its two links. 4 lightpaths can be
established by looking its two links and doesn’t interest in the rest of

the route. This reduced computational time and complexity.
According to HFPLC_k, the route and wavelength selections:

o P; {1,2,6} : link Ls (1,2) and link L4 (2,6) are analyzed. A, and A; are
suitable. 2 lightpaths can be established through this route.

0 P, {1,6} : link L¢ (1,6) is analyzed. A; and A, are suitable. 2 lightpaths
can be established through this route.

0 P5(1,3,6): link L7 (1,3) and link Lg (3,6) are analyzed. A;, A, and A3 are
suitable. 3 lightpaths can be established through this route.

o0 P4(1,4,5,6): link Li(1,4), link L3 (5,6) are analyzed. L, isn’t analyzed
because of k value equals 2 and L, and L, are the most congested
links in P4 route. 2 lightpaths can be established if we only think L,

and L as only links of P4 route.

HFPLC k selects P3 for successor. It checks every two congested
paths of every route and finds P; the best route for connection

establishment.
According to ECR, the route and wavelength selections:

o P;(1,2,6): link Ls (1,2) and link L4 (2,6) are analyzed.

1 1 3
Clae) = (5 + Z) =

0 P, (1,6): link L¢(1,6) is analyzed.
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C(Lé) = 5

o P3(1,3,6): link L7 (1,3) and link Lg (3,6) are analyzed.

1 1) 8
Choi=|og—|=>
(1.3.6) (3 sj 15

o P4(1,4,5,6): link Li(1,4), link L, (4,5) and L; (5,6) are analyzed.

C — l+l+l —E
G430 {5 5 3) 15

ECR consider each link a unit cost and this simplifies the formula.
ECR selects P, for the successor route. Its congestion level value is

smaller that other routes.

Table 2-3: Route Selection Results

P, P, P, P,
LLR X
LLR k X
FPLC X
FPLC k X
HFPLC k X
ECR X

Table 2.3 shows the results of the algorithms. Most of the algorithms select P3
as successor. When we look at the network topology and the resource
position overall, P3 seems to be the desired route for connections. 3 lightpaths
can be established on this route. FPLC k and ECR select routes for this
topology. The reason of this, these algorithms focus on evaluating the
successor in short time. The more time we gain from these algorithms, the

more disadvantages we have for route selection.

FPLC k is claimed to be an improvement for FPLC algorithms for
computational time and complexity but this improvement sometimes become
a disadvantage for not finding a better route for lightpath. All fixed-alternate

algorithms have disadvantages like this.

LLR k increases the complexity for LLR but it ensures to find a wavelength-

continuity supplied path for lightpath.
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HFPLC k seems to be better from FPLC k for looking at the most congested
paths but the complexity also increases in this algorithm compared to
FPLC k.

ECR is a new proposed fixed-alternate algorithm and based on the idea of
finding a route with least congested. It sure has advantage for short
computational time. If we define H as the maximum length of a candidate
path between a pair of nodes, K as the number of candidate paths and N as
the number of nodes then ECR’s complexity is OONKH?) [8].

2.2.2.1.3 Adaptive Routing

Adaptive routing chooses the route from source to destination dynamically
depending on the network state. The network state must be known for routing and
determined by knowing all the connections currently in progress. There are some

forms of adaptive routing. Adaptive shortest-cost-path routing is one of them.
There are some assumptions in this adaptive shortest-cost-path routing [5]:

e Each unused link has a cost of 1 unit.

e Each used link has a cost of o unit.

e Each wavelength-converter has a cost of ¢ unit.

e If wavelength conversion is unavailable, c=oo.

For example a connection request arrives to an optical network that uses adaptive-
shortest-cost-path as routing algorithm; the shortest path from source to destination is
calculated. If this algorithm finds more than one path with the same value then the

route is chosen randomly.

A connection is blocked if no route is found from source to destination. Routing
tables of the routes must be updated according to the topology changes with
protocols like RIP, OSPF etc. These protocols are very crucial for this algorithm.
Adaptive routing has an advantage of lower blocking compared to fixed-routing and
fixed-alternate routing algorithms. This is the most important different of adaptive

routing from other fixed-type routing algorithms.

There are also other types of adaptive routing algorithms like Least Congested Path
(LCP) Routing. This routing is so similar to alternate routing. In this routing, the

connection request is established on the path that has the largest number of free
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wavelength. If first connection doesn’t provide the requirements like a tie then the
second most congested path is chosen. In case of route carry the same idle
wavelength number then the route with smaller hop-count is chosen. The wavelength

is chosen randomly [9].

2.2.2.2 Wavelength Assignment sub-problem

More than one idle wavelength may be present from source node to destination node
while lightpath establishment. One of them must be chosen in order to establish a

connection. There are some techniques for wavelength selection:
¢ Random Wavelength Assignment (R):

One of the wavelengths available in the set of idle wavelength set from source to

destination is chosen in uniform probability.
e First-Fit Assignment (FF):

Wavelengths are numbered among themselves. The numbered wavelengths are
considered in this numbered order. The first available wavelength is selected. The
global information of the network is not needed while taking these decisions. Its
complexity is simpler than the previous method as a result of not searching all the
entire wavelength space. This idea of this method is to pack all the wavelengths
in use towards the lower numbered wavelengths so the continuous wavelength
that take part in the high numbered space will have a higher probability to find

idle wavelength to establish connection [1].

This method’s performance is very good for preventing blocking probability. Its
computational time and low and that’s why it is a preferred method for

wavelength assignment.
e Least Used (LU):

Least Used Wavelength Assignment selects the wavelength that is least used in
the network. This method tries to distribute the wavelengths among the network
uniformly. This uniform distribution prevents the probability of establishing long
wavelength paths. The establishment of short wavelength paths is bigger in this
method. The global information of the network is needed and this means
computational complexity. This method’s performance is worse than Random

Wavelength Assignment.
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e Most Used (MU):

This method is the opposite of Least Used Wavelength Assignment. This method
select the wavelength that is most used in the network. The performance
parameters (computational time, complexity etc.) of this method are similar to
LU. The probability of establishing long wavelength paths is higher in this
method.

e Min-Product (MP):

This method is used in multi-fiber networks. MP reacts as FF in single optic
networks. MP aims to pack the wavelength into fibers for minimizing the number
of fibers in the network [1].

MP uses this formulation firstly

[Py (22)

Lez(p)

for each wavelength. This formulation helps it to find the wavelength that
minimizes this value in wavelength set. MP selects lowest-numbered in

wavelength set.
e Lecast-Loaded (LL):

This method is also designed for multi-fiber networks. This method computes the
usage of wavelengths on the least loaded fiber among the selected route and

selects the wavelength that is used at fewer wavelengths than others.
e MAX-SUM

This method is designed for multi-fiber network but can also be used in single-
fiber networks. It considers all the possible routes that provide connection
establishment and makes its choice providing the maximization of the remaining
wavelength resource capacity. In other words, it selects the wavelength whose
usage is below average to supply more resources for future connection

requirements. This method also knows the global information about the network.

The mathematical formulation of this method can be found in [1]. It explains

method step by step for further reading.
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3. SOFTWARE IMPLEMENTATION

OPTICSIM (Optical Simulator) is GUI tool designed for simulating routing and
wavelength assignment algorithms. Its GUI interface makes it easy to input data and

see the results. The overall GUI interface of the software can be seen in Figure 3.1.

e Optical Network Designer - D:/Network Simulator 04_02_2005fexamples/NFSNET_T1.opb

File Wiew Change Zoom Inspect Lock RWA  Help

Figure 3-1: OPTICSIM GUI interface

The GUI interface is written in C++ with the help of QT library. The design of the
software provides the addition of new algorithms. It is multiplatform software; it is
tested on Windows, Linux and Solaris and has the potential to run on other UNIX
type systems like HP-Unix, AIX, BSDs etc. It has also many good features which
will be explained in the following chapters in detail.

3.1 Functionality and User Manual

OPTICSIM provides easy data input for users. The input topology can easily be seen

and the data of wavelength and fibers can be seen with one mouse-click. This chapter
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will give information about user about how to use the OPTICSIM efficiently. These
data briefly explain in data input, running algorithms, considering the results and

some extra features which make these processes easy.

3.1.1 Topology Creation in OPTICSIM

3.1.1.1 Node Creation

../ Optical Network Designer, E|E|§\ . Optical Network Designer *
Eile Wiew Change Zoom Inspect Lock BWa Help File Wiew Change Zoom Inspect Lock RWA Help

Add Node I
1]

- -
. | o | D

Figure 3-2: Adding node to OPTICSIM

User must right click on his/her mouse for adding node. When s/he clicks on the
right mouse, the popup menu will appear. Selecting the add node action and clicking
on it with left mouse button adds the node to the OPTICSIM screen. After adding

node, some other actions become active in the popup menu.
e Add Node: This action is explained above.
e Add Edge: This action provides the creation of an edge between two nodes.
e Node Info: This action provides a screen which shows info about node.

e Erase Node: This action provides the deletion of node from screen.

-7 Optical Network Designer * L| E| 7|
File Miew Change Zoom Inspect Lock RW.A Help

Add Mode
Add Edge
Mode Info 1

Erase Mode

: il

Figure 3-3: Node Pop-up Menu
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Adding edge will be explained in the following chapter. Node Info action provides a
detailed info about the selected node. A dialog box like Figure 3.5 will be seen on the

screen if user clicks on it.

"< 'Node Info @@
Mode D :

Mumber of Edges Connected:

.

Mumber of Requests:

Blocking rate: Accepted: Fefused:

I I H
Ly Ly Ly
Edges Connected: A
‘Wavelength Converter : FALSE -

Figure 3-4: Node Info Dialog Box

This Dialog Box will give information about the following features of the node:
e Node ID: Node’s unique ID on the topology.

e Number of Edges Connected: Number of the edges connected directly to

this node. The node in this example doesn’t have any edge connected.

e Number of Requests: This part will be available after the simulation. This
gives info the number of lightpath requested from this node. Blocking rate,
accepted requests and refused requests contains the detailed info about the

number of requested.
e Edges Connected: This combo box contains the IDs of the edges connected.

e Wavelength Converter: This part shows whether this node has wavelength
conversion ability or not. This property can be changed by changing the value
in the combo box and selecting OK.

3.1.1.2 Edge Creation

User must select the add edge action on the popup menu in Figure 3.4 and user also
must click on a node to select the destination node for edge creation. For example the

Figure 3.6 will appear if an edge is wanted to create from node; to node;.
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- Add Edge [2)X] . AddEdge

Edge Type Unidirectional Edge Type

Select Direction 2-x1 hd

Number of Fibers I‘Ii Number of Fibers I‘Ii
MNumber of Wavelength I‘Ii Murnber of W avelength I‘Ii

Figure 3-5: Edge creation

The dialog boxes are used to specify the direction, number of fibers and number of

wavelengths.

If the edge is unidirectional, the direction of edge must be specified and if edge is
bidirectional then there is no need to specify the direction. User can also select the
number of fibers and number of wavelengths. The default value of these properties is
1 when system starts. The default value of fibers and wavelength can be changed

from the main menu of the software like Figure 3.7.

../ Optical Network Designer *

File Wiew | Change Zoom Inspect Lock RWA Help

Background Color -

Mode Color

Mode Mumber Colar

Line Color

Default Fiber Mumber
Default Wavelength Mumber

Current Fiber Mumber 1

Current Wavelength Murmber e

-
1 | B

Default Fiber Mumber

Figure 3-6: Default Fiber and Wavelength Number

./ Default Value Set @ . Default Yalue Set |E|r>__(|

Fiber Nurnber - ‘wiavelenagth Numb

0K | Cancel | Ok | Cancel |

Figure 3-7: Input screens for the default fiber or wavelength number.

The small dialog boxes in Figure 3.9 will help user to set the default value of fiber

and wavelength numbers of the edge.
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| Optical Network Designer * |Z||E|E|

File Wiew Change Zoom Inspect Lock R Help

5 ~ 4

4

Edge Info

Figure 3-8: Edge Popup Menu

The small points on the edge helps user to understand the direction of the edge. If
edge is bidirectional, there will be two small points. If edge is unidirectional, there

will be one small point that will be near to the destination node.

Right clicking on the edge shows the popup menu on Figure 3.8. The unexplained
actions on this popup menu are:

e Edge Info: This action provides a screen which shows info about edge.
e Erase Edge: This action provides the deletion of the edge.

Selection the edge info action shows a dialog box like Figure 3.9.

< Edge Info

Edge ID:

MNumber of fibers:

Mumber of wavelength:

Connection capacity:

Edge Type:

Direction:

Figure 3-9: Edge Info Dialog Box

This Dialog Box will give information about the following features of the edge:

e Edge ID: Edge’s unique ID on the topology.
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e Number of Fibers: This shows the fiber number on the edge. This property
can also be set by using the textbox and the set button.

e Number of Wavelength: This shows wavelength number on the edge. This

property can also be set by using the textbox and the set button.

e Connection capacity: Connection capacity is the multiplication of number of
fibers and number of wavelengths.

e Edge Type: This shows whether this edge is unidirectional or bidirectional.

e Direction: If edge is unidirectional, this section shows the direction of the
edge from source to destination.

Fiber and Wavelength number can be set just inputting the proper values to
appropriate textboxes and pressing the OK value.

3.1.1.3 Saving the Topology

B Optical Network Designer - D:/Tez/Network Simulator 04_03_2005/Network Simulator 04_03... EI[E'E'
File Yiew Change Zoom Inspect Lock RWA Help
k

Save As

Information

Clear
Close
- \%

Figure 3-10: Saving The Topology

Save

By simply clicking on the save and selecting the location via Save Menu, the
topology is saved into hard disk or a secondary storage. Save As is used to save a
recently opened file under different filename. The Save Menu is just like a Save As
Menu like Figure 3.11
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Save As @
Save in ‘Lﬂ examples j I‘j( B~
5. 26_kenarli_ag_yapisi.opb

39_kenarli_ag_vapisi.opb

My Recent Szikenar\ifag,yauisi.upb
Documents 65_kenarli_ag_yapisi.opb
@ 75_kenarli_ag_vyapisi.opb

MFSMET_T1.0ph

Desktop

7]

My Documents

54

My Computer

My Metwark, File: narne: || j Save
Places
Save as ype: |" opb ﬂ Cancel

Figure 3-11: Save Menu

The topology is saved into three different files. These file types are:
e OPB file: This file contains the matrix of fiber numbers between nodes.

e OPD file: This file contains binary information of the properties of every
node and edge in the topology. It stores all the necessary information about

the topology and very crucial for the system.

e OPW file: This file contains the matrix of wavelength numbers between

nodes.

3.1.1.4 Opening the Topology File (OPD)

Opening the Topology file can be done from Open action in Figure 3.10.

" Open File Menu

Look jn. |a imulator 04_03_2005/Mebwork. Simulstor U4_U3_2005Hexamples.r‘j & &8

26_kenarli_ag_vapisi.opb
39_kenarli_ag_yapisi.opb
52_kenarli_ag_yapisi.opb
E5_kenarli_ag_yapisi.opb
78_kenarli_ag_yapisi.opb
=) HFSMET_T1.0ph

File name: [NFSMET_T1.0pb
File type: | ".oph ﬂ Cancel

Figure 3-12: Opening the topology file
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3.1.2 Other Features in OPTICSIM

3.1.2.1 Information Box

. Network Situation

Murnber of Modes

Humber of Lines: E

Figure 3-13: Network Information Box

E

|

This dialog box shows the total number of nodes and edges of the topology.

3.1.2.2 View Feature

'-.|Optical Network Designer - D:fTezfNetwork Simulator, 04_03_2005/Metwork Simula. .. |Z| |E|rz|
File | Wew Change Zoom Inspect Lock RWA  Help

EBas=d on Topology

Bas=d on Wavelength Mumber

/u
\2\5/ ﬂ\exs 1//
\@412

11

4

Based on Fiber Murnber

Figure 3-14: View Feature
View Feature supplies the feature of showing the fiber number or wavelength
number on the middle of the edge.
e Based on Topology: This feature shows the pure view of the topology.

e Based on Fiber Number: This feature shows the number of fibers on the

middle of every edge.
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e Based on Wavelength Number: This feature shows the number of

wavelengths on the middle of every edge.

This feature simplifies the action of knowing the fiber of wavelength number of all
edges with one mouse click.

3.1.2.3 Color and Edge Properties Change Feature

This feature enables user the color of everything on the current topology.

-~/ Optical Network Designer - D:/Tez/Network Simulator 04_03_2005/Network Simulator 04_... |Z”E‘E|
Eile Yigw | Change Zoom Inspect Lock RWA Help

Background Colar -
Node Color

Mode Mumber Color
Line Colar

Default Fiber Humber 8 H
Defaulk Wavelength Mumber s
Current Fiber Humber

Current Wavelength Number

13

Figure 3-15: Change sub-menu

This menu provides the following features:

Eri Change Hode Number Color

Select Colour:

Geen R

Red Green Blue
N I H I =L
o [255 o See

0K | Cancel |

Figure 3-16: Change color dialog box

This dialog box is same for every change color feature and provides this simple
interface to change color. User can directly select the color or enter the RGB values

of the color that he wants. User can the previous color of entered RGB on the color
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part by pressing the see button. If user is sure about the RGB value then he can

directly press OK to apply the color change to the specific feature.
e Background Color: This feature changes the color of the screen background.
e Node Color: This feature changes the color of every node in the topology.

e Node Number Color: This feature changes the color of the every number on
the nodes in the topology.

e Line Color: This feature changes the color of every edge on the topology.

e Default Fiber Number: This feature is explained in edge creation part in
detail.

e Default Wavelength Number: This feature is explained in edge creation part
in detail.

e Current Fiber Number: This feature changes the fiber number of every
edge in the topology.

e Current Wavelength Number: This feature changes the wavelength number

of every edge in the topology.

3.1.2.4 Zoom Feature

This feature enables user to zoom in or zoom out the topology.

. Optical Matwork Dasignar - D:/Tez/Metwork Simulator 04_03_2005Matwork Simulater 04_03... [ |[5][&]
[he e Chenge Zoom [nspect Lock EWA Ltk

Figure 3-17: Zoom out of the topology
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7 Optical Network Designer - D:/Tez/Network Simulatar 04_03_2005/Network Simulator. 04_03... [=|[8][X]

Fie View Change Zoom Inspect Lock RWA Help

5 T

Figiure 3-18: Zoom in of the topology

The topology can be zoomed in and zoomed out from this zoom menu. The detailed

explanation of the zoom menu is as follow:
e Zoom In: This action zooms in the topology on screen.
e Zoom Out: This action zooms out the topology on screen.

e Zoom: This action shows a dialog box which supplies many zoom in and

zooms out function to user.

e Zoom Actual: This action zooms the topology on the screen to its original

size.

. Zoom Menu

. ZoomOut Zoom In |

n1a hd

DK

Figure 3-19: Zoom Menu

Zoom Actual

Zoom Menu Dialog Box supplies the zoom in and zoom out functions in detail. The

values in the combo box indicate the zoom percentage. The more this value is, the
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more the zoom of the topology will be. The LCD screen above show the zoom
percentage. The original size of the topology is 1. Zoom Actual action directly zoom

the current topology to its original size.

3.1.2.5 Inspect Feature

Zoom | Inspect Lock RMWA  Help

See Optic Matrix

See W'avelength Matrix
Inspect CPE

Inspeck QP

Inspect QPD

Figure 3-20: Inspect sub-menu

This sub-menu provides some features to see the optic matrix, the wavelength matrix
and some other features to verify the saved files. The detailed information about
these features is as follow:

e See Optic Matrix: This feature shows the matrix of optic numbers between
the nodes. These numbers indicate the edge’s optic number from nodey to
node,. The following dialog box like Figure 3.21 will appear if this action is
selected.

1] 1 1 o0 o 0 o0 1 0 o 0 o0 0o 0
1 1 0 1 1 0O o o0 0 o0 o0 0 0 0 O
2 1 1 o o o 1 o 0o o 0 O 0o 0 O
3 0 1 og o 1 o0 o o o0 0o 0 0 O 0
4 0 o o 1 o 1 1 o 1 o o o0 0 0
5 o o 1 o 1 o o o o0 o 0 1 1 0
6 o0 o o0 o0 1 o o 1 0 o 0 o0 0o 0
7 1 0 o o o o 1 g o o 1 0 o 0
8 o0 o 0 o0 1 o o 0o o0 1 o o o 1
9 o0 o 0o o o 0 0 O 1 o0 1 o 1 0
10 o0 o 0o o o 0 0 1 0 1 o 1 o0 1
11 0 0 0o 0 0 1 0 o 0 0 1 0 0 0
12 o0 o 0o o o 1 o0 o o 1 0 o o 0
13 o0 o 0 o o 0 0o 0o 1 o 1 0 o I]j

Figure 3-21: Matrix dialog box example

e See Wavelength Matrix: This feature shows the matrix of wavelength
numbers between the nodes. These numbers indicate the node’s wavelength

number from node, to node,.
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e Inspect OPB: This feature shows the matrix of the data read from OPB file.
e Inspect OPW: This feature shows the matrix of the data read from OPW file.

e Inspect OPD: This feature shows the content of the binary data. It has a
special dialog box like Figure 3.22.

- OPD [34]

Type LINE

Index ID :H]

Fiber # :l Wavelength # :E]

Position Start Finish
X [ ]
vo [ [ [

Colour Red Green Blue
=1 I ] e

Connected Node | i | C|

Converting Capability: :m

- ER - |

Figure 3-22: Inspect OPD dialog box

3.1.2.6 Lock Feature

Inspect | Lock RWA  Help

Lock Content

Unlock, Content

Figure 3-23: Lock sub-menu

These features enable the lock and unlock of the movement of the objects on the
topology screen. After pressing the lock content, the movement of the objects will be
unavailable. The movement of these objects can be enabled by pressing the unlock

content action.

The default action is unlock content and lock content can be used in this situation to

disable the movement of the objects.
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3.1.3 Simulation Running in OPTICSIM

Lock | piwa Help
"o |

Figure 3-24: Run sub-menu

The most important part and the main purpose of the software are running the
simulation. After choosing the run action, a dialog box like Figure 3.24 will appear

on the screen.

"~ Simulation

Simulation Details
HUHRHREHE SIMULATION DETAILS HHERHHEHRE

Fouting : Alternate Hoting

LLR -

W'a_velangth. ’WL‘
Azzignment :

Wavelength Matrix

Optic Matrix |

Edit Parameters

Cancel | Run |

Save

Figure 3-25: Simulation dialog box

This simulation dialog box is the crucial part of the software. It enables user to
e select routing
e select sub-routing
e select wavelength parameters
e cdit parameters such as number of connections etc.

This detailed information about how to add routing, sub-routing and wavelength

assignment will be explained in programming manual part of the thesis.

The parameters of the simulation can be changed using the edit parameters button.
The default values are read from parameter.dat. The structure of the parameter.dat is

very simple and similar to XML syntax.
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Table 3-1: parameter.dat content

<must>0</must>
<parameter>Number of Trials</parameter>

<default>1</default>

<must>0</must>
<parameter>Number of Packets</parameter>

<default>10000</default>

<must>0</must>
<parameter>Inter Arrival Time</parameter>

<default>100</default>

<must>0</must>

<parameter>Mean Duration</parameter>

<default>650</default>

<must>LLR_k</must>

<parameter>Number of routes to be searched</parameter>

<default>1</default>

<must>FPLC_k</must>

<paramater>Number of links to be searched</parameter>

<default>1</default>

<must>Adaptive Routing</must>
<parameter>Update Period</parameter>

<default>0</default>
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User can change the default value by changing the values between <default> and
</default>. The new values of these parameters can be set by pressing the Edit
Parameters button on Figure 3.25.

£
-~ Parameters

Parameters: Mumnber of Packets
Mew Value: Default W alue:
Yalue: | |10000
Set Ok |

Figure 3-26: Parameter set dialog box
The new value of the parameter can be set by entering the new value and pressing the
set button.

Now the routing, sub-routing and wavelength parameters are selected. The

simulation parameters are set and the simulation is ready to run.

The simulation will run by pressing the run button. The following dialog box (Figure

3.27) will be seen after pressing run button.

-z Simulation Results:

Murnber of Trials:
h—_
Nurnber of Packets:

10000

Inter Arival R ate:

100

Meat Duratior:
E50

Routing:

Alternate Routing

SubRouting:
FPLC_k

W avelength Azsignment:

Random

Murnber of links to +
h—.

Confidence Interval:

30.000000 ¥

File Mame:

e

[~ LogFile

Run

Cancel

Figure 3-27: Simulation results dialog box
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This is the final screen before the simulation. The input values of the simulation can
be seen on the right side of the simulation results box. These simulation parameters

are:
e Number of Trials: Number of times that the simulation will run.
e Number of Packets: Number of lightpath establishment requests.
e Inter Arrival Rate: Inter arrival rate of the lightpath requests.
e Mean Duration: Mean duration of the lightpath requests.
¢ Routing: Selected routing type.

e Sub-routing: If the selected routing type is fixed-alternate routing then user

must select the sub-routing type.
e Wavelength Assignment: Selected wavelength assignment type.

¢ Routing and sub-routing specific parameters: If the selected routing, sub-
routing or wavelength assignment need extra parameters, these parameters
will appear in the combo box and the value of the parameter will be seen in

the text box below this combo box.

Some decisions are also present in this final dialog box for choosing the
confidence interval rate and the logging type. The confidence interval rate’s

possible values are:

Confidence Interval:

50.000000 |

35.000000
37.500000
93.000000
93.500000
33.300000
33.350000

—arieel

Figure 3-28: Choosing confidence interval rate.

These confidence interval rates are read from a file named t_distribution.dat. These

values can be changed by the user. The structure of the file is as follow:
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Table 3-2: t_distribution.dat content

833

0 0.1 0.050.025 0.01 0.005 0.001 0.0005
1 3.078 6.314 12.706 31.821 63.656 318.289 636.578
2 1.886 2.920 4.303 6.965 9.925 22.328 31.600
3 1.638 2.353 3.182 4.541 5.841 10.214 12.924
4 1.533 2.132 2.776 3.747 4.604 7.173 8.610
51.476 2.015 2.571 3.365 4.032 5.894 6.869

6 1.440 1.943 2.447 3.143 3.707 5.208 5.959

7 1.415 1.895 2.365 2.998 3.499 4.785 5.408

8 1.397 1.860 2.306 2.896 3.355 4.501 5.041

9 1.383 1.833 2.262 2.821 3.250 4.297 4.781
10 1.372 1.812 2.228 2.764 3.169 4.144 4.587
11 1.363 1.796 2.201 2.718 3.106 4.025 4.437
12 1.356 1.782 2.179 2.681 3.055 3.930 4.318
13 1.350 1.771 2.160 2.650 3.012 3.852 4.221
14 1.345 1.761 2.145 2.624 2.977 3.787 4.140
15 1.341 1.753 2.131 2.602 2.947 3.733 4.073
16 1.337 1.746 2.120 2.583 2.921 3.686 4.015
17 1.333 1.740 2.110 2.567 2.898 3.646 3.965
18 1.330 1.734 2.101 2.552 2.878 3.610 3.922
19 1.328 1.729 2.093 2.539 2.861 3.579 3.883
20 1.325 1.725 2.086 2.528 2.845 3.552 3.850
21 1.323 1.721 2.080 2.518 2.831 3.527 3.819
22 1.321 1.717 2.074 2.508 2.819 3.505 3.792
23 1.319 1.714 2.069 2.500 2.807 3.485 3.768
24 1.318 1.711 2.064 2.492 2.797 3.467 3.745
25 1.316 1.708 2.060 2.485 2.787 3.450 3.725
26 1.315 1.706 2.056 2.479 2.779 3.435 3.707
27 1.314 1.703 2.052 2.473 2.771 3.421 3.689
28 1.313 1.701 2.048 2.467 2.763 3.408 3.674
29 1.311 1.699 2.045 2.462 2.756 3.396 3.660
30 1.310 1.697 2.042 2.457 2.750 3.385 3.646
60 1.296 1.671 2.000 2.390 2.660 3.232 3.460
120 1.289 1.658 1.980 2.358 2.617 3.160 3.373

T-distribution of the obtained result values are computed with the following
formulas. s’ is obtained from the N and the obtained values. N stands for the number

of trials. The obtained t value from the table and using the formulation below.
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S =N—1;(Xi X) (3.1

x|

— U

s/\/ﬁ

t=

(3.2)

The upper and lower confidence interval values are shown on the screen and written

to log file if log file check-box is checked.

User also should select the logging type if s/he wants the details of the simulation on
a log file.

File M amme:

[ Lag File

Fiun

Cancel

Figure 3-29: Logging part

User must click on the log file checkbox and select the appropriate log-type from the

dialog box in Figure 3.30. The filename is automatically created according to time.

- Log Level

Select Log Lewvel :

LST -

L |_Coos |

DEG

Figure 3-30: Logging type

LST (least): The information as least as possible will be written to log file.
NRL (normal): This is a little detailed logging type from LST.

DBG (debug): This logging type writes everything about the algorithms to the log
file. This is used for debugging purpose. This is not advised because it causes to slow
down the system. The following dialog box will be shown to the user if DBG is
selected.
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Eifr .
- Warning

It causes to slow dovn your computer,
Do wou skill wank to continue?

\q]) Az & result of writing every dekail in debug mode,
-

Mo ‘

Figure 3-31: DBG warning message

After pressing the run, the simulation starts to run. The number of requests and the

number of blocked requests can be seen on the screen.

"’ Simulation Results:

Mumber of Lightpaths Hequested. TBODOD Hefused. T4505: ﬂ Numbsr of Trigls:
Number of Lightpaths Requested: 190000 Refused: 153633
MNurmber of Lightpaths Requested: 200000 Refused: 161733 4

Mumber of Lightpaths Requested: 210000 Refused: 1639828
Mumber of Lightpaths Requested. 220000 Refused: 177971
Number of Lightpaths Requested: 230000 Refused: 186078
MNumber of Lightpaths Requested: 240000 Refused: 134163 250000

Mumber of Lightpaths Requested. 250000 Refused: 202238
Blocking factor: 0.808988

Simulation Try #3

Number of Packets:

Inter Arival Rate:

Murmber of Lightpaths Requested: 10000 Refused: 8126 100

Mumber of Lightpaths Requested. 20000 Refused: 16251 :
Huriber of Lightpaths Requested: 30000 Rstused: 24267 Mean Duratian:
MNumber of Lightpaths Requested: 40000 Refused: 32419 650

Mumber of Lightpaths Requested. 50000 Refused: 40591
MNumber of Lightpaths Requested: E0000 Refused: 48637

Number of Lightpaths Requested: 70000 Refused: 56733 fosing.
Murmber of Lightpaths Requested: 80000 Refuged: 54848 Alternate Rauting
Mumber of Lightpaths Requested. 90000 Refused: 72947

Nurber of Lightpaths Requested: 100000 Refused: 81068 SubRouting:

Mumber of Lightpaths Requested: 110000 Refused: 83155 leLci
Mumber of Lightpaths Requested. 120000 Refused: 97224

MNumber of Lightpaths Requested: 130000 Refuzed: 105287 -
Humbor of Lihtathe Fiomuastodt 140000 Ffused: 117347 RN B
Mumber of Lightpaths Fequested: 150000 Refused: 121452 First Fit

Mumber of Lightpaths Requested. 160000 Refused: 123491
Number of Lightpaths Requested: 170000 Refused: 137530
Number of Lightpaths Requested: 180000 Refused: 145654 j'
Mumber of Lightpaths Requested: 190000 Refused: 153793
MNumber of Lightpaths Requested: 200000 Refused: 167883
Number of Lightpaths Requested: 210000 Refused: 163333

Mumber of Lightpaths Requested: 220000 Refused: 178028 Confidence Interval:
Mumber of Lightpaths Requested. 230000 Refused: 186075 W
Number of Lightpaths Requested: 240000 Refused: 194186

MNumber of Lightpaths Requested: 260000 Refused: 202304 File Name:

Blocking factor: 0809256 ,m
Average: 0.809528 y

Variance: 0000503 I LogFie
Confidence intereal Hin

up: 0809276 down: 0.809780

Finishing Simulation.

Cancel
LU UL L LT LR ] e

Ll

Figure 3-32: Simulation Results
The simulation results are written on the screen, blocking factor of every trial is
written after the simulation finishes. At the end of all simulations,
e Average of the blocking factors
e Variance of the blocking factors
e Confidence interval of the blocking factors

The variance value is given if the number of trial is bigger than 1. The confidence
interval is given if the number of trial is bigger than 1 and also the t value presents in

the t distribution table. Otherwise -1 value is seen in the results of these values.
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3.2 Software Design Description

OPTICSIM design can be divided into three parts as:
e GUI package
e Routing package

e Simulation package

3.2.1 GUI Package

This package consists of classes about user interface part. The main class which
controls the communication between the classes took part in this package (Network
Analyzer). All classes in this package are derived from QT classes. QT is used for

graphical user interface part.

3.2.1.1 QT Overview

QT is a complete C++ application development framework. It includes a class library
and tools for cross-platform development and internationalization. One of the key
design goals behind QT is to make cross-platform rich client and server application

programming easy and fun.

Qt achieves this defined goal by abstracting low-level infrastructure functionality in
the underlying window and operating systems, providing a coherent and logical

object-oriented interface that makes sense to programmers.

The Qt API and tools are consistent across all supported platforms, enabling platform

independent application development and deployment.
Qt applications run on all supported platform below:
e  Qt/Windows (Microsoft Windows XP,2000, NT 4, Me/98/95)
e Qt/X11 (Linux, Solaris, HP-UX, IRIX, AIX and other UNIX variants)
e Qt/Mac (Mac OS X)
e Qt/Embedded (embedded Linux)

Qt is used to supply cross-platform development.
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3.2.1.2 GUI package classes
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Figure 3-33: GUI package classes
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The GUI package consists of 21 classes. These classes mainly are used for input

show and display.

FigureEditor class provides the canvas item that is used for node and edge insertion
operation. This class was derived from QTCanvasView class and all node, edge
insertion and deletion operations are done through this function. This class includes
the operations to user to input the topology with a few mouse clicks. This class uses

Imageltem class for nodes and ExtendedLine class for edges.

Ny

AddEdge T FigureEditor

==gager /, \
£ %

ﬁﬁ’inl:l)ddespp **IHE*K.I‘UES::

e
Imageltem ExtendedLine

Figure 3-34: FigureEdit class relatives

Imageltem class was derived from QCanvasEllipse and provides ellipse images on

the canvas. It also holds the properties of the nodes as:
e index_number : ID of the node

e converting_ability : This bool variable indicates whether this node has

converting ability or not.

e number_of_edges_connected: This integer variable holds the number of

edges connected to this node.

e number_of_requests: This variable holds the number of requests done to this
node after the simulation. If the trial number is more than one then this value

is the average of these trials.

e Dblocking_rate: This value indicates the blocking rate as refused / total

requests. This is also an average value if the trial number is more than one.

e accepted: This value indicates the number of accepted requests. This is an

average value like the previous ones.
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e refused: This value indicates the number of refused requests. This is an

average value like the previous ones.

e edge IDs: This is an array of integers and these integers are the IDs of the

connected edges.

ExtendedLine class was derived from QCanvasLine and provides line images on the

canvas. It holds the properties of the edges:
e index_item: ID of the edge
e from_node: ID of the start node
e to _node: ID of the end node.
e line_form: Type of the line.
0 BOTTOM = 0
o TOP=>1
o0 MIDDLE = 2
e direction: Direction of the line
0 UNIDIRECTIONAL = 0
0 BIDIRECTIONAL = 1
e number_of_fibers: This value holds the number of fibers on the edge

e number_of wavelength: This value holds the number of wavelengths on the
edge

e connection_capacity: This value indicates the connection capacity as

number of fibers * number of wavelength.

AddEdge class provides a user interface dialog box to select the direction of the
edge and also provides text boxes to input the fiber and wavelength numbers of the
edge. This class was derived from QDialog. This class only provides a by-pass
interface to create an edge between two nodes. This class is created and destroyed

through the process of edge creation.
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Nodelnfo class provides a GUI interface to the user to show the properties of the
node. It is created by Network Analyzer through the request of FigureEditor. It also

provides some interfaces to change the node properties.

Edgelnfo class also provides a GUI interface like Nodelnfo to show the properties of
the edge. It is created by Network Analyzer through the request of FigureEditor. It

also provides text boxes to change the fiber and wavelength numbers of the edge.

Metw ork_Anal
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Figure 3-35: Nodelnfo and Edgelnfo classes

N_Situation class provides a GUI dialog box that shows the number of edges and
nodes in the topology. It provides efficiency to the used for obtaining the number of

these objects on the canvas.

Fcolor class provides the functions to change the canvas color, node color, edge
color and node number colors. It provides a GUI interface that provides some

defined colors to the user. User may also input RGB values of the desired color.

Matrix_Grid class provides a GUI that shows fiber or wavelength matrix between
the nodes. These matrixes summarize the fiber and wavelength info of the edges.
These matrixes are created with the help of canvas. The properties of the edges on

the canvas are used for creating this class.
Default_Show class provides the input box for entering
e default fiber number: Default fiber number used while creating the edge

e default wavelength number: Default wavelength number used while creating
the edge

e current fiber number: This action changes the fiber number of all edges in the
topology.

e current wavelength number: This action changes the wavelength number of
all edges in the topology.
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ZoomMenu class provides the actions of zoom-in and zoom-out of the canvas. It
gets the desired ratio from the user and requests Network Analyzer to perform

the desired zoom action by calling the defined functions.

FileShow class is written for the verification of the binary save file (opd). It
shows the content of the binary file. It shows the number of nodes and edges in
the binary file. It also shows the properties of every object in this binary file. If

the properties are not in the suitable range then the file was corrupted.
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Figure 3-36: Class relations of the Network Analyzer

Topology class is used for inserting the info of the node and edge objects of the
canvas into a proper structure to pass the simulation classes easily. It holds the
number of edges and nodes in the topology. It also holds the pointers to the array of
these objects. These pointers are types of Edge and Node classes.

Edge and Nodes classes hold the necessary information for route computations.
These classes also provide reservations for fiber and wavelengths. These values are
used for statistical purposes after the simulation. EdgeOccupy class holds the usage
of the wavelengths in it. Every Edge class has EdgeOccupy class pointer in itself.

This provides Edge class to supply reservations for requests.
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Figure 3-37: Topology Class Relations

Edge class has all the properties of ExtendedLine class. This class is used for passing
the properties of ExtendedLine to the simulation. It includes EdgeOccupy class

pointers to store reservation information.

EdgeOccupy class holds the information whether the wavelength is busy or not. It

holds the following variables:
e occupy: This bool variable indicates the busy status of the wavelength.

e fiber_id: This variable indicates the id of the fiber that the wavelength

presents.
e wavelength_id: This variable indicates the id of the wavelength.

e occupy_event_id: This variable indicates the id of the request that reserved

this wavelength.

Node class has all the properties of Imageltem class. This class is used for passing
the properties of Imageltem to the simulation. The statistic values take part in this
class and used during the simulation. After the simulation, these values are passed to
the Imageltem object and these values can be seen with the help of the Nodelnfo

class.
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RunForm class provides a user interface to select the algorithms and parameters for
the simulation. Obtained values are passed to SimClass class to start the simulation.
RunForm can be identified as a class created for passing the simulation parameters to

SimClass. SimClass is created in this class.

RunFarm
l 22| spsE =
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Figure 3-39: Running simulation classes

SimClass class is responsible for the creation and the communication of the needed
classes for the simulation. Topology, RouteController and EventController objects
are created in this class. SimClass also gets the confidence interval rate and log type
as input. The simulation starts and finishes in this object. The results of the

simulations are also shown on the GUI.

The simulation parameters are obtained from RunForm class. These parameters are

read from parameter.dat. New parameter values can be added to this file.

Table 3-3: parameter.dat parameter insertion

<must>Adaptive Routing</must>
<parameter>Update Period</parameter>

<default>0</default>

What is understood from this parameter?
e This parameter is needed by Adaptive Routing
e This parameter’s name is Update Period.

e The default value of this parameter is 0.
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New parameters can be added to this file by obeying the rules above. The routing,
sub-routing or wavelength algorithm that needs this parameter must be written
between <must > and </must>. The name of the parameter must be written between
<parameter> and </parameter>. The default value of the parameter must be written

between <default> and </default>.

The routing algorithms are read from routing.dat and wavelength algorithms are read
from wavelength.dat. If new algorithms are added to the system then the content of
these files must be changed. This adding part will be explained in the following
chapters.

Loglnfo class provides user to select the logging type for the system. It helps Logger
class to select the proper logging method for the simulation. User may input the

logging type by using this dialog box.

XCalculate class provides an interface to calculate the average, standard deviation
and confidence interval of the simulation results. Obtained blocking rates are given
to this class during the simulation and at the end of the simulation; this class provides

the needed statistical results according to the given values.

The formula used for obtaining confidence interval rate is as follow; firstly the

average value is obtained:

X =(X,+..+X,)/n (3.3)

and then confidence interval value is obtained:
1 T
Sz:—lZ(Xi—X) (3.4)
n-—1Li=

Distribution T can be obtained by using the following formula.
_X-u

" s/4n

T

(3.5)

The upper and lower limit of the confidence interval can be obtained by using the

following formula:

P(X —cS/vn < <X +cS/vn)=09 (3.6)
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3.2.2 Routing Package
Routing Package is responsible of computing shortest path between all nodes. It has
a simple class structure. Its classes based on holding the paths from the nodes. It also

has the routing and wavelength algorithms in itself.

3.2.2.1 Routing Package Classes
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Figure 3-40: Routing Package Classes

This package consists of the classes for classes that are used for computing the
available routes between nodes. As a result of using fixed-alternate routing, all
available routes from source to destination must be found using shortest-path

algorithms.

RouteController class finds all the paths between every node that doesn’t share any
common edge. This class also includes all the wavelength, sub-routing and
wavelength for the RWA. Route selection, wavelength selection and wavelength
reservations are done through this class. Shortest-path algorithms are also took part

in this class. The Topology class is used in this class for wavelength reservations.
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The requests are done from this class to Topology class. The relation of this class
with Topology can be seen in Figure 3-40. It uses RouteControl and indirectly
RouteList class for getting the elements in the selected route. There is a matrix made
from the pointers of RouteControl. If route control is a double pointer to the routes ,

the routes from source i to destination j can be obtained from route control[i][j].

RouteControl class consists of the routes from a specific source to a specific

destination. This class has two private elements:

e int number_of routes: The number of routes that are available from source i

to destination j according to fixed-alternate routing schema.

e vector <RouteList *> route: The pointers that shows the routes from source i

to destination j.

RouteList class holds the route from source i to destination j on route k. This calls

consists of following variables:
e int number_of _elements: Number of nodes on the route.
e introute_id: The unique id of the route among all routes.
e vector <int> path: The vector of the IDs of the nodes on the route.

The class holds all the necessary info about a route. The node IDs on the route can be

obtained from this route by just a simple function call.

Table 3-4: getPath functions

RouteL.ist int getPath(int ** list,int * size)

RouteControl | int getRoute(int ** route,int * route_list size,int index)

RouteList getPath() function first argument is a pointer to a list and the second
argument is the number of this list. These variables’ values are filled within the
function. The dynamic memory allocation is done in the function. Programmers must
free the list variable after the operations. This function can be used from
RouteControl class indirectly. The first two parameters of the functions are same.

index parameter defines the RouteList object index between source i and destination
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J. If the programmer want the second route from source i to destination j the s/he

must write the code below to reach that route.
source_id indicates the source node id.

destination_id indicates the destination node id.

Table 3-5: Example getRoute code

int * path;
int path_size;

this->route[source_id][destination_id].getRoute(&path, &path_size, route_id);

route_id indicates the id of the route among other routes.

HOW TO CREATE ROUTING TABLES FOR NODES
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Figure 3-41: How to create routing tables for nodes

The sequence diagram shows the creation of the routing tables. The creation of all

nodes is done within a loop and all routes can be stored in RouteController object.

Routing Package classes may be the most important package of the software. New
routing and wavelength algorithms can be added to this package. RouteController
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has a few default algorithms and adding new ones can be done easily by looking at

the structure of this algorithms. The RWA structure is very easy. The steps of RWA:

e Find the suitable route from source to destination according to the routing

algorithm. If no suitable wavelength then block request.

e Find the suitable wavelength among the wavelength set. If wavelength

continuity problem for selected wavelength then block call.

3.2.3 Simulation Package

Simulation Package is responsible of creating the events for the simulation. The
parameters that are needed for events are created in this package. The randomly
selected sources and destinations provide the selection of the route for the lightpaths.
The simulation is controlled by EventController class and the other classes help it for

the creating and holding the events for processing.

3.2.3.1 Simulation Package Classes
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EventController Logger
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Figure 3-42: Simulation Package Classes

Simulation package consists of classes which provide the processing of event for
creating a simulation environment. The event creation is controlled by the main class
EventController. EventList provides the array mechanism for storing Events. Event

is simply an event unit that must be processed for simulation continuity.

EventController is responsible for creating the events and processing the events.

The traffic is produced with the assumptions of Poisson arrival processes and
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exponentially distributed holding times. The requested connection sources and
destinations are created randomly. The created connection requests are simulated
with Event class. These requests are inserted to a list in its proper time slot. This list
is simulated with EventList class. A system type is present in EventController class
and updated according to the popped element from the list. EventList class is actually
a stack. The Event class are pushed and popped into this stack. This class has the
pointer of RouteController class in itself. This class is needed for establishing
connections and reserving the proper wavelengths on the topology. The parameters

for arrival time and holding times are defined with:
e inter_arrival_time: arrival time of the request.
e mean_duration: holding time of the connection on the system.

The inter_arrival time is created with Poisson arrival processes and mean_duration

is created with exponentially distributed holding time.

EventList class is responsible for providing a stack structure for events. It is a very
simple class. It only provides pushing and popping of the Event objects. EventList

class only provides an interface functions for popping and pushing.

Event class simulation the events that are created in EventController class. It holds

the necessary attributes for creating an event:

e double time_value : The time that the event will be processed.

e int source_node : The source node of the connection.

e int destination_node : The destination of the connection.

e int callid : The unique ID of the Event.

e event_type event_value : This indicates the type of the event
0 TYPE_NO_EVENT : No event
0 TYPE_SYSTEM_START: Start the system with this event.
0 TYPE_NEW_CALL: connection request call.
0 TYPE_RELEASE_CALL: connection release call.

o TYPE_UPDATE_ROUTE_CALL : update call for adaptive routing
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e int event id : The event is totally identified as TYPE NEW_ CALL +
TYPE RELEASE CALL. This variable indicates the ID of this event.

Event object is processed according to these variables. Firstly this object is popped
from the stack according to time value. The route and wavelength are selected
according to source node and destination node values. The reservations are done
according to event_id value. For example when a reservation is done with a event id
x TYPE NEW_CALL then an event with event id x TYPE RELEASE CALL can

free the allocations.

Event objects are created until reaching the number of packets value of the
EventController class. The simulation is repeated for number of trials times. This
variable is obtained from the user. The communications of objects for the simulation

is explained in the sequential diagram below:

RouteController EventController
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\
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‘ : RunForm H : Topology ‘
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Figure 3-43: The sequence diagram for simulation
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The sequence diagram (Figure 3-43) shows the steps of the simulation. SimClass and

RunForm are responsible for getting the parameters needed for the simulation.

SimClass’s runForm() function is responsible for processing the simulation.

SimClass’s steps:

Creating the Topology object for the network.

Creating the RouteController object and inserting Topology object into it.
Creating the EventController object and inserting the RouteController into it.
Passing the obtained parameters to the EventController.

Creating XCalculate object for statistical computations.

Running the simulation for user-specified times.

Showing the results of the simulation on the screen.

3.3 How to add new algorithms

New routing and wavelength assignment algorithms can be added to the application.

Routing and Wavelength algorithms can be added to Routing Package. This adding

part will be explained in detail. ECR and HFPLC k routing algorithms’ adding steps

will be explained in detail as an example for the programmers.

Table 3-6: routing.dat file content

<route>Fixed Routing</route>

<route>Alternate Routing</route>

<route>Adaptive Routing</route>

<subroute>LLR</subroute>
<subroute>LLR_k</subroute>
<subroute>FPLC</subroute>
<subroute>FPLC_k</subroute>
<subroute>ASP</subroute>
<subroute>HFPLC_k</subroute>

<subroute>ECR</subroute>
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Now HFPLC k algorithm will be added and adding will be explained step by step.
Firstly the routing name is added to the routing.dat file. This file consists of the
routing and sub-routing algorithms. HFPLC k is a fixed-alternate routing algorithm.
It must be added as a sub-routing algorithm under the main routing algorithm. The

line which is written in bold was added to the routing.dat file.

If a wavelength assignment algorithm is wanted to be added to the application then it
must be added to the wavelength.dat file (Table 3-7). The new wavelength
assignment algorithm should be added to the file between <wavelength> and

</wavelength>.

Table 3-7: wavelength.dat file content

<wavelength>Random</wavelength>
<wavelength>First Fit</wavelength>
<wavelength>Least Used</wavelength>

<wavelength>Most Used</wavelength>

The algorithm name was added to routing.dat file. If the routing algorithm needs any
parameter then it must be added to parameter.dat (Table 3-1) file. New parameter is
needed for HFPLC k algorithm. This parameter is added as follow:

Table 3-8: Parameter insertion

<must>HFPLC k</must>
<parameter>Number of congested links to be searched</parameter>

<default>1</default>

The insertion of the new parameter is explained in previous chapters in detail.
HFPLC k routing needs the parameter of “Number of congested links to be
searched” for the simulation. The default value of this parameter is 1. The parameter
can be changed from this file or from the GUI interface before starting the
simulation. How to get the parameter value in the code will be explained in the

following chapter while explaining how to add the code part.
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Table 3-9: Code adding in the route part.

bool RouteController::doRouting(int source,
int destination,
int id_stamp)

if(this->getAlgorithm() == "Fixed Routing")
return this->Fixed_Algorithm(source,destination,id_stamp);

else if(this->getAlgorithm() == "Alternate Routing")

{
if(this->getSubAlgorithm()== "LLR") // LLR algorithm

{

return this->LLR_RWA(source,destination,id_stamp);

}
else if(this->getSubAlgorithm()== "LLR_k") //LLR k algorithm
{

int k_ value = this->getParameterValue("Number of routes to be
searched");

return this->LLR_k_RWA(source,destination,k_value,id_stamp);

}
else if(this->getSubAlgorithm()== "FPLC")  // FPLC algorithm

{

return this->FPLC_RWA(source,destination,id_stamp);
}
else if(this->getSubAlgorithm()== "FPLC_k") // FPLC_k algorithm
{
int k_value = this->getParameterValue("Number of links to be searched");

return this->FPLC_k_RWA(source,destination,k_value,id_stamp);

}
else if(this->getSubAlgorithm()== "ASP") // ASP algorithm
{

}

else if(this->getSubAlgorithm()== "HFPLC_Kk") // HFPLC _k algorithm
{

return this->ASP(source,destination,id_stamp);

int k_value = this->getParameterValue(" Number of congested links to be searched");
return this->HFPLC_k_RWA(source,destination,k_value,id_stamp);

¥
else if(this->getSubAlgorithm()== "ECR")
{
return this->ECR_RWA(source,destination,id_stamp);
}
else
{
tezim_logger->writeToLogFile(DBG,"Unexpected SubRouting Format...");
}
else if(this->getAlgorithm() == "Adaptive Routing")
{
tezim_logger->writeToLogFile(DBG,"Adaptive Routing..");
}
else
{
tezim_logger->writeToLogFile(DBG,"Unexpected Routing Format...");
}
return true;
}
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The name of the function for HFPLC k algorithm HFPLC_k_RWA() and the needed
parameter from parameter.dat file can be obtained with the function
getParameterValue(). The code that is added to this part can be seen in Table 3-9.
Now the necessary thing is to add the routing code to the system.

Table 3-10: HFPLC k RWA function

bool RouteController::HFPLC _k RWA(int source_index, int destination_index,
int k_value, int event_id)
{
if(this->route_matrix[source_index][destination_index] == 0)
return false;

int selected_route = HFPLC_k_Algorithm(source_index,
destination_index,
k value);

if(selected_route == -1 || selected_route == RESOURCE_FULL)
return false;

// select wavelength
int selected_wavelength;

selected_wavelength = this->selectWavelength(source_index,
destination_index,
selected_route);

if(selected_wavelength==-1]|selected_wavelength==
NO_SUITABLE_WAVELENGTH)
return false;

// get resources

getResources(source_index,
destination_index,
selected_route,
selected_wavelength,
event_id);

return true;

The structure of RWA functions is standard. Firstly the connection is checked
whether a route exists or not between source and destination then
HFPLC_k_Algorithm is called for finding a route between the available route-set.
The return value of the function is checked for failures. It is time to find a suitable
wavelength on the selected route. selectWavelength is called for finding the
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wavelength and this wavelength selection is done by using the selected wavelength
assignment algorithm. If this function returns a suitable value then getResources
function is called for reserving the necessary resources for the lightpath. The steps of
the function are very easy and understandable. The actual algorithm is present in
HFPLC_k_Algorithm function. The added part is actually this function. It is not
necessary to explain this function in detail. This function selects the suitable route

according to HFPLC _k algorithm. New function may be added if necessary.

If the user wants to add new wavelength then it should be added in selectWavelength

function.

Table 3-11: selectWavelength function

int RouteController::selectWavelength(int source_index,
int destination_index,
int selected_route)

{
int selected_wavelength;
if(this->getWavelength() == "Random")
{
selected_wavelength = randomWavelength(source_index,
destination_index,
selected_route);
}
else if(this->getWavelength() == "First Fit")
{
selected_wavelength = firstFitWavelength(source_index,
destination_index,
selected_route);
}
else if(this->getWavelength() == "Least Used")
{
selected_wavelength = leastUsedWavelength(source_index,
destination_index,
selected route);
}
else if(this->getWavelength() == "Most Used")
{
selected_wavelength = mostUsedWavelength(source_index,
destination_index,
selected_route);
}
else if(this->getWavelength() == "Least Loaded")
{
selected_wavelength = leastLoadedWavelength(source_index,
destination_index,
selected_route);
}
}
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After adding the wavelength assignment name in wavelength.dat file. The name of
the algorithm is checked with getWavelength() function. After checking the result of

this function, the written wavelength assignment function is called.

These are the necessary steps for adding RWA algorithm into the application. For
further information about adding new algorithms into the application, the code must
be studied. It is written as simple as possible for the future developers. Also HTML
library documentation is prepared. The relation of the classes can easily be seen from
this HTML documentation.

< Optic - Microsoft Internet Explorer F-_H'E‘E|
Fle Edt Wiew Favorites Tooks Help Links ** | Horton Antivrus @) ~ | @~ :l'

Optic Main Page | Namespace List | Class Hierarchy | Class List | Directories | File List | Class Members | File Members | -

~[E] Main Page Searchfor

=@ File List
#@ Class List Network_Analyzer Class Reference
=@ Class Hierarchy
@ Class Members #include <Hetwork Analyzer.h>
=@ Namespace List
=@ Directories

~[E] File Members EMainWindow

Netwark_Analyzer

Inheritance diagram for Metwork_Analyzer;

List of all members

Public Slots

void  changeBackground ()

void  changeCurFibertumber ()
void  changeCurWavelengthlumber ()
void  changeFiberHumber ()

void  changeLine ()

void  changelode ()

void  changeHodelumber ()

void  changeWavelengthHumber ()
void  disableContent ()

voidd  disableRunFormContent ()
void  enableContent ()

void  enableRunFormContent ()
void  fileClose ()

woidd  initSituation ()

void  inspectOPBFunction ()

void  inspectOPDFunction ()

voidd  inspectOPWFunction ()

wnid  onticShow M

Figure 3-44: A screenshot of the library documentation
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4. COMPARISON OF RWA ALGORITHMS

The comparison of the algorithms is done according to the blocking probability
versus traffic per node (erlang). Some parameters are changed to show the effect of
them on the traffic. The parameters that are changed for showing the effect on the
traffic:

F: The number of fibers per link.

W: The number of wavelengths per link.

k: The parameter for LLR k, FPLC k and HFPLC k
A: The connection request arrival rate

1/p: The connection call holding time

The comparison will be done with the obtained results and the results that are gotten

from various papers on this subject.

The traffic model used is a Poisson arrival of calls with exponentially distributed
duration. Each edge has a call arrival process and these processes are independent.
[10]

The traffic per node is calculated via the formula

load = ierlang 4.1)
U

The overall traffic of the network is calculated via the formula

traffic _load = Lerlang (4.2)
(N =1)

The parameters and the formulas above provide the comparison of algorithms within
themselves. The efficiency of the algorithms can be compared by looking at the

blocking rate under the same condition.
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4.1 Wavelength Assignment Algorithms Comparison

Firstly the Wavelength Assignment Algorithms are compared among themselves.
The results of the simulation are compared with the other papers to make sure that

the implementations of the algorithms are right.

The implemented wavelength assignment algorithms are:
¢ Random Wavelength Assignment
e First Fit Wavelength Assignment
e Most Used Wavelength Assignment

The obtained results in [11] are as follow:
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Figure 4-1: Blocking probability versus traffic load for the single-fiber network (1).

Figure 4-2: Blocking probability versus traffic load for the single fiber network (2).
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The result in [12] is as previous. This result shows the same behavior like the

previous result. This verifies the performance of wavelength assignment algorithms.

The following figure is obtained from the simulation results of OPTICSIM. The

assumptions of the simulations are:
e Number of fibers per edge: 1
e Number of wavelengths per fiber: 3
e Selected Topology: NESNET

The blocking probability rates of the algorithms are same with the previous figures.
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Figure 4-3: Blocking probability versus traffic load for the single-fiber network (3).
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Figure 4-4: The NFSNET network used in the simulation
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As it can be seen from the figures, MU (most used) wavelength assignment performs
the best performance and Random wavelength assignment performs the worst. These
results are same with the previous results and verify the correctness of the simulation

environment.

4.2 Routing Algorithms Comparison

Two simulation topologies are selected for the simulations. The topologies that are
selected are NFSNET and Pan-European Network.

Figure 4-5: Pan-European Network Topology

4.2.1 NFSNET Network Simulation Results:

The first simulation platform is NFSNET (Figure 4.4) and the assumptions of the

simulations are:
e Number of fibers per edge: 1
e Number of wavelength per fiber: 3
e Number of trials per simulation: 100
e Number of connection requests per trial: 100000
e Selected wavelength assignment algorithm: Least Used Wavelength

LLR, LLR k, FPLC, FPLC k, HFPLC k, ECR, ASP routing algorithms are used in
the simulations. 1, 2 and 3 values are used for k value. Twelve simulations were done

in this topology for comparison purposes. HFPLC k and ECR algorithms were
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added later and comparisons are based on the evaluating

algorithms with the previous known ones.

Table 4-1: NFSNET Topology Results #1

the recently added

Node
Traffic | LLR 1 LLR_2 LLR_3 FPLC FPLC 1 | FPLC_2 | FPLC_3
0,5 0,062775 | 0,044941 | 0,042318 | 0,0409 0,11349 | 0,087169 | 0,056423
0,6 0,093531 | 0,0724425 | 0,070208 | 0,068229 | 0,154681 | 0,12171 | 0,085326
0,7 0,125591 | 0,102149 | 0,100188 | 0,09743 | 0,19141 | 0,15362 | 0,114574
1 0,155098 | 0,135051 | 0,133605 | 0,129808 | 0,227998 | 0,186954 | 0,146523
0,9 0,189044 | 0,169375 | 0,167795 | 0,164629 | 0,264204 | 0,219948 | 0,18034
1 0,216497 | 0,199208 | 0,199728 | 0,19619 | 0,294858 | 0,24932 | 0,210448
1,1 0,244801 | 0,229059 | 0,22994 | 0,22588 | 0,322761 | 0,275774 | 0,238801
Table 4-2: NFSNET Topology Results #2
Node
Traffic | HFPLC 1 | HFPLC 2 | HFPLC 3 ECR ASP
0,5 0,080525 | 0,073929 | 0,069945 | 0,08432 | 0,11306
0,6 0,117835 | 0,10923 | 0,105345 | 0,12123 | 0,144928
0,7 0,154662 | 0,145352 | 0,140546 | 0,175344 | 0,153843
1 0,188832 | 0,179932 | 0,173938 | 0,188161 | 0,20585
0,9 0,223236 | 0,214244 | 0,209645 | 0,221875 | 0,236621
1 0,253761 | 0,245262 | 0,241414 | 0,250699 | 0,261536
1,1 0,283474 | 0,274139 | 0,270458 | 0,2784 | 0,286571
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Figure 4-6: Comparison of LLR and LLR _k (NFSNET)
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The previous figure shows the comparison of LLR 1, LLR 2 and LLR 3. The LLR
algorithm tries to find the path that is least loaded. LLR k differs from LLR in the
way that LLR k tries the following path if the selected one is unsuccessful. Every
increase in the k value means more computational time but less blocking probability.
As a result of this reason, there is a big difference between LLR 1 and LLR 2. But
this big difference can’t be seen between LLR 2 and LLR 3. In my opinion, this is
directly the result of the topology. There may be more that two paths between a
source and a destination in the topology and LLR 3 starts to act as LLR 2 under this

constraint.

The following figure shows the comparison of FPLC, FPLC 1, FPLC 2 and
FPLC 3. FPLC algorithm tries to find the number of lightpaths that can be
established through the path. FPLC k’s difference is to compute the number of
lightpaths that can be established by looking at the first k edges. This improvement’s
aim is to decrease the computational time and complexity of the FPLC algorithm.
But this improvement results in an increase at the blocking probability as it can be
seen from the figure. When k value approaches the average number of links in the
topology, FPLC k gives better results as FPLC with less complexity.

FPLC

=
N
a

o
N

—e—FPLC
—8—FpPLC_1
FPLC_2

./ 7 / FPLC_3

Blocking Probability
o
I
(4]

o
i

=
=)
a

o

0,5 0,6 0,7 il 0,9 il 11

Node Traffic

Figure 4-7: Comparison of FPLC and FPLC k (NFSNET)

ASP algorithm selects the path that has less minimum hop-count. This algorithm is
very simple and has low computational time and complexity. ECR algorithm is also
very easy to implement. Its idea depends on finding the least congested path by
applying the formula (2.1) to every path. ECR seems to perform better results for the
topology when compared with ASP but other algorithms’ results are better than this
for NFSNET.
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Figure 4-8: Comparison of ECR and ASP (NFSNET)

HFPLC k algorithm is an add-on to FPLC k algorithm that first k congested edge is
taken into consideration instead of first k edge. The more the k value, the less
blocking probability is obtained like FPLC k algorithm. But the real aim is to
compare HFPLC k algorithm with FPLC k algorithm as we will do in the following
part.

Figure 4-9: Comparison of HFPLC k algorithm (NFSNET)

The following figure shows the comparison of all algorithms among themselves. The
difference of blocking probability also depends on the network topology as well as
the algorithms themselves. The number of fibers and wavelengths per fiber also
affects these results. FPLC gives the best performance for blocking probability but its
computational time is higher when compared with other algorithms. FPLC 1 gives
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the worst performance. When the k value gets bigger, the results converge to the
FPLC results.
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Figure 4-10: Comparison of Algorithms (NFSNET)

HFPLC k gives better results than FPLC in some k values. This condition should be
the result of using fewer wavelengths in the topology. ECR and ASP algorithms’
purpose is to use less computational time but their blocking probability performance
is not as good as the others. LLR algorithm gives good results and especially
increasing k value make algorithm gives better blocking probability results. LLR’s
blocking probability performance is not as good as FPLC but has less computational
complexity than FPLC.

4.2.2 Pan European Network Simulation Results:

The second simulation platform is Pan European (Figure 4.11) and the assumptions

of the simulations are:
e Number of fibers per edge: 2
e Number of wavelength per fiber: 4
e Number of trials per simulation: 100
e Number of connection requests per trial: 100000
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Figure 4-11: Pan European Network used in the simulation

Table 4-3: Pan European Topology Results #1

Node
Traffic | LLR 1 LLR_2 LLR_3 FPLC FPLC 1 | FPLC 2 | FPLC 3
0,5 0,001191 | 0,000316 | 0,000331 | 0,00036 | 0,003888 | 0,003659 | 0,002535
0,6 0,003699 | 0,001428 | 0,001366 | 0,001423 | 0,010148 | 0,009994 | 0,007095
0,7 0,008975 | 0,004224 | 0,004237 | 0,004255 | 0,020888 | 0,021012 | 0,015425
1 0,017786 | 0,010021 | 0,009812 | 0,009862 | 0,036088 | 0,036419 | 0,027766
0,9 0,030434 | 0,019339 | 0,019133 | 0,019228 | 0,055367 | 0,05544 | 0,04357
1 0,046013 | 0,032219 | 0,032129 | 0,031635 | 0,076748 | 0,076984 | 0,061743
1,1 0,063832 | 0,04843 | 0,047991 | 0,04747 | 0,099555 | 0,099719 | 0,081788
Table 4-4: Pan European Topology Results #2
Node
Traffic | HFPLC_1 | HFPLC 2 | HFPLC_3 ECR ASP
0,5 0,001690 | 0,001062 | 0,000752 | 0,001171 | 0,005599
0,6 0,005043 | 0,003506 | 0,002701 | 0,003712 | 0,012742
0,7 0,011499 | 0,008684 | 0,007127 | 0,008854 | 0,023523
1 0,021846 | 0,017437 | 0,015039 | 0,017691 | 0,03758
0,9 0,03608 | 0,029926 | 0,026581 | 0,030101 | 0,054179
1 0,053272 | 0,045867 | 0,041358 | 0,045471 | 0,072386
1,1 0,072415 | 0,063851 | 0,059278 | 0,063255 | 0,09199

75




Figure 4-12: LLR and LLR_k comparison (Pan-European Network)

This figure shows the same behavior with NFSNET. There is not much difference
between LLR 2 and LLR 3. It can be the reason of reaching the average number of
fixed-alternate path number between the nodes.

Figure 4-13: FPLC and FPLC_k comparison (Pan-European Network)

This figure shows the same behavior with NFSNET like the previous figure. FPLC
performs the best performance. FPLC 3’s performance is very near to FPLC but
worse than that. FPLC k performs better when k value converges to the average
number of nodes of the paths in the topology. FPLC k’s blocking probability value
is always worse when compared with FPLC but its computational time and
complexity is less than FPLC. The obtained results are just like the expected
behaviour. These are the typical of FPLC and FPLC k algorithms.
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Figure 4-14: ECR and ASP comparison (Pan-European Network)

ECR algorithm’s performance is better in this topology as a result of high fiber and
wavelength number. This performance can be seen clearly in the figure compared
with all algorithms. ASP algorithm’s performance directly connected to the topology.
It always selects the path with the minimum-hop. That’s why increasing fiber and
wavelength number don’t affect the performance of it.

Figure 4-15: HPLC k comparison (Pan-European Network)

HFPLC k algorithm’s blocking probability values vary in a wider area unlike
NFSNET. This may be the result of using different fiber and wavelength values.

The following figure shows the comparison of all algorithms and this will give a
common idea of the effect of topology, fiber and wavelength change over the results.
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Figure 4-16: Comparison of Algorithms (Pan-European Network)

As it can be seen from the figure, changing the fiber and wavelength number changes
the behavior of all algorithms among themselves. FPLC’s blocking probability
performs the best performance. LLR 2 and LLR 3’s performances are very near to
FPLC. The better results of HFPLC k can be seen. Its results are much better than
FPLC k. For example, the difference of FPLC 1 blocking probability and HFPLC 1
blocking probability indicates how successful HFPLC k algorithm is.

In this simulation, ECR’s performance is better. Its blocking probability is lower than
HFPLC 1 and nearly equals to HFPLC 2. This performance increase is better than
the expected performance. Then an assumption can be made such as HFPLC’s
performance depends on fiber number, wavelength number and topology. LLR and
LLR k algorithms performance are good. LLR 3’s algorithm’s blocking probability
is as low as FPLC.

The worst performance is obtained from FPLC 1 and FPLC_2 algorithm. This is an
expected situation as a result of using small k values like one and two. In LLR k and
FPLC k algorithms, increasing k values makes algorithm to converge the blocking
probability to the optimum. FPLC algorithm may be referred as optimum point for
all algorithms.

This simulation also verifies that increasing fiber and wavelength number is required
for the algorithms to function properly. The results from the paper [8] are given

below and these results also prove OPTICSIM simulation results.
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Figure 4-17: Comparison of all algorithms

These results show the worst behavior of FPLC k like our results. The relation of
HFPLC k, FPLC and LLR algorithm can be seen from the figure and their difference
for blocking probability is nearly same and ignorable. These results are nearly same

with our results. This proves the reliability of our algorithm implementations.
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5. CONCLUSION AND FUTURE WORK

In Optical WDM Networks, source and destination nodes communicate with each
other through lightpaths. A suitable path and a free wavelength on this path must be
found in order to establish a lightpath. Finding a path and selection a suitable
wavelength problem is referred as Routing and Wavelength Assignment (RWA)
problem. LLR (least loaded routing), LLR k (least loaded routing with k), FPLC
(fixed paths least congested), FPLC k (fixed paths least congested with k), ASP
(alternate shortest path), ECR (estimated congestion routing) are widely used route
selection algorithms. First Fit, Random, Least Used, Most Used are well known

wavelength assignment techniques.

The main purpose of this thesis is to create software simulating the RWA techniques.
The developed tool is called OPTICSIM. This software has also a graphical user
interface that makes it easy to input topology and simulation parameters. The RWA
techniques mention above are included in the tool. This thesis contains a
programming manual part to show the programmers the steps how to add new
routing or wavelength assignment algorithm to the OPTICSIM software. The
addition of new algorithms is very easy and detailed class structures are present to
help. By using OPTICSIM performance of various RWA algorithms can be

compared in terms of blocking probability under various situations.

OPTICSIM is multi-platform software and can run on many operating systems. It has
been tested on Windows and Linux. OPTICSIM has so many abilities to help users
for simulations. It has been tested for efficiency and memory-leak problems. GUI
provides easy usage and upgradeable class structure. New improvement can be made
on GUI. QT library is required for this improvement. An HTML documentation of

all classes is also present for this task.

Some modifications may be required considering adaptive algorithms or algorithms
that need switches having wavelength-conversion capability. These modifications are

schedule future tasks.
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