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Abstract

Introduction: This article is the product of research “Comparative analysis of the performance of spectrum allo-
cation algorithms (RSA) of a distributed optical network to a centralized optical network limited in resources”
developed at the Universidad del Cauca in 2020.

Problem: The growing demand for traffic and the diversity of current services determine the need to implement
effective strategies for the allocation of resources, so it is necessary to characterize the behavior of new algo-

rithms against all possible conditions to reduce the uncertainty of their results.

Objective: Comparing performance at the simulation level of RSA algorithms in a resource-constrained centra-
lized OCS optical network.

Methodology: A bibliographic compilation is made of the aspects to be considered in the application of RSA
algorithms in a centralized optical network, to propose a simulation scenario in which it is possible to test their
performance.

Results: Once the simulation scenario is implemented, the performance of the RSA algorithms is evaluated in
different cases of resource availability according to the parameters of blocking probability, end to end delay
and number of lost connections.

Conclusion: Through this research it was possible to characterize and apply different RSA algorithms in the
most recent generation of Software Defined Optical Networks (SDON), which determined the most appropriate

way to implement the algorithms for this environment.

Originality: This innovative research has been performed to analyze the impact of resource limitations on the

performance of RSA algorithms when they operate on a centralized network.

Limitations: The number of simulations needed and the time required for them.

Keywords: National Science Foundation's Network (NSFNeT), Routing and Spectrum Allocation (RSA),
Wavelength-Routed Optical Network (WRON), heuristic, Software Defined Elastic Optical Network (SD-EON).

Resumen

Introduccidn: Articulo producto de la investigacion “Andlisis comparativo del desempefio de algoritmos de
asignacion de espectro (RSA) de una red 6ptica distribuida a una red dptica centralizada limitadas en recursos”
desarrollada en la Universidad del Cauca en el afio 2020.

Problema: La creciente demanda de tréafico y la diversidad de los servicios actuales determinan la necesidad
de implementar estrategias eficaces para la asignacion de recursos, por lo que es necesario caracterizar el
comportamiento de nuevos algoritmos frente a todas las condiciones posibles para reducir la incertidumbre
de sus resultados.

Objetivo: Comparar el desempefio a nivel de simulacién de algoritmos RSA en una red dptica centralizada OCS
limitada en recursos.

Metodologia: Se realiza una recopilacion bibliografica de los aspectos a considerar en la aplicacion de algorit-
mos RSA en una red 6ptica centralizada, para luego proponer un escenario de simulacion en el que sea posible
probar el desempeno de éstos.

Resultados: Una vez que se implementa el escenario de simulacion, se evalta el desempeiio de los algoritmos
RSA en diferentes casos de disponibilidad de recursos segun los parametros de probabilidad de bloqueo, re-
tardo extremo a extremo y nimero de conexiones perdidas.

Conclusion: Mediante esta investigacion fue posible caracterizar y aplicar diferentes algoritmos RSA en una
red optica centralizada de ultima generacion (SDON), en la que se determiné la forma mas adecuada de imple-
mentar los algoritmos para este entorno.
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Originalidad: Se realiza una investigacion novedosa que permite analizar la incidencia que tiene la limitacion de

recursos en el desempefio de algoritmos RSA cuando operan sobre una red centralizada.

Limitaciones: La cantidad de simulaciones necesarias y el tiempo requerido por éstas.

Palabras clave: National Science Foundation's Network (NSFNeT), Routing and Spectrum Allocation (RSA),
Wavelength-Routed Optical Network (WRON), heuristico, Software Defined Elastic Optical Network (SD-EON).

Resumo
Introdugdo: Artigo produto da pesquisa "Andlise comparativa do desempenho de algoritmos de alocagao de
espectro (RSA) de uma rede dptica distribuida a uma rede dptica centralizada limitada em recursos” desenvol-

vida na Universidade de Cauca no ano de 2020.

Problema: A crescente demanda por trafego e a diversidade de servigos atuais determinam a necessidade de
implementagao de estratégias efetivas de alocacao de recursos, por isso é necessario caracterizar o compor-

tamento de novos algoritmos frente a todas as condi¢des possiveis para reduzir a incerteza de seus resultados.

Objetivo: Comparar o desempenho no nivel de simulagao de algoritmos RSA em uma rede 6ptica centralizada

OCS com recursos limitados.

Metodologia: E realizada uma compilagao bibliografica dos aspectos a serem considerados na aplicagao de
algoritmos RSA em uma rede dptica centralizada, para entdo propor um cenario de simulagao no qual seja

possivel testar seu desempenho.

Resultados: Uma vez implementado o cenario de simulagao, o desempenho dos algoritmos RSA é avaliado em
diferentes casos de disponibilidade de recursos de acordo com os parametros de probabilidade de bloqueio,

atraso fim-a-fim e nimero de conexdes perdidas.

Conclusao: Através desta pesquisa foi possivel caracterizar e aplicar diferentes algoritmos RSA em uma rede
Optica centralizada (SDON) de ultima geragao, na qual foi determinada a forma mais adequada de implementar

os algoritmos para este ambiente.

Originalidade: E realizada uma nova investigagdo que permite analisar a incidéncia que a limitagdo de recursos

tem no desempenho de algoritmos RSA quando operam em uma rede centralizada.
Limitagées: O numero de simulagdes necessarias e o tempo necessario para elas.

Palavras-chave: National Science Foundation's Network (NSFNeT), Routing and Spectrum Allocation (RSA),
Wavelength-Routed Optical Network (WRON), heuristica, Software Defined Elastic Optical Network (SD-EON).

1. INTRODUCTION

Today, advances in mobile technologies, data center networks, cloud computing and
the rise of new services have generated numerous bandwidth needs and connection
requests, which require a more scalable, agile and robust network infrastructure [1];
therefore, the telecommunications sector has proposed a new type of network called
the Software Defined Elastic Optical Network (SD-EON) [2].

On the one hand, Software Defined Networks (SDN) allow for a centralized con-
trol of the network [3], [4], [31] and, on the other hand, Elastic Optical Networks (EON)
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provide efficiency in resource management, because the spectrum of each link can be
divided into segments (defined by a central frequency and segment width) of smaller
size and assigned according to the requirements of each connection [5]. However, the
last ones pose restrictions that must be met at the network level, specifically in the
efficient establishment of connections and spectrum allocation to traffic demands [1].
Therefore, these networks seek to solve the problem of routing and spectrum alloca-
tion (RSA), which consists of (i) finding the appropriate route between a pair of nodes
(source and destination) and (ii) assigning the number of slots needed to establish a
connection [6], [27].

To obtain a solution to the RSA problem, two restrictions must be met, which
are (i) contiguity, which requires that the number of slots assigned to a connection are
consecutive and (ii) continuity, which conditions that the slots assigned to a connec-
tion are the same along the selected route [7], [8]. To meet these constraints, integer
linear programming (ILP) and heuristic algorithms have been proposed, where the last
one can be considered as the most promising solution against RSA, since they seek
to obtain an efficient solution in a short time [9], [28].

Consequently, the purpose of this research is to analyze, at the simulation level,
the performance of two RSA heuristic algorithms, a classic Shortest Path-First Fit
and an institutional Shortest Path-Péndulo, over a centralized network environment
limited in resources.

1.1 Research background review

This section presents previous research or works that were taken as theoretical refer-
ences regarding optical networks and spectrum routing and assignment algorithms.

R. de Paz Villarroel [3], makes an exhaustive summary of the SDN paradigm
and explains its inclusion within optical networks, so that he presents all the theory
concerned to understand its functioning and the benefits of its implementation in
network management.

Shakya [1], performs a general review of the problems that networks, based on
Wavelength Division Multiplexing (WDM), have in the allocation of resources and ex-
plains the disadvantages of this technology compared to current requirements; then,
the author describes EON as an effective solution to these problems, in addition, he
presents a comprehensive description of its operation, its limitations and its chal-
lenges with emphasis on the management of spectrum resources; for this reason, he
focuses his study on RSA algorithms. Finally, the author evaluates some RSA-type
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algorithms and, according to the results obtained, he proposes a new algorithm fo-
cused on spectrum defragmentation, in order to mitigate the existing problems.

Lin,He,andLiu[10], proposean RSAalgorithm called "Hop and Consecutiveness-
based Routing and Fragmentation-aware Spectrum Assignment” (HCR-FSA) as a
variant solution to the assignment problem in SD-EON, then describes its operation
to later determine its performance. They implement it in a simulation scenario based
on the topology of the NSFNeT network with a single control node.

Talebi, Alam, Katib, Khamis, Salama, and Rouskas [11], present some limitations
of EON versus orthogonal division multiplexing (OFDM) technology, then describe and
classify different RSA techniques for spectrum management, allowing them to con-
clude that, although there are many algorithms and much research about spectrum
allocation, many questions remain to be solved.

Chatterjee, Sarma, and Oki [8], focus their research on the RSA problem, starting
with the conceptualization and characterization of EON; then they analyze the concept
and characteristics of RSA in EON and discuss the differences between Routing and
Wavelength Assignment (RWA) and RSA, their routing approaches and assignment
policies; finally, they present some research and experimental demonstrations they
have performed to test the functionality of an EON.

Robles [12], presents a detailed theoretical description of the metaheuristic
method: by Ant Colony Optimization (ACO); then, makes a review of the algorithms
used in the ACO, the application of this method in various optimization problems and
highlights the excellent results that have been obtained with this method, especially
in network routing.

Arias y Roa [13], describe the RWA and RSA problems in optical networks, mak-
ing a comparison between these two problems and a collection of information about
both static (offline) and dynamic (online) spectrum allocation algorithms; then, they
propose the solution of the RSA problem from the optimization perspective, showing
great interest in ILP algorithms, since they try to find the best possible solution and
not a time-efficient solution, as heuristic algorithms do.

Batham, Yadav, and Prakash [14], raise two topics related to spectrum alloca-
tion in EON: the first is the non-uniform allocation of spectrum along the path links
and the second is the fragmentation of spectrum in the network. To address these
issues, the authors propose two RSA strategies: Least Loaded RSA (LLRSA) and
Route Fragmentation Aware RSA (RFARSA); then, they develop a simulation program
to evaluate and compare the performance of the previously proposed strategies and
those chosen by the authors. Finally, through the results obtained in the simulation,
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they conclude that the two proposed strategies (LLRSA and RFARSA) exceed the per-
formance of the conventional strategies.

Sevilla and Zudiga [15], make a characterization of optical networks based on
WDM and FlexGrid, as well as RWA and RSA problems; then, they implement as a
simulation, a distributed optical network model to evaluate the behavior of an RWA
(WDM) and RSA (FlexGrid) algorithm, taking into account the blocking probability and
end-to-end delay metrics. Finally, they present the analysis of simulation results and
conclude that the optical network implementing the RSA algorithm has a better per-
formance compared to the network applying the RWA algorithm.

Pérez-Almeida and Puerto-Leguizamon, propose the design of a long-distance
optical network with a PON (Passive Optical Network) approach and multichannel
capabilities, which is reconfigurable by means of optical switches and AWG (Arrayed
Waveguide Gratings).

Banavides and Quinayas [16], analyze the performance between a distributed
OPS network and a centralized OPS network in terms of blocking probability, end-
to-end delay and packet loss. They start the research by describing the theoretical
component of distributed and centralized networks, then describe the simulation sce-
narios and explain their performance. Finally, they present the results with which they
conclude that the centralized network had a better performance.

2. MATERIALS AND METHODS

This section presents a description of the OMNeT++ work environment and the
educational tool “Simulator WRON", which have been implemented to propose a
methodology to carry out this research.

2.1 OMNeT++

It is an extensible working environment based on a modular construction through
simple or composite components that can be developed using NED language and
programmed using the C++ object-oriented language. OMNEeT ++ has been used in
numerous research fields, from queue network simulations to wireless and ad-hoc
network simulations, from business process simulations to peer-to-peer network
simulations, as well as in optical switches and storage area networks. For the cre-
ation of the different networks mentioned, this platform provides the conformation
of large modules through small components that communicate through control
messages [17].
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Figure 1. OMNeT++ logo.
Source: Varga [17].

2.2 WRON Simulator

The WRON (Wavelength-Routed Optical Network) simulator is an open education-
al tool developed in the OMNeT++ IDE by the optical communications group of the
University of Valladolid [18]. This tool contains a test environment based on the
NSFNeT network topology, in which the fourteen nodes that compose it are distribut-
ed unevenly in different cities of the United States [19], as shown in Figure 2 where all
distances are in kilometers.

Figure 2. NSFNeT Network topology.
Source: Ghose, Kumar, Banerjee y Datta [19].

2.3 Methodology

The model of [20] and [21] is adapted to allow the development of simulations of a dis-
crete environment and includes the following stages: i) System definition: characterize
the internal and/or external interactions of the components of the simulation environ-
ment through an analysis that identifies the relationships, constraints and variables
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involved ii) Environment formulation: the environment is defined and designed based
on the relationships identified iii) Data collection: identify the data required by the en-
vironment to obtain the desired results iv) Environment implementation: adapt the
simulation tool based on the previous analysis v) Validation: determine the shortcom-
ings in the formulation of the environment or the variables involved vi) Interpretation:
analyze the results in order to provide feedback to the environment and correct pos-
sible errors to obtain better results vii) Documentation: include a description of the
processing and interpretation of the data and the environment developed, [32].

In Figure 3 you can see the flow chart with which the simulations of this re-
search will be carried out.

Development or establishment
of the simulation scenario

v

Adaptation of the scenario

v

Development or the
chosen algorithms

NO v

Integrated implementation
and simulation

A
A

~ Does the
simulation run?

are the
results coherent?

’ Results verification

’ Analyze results ‘

END

Figure 3. Simulation methodology.
Source: Adapted from Pressman [20] and Marulanda, Paredes y Gdmez [21].

3. RESULTS

To evaluate RSA algorithms in a centralized environment, it is first necessary to define
a simulation scenario that characterizes the behavior of the network.
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3.1 Simulation Scenario

The simulation scenario is developed from the WRON Simulator, which is composed
of three main modules: request source, edge node and control node. Originally, this
simulator operates under the assignment of wavelengths from a source node to a
destination node [22], so it was necessary to adapt its way of allocating resources to
be done in a spectral way, following the ITU-T Recommendation G.694.1 [23], from
which were taken the values of slot bandwidth (slot: 12.5 GHz) and center frequency
for each service.

The scenario shown in Figure 4 has been configured to offer 3 types of service,
among which, the request source node, following a uniform distribution, can choose
one of them for each connection: Service 1: 12.5 GHz, Service 2: 25 GHz and Service
3:37.5 GHz.

Figure 4. Centralized NSFNeT network Scenario.
Source: Adapted from Duran, Jiménez y Ferndndez [18].

The process of a connection request starts at the request source, where re-
quests are generated according to an interval, which is obtained by relating the num-
ber of nodes and the volume of traffic present. These requests are composed of: the
source address, the destination address (which is chosen from a uniform distribution),
the requested bandwidth and the connection duration, which is obtained randomly
by means of an exponential distribution. Then, the edge node receives the request
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and its function is simply to forward it to the control node. Once the request arrives
at the central node, it is processed by the RSA algorithm, which determines whether
or not the request can be established according to the availability of resources in the
status table.

Two-stage RSA algorithms are implemented in the control node, so that the
routing problem is solved first followed by the spectrum allocation problem. Thus, the
routing of connection requests is done by applying an alternative routing algorithm
called Shortest Path that takes into account the number of jumps and a set of short-
er routes 'k’ organized according to the Bubble Ordering. In this way, the algorithm
organizes the routes from lowest to highest, according to the number of jumps, and
begins to analyze the availability of the slots required in the first route through two
study algorithms: First Fit and Péndulo. If the resources are not found, their availability
is analyzed in the following routes until the request is established or rejected.

3.1.1 First Fit Spectrum allocation algorithm

The spectrum management in the first case is done by the First Fit algorithm, which
starts the search for the required slots by going through the spectrum grid from the
lowest to the highest indexed slots. Figure 5 shows an example of how the algorithm
works when it is going to serve a connection request that requires two consecutive
slots (25 GHz). It should be noted that this algorithm rejects the connection request if
the number of slots required is not available [7], [8].

LOW TO HIGH LOW TO HIIGH
Aj2i3]als]6]7]8] [1]2]3]4a]s]6]7]8]

Figure 5. Example of how the First Fit algorithm works.
Source: Adapted from Chatterjee, Sarma, y Oki, [8].

The First Fit algorithm is considered one of the best spectrum allocation algo-
rithms due to its good results and low calculation complexity, so it has been chosen
as one of the study algorithms and has been taken as a point of comparison to eval-
uate the performance of the institutional algorithm, Péndulo, in a scenario of limited
resources.
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As mentioned above, for the routing of connections a set 'k’ of shorter paths
is taken into account, on which the allocation algorithm will seek the required slots.
For this reason, Figure 6 presents the flowchart of the implemented RSA algorithm,
Shortest Path-First Fit (SP-FF).

Be n the number of slots per link
Be num-slots the number of slots requerid
Be kmax the maximum number of routes to evaluate
Be mejor_k the route to choose started at -1

17

’ Get the required spectrum ‘

Are there

- No
esources available?

Yes
Y Y

Route calculation from the source mode ‘ ’ Reject the connection

A
No
> ¢k<kmax?

Yes
Y

Search the contiguous slots that are free from
the slot with the lowest index
fori=0;toi<n;i++

No Slots found?

Yes
¥

K+ Assign route Mejor_k = k and
contiguous slots
! ¥

No

;mejor_k !=-1?

Yes
Y

Establish connection

END

Figure 6. Algorithm flowchart SP-FF implemented.
Source: Adapted from Moncada, Dirany Jimenez [24].

Below is the pseudocode corresponding to the Shortest Path-First Fit algo-
rithm, when it operates with an availability of 25% of the routes.
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SHORTEST PATH-FIRST FIT (numSlotsByLink, numSlotsRequired, source, destination)

n= numSlotsByLink
kmax=0
k=0
i=0
w=0
mejork=-1
percentageRoutes= 0.25
slotsAssigned [numSlotsRequired]
availability=0
if numSlotsRequired>=n do
reject request
if else, do
num-slots [*][*] = calculate availabilityTableOfState
kmax= calculate numberRoutes (source, destination) * percentageRoutes
route [kmax][ n]
if k<kmax do
for k=0;k<kmaxk++
for w=0; w<n;w++ do
for (i=0; i< calculate numSaltos(source, destination, k) i++)
if numSlotsRequired=1 do
if num-slots[i}=0 do
1 availability=1,
slotsAssigned[i]=i
if else numSlotsRequired=2 do
if num-slots[i]=0 and num-slots[i+1]= 0 do
availability=1
$ slotsAssigned]i]=i, slotsAssigned[i+1]=i+1
if else numSlotsRequired=3 do
if num-slots[i]=0 and num-slots[i+1]= 0 and num-slots[i+2]= 0 do
availability=1
slotsAssigned[i]=i, slotsAssigned[i+1]=i+1, slotsAssigned[i+2]=i+2
route[w][i]=calculateLinkinJump (source, destination, k, i)
if disponibilidad=1 do
w=n
k=kmax
mejork=k

assign resources (route[mejork][n], slotsAssigned [i]) .

Figure 7. Pseudo code of the classic algorithm: SP-FF.
Source: own work.

3.1.2 Péndulo spectrum assigment algorithm

The spectrum management in the second case is done by an algorithm that has been
recently developed at the University of Cauca. This algorithm has been called Péndulo,
since, as its name indicates, it makes a pendular movement that runs the spectrum
grid from its alternating ends towards its center, in search of the slots needed to meet
the connection request [25], [29]. Figure 8 shows how the algorithm works when it
must meet a request that requires two slots (25 GHz) in a grid of 100 GHz (8 slots).

@ o/ @ o/“'J
[a]2]3]a]s]e]7]8] /‘ [1[2|3|4[5]5[7[3]
(2]2]3]a]s[e]7]8] ) | (1]2]3]a]s]6]7]8]

Figure 8. Example of how the Pendulum algorithm works.
Source: Ossay Vargas [25].
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First, the algorithm examines in which direction it should go through the grid.
If it should go from left to right then it evaluates if the slots with the lowest index are
available (Step 1). If they are not, the algorithm changes direction and examines the
slots from right to left, so that it checks the availability of the last slots in the grid (Step
2), but if it does not find them available either, it starts a new review cycle by reducing
its pendulum movement and evaluating the availability on slots closer to the center of
the grid (Steps 3and 4) [26]. It should be noted that this algorithm ends when it reaches
its center or when it finds the slots needed to meet the request.

Figure 9 shows the flowchart of the implemented RSA algorithm, Shortest

Path-Péndulo (SP-Péndulo).
START

Be n the number of slots per link
Be num-slots the number of slots requerid
Be kmax the maximum number of routes to evaluate
Be mejor_k the route to choose started at -1

’ Get the required spectrum ‘

Are there

Yss v

’ Route calculation from the source mode ‘ ’ Reject the connection

/\ No
Yes
What is the
direction?

Direction =1

Direction = 0

Search the contiguous slots that are free Search the contiguous slots that are free
from the slot with the lowest index from the slot with the highest index
for 1zq=0; to Izq < n/2; Izq++ for Der=n; to Der < n/2; Der--
ket @ No Change the direction No @
[

Yes Assign route Mejor_k = k and Yes
contiguous slots

No

Yes
Y

[ Establish connection ]

Figure 9. Algorithm flowchart SP-Péndulo implemented.
Source: Adapted from Ossay Vargas [25].
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Below is the pseudocode corresponding to the Shortest Path- Péndulo algo-
rithm, when it operates with an availability of 25% of the routes.

SHORTEST PATH-PENDULO (numSlotsByLink, numSlotsRequired, source, destination)

grid= numSlotsByLink, kmax=0, k=0, =0, w=0, mejork=-1, PositionK=0
positionForDERIZQ«=0, positionForlZQDER=0, counterDERIZQ=0, counteriZQDER=0, direction=0
percentageRoutes=0.25, mem availability=0
if numSlotsRequired>=n do
reject request
if else, do
A num-shots [*)['] = calculate availabilityTableOfState
kmax= calculate numberRoutes (source, destination) * percentageRoutes
route [kmax][ grid)
If k<kmax do
A for k=0; kekmaxk++
4 drection«0 do
A if counteriZQDER=0 do positionForlZQDER=0
T forw= positionForlZQDER; w<grid/2; w++ do
for (i=0; i< calculate numSalios (source, destination, k) i++)
A if numSiotsRequired=1 do
A if num-slots(i]-o do

if num-siots{i}=0 and m-:lou{ku- 0do
.Vmﬂy-l
PositionK=k
slotsAssigned [i]=i, siotsAssigned [i+1]si++
if else numSlotsRequired«3 do
if num-slots{i}=0 and num-slots{i+1}= 0 and num-siotsi+2}= 0 do
availability=1
I PositionKs=k
v slotsAssigned [ij=i, m&gm [M]-M w [i#2)wiso
route{w][i]=calculateLinkinJump (source, destination, k,

v Vv v directions=1

if direction=1 do

A if counterDERIZQ=0 do positionForDERIZQ=grid

A for we positionForDERIZQ; w>(grid/2)-1;w-- do

A for (i=0; i< calculate numSaltos(source, destination, k) i++)
A  HnumSlotsRequired«1 do

A if num-slots{i}=0 do

avalabiity«1
I PositionK=k
i [i}=i

slotsAssigned
if else numSiotsRequired=2 do
if num-slots{i}=0 y num-siots{i-1}= 0 do
availability=1
1 PositionK=k
slotsAssigned [ij«i, mmw [i-1)wi-1
if else numSiotsRequired=3
llumalou()-o-Mm-sbu(i 1)= 0 and num-siots[i-2}= 0 do
tvlllbllty-l
I PositionK=k
v slotsAssigned [i}=i, mswr- 1].11 Mgm (+2)=i-2
routefw][ij=calculateLinkinJump(source,
Y positionForDERIZQuw-1
if disponbilidad=1 do
wen, kekmax, mejorkek
I if else do
. 4 direction=0
v 4 v

assign resources (route[mejork][grid], slotsAssigned [i])

v v N

Figure 10. Pseudo code of the institutional algorithm: SP-FF.
Source: own work.
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The simulation scenario has been limited in terms of resources, so it has a
grid of 4 slots and a percentage of routes according to each case study presented in
Figure 11.

Simulation scenario

Centralized Network

Shortest Path-First Fit Shortest Path-Péndulo

Subcases of study

v

25% of 10% of 5% of
the routes the routes the routes

1 route

Figure 11. Case studies.
Source: own work.

The percentage of routes to be evaluated was determined after several detailed
simulations in which it was found that it is not relevant to evaluate all routes (100%),
since connections can only be established in a small percentage. To carry out this
analysis, two nodes were taken into account, one with the highest number of links
and the other with the lowest. This was done to observe the behavior when all nodes
were generating requests to them, or from one to another. Later on, it was shown that
in both cases, when the incoming or outgoing links of the source or destination nodes
were busy, it did not matter how many routes you had because there was no way to
establish any kind of connection. Therefore, a common number of links present in
each node was taken and it was found that this number was within 25% of the routes,
so it was chosen as the best case and for the worst case, when only one route was
available, where the network goes from having an alternative routing to a fixed routing.

3.2 Execution of the simulations

To carry out the simulations, the parameters present in Table 1 were taken into
account.
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Table 1. Simulation Parameters

Centralized NSFNeT network Centralized NSFNeT network

Parameter with SP-FF with SP-Péndulo
Number of slots available 4 4
Transmission speed 2.5 Gbps 2.5 Gbps
Average connection time Exponential (1/6.3) Exponential (1/6.3)
Routing algorithm Shortest Path Shortest Path
Spectrum Assignment algorithm First Fit Péndulo
Percentage of routes 25 %, 10%, 5%y 1 route 25 %, 10%, 5%y 1 route

Source: own work.

With the configuration of these parameters, the performance of the RSA algo-
rithms under study was obtained, taking into account three metrics which are: block-
ing probability (BP), end-to-end delay (EED) and number of lost connections. The BP
is determined by the relationship between rejected connections and total connections,
the EED is calculated by taking into account the time it takes to establish a request
from a source to a destination according to the selected route, and the number of
connections lost is obtained by taking into account the number of total connections
generated, minus the sum of established and rejected connections.

Below, the results obtained by the algorithms are presented individually against
the substudies of cases presented in Figure 11.

3.2.1 Shortest Path-First Fit algorithm

In Figure 12, it is possible to verify the hypothesis raised about the percentage of
routes that have been chosen to limit resources, since the blocking probability does
not vary after a certain number of routes while the delay does. This is observed in the
cases of 10 and 25% where the probability of blocking is practically the same and in
the delays there is a significant difference.
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Figure 12. BP, SP-FF algorithm, all sub-cases.

Source: own work.
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Figure 13. EED, SP-FF algorithm, all sub-cases.
Source: own work.

Both in the blocking probability and in the delays, the relationship between the
results and the number of routes is evident. For the blocking probability, it is an inverse
relationship where the greater number of routes obtains better results, while for the
delay it is a direct relationship where the greater number of routes obtains a higher
transmission time, because there are more establishment options; but they imply a
greater number of jumps in the routes. The instability present in the delay is due to:
resource limitations, the way in which the routes are organized (from less to more
according to the number of jumps), traffic overload, dynamism in the generation time
and the duration of the requests, since all these factors modify the selection of the
routes at each instant of time.
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3.2.2 Shortest Path-Péndulo algorithm

The results obtained with the SP-Péndulo algorithm maintain the relationships de-
scribed above for the blocking probability and the delay, with respect to the percentage
of available routes. In addition, it is clear that the blocking probability in the cases of
10 and 25% is practically the same, which once again confirms the hypothesis about
the choice of the maximum percentage of routes to be evaluated.

0,45
04 o
i -
0,35 v =
> - e
= 0,3 - _?;;:—“
e /*‘
8 /
2 025 of =
S 02 - &
c e
< 015 v A
-N o —= Péndulo - 25%
@ 0] s o Péndulo - 10 %
, v ) 5
- —— Péndulo-5%
0,05 - w— Péndulo - 1 Route
0 L

0 0,1 0,2 03 04 05 0,6 0,7 08 09 1
Traffic load (Erlang)

Figure 14. BP, SP-Péndulo algorithm, all sub-cases.

Source: own work.
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Figure 15. EED, SP-Péndulo algorithm, all sub-cases.
Source: own work.
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3.2.3 Comparison of SP-FF and SP-Péndulo algorithms in the
centralized network

For this case, the results obtained from the allocation algorithms in the centralized
NSFNeT network are compared with the sub cases established in Figure 11.

Loss of connections in the centralized network
In Figure 16, it can be seen that the number of lost connections in a centralized net-
work is high, because the control node does not have a queuing algorithm to store
requests in the order of arrival and then attend to them according to the availability of
resources; therefore, most requests were lost because the control node was forced to
execute simultaneous processes such as releasing resources or the arrival of a new
request, when another one was being attended to.

6,5 I centralized - Pendulo
Centralized - First Fit

o
&) o

(&

Percentage of lost connections

1 5 10 25
Percentage of routes

e
&)l

Figure 16. Percentage of lost connections.
Source: own work.

It is evident that the SP-FF algorithm performs better than the SP-Péndulo
algorithm when establishing connections in all the situations that were tested. This
is due to the specific operating characteristics of the SP-Péndulo algorithm, since
its complexity generates a greater processing delay that implies a high loss of con-
nections, because it works on an environment limited in resources and with traffic
overload.
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Figure 17. BP, Centralized NSFNeT network, 25% of routes available.
Source: own work.
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Figure 18. EED, Centralized NSFNeT network, 25% of routes available.
Source: own work.
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Figure 17 shows that the blocking probability of the SP-Péndulo algorithm
presents better results when there are low and medium traffic loads (0.3-0.7), since
when there is high traffic (0.8 and 0.9) the blocking probability rises to exceed that of
the SP-FF algorithm. This occurs because in the centralized network at low traffic
load, the SP-Péndulo algorithm has enough time to process and accept requests,
while for high loads its performance is low because more simultaneous requests are
generated, leading to the algorithm rejecting many of them.

As for the delay, in Figure 18 it can be seen that the results obtained for a low
traffic load (0.1-0.3) are very similar in both algorithms. For medium and high traffic
loads (0.4-0.9) the impact of the increase in traffic volume is evident, since the change
of slope in both algorithms is accentuated. However, the SP-Péndulo algorithm ob-
tains the best performance because this algorithm loses more requests, which de-
creases the network overload and provides more resources available to allocate the
next requests in routes with fewer jumps. In addition, it is observed that the difference
decreases as the load increases, indicating that the delay of the SP-FF algorithm im-
proves for high loads.
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Figure 19. BP, Centralized NSFNeT network, 10% of routes available.
Source: own work.
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Figure 20. EED, Centralized NSFNeT network, 10% of routes available.
Source: own work.

Figure 19 shows that the blocking probability starts being equal in both algo-
rithms for low traffic loads, while for medium loads it is the SP-Péndulo algorithm that
presents better results, since the increase in traffic volume causes an increase in the
number of lost connections.

Figure 20 shows that the results obtained with the RSA algorithms for low traf-
fic loads (0.1-0.2) are very similar, while for an average traffic load (0.3-0.7), a better
performance is evident for the SP-Péndulo algorithm. This is because, as the traffic
volume increases, the institutional algorithm loses a greater number of requests and
provides more resources for the establishment of the next ones. For high loads (0.8
and 0.9), it is the First Fit algorithm that presents the best performance, because it
starts to establish the requests on the routes with fewer jumps. The instability of the
delay becomes evident in the abrupt changes of slope that are observed between
different loads. This is due to the implication that the volume of traffic has in the gen-
eration of connections and in the establishment of the routes in each instant of time.

+ 5% of the routes
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Figure 21. BP, Centralized NSFNeT network, 5% of routes available.
Source: own work.
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Figure 22. EED, Centralized NSFNeT network, 5% of routes available.
Source: own work.

As in the previous cases, Figure 21 shows that the RSA algorithms obtain sim-
ilar blocking probability results for low traffic loads (0.1-0.3) and as traffic increases
(0.4-0.7), better performance is evidenced for the SP-Péndulo algorithm. However,
for the most critical cases (0,8-0,9), it is the SP-FF algorithm that is most stable and
obtains the best results. This is due to the loss of connections and the effect that
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the traffic volumes (low, medium and high) have on the allocation capacity of the
algorithms when they operate in such a small spectrum grid.

In this case, where 5% of the available routes are evaluated, the most unstable
delay results are obtained for both algorithms, since in this case the traffic load has
a significant implication in the increase of the number of lost connections and at the
same time in the election of different available routes in each instant of time.
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Figure 23. BP, Centralized NSFNeT network, 1 route available.
Source: own work.
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Figure 24. EED, Centralized NSFNeT network, 1 route available.
Source: own work.
Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia

Universidad Cooperativa de Colombia



Alejandro Andrés Rosero Medina, Jhonny Aldair Ortega Ortega, Gustavo Adolfo Gomez Agredo 25

In this case the spectrum allocation is strictly evaluated, as only one route
is available. Thus, Figure 23 shows that the SP-Péndulo algorithm obtains the best
results in terms of blocking probability for all traffic loads, although the difference
remains small. Unlike the previous cases, this is the case with the greatest limitation
of resources, where both algorithms denote stability in the results, since they do not
show transposition between them and demonstrate that traffic overload generates
instability when the allocation of resources depends on the number of available routes.

As for the delay, Figure 24 shows that when a single path is available between a
source and a destination node, its value remains constant since the processing delay
of the algorithms is negligible compared to the transmission delay. Furthermore, in
this case, it is verified that the variation in the end-to-end delay results is independent
of the traffic variation, since the instability that previously occurred was due to the
fact that different routes could be selected and, therefore, such chaotic variations
were obtained.

4. DISCUSSIONS AND CONCLUSIONS

In the present article, the performance analysis of two RSA algorithms for a cen-
tralized OCS network environment was performed with respect to the probability of
blocking, end-to-end delay and number of lost connections when resources were
limited. The following are recommendations and conclusions regarding the most im-
portant aspects of the research work carried out.

4.1 Discussions

From the different works related to the research topic, it is worth mentioning that
Shakya in [1] starts his research talking about the importance of elastic optical net-
works based on the limitations that WDM technology presents in the allocation of
resources, which became evident in the first tests with the simulator, since that was
its way of allocation at the beginning. In addition, some of the benefits that R. de
Paz Villarroel exposes in his research [3] on the management of centralized networks
were verified, which was proven by making adjustments to the simulator so that its
resource allocation was spectral.

Benavides and Quinayas in [16], determine that a centralized OPS network
performs better than a distributed OPS network, while Sevilla and Zufiga in [15], de-
termine that RSA algorithms perform better than RWA algorithms when implemented
in a distributed OPS network operating under high resource availability. However, this

Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
Universidad Cooperativa de Colombia



26 Performance of routing and spectrum allocation (RSA) algorithms for a last generation centralized
optical network (SDON)

research has compared the performance of RSA algorithms operating in a centralized
OCS network environment.

Lin, He, and Liu in [10] propose a spectrum allocation algorithm, while Batham,
Yadav, and Prakash in [14] propose two different strategies for spectral resource
allocation, both of which are based on the limitations each group encountered in
conventional ways of allocation. Unlike this research, the results were obtained in en-
vironments operating with high resource availability.

This research work contributes to what was expressed by the authors in [11],
because it seeks to reduce the unresolved questions regarding the spectral allocation
of resources, so it is considered necessary to determine the impact that resource
limitation has on the performance of spectrum allocation algorithms in a centralized
OCS optical network.

4.2 Conclusions

According to the results obtained, it is evident that high values were obtained in terms
of blocking probability and loss of connections, albeit unstable with respect to end-
to-end delay. The high values of blocking probability are due to the saturation of the
network caused by the limitation of resources and by the generation of random re-
quests regarding the three types of service, since there is a grid with availability of 4
slots in each link and the services demand occupation of 25, 50 or 75% of the grid in
each jump for a given time. As for the loss of connections, its results are related to the
overload of the control node since it is the one in charge of establishing, rejecting or
releasing the requests in each instant of time. With respect to the instability obtained
in the delay values, it is related to the dynamism in the choice of routes for each re-
quest, since, having a limited grid, the algorithms are forced to look for the availability
in the different routes, which constantly varies the general delay since each route has
a different delay.

With respect to the algorithms, both obtained good results. However, despite
the fact that the Péndulo algorithm showed the best results in terms of blocking
probability and end-to-end delay, it was the one that lost the most connections and,
therefore, its other metrics were indirectly affected. Therefore, it is concluded that the
First Fit algorithm was the one that performed best against the exposed conditions.

Finally, it is considered that a centralized network without a request queuing
protocol is not appropriate for implementation in resource-constrained environments
or for services that require high data fidelity. As far as algorithms are concerned, the
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implementation of the Péndulo for high information fidelity services should be avoid-
ed, while First Fit is considered suitable for operation in most cases.
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