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Abstract

The study of prevention and protection against failures is a central problem in Optical
Networks due to the growth of capacity demand for data transmission, especially with the
Internet traffic. Without protection, failures of links or nodes cause huge losses of data. The p-
Cycle protection is a novel approach based on pre-configured protection cycles to provide a
fast recovery for single link failure. This work proposes a Genetic Algorithm to solve the p-
Cycle protection question. Experimental tests carried out on different topologies have shown
that this new proposal is a promising approach to achieve better results when compared to a
well-known state-of-the-art alternative called Capacitated Iterative Design Algorithm - CIDA.
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1. INTRODUCTION

The expansion of the Internet makes optical transmission based on wavelength division multiplexing (WDM) a
potential successor of today’s networks using SONET and SDH technologies, considering that WDM offers higher
data transmission rates with better capabilities [1].

Optical transmission networks are also prone to failures caused by various reasons, including cuts in ducts and/or
wires, as well as failures in communication equipment. Often, these events have catastrophic consequences for the
huge traffic passing through those optical networks [2]. Consequently, the study of tolerance at all stages of optical
networks is strategically important.

Among the new and promising strategies for optical protection [3, 4, 5], the pre-configured protection cycle (p-
Cycle) seems a promising approach, considering that the design of algorithms that optimize a set of optimal cycles is
a crucial task to assure optical network availability. Several articles have addressed the p-Cycle problem proposing
solutions based on different heuristic with unitary population. Thus, this paper intends to apply a new Genetic
Algorithm (GA) to solve the problem. Many experimental tests were conducted on various types and sizes of
network topologies to prove that the proposed approach improves the performance of a state of the art algorithm: the
Capacitated Iterative Design Algorithm (CIDA) proposed by Doucette et al. [6].

2. PRE-CONFIGURED PROTECTION CYCLE
Considering the importance of fault tolerance in WDM Networks, Grover et al. proposed a new method inspired in
fast recovery strategies of SONET/SDH ringed networks, called p-Cycle (Pre-configured Protection Cycle) [5]. The



p-Cycle approach is a method based on dedicated and pre—calculated protection of links. It was designed to protect
the working capacity of each link, reserving up to 50% of the total link capacity. For example, if the capacity of a
WDM Network is 10 wavelength channels, up to 5 wavelength channels may be dedicated to protection. Essentially,
the method provides the protection of a unit of working capacity (uwc) for links in a cycle, and two units of working
capacity (uwc) when a link is surrounded by the cycle (straddling-link) [7]. In Figure 1, an example shows a network
before any failure occurs (a), and immediately after a failure (b, c), showing how a p-Cycle protection provides
restoration.

The selection of optimal cycles is a NP-complete problem. Therefore, earlier works used a combination of heuristic
algorithms, splitting the problem into two stages:

o First, generating a set of candidates cycles [5 - 11], and later

e selecting a subset of cycles to protect the network [5, 7, and 11].

On-link

Straddling-link

a)

Figure 1: Pre-configured protection p-Cycle. a) An example of p-Cycle for a network. b) Protection of one uwc for
an on-link. ¢) Protection of two uwc for a straddling-link. Note that in Figure (b) the protection offers only one path
of recovery, while in (c) the protection allows two alternative paths.

To generate candidate cycles, some works suggest heuristics for a topology of N links, getting up to N candidate
cycles [11 - 13]. The complexity of the algorithm to generate cycles proposed in [12] was later studied in [8],
proposing an algorithm called SLA (Straddling Link Algorithm), which generates only N candidate cycles. In
addition, three algorithms - ADD, EXPAND and GROW - were also proposed as complements of SLA, achieving a
substantial improvement in the quality of selected candidates [8].

As elements of assessment and screening, [7] proposed: topological protection (or topological score - TS),
efficiency (1), and redundancy, in order to improve the selection of optimal cycles. To calculate a solution, an
integer linear programming (ILP) formulation was proposed in [5], which is unpractical for large size network
topologies due to its complexity. In [6], the Capacitated Iterative Design Algorithms (CIDA) was proposed,
achieving a good performance when it works with cycle generators as SLA and GROW. Therefore, this work also
uses SLA and GROW as cycle generator algorithms, this time with a Genetic Algorithm to calculate a cyclical
protection. This novel approach is called Genetic p-Cycle (GpC).

3. PROBLEM STATEMENT
Let be G = (V, E) a graph representing a topology, V a set of optical nodes and E a set of optical links. For the sake
of completeness, the following nomenclature and basic symbols used in this article are defined:

|| Indicate cardinality of a set.
v eV: Optical Node.
e e E: Optical Link.
pcE:  Cycle conformed by a set of links, i.e. p= {e4, €;..., ep}-
P:  Set of candidate cycles, i.e. P ={po1, p>..., pp}-
pC:  Setof cycles or p-Cycle representing a solution, i.e. pC ={p, p>..., P}, Where pC cP.



X7 Ternary variable which indicates the type of protection provided in e for cycle p.
2 if eis astraddling — link inp
X7 =11 if eisanon —linkinp
0 otherwise
Zg: Binary variable indicating whether p provides protection in e.

e _ {1 if eis an on — link or straddling — link
p 0 otherwise

Considering the above notation, the problem is to calculate a set of cycle pCc P that maximizes protection
efficiency [7]:

TP,
pC
Npc =77 1
PC TGy @)
where:
e  total protection TP of a set pC is defined as:
TP, = Z TS, @)
pEPC

e total cost TC of aset pC is defined as:

TCpC = z Cp (3)

p€EpC

o topological score TS of a cycle pis defined in [7] as:

TS, = Z X5 )

e€E

e cost C of a cycle pis defined in [7] as:

6 =% ()

subject to the full protection constraint of graph G:

ZZ; > |E| (6)
e€E peP’

As a practical example, consider a topology G and a complete set of candidate cycles P = {py, p», ..., ps} shown in
Figure 2.a. Figure 2.b presents a sub-set of cycles P’= {p4, ps} which represents a possible solution of the protection
problem; (as described in Figure 2.c where we see that all links are protected). In particular, links (2, 6), (1, 3) and
(3, 5) are straddling-links. Figure 2.d shows numerical calculations related to this solution. Note that all links of the
given graph are protected fulfilling restrictions (6).

4. GENERATOR OF CANDIDATE CYCLES

For large network topologies, calculating a set of full candidate cycles Py is unpractical [14]. Several works have
proposed a careful construction of a set of non-full candidate cycles P < Pgy [9, 11]. SLA and GROW algorithms
generate a lot of candidate cycles [14]. Both approaches calculate a set of efficient and adaptable candidate cycles
for topologies of different sizes and densities [6, 9, and 14]. Basically, SLA performs two calls to the Dijkstra
Shortest Path algorithm to build a cycle for each link. This way, a maximum number of equivalent cycles is
generated for the given topology. This will build a reduced, scalable, and efficient set of candidate cycles [8].
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Figure 2: Example of a protection based on p-Cycle.

The GROW algorithm implemented in this work is a full version as proposed in [14]. GROW builds new cycles
from a set of cycles calculated in advance by another algorithm. In fact, the state-of-the-art proposes a combination
of SLA and GROW algorithms to get a refined set of candidate cycles [6]. For example, a first set of cycles is
generated using SLA algorithm; next, a second improved set of cycles is obtained from the first one applying
GROW algorithm.

5. CAPACITATED ITERATIVE DESIGN ALGORITHM

The Capacitated Iterative Design Algorithm (CIDA) is a heuristic tool proposed in [6], which receives a set of
candidate cycles P. These candidate cycles can be calculated by other algorithms as: SLA and GROW. CIDA
calculates the protection efficiency (see equation (1)) of each candidate cycle of P and then it selects the cycle with
the best protection efficiency. This process is repeated until the working capacity is fully protected. The excellent
performance of CIDA algorithm together with SLA and GROW approaches are studied in [6, 14] and compared to
other techniques such as ILP. Experimental results have demonstrated the potential of CIDA algorithm [9, 11],
which is presented below as Algorithm 1.

6. GENETIC p-CYCLE APPROACH

Genetic Algorithm (GA) is a heuristic inspired in Darwing theory of the species evolution and applied to solve
complex problems [15]. This work considers an elitist GA, which receives a topology and a set of candidate cycles P
as an input to calculate a set of cycle pCc P, i.e. a p-Cycle protection. Then, the best individual ¢ of the current
population survives unchanged directly to the next evolutionary cycle. This work uses a low elitist pressure, i.e. &1.
The Genetic Algorithm adapted to solve the p-Cycle problem is called Genetic p-Cycle (GpC), which may be
considered as the main contribution of this work. Algorithm 2 presents the novel GpC approach which is briefly
explained below.



Algorithm 1: CIDA

Input: P (Set of Candidate Cycles) and G={V, E}
Output: pC (Set of Protection Cycles)

1: Initializes Cycle_Set, pC:= J;

2: Cycle_Set :=P;

3: While Protector < 100 % do

4 For each cycle p € Cycle_Set do

5: Calculate and evaluate np; //applying equation (1)
6 If Mp> NBest cycle then

7 Best_Cycle := p;

8: End if

9: End for

10:  pC :=pC U Best_Cycle;

11: Cycle_Set := Cycle_Set — Best_Cycle;
12: End do

13: Return pC; //return a calculated solution
14: End Algorithm 1

Protection Table. Let us consider a set of candidate cycles P = {p1, p,....,pip}. The protection table is a store of
cycles pcP. Each chromosome represents a solution pC< P which consists of two fields:
e CantCycle: the number of cycles of the solution pC, and

e IDs p-Cycles: index to a table, from which the protection cycles are selected.

Note that the size of a chromosome is dynamic. Figure 3 presents the relationship among protection table,
chromosome, and a pC solution considering the example given in Section 3. The structure of a chromosome adopted
for this work is similar to a previous approach [22].

Algorithm 2: Genetic-pCycle “GpC”

Input: P (Set of candidate cycles) and G={V, E}
Output pC (Set of Protection Cycles)

Initialize genetic parameters;

Build Protection Table;

Generate Evolutionary Population;

Ensure Protection;

Calculate Fitness;

pC := Save Best_Solution of current Population;
While stopping criterion is not met do

Parents Selection;

Crossover and Mutation;

Ensure Protection;

Evaluate Solutions and Calculate Fitness;
12: pC := Best_Solution of current Population;
13: End Do
14: Return pC;

15: End Algorithm 2

[
RPoOOXONDORLN R

Generate Evolutionary Population. Each chromosome is randomly constructed. Initially, a positive integer number

is randomly assigned to CantCycle, CantCycle e {1, 2..., |E|}. CantCycle defines the number of genes or cycles to

be used. A gene is an index ID to a protection table indicating which cycle will be used. Each gene is randomly
5



initialized. To maintain consistency, the following restriction is imposed on genes: gene; # genej where i #j, i.e. two
genes cannot point to a same position in the protection table.

CantCycle IDs p-Cycles

Cromosome 2 8|4 |=P
1D Cycles Cost | Protection
1 [ 1-5-3-6-2-1 5 11
2 1-5-6-3-1 4 6
3 2-3-5-6-2 4 6
4 1-3-5-4-1 4 6
5 | 1-5-6-2-3-1 5 11
6 1-5-3-2-1 4 6
7 1-3-6-2-1 4 6
8 | 1-5-6-3-2-1 5 11

Protection Table =P
a) b)

Figure 3: Relationship among chromosome, protection table and solution. Note that a) CantCycle = 2 indicates the
number of cycles of pC. The following numbers indicate the protection cycles p € pC. b) the solution considering
the chromosome given as example.

Ensure Protection. The solution proposed by a chromosome must verify the constraint of full protection for the
whole graph, according to equation (5). Therefore, it adds new different cycles to fulfill the desired protection when
some links are not protected.

Calculate Fitness. Efficiency (eg. (1)), considering all cycles of pC, is defined as fitness of the chromosome.

Genetic Operators. This work implements a binary tournament as a method for the selection of parents [15]. The
adopted crossover operator takes two parents to create a new offspring. This operator has two stages: first,
CantCycle is chosen. Then, the known operator BLX [15] is used. The following empty genes are completed
randomly with common genes from the two parents. Finally, the mutation involves the replacement individuals,
considering a probability of mutation p,,=0.2, experimentally adopted.

7. EXPERIMENTAL TESTS

The algorithms were implemented in Mathworks Mathlab 6.5 for Microsoft Windows XP platform. An IBM
ThinkPad computer has been used, with Intel Pentium 4 2.8 MHz processor, 768 MB RAM, and Microsoft
Windows XP Professional operating system. For this study, 11 topologies of different sizes and densities were
considered, which are presented in Table 1.

The following steps define the experimental process:

» For each topology, 3 sets of candidate cycles were generated. The first set of candidate cycles P, is
generated using SLA, the second set P, is generated by GROW utilizing P, and the third set Ps is generated
based on P, using again the GROW algorithm. Considering 3 sets of candidate cycles for 11 topologies,
gives a total of 33 sets of candidate cycles, as shown in Table 1.

» 50 independent runs were carried out with GpC and CIDA on each set of candidate cycles, totalizing 3300
runs. A maximum execution time of 20 minutes was used as stopping criterion. Thus, the experiment
reported in this work took around 28 days of running time.

Table 2 shows the protection efficiency obtained on different network topologies, while Table 3 summarizes the
overall average of experimental results, constructing an overall ranking. Note that GpC presents a significant
superiority in all instances. For low complexity in size networks as ARPA topology, the two approaches (CIDA and
GpC) reached the same set of optimal protection; however, the advantage of the proposed method in more complex
networks is highly noticeable. In fact, it is noteworthy that the efficiency of different GpC solutions increases with
the complexity of candidate cycles, i.e. the efficiency of an optimal solution is directly proportional to the number
and quality of candidate cycles.



Considering the whole set of candidate cycles and overall results of Table 3, it can be seen that CIDA improves 18%
(= 100 * (1.83-1.55) / 1.55), while GpC improves 45% (= 100 * (2.44-1.68) / 1.68), obtaining a better improvement.
These trends indicate that the efficiency of GpC increases faster than CIDA with the quality of the candidate cycles,
which demonstrates the ability of GpC to explore huge space solutions.

Table 1: Network Topologies with numbers of nodes, links and candidate cycles generated by SLA and GROW
algorithms.

. Number of Number of | SLA GROW  GROW
Symbols Network Topologies Nodes Links P P, 1P|
USA National Science Foundation
NSF Backbone Network [1] 14 25 25 144 756
BCBY | Bell Core Backbone Yerse LATA [17] 15 27 27 122 780
ULHN | USA Long Haul Network [6] 28 45 45 181 780
ARPA | USA ARPA Backbone Network 11 [18] 21 25 25 30 30
BCN Bell Core Backbone Network [16, 18] 25 28 28 120 404
PAN PAN European COST 239 [1, 16] 11 26 25 106 366
European Long Haul Network -
ELHN France Telecomm [6, 11] 43 n 0 321 1683
GOBN E%r]man Optical Backbone Network 17 97 26 79 212
ECN I[Ez((:);\let European Backbone Network 18 39 25 144 420
CNBN E:Zhlllna National Backbone Network 66 120 120 662 4957
Nippon Telephone Telegraph
NTT Backbone Network [22] 49 66 66 213 545

Table 2: Experimental Results by Topologies.

Topology | Approach ASvLe X?lge of Férs(t)e\;:\;[izon Efﬁé:ﬁ S%S)
NSE CIDA 1.48 1.73 2.57
GpC 1.70 2.73 2.83
wen | Gl | te o 4
N | G | 1 o 2w
SN | oo | e 1 oo
=N | G | dm  as a1
A VA S R
28Y | Gt | 1es  2m  2ee
ARTA | G | it rm 1
AN | G | dw  om 5%
COBN | Goo | i a1 e
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Table 3: Overall Average Efficiency.

SLAp; GROW:5, GROWs5;
Algorithms Standard Standard Standard
Averages Deviation Averages Deviation Averages Deviation
CIDA 1.55 0 1.70 0 1.83 0
GpC 1.68 0 2.26 0.03 2.44 0.03

8. CONCLUSION AND FUTURE WORK

This work proposes the use of an elitist Genetic Algorithm to address the problem of protecting networks based on
pre-configured protection cycles or p-Cycle. Following the outline of the state-of-the-art, our approach solves the p-
Cycle problem in two stages, starting with the construction of a set of candidate cycles using two generators of
cycles: the SLA and the GROW algorithms. As a second step, a GA optimizer was implemented to calculate a set of
optimal protection cycles. Experimental results indicate that the proposed approach GpC is really promising,
obtaining in almost all cases better solutions than those provided by one of the best state-of-the-art algorithms,
CIDA.

As future work, the authors propose to design an algorithm which is independent of a cycle list in order to get a full
space exploration. In addition, it intends to consider the protection of shared risk groups and the study of cases
where traffic is known in advance.
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