JOURNAL OF INFORMATION SCIENCE AND ENGINEERING 33, 305-327 (2017)

DOI:10.1688/JISE.2017.33.2.3

Heuristic and Genetic Algorithms for Solving the Virtual
Topology Design Problem on Elastic Optical Networks

DER-RONG DIN
Department of Computer Science and Information Engineering
National Changhua University of Education
Changhua City, 500 Taiwan
E-mail: deron@cc.ncue.edu.tw

Elastic optical networks (EONSs) are considered as very promising architectures for
future optical transport networks, since they efficiently use the spectrum resources and
provide high bandwidth scalability and granularity. In this paper, the virtual topology
design (VTD) problem on EON is considered. Given the physical network and the traffic
demand matrix, the goal of VID is to find the routing paths and the allocated frequency
slots of the demand so that the objective cost can be minimized. In this paper, multiple-
path routing is allowed and delay-variation between lightpaths for same demand is
considered. In this paper, an integer linear programming (ILP) model is used to define the
VTD problem on EONs. Moreover, a genetic algorithm (GA) and two heuristic al-
gorithms are proposed to solve this problem. Simulations show that the proposed algo-
rithms can achieve good results.
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1. INTRODUCTION

Elastic optical networks (EONs), which employ optical orthogonal frequency
division multiplexing (O-OFDM), have been proposed to scale the demands by efficient-
ly utilizing the spectrum as they provide finer spectrum granularity and distance adaptive
modulation formatting. The spectrum of a link on EONs is divided into small unit fre-
quency slots (F'Ss) and necessary amount of consecutive frequency slots for a given data
rate are assigned to support the connection request. Besides, more efficient spectrum
allocation is achieved in these networks due to flexible grid and elastic line rates
providing finer granularity. Therefore, EON performs higher scalability and higher flexi-
bility than wavelength division multiplexing (WDM) network [1, 2]. EONs provide a
super-channel connectivity for accommodating ultra-high capacity demands and a sub-
wavelength granularity for low-rate transmissions [1, 2].

Due to the spectrum continuity constraint [1, 2], there is a tight coupling between
spectrum allocation and routing of a demand. Consequently, routing and spectrum as-
signment (RSA) [1, 2] has emerged as the essential problem for spectrum management
on EONs. A connection requiring a certain capacity should be satisfied by assigning a
number of contiguous frequency slots. For a given connection request, the goal of the
RSA problem is to find a lightpath on the network and assign the frequency slots. Due to
the multi-layer nature of IP over EON, virtual topology design (VTD) is an inevitable
and important issue in IP over EON to optimize network performance.
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In this paper, the VTD problem on EONs is considered. Given the physical network
and the traffic demand matrix, the goal of VTD is to find the routing paths and the
allocated frequency slots of the demand such that the total cost of transponders can be
minimized. In this paper, multiple-path routing is allowed and delay-variation between
lightpaths for same demand is considered. Since the VTD problem is a hard problem. In
this paper, an integer linear programming (ILP) model is used to define the VTD pro-
blem on EONS. In this paper, two heuristic algorithms are proposed, they are Minimum
Delay Path First (MDPF) and Maximal Allocates First (MAF). Moreover, a genetic
algorithm (GA) and two heuristic algorithms are proposed to solve this problem. In GA,
a smart coding method of GA is constructed for the VTD problem on EONs. Then,
several problem-depended heuristics for solving VTD problem are encoded into the
crossover and mutation operations to improve the performance of the GA. Moreover,
several heuristics are designed and used to speed up the convergence of the GA.

The contribution of this paper is the using the delay-variation multipath routing
scheme to design the virtual topology of EONs. We take advantage of the load balancing
potential of multipath and minimize the required TRs by two heuristic algorithms and a
genetic algorithm. The proposed multipath routing algorithms are significantly better
than a general one, which only performs a simple searching from a candidate set of
(disjoint or non-disjoint) paths. Moreover, an ILP model is also proposed to define the
problem and the AMPL/CPLEX package is used to find the optimal solution. The results
showed that the proposed GA can get better results than MAF and MDPF algorithms on
median size networks. The propose GA also can get near optimal results on the small
size networks.

The rest of this paper is organized as follows. In Section 2, the assumptions and
definitions of the VTD problem are described. In Section 3, the related works are
described. In Sections 4 and 5, two heuristic algorithms and a genetic algorithm (GA) are
proposed to solve this problem. Experimental results are given in Section 6. Finally,
conclusions are given in Section 7.

2. PROBLEM DEFINITION

2.1 Assumptions

The assumptions of the VTD on EONSs are given as follows.

e For each link, there is a fiber connecting the end-nodes and signal can be transmitted
bidirectionally.

e All nodes in the network are equipped with bandwidth variable wavelength cross-
connects (BV-WXC).

e For simplicity, the numbers of F'Ss provided by links are all equal.

o The bandwidth requirement between nodes can be transmitted by using multiple light-
paths with same or different routes and numbers of frequency-slots.

o A guard band(GB) or guard subcarrier should be allocated between two lightpaths.

® The cost of the BV-WXC is known and fixed.

o The number of F'Ss that a BV-WXC switching node can support should be less than or
equal to F.
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2.2 Notations

e G = (V, E, d): The physical topology of the network, where V' = {v|, v,, ..., v,} is the
set of nodes (|V] = n), E = {ey, ey, ..., e,} is the set of links (|E| = m), and d(e)) is delay
of the link ¢,eE.

o G""= (V, LP): The virtual topology, which consists of the set of lightpaths and is
denoted as LP ={lp;= (s;, d;, r;, t;, [$;) [vs€V, v4eV}, of the network. For the lightpath
Ip=(s;, d;, r;, t;, fS;), where s;€V and d;eV are the source and destination nodes of the
lightpath, 7; is the actual route of the lightpath, # is the number of allocated F'Ss, and f5;
is the starting index of the FSs.

o B: The total number of F'Ss provided by each fiber.

o [: The maximum number of F'Ss can be used by a lightpath.

® 7=[Tyyluxn: The traffic matrix from the upper layers, where element 7, represents the
traffic demand from node v, V' to node v, V.

o A, The maximum delay variation of the lightpaths between nodes v,e V and v e V.

o C: The cost of the transponder.

® b(j): The bit-mask b,(j) of the link e,eE (j = 1, 2, ..., B), which represents the status of
the jth FS of the link ;. If the jth FS is occupied, then b/(j) = 1; otherwise, b(j) = 0.

o sum(b,,): The summation of the B-bit bit-mask of the link ¢, for all j = 1, 2, ..., B, that
is, sum(b, ) = X2, ().

2.3 Constraints

On EON:Ss, several constraints should be satisfied, these constraints are listed as fol-
lows.

o Spectrum continuity constraint: This constraint requires that, for a given lightpath, the
same block of FSs of every link along the light-tree is allocated.

o Subcarrier consecutiveness constraint: Due to the very nature of O-OFDM, sub-carriers
of the same data stream must be consecutive along the frequency domain. Hence, all
frequency slots assigned in a link for a given request should be adjacent in the spectrum.

e Delay variation constraint: Normally, in multi-path provisioning, the maximal differen-
tial delay between lightpaths of same demand should less than or equal to an upper-
bound [3].

o Non-overlapping spectrum constraint: Allocated FSs for paths must be separated by
GBs in order to prevent interfering, i.e., at least one frequency slot must be assigned as
a GB between the frequency slot set of every lightpaths. Likewise, this constraint also
implies that one frequency slot can be employed by only a single lightpath at a time.

For the required bandwidth Ty, let Ny be the number of FSs allocated for the
demand T, The value of Ny, can be computed by the formula (1), where C; is the
bandwidth provided by a single F'S. If the request can be supported by a single lightpath,
the minimal required number of FSs can be computed by [T,/ Cf—| plus a guard band (GB).
That is, if [ T, Sd/CﬂSF , then the second part of the formula (1) is equal to 1. If [T, Sd/Cf—| is
greater than the upper bound F, or a block [T,/ Cf—| of continuous frequency-slots cannot
be allocated on all links of the selected lightpath, the demand 7, will be supported by
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establishing multiple lightpaths. In this case, more GBs will be introduced and the delay
variation between selected lightpaths should be satisfied. The minimal required number
of F'S for the demand T, by using multipath routing can be computed by the formula:

N:dle:d/Cfi+||Tsd/Cf|/F| x GB. (1)
2.4 Objective Cost

In this paper, given an EON physical network G=(V, E, d) and a demand matrix 7,
the goal is to design a virtual topology G"" and assign FSs for lightpaths such that the
total cost (CxTR) of transponders can be minimized, where 7R is the total number of
transponders used to construct the virtual topology. Since the VID is an NP-hard pro-
blem, in this paper, a genetic algorithm and two heuristic algorithms are proposed to
solve it. The details of the proposed algorithm are described is following sections.

2.5 ILP Model

In this subsection, an ILP formulation is used to describe the VTD problem on EON.
For each connection request (v, v4, Nyy) from source v, to destination v, for Ny, F'Ss, a set
of candidate paths PSy; from v, to v, is pre-computed. Paths in PS,, are sorted in
increasing order according to the delay of paths.

Notations:

. pksd: the kth minimal delay path in PSy,, 1 <k < |PSyyl.
o x': equal 1 if path p*,, uses link e,€E, 0 otherwise.

o delay(p*,,): the delay of the path p,.

o K, the number of paths in PS,,, Ky = |PSqdl-

o P: the set P = Uy q) PSsa.

e |P|: the number of paths in set P.

e g: the number of guard subcarriers.

Variables:

ey equal 1 if path p*,, is selected to route the demand (vy, vy, N,y), 0 otherwise.

e ", boolean variable that denotes if path p*,; uses frequency slot w, i.e., "y = 1 if
path p*,, uses frequency slot w(1<w<B); 0 otherwise.

e 11" boolean variable that equals 1 if there exists a spectrum path using frequency slot w,
0 otherwise.

Objective:

Minimize: CxTR=Cx Y Y 3 y_. @)

Vvgel Vg el ke[l,Kgq ]

Eq. (2) obtains the total cost of transponders.

Constraints:
® Frequency slots constraint:
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wxu"<B, Vwe[l, B], (3)
Y ¢ <u",Vwe[l,B]. 4)

Vvgel Vg eV ke[1.Ksq ]
Eq. (3) obtains the maximum index of the allocated frequency slots should be less
than or equal to B. Eq. (4) ensures that " equals 1 when at least one path utilizes fre-

quency slot w.

o Capacity allocation constraints:

Y YVl =NVv,v,) eV =y (5)
well.Blkel 1 Kyq ]
Y Vo SE Vv, eV XV, ke[l,K,,] (6)

well,B]

Eq. (5) ensures that the total number of frequency slots allocated on all the routing
paths of a connection (vy, v,)) is equal to the required frequency slots N, Eq. (6) ensures
that the total number of frequency slots allocated on the routing path of a connection (v;,
v,) is less than or equal to F.

o Non-overlapping spectrum constraints:

Z y.vdkc.:;kx.:dk S l’vel € E’ we [I’B] * (7)

Vvgel Vvgel ke[l,Kgq ]

Eq. (7) ensures that each frequency slot on a link can be utilized by at most one
spectrum path.

o Delay-variation constraints:

maX]{ym Xdelay(pfd)}_kr[lilin]{ysdk X delay(pfd)} <A, Vv, eV V. (3
(e[, Kgq

ke[l,Kgq

Eq. (8) ensures that the differential delay between max-delay and min-delay paths
used for a connection can not exceed A,.

e Guard subcarrier constraints:

28 | Pl (elxly =) + ) et x <0,

w elmax (1, w—g)min (B,w+g)] °

Vwell, Bl, e€E, pud xu'=1, s=s', d=d', k#k'. 9)

When two adjacent paths share a link, they have to be separated by g guard sub-
carriers. Eq. (9) ensures that if path p*,, uses subcarrier w on link e, then frequency slots
[w—g, w+g] on e, can’t be occupied by other paths. Specifically, if path p’,, contains link
e; and uses frequency slot w, then the first term in the left hand side of the equation is 0.
This forces the second term to be 0, which ensures that all the other paths that also use
link ¢, cannot occupy frequency slots [w—g, w+g] [4].
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e Subcarriers connectiveness constraint:

(e =)(B)2 ¥ ¢, Ywell,BLke[l,K,1V(v,.v,) eV xV (10)

W e[w+2,B]

Eq. (10) ensures that if path p*y, utilizes frequency slot w and doesn’t utilize
frequency slot w+1, it cannot occupy any frequency slot with index w'e[w+2, B]. That is,
a spectrum path has to be allocated a set of contiguous frequency slots.

3. RELATED WORKS
3.1 RSA Problem

Several variants of the RSA problem on EON have been studied in the literature,
and take into account various design aspects. In [5], the authors proposed an ILP model
to minimize the assigned spectrum with a static traffic matrix. In [6], the authors
presented a comprehensive study on the RSA problem in SLICE networks and proved its
NP-hardness. The paper also proposed an ILP model and two heuristics to find spectrum
paths using minimal number of sub-carriers. Since the problem is intractable, therefore,
an array of heuristic algorithms has been put forward to obtain reasonably good solutions
efficiently [7]. Two-step RSA heuristic decomposes the problem into two subproblems,
the routing problem and the spectrum assignment subproblem, which are then solved
sequentially. In routing problem, a number of candidate physical paths for each source-
destination node pair is computed and arranged in a path table. In the spectrum
assignment subproblem, for the selected path from the path table, a spectrum allocation
policy is used to assign a feasible path and set of contiguous F'Ss, if they exist, for the
requested demand [7].

3.2 LG-RSA

On the other hand, one-step RSA heuristic solves the two subproblems simul-
taneously. In [8], authors incorporated a layered graph approach to design integrated
multicast-capable routing and spectrum assignment algorithm for achieving efficient
all-optical multicast on EONs. This approach can also be used to solve the RSA problem
for a unicast on EON networks. The procedure is denoted as layered graph RSA (LG-RSA).

Recall that b/j) be the status of the link e, on jth FS which is a binary indicator;
b(j)=0 means that the jth frequency slot of link e; is free; otherwise, bf(j)=1. For the
network G=(V, E, d) and the given connection request (vs, v;, C), where C is the number of
required FSs; the layered graph(LG) is a set of graphs LG={G(V, E)), j=1, 2, ..., B-C+1}.
For the graph G/(V, E'), where V=V and E' ={e|B=¥"b,(z) =0 and ¢,€E}. On G(V, ),
the link e;e F' represents that there are free continuous FSs within jth to (j+C-1)th on the
link e;eE for the connection request. If a lightpath can be found on G/(¥, E), it means that
the lightpath can be allocated to network G and the starting index of FSs is j and for C
continuous FSs. The details of the LG-RSA are described in Algorithm 1.

Algorithm 1 : LG-RSA
1: Input: G(V, E.d), (vs, vg, C);
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2: Output: routing path and the starting index of allocated FSs;

3: for all (j =1, 2, ..., B+ C — 1) do i

4: Construct G7 (V7 , E7), where V7 =V and E’={e; |B;; :Ziiifl bj(z) =0 and ¢; € E}.

5: Perform Dijkstra shortest path algorithm on G7(V7, E7) to find the shortest path p from wvs
to vg.

G: if (path p can be found) then

7 return path p and starting index j;

8: end if

9: end for
10: return path cannot be found;

3.3 Multi-Path Routing

Multi-path routing scheme has already demonstrated improved network perfor-
mance in WDM (wavelength division multiplexing) networks [9]. Meanwhile, it has
been a consensus that they need to address the differential delay between routing paths
properly, due to the QoS constraints from network applications. In [3], the authors
proposed a novel dynamic multi-path service provisioning algorithm that is specifically
designed for EONs and considers the differential delay constraint. The proposed al-
gorithm tried to set up dynamic connections with single-path routing in a best-effort
manner. If this cannot be done, it used an auxiliary-graph based approach to calculate a
multi-path provisioning scheme based on two parameters, i.e., the differential delay
upper-bound and the bandwidth allocation granularity. Simulation results demonstrate
that the multi-path scheme outperforms two single-path ones by providing lower band-
width blocking probability and achieves 10-18% improvement on average network
throughput. In [10], the authors first attempted to address the spectrum fragmentation
issue with multipath routing. The authors proposed a new method to effectively alleviate
the spectrum fragmentation issue by multipath routing. An ILP based optimization model
for multipath routing and spectrum assignment was proposed in [10]. They also proposed
heuristic algorithms that are applicable in large networks where the ILP model may
become infeasible due to the complexity issue.

In [11] the authors proposed a novel parallel transmission framework designed for
EONSs to support high-speed Ethernet services. The authors formulated an optimization
ILP model, with consideration of various constraints, including spectrum fragmentation,
differential delay and guard-band constraints. A heuristic RSA algorithm has been
proposed to solve the parallel transmission problem, which was divided into two
subproblems, i.e., computation of fiber-level path(s) and spectrum assignment. The first
phase of the proposed heuristic algorithm is to compute a set of fiber-level paths. The
second phase selects suitable paths and finds the assigned F'Ss.

In [4], the authors considered the survival multipath routing and spectrum allocation
problem on EON, they defined the Static Survivable Multipath Routing and Spectrum
Allocation (SM-RSA) problem, which aims to accommodate a given set of demands with
minimum utilized spectrum. They showed that the static SMRSA problem is NP-hard
and provided an ILP formulation for it. Also, an efficient heuristic algorithm has been
proposed to solve this problem.

3.4 VTD on WDM Network and EONs

For the WDM networks, the VTD problem can be divided into four sub-problems,
and one of these sub-problems is the famous routing and wavelength assignment (RWA)
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problem which has been proven NP-complete [12]. The WDM VTD problem can thus be
formulated as an optimization problem where the objective function of the problem is to
minimize the average weighted-hop distance or minimize the network-wide average
packet delay [12]. Researchers of optical networks have attempted such problems of
designing virtual topologies and have obtained solutions using heuristic methods in
polynomial time.

The previous related work of VTD has shown notable approaches and interesting
conclusions [13] in WDM networks, with the objectives of minimizing the cost of
transmission and switching equipment. In [14], not only the cost, but also the power
consumption should be considered to achieve a balance in VID of EONs. The authors
studied an energy-efficient virtual topology design (EE-VTD) scheme on EONs, and
formulated a mixed integer linear programming (MILP) model to exactly describe the
problem and find the optimal solution [14]. The authors also proposed a heuristic
algorithm for this scheme.

3.5 Genetic Algorithm

For an NP-hard problem, designing an algorithm to find an optimal solution is
impractical, due to the exponential growth in execution time. Genetic Algorithms (GAs)
proposed by John Holland [15] have been trusted as a class of general-purpose search
strategies that strike a reasonable balance between exploration and exploitation. GAs
have been constructed as robust stochastic search algorithms for various optimization
problems. GAs are implemented as computer simulations to gain better solutions in a
population of chromosomes of candidate solutions to an optimization problem. If the
algorithm has terminated due to the maximum number of generations, a satisfactory
solution may or may not have been reached. GAs find applications in computer science,
engineering, and other fields [15]. The structure of the GA is shown in Algorithm 2 [15].

Algorithm 2 : Genetic Algorithm (GA)

1: generate an initial population;
evaluate the fitness and penalty function of each individual in the population;
while (not terminated) do
select individuals form parent to reproduce;
generate offspring through crossover and mutation;
evaluate the individual fitness of the offspring;
replace the worst ranked part of the population with offspring;
end while

[

LRI ol

GAs search by exploiting information sampled from different regions of the solution
space. The combination of crossover and mutation helps GA escape from local optima.
These properties of GA provide a better global search methodology for the virtual topology
design problem. In this paper, a GA is proposed to find a good virtual topology on EONs so
as to minimize the objective cost. The performance of the proposed algorithm is evaluated
in terms of the costs associated with the transponder they construct.

4. HEURISTIC ALGORITHMS FOR VTD ON EON

Two heuristic algorithms are proposed and described in this section to solve the
VTD problem on EONs. For the multiple-path routing, two path selecting schemes are
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used, they are Minimum Delay Path First (MDPF) and Maximal Allocates First (MAF).
To select multiple paths to route the demand, the delay variation constraint of selected
paths should be satisfied. The details of these two algorithms will be described in the
following subsections. First, the Preprocessing Algorithm is presented in Section 4.1.
Then, the details of the proposed algorithms are described in Sections 4.2 and 4.3.

4.1 Preprocessing Algorithm

All non-zero demands Ny, Vv, vyeV, are sorted in descending order according to
the value of Ny, to form a set of requests R={(vs, vy, Ny, As) |VVs, vyeV}. For the
multi-path routing, first, the K-shortest paths algorithm [16] is used to find a set of
candidate paths for the node-pair (v,, v;). The set of candidate paths of the node-pair (v;,
vy) is denoted as PSy, :{pksd, k=1, 2, ..., K}, and the delay of the path pksd 1s denoted as
delay(p*,,). The details of the Preprocessing Algorithm are described in Algorithm 3.

Algorithm 3 : Preprocessing Algorithm

1: Input: G(V, E, d), traffic matrix Nsq, Asd, Yvs,vqd € V;

2z Outputs R, BSza;

3: All non-zero element Ngg4, Vvs,vg € V are sorted in descending order according to the value of
Nsq to form a set of requests R = {(vs, vd, Nsa, Asa) | Yvs,vqg € V}.

4: For each pair of nodes vs, vq, perform K-shortest paths algorithm [16] to find a set of candidate
paths from node vs to node vg on graph G. The set of paths is denoted as PS.y = {pifd«, K =
1,2,..., K}. The delay of the path p¥ . is denoted as dela'_l/(pf:d).

sd

4.2 Minimum Delay Path First (MDPF)

In the subsection, the details of the Minimum Delay Path First (MDPF) algorithm
are described (shown in Algorithm 4). After performing the Preprocessing Algorithm, if
the set R is nonempty, then these requests in R are processed one-by-one in order. For
each connection request (v, vy, Ny, Ayg) selected from the set R, if Ny <F, then a single
path is found by performing the LG-RSA algorithm on network G to route the demand. If
a single path with suitable F'Ss can be found, then the lightpath is allocated. Otherwise,
the multi-path routing scheme is applied to find a set of lightpaths with delay-variation
constraint, the MDPF Path Selecting Algorithm is performed. If lightpaths for the
demand cannot be satisfied, then an error is reported. It may be the reason that lacks of
F'Ss or candidate paths in PS,,.

Algorithm 4 : Minimum Delay Path First (MDPF)

: Input: G(V, E,d), Neq, Aca, Vs, vqg € V;
: Qutput: G"““(V,LP);

LP =0, TR = 0.

Performing the Preprocessing Algorithm to generate set R and PS.q4, Vv, vg € V.
while (R # 0) do

Select and remove a request (vs, va, Nsd, Asaq) from R.

if (Ngg < F') then

9: //Try the single path routing scheme

10: Perform the LG-RSA on G to find a single path p for the request (vs,vg, Neg).
11: if (path p can be found) then

12: Establish the lightpath p, allocate F'Ss, add p to LP, update G and T'R.

13: continue;

14: end if

00 =] O UL = W o~
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15: end if
16: Performing MDPF Path Selecting Algorithm to find a set PQ of paths for request
(ve,vd, Ned, Aca) with delay variation constraint.

17: if (PQ can be found) then

18: Establish the lightpaths in PQ, add paths in PQ to LP, update G and T R.

19: else

20: Stop and report an ERROR! //for not enough FSs or candidate paths.
21: end if

22:

23: end while
24: return G"**(V,LP).

4.2.1 MDPF path selecting algorithm

In the following, the details of the MDPF Path Selecting Algorithm are described.
Let the path queue PQ be the set of paths which are selected as the lightpaths for routing
the demand of nodes v, and v,. The set PQ is initially set as an empty set and PS=PSy, is
the set of candidate paths. Let min_delay(PQ) be the minimal delay of the paths in the set
PQ. In the MDPF, for the first path, it is clear that there is no need to consider the delay
variation constraint, the path p in PS with minimum delay is checked whether it can be
allocated to the current network. Let FS(p) denote the maximum allocatable FSs of the
path p to the current network. If the path p cannot be allocated to the network (i.e.,
FS(p)=0), the path p is removed from PS. Otherwise, if N ,<FS(p) and N,,<F, the path p
is allocated on network and added to PQ, then return. If FS(p)<N,, then the path p is
added to PQ and min{Ny, FS(p), F} FSs are temporarily allocated on the current net-
work. Then, N, is updated by subtracting maximal allocatable frequency slots, the
network and the value of min_delay(PQ) are updated accordingly.

For the follow-up paths of the demand, the path finding process is performed and
described as follows. When the path queue PQ is not empty, the minimum delay path p
in PS is checked whether it can satisfy the delay variation constraint (delay(p)-min_
delay(PQO)<A ;) and can be allocated to the current network. If the PS is empty, then
report an error; the network planner should increase the number of FSs or the value of
|PS,,|. If the path p can be allocated, the path p is added to the set PO and the demand N
is updated by subtracting and allocate min{Ny, FS(p), F} FSs for the path temporarily.
And then, the current network is also updated accordingly. If Ny, is equal to 0, then the
set PQ is returned.

If path p cannot be found due to the delay variation constraint cannot be satisfied,
then the paths p' in PO which with delay(p)-delay(p')>A,, are removed from PQ. Then,
the network is updated by restoring the FSs allocated to the paths p' and the value of Ny,
is restored by adding the demand allocated on the selected paths. Moreover, those paths
whose delay are less than or equal to delay(p') are removed from the set PS, since these
paths cannot be selected as the lightpaths. The value of min_delay(PQ) is also updated
accordingly. If N, is greater than 0, then the path finding process is repeated. If path p
cannot be found due to the required FSs cannot be allocated, then the path is temporarily
removed from the set PSy. The details of the MDPF Path Selecting Algorithm are
described in Algorithm 5.

Consider the example shown in Table 1, for the node-pair v, and v;, K(=7) shortest
paths are computed and listed in the first column of the table. The delay of each path and
the maximal allocatable FSs is listed in the second and third column, respectively. CS, is
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Algorithm 5 : MDPF Path Selecting Algorithm

1: Input: G(V, E, d), request (vs, vq, Nog, Asa), PSsa;

2: Output: PQ;

3: Construct PQ =0, PS = PSqq, min_delay(PQ) = 0;

4: while (Ngq > 0) do

5:

6: f (PQ == 0) then

7 { // find first path, there is no need to check the delay variation constraint

8: Check the minimum-delay path p in P.S, whether it can be allocated to the current network
or not.

9: if (the path p cannot be allocated) then

10: Remove p from PS.

11: else

12:

13: Let FS(p) be the maximum allocatable number of FSs for the path p.

14: Temporarily allocate min{ N4, F'S(p), F'} FSs to the lightpath p.

15: Add path p to PQ, update min_delay(PQ), Nsg and G.

16:

17: end if

18: }

19: else if (PS == 0) then

20: return error;

21: else

22:

23: Check the minimum-delay path p in PS, whether it can be added to PQ (can satisfy the
delay constraint delay(p) — min_delay(PQ) < A.4) and can be allocated to the current
network or not

24: if (path p cannot be allocated due to lack of FSs) then

25: Remove p from PS.

26: else if (path p can be allocated) then

27:

28: Let F'S(p) be the maximum allocatable number of FSs for the path p.

29: Temporarily allocate min{Ng4, F'S(p), F'} FSs to the lightpath p.

30: Add path p to PQ, update Ng4 and G.

31: }

32 else if (path p cannot be allocated due to delay variation constraint) then

33

34: Remove all paths p’ from PQ, where p’ satisfies delay(p) — delay(p’) > Asa.

35: Release all F'Ss allocated to these paths p’.

36: Update Ngq by adding the allocated FSs and update G.

37 }

38: end if

39: }

40: end if

41:

© )
42: end while
43: return PQ;

Table 1. Example of multi-path routing.

path p?‘:d | delay(p;“d) FS(pi‘:d) | w(k) | C'Saeq ZVPECLGCSSGE FS(p’;d)
Pra 2 4 5 {rza- } 14
Pﬁd 2 1 5 {P§¢= + 10
Pia 3 3 6 {ra } 10
Pea 4 5 v {rza + 10
PZd, 4 1 7 {PZd + 5
p:d 5 1 7 {P(s)d + 4
Py 6 3 7 3

the set of candidate paths which satisfy the delay variation constraint and vak ccs k'S
(p, d) is the maximal possible number of FSs supported by the set CS,,. For the demand
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Asa=2, N;=8 and F=4, the path pid is selected and added to PQ. Then N, is updated to
N.=8-4=4. If paths pfd and p_fd cannot be allocated after the path pid is allocated (due to
lack of FSs), then p:d is selected and allocated.

4.3 Maximal Allocates First (MAF)

In this subsection, the details of the Maximal Allocates First (MAF) algorithm are
described (shown in Algorithm 6). After performing the Preprocessing Algorithm, if the
R is nonempty, then these requests in R are processed one-by-one in order. For each
connection request (vy, vy, Ny, Agy) selected from the set R, if Ny, <F, then a single path is
found by performing the LG-RSA algorithm on network G to route the demand. If a
single path with suitable FSs can be found, then the FSs are allocated. Otherwise, the
multi-path routing scheme is applied and the MAF Path Selecting Algorithm (shown in
Algorithm 7) is performed. If lightpaths for the demand cannot be satisfied, then an error
is reported. It may be the reason that lacks of F'Ss or the candidate paths in PSy,.

Algorithm 6 : Maximal Allocates First (MAF)

1: Input: G(V, E,d), Nog, Asq, Vvs,vqg €V
2: Output: G"*"(V,LP);
3: LP=0, TR =0
4: Performing Preprocessing Algorithm to generate set R and PS 4, Vg, vg € V.
5: while (R # 0) do
6
7
8

Select and remove a request (ve,vg, Nog, Agg) from R.
if (Ngg < F') then

9: //Try the single path routing scheme

10: Perform the LG-RSA on G to find a single path p for the request (vs,vg, Ngg).
11: if (path p can be found) then

12: Establish the lightpath p, allocate F'Ss, add p to LP, update G and T R.

13: continue;

14: end if

15: end if

16: Performing MAF Path Selecting Algorithm to find a set PQ of paths for the request
(vs,vg, Neg, Acq) with delay variation constraint.
17 if (PQ can be found) then

18: Establish the lightpaths in PQ, add paths in PQ to LP, update G and TR.
19: else

20: Stop and report an ERROR! //not enough FSs or candidate paths.
21: end if

22:

23: end while
24: return G"*Y(V,LP);

4.3.1 MAF path selecting algorithm

In the following, the details of the MAF Path Selecting Algorithm are described.
For the MAF scheme, the path p with maximal allocatable FSs in the set PSy, is selected
as the first lightpath; if tie, the path with minimum delay is selected. For the demand N,
the candidate paths are sorted in descending order according to the maximal number of
allocatable F'Ss on the current network and put into priority queue PQ. Paths in the PQ
are examined one-by-one to find the set of paths. Initially, the selected paths are stored in
the selQ, D,,.. and D,,;, are the maximal and minimal delay of the paths in the se/Q.
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Algorithm 7 : MAF Path Selecting Algorithm

1: Input: G(V, E,d), request (vs, va, Ned, NAsa), PSsa;

2: Output: sel@;

3: Construct PQ = 0, selQ =0, G' = G;

4: Let Dpae and Dyyin be the minimal and maximal delay of paths in sel@. Initially, Dpae = —1
and D,,;, = co.

. All paths in PSgq are sorted according to the allocatable FSs of the lightpath on the current
network in descending order and added to PQ.

Ut

6: while (N.q > 0) do

7 {

8 while (PQ # 0) do

9 {

10 Select a path p from PQ and find the maximal allocatable FSs on the current network.
11: if (path p cannot be allocated to the network) then

12 Remove path p from PQ.

13 else

14

15: // path p can be allocated F'S(p) FSs on the current network

16: if ((sel@Q == 0) or (add path p to sel@ can satisfy the delay variation constraint))

then

17:

18: Temporarily allocate min{ N4, F'S(p), F'} FSs for the demand.

19: Add path p to sel@, update Ngg, G, Dmaz, and Dpmin.
20: if (Ngog == 0) return paths in selQ end if.
21:
22: else

23:

24: //try to update the sel@ by releasing some paths in sel@

25: Release resources allocated to paths which violates delay constraint after adding

path p to sel@.

26: Restore the value of Nggq from paths in sel@.

27: Find the maximal allocatable F'S(p) FSs on the current network for path p.
28: Temporarily allocate min{Nyq4, FS(p), F'} FSs for the demand.

29: Add path p to sel@, update Ngq, G, Dpge, and Doyin.

30: if (Ngg == 0) return paths in selQ end if.

31:

32: end if

33: }

34: end if

35:

36: end while

37 Release all resources allocated to paths in sel@.
38: Restore the value of Ng4 from paths in sel@.
39: return ERROR;
40:

}
41: end while

First, a path p is selected from PQ, the maximal allocatable FSs of the path p is
found for the demand. If path p cannot be allocated on the current network, then path p is
removed from PQ and the next path in PQ is examined. Otherwise, if path p is the first
path for the demand or adding path to se/Q can satisfy the delay variation constraint, the
path p is added to sel/Q and min{N,,, FS(p), F'} FSs are allocated to the path p. Then, the
values of Ny, Dy, Dumin, and the network G’ are updated. If all the demand can be
allocated (i.e., Ny is equal to 0), then the set of paths in se/Q is returned.

If adding path p to selQ violates the delay variation constraint, then the path p is
added to se/Q and then those paths which violate the delay variation constraint (not the
path p) are removed from se/Q. The allocated resources of removed paths are released,
the values of D, and D,,;, and the network are updated accordingly. The FS(p) is found
for the selected path p, and min{N,,, FS(p), F} FSs are allocated to the path p. Finally,
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the N, is updated. If all the demand can be allocated, then the set of paths in selQ is
returned. If all paths in PQ are examined, but the demand N, cannot be supported by the
current network (N,;;>0), then return an error. The details of the MAF Path Selecting
Algorithm are shown in Algorithm 7.

Consider the example shown in Table 1 for the demand N,,=6 and A,,=2, the path
p4sd with maximal FSs in the set PS,, is selected as the first lightpath. The p4sd is added to
selQ and D,,,,=4 and D,,;,=4. Then, the next candidate path is plsd, since adding path plsd
to selQ can satisfy the delay variation constraint. If FS(p'y,) is 4 (not affected by the
allocation of path p4sd), then path plsd is added to sel/Q and return.

5. GENETIC ALGORITHM

In this section, the details of the proposed genetic algorithm (GA) developed to solve
the VID problem on EONs are described. The development of GA requires: (1) an
encoding scheme; (2) a population generation method; (3) crossover operators; (4) mutation
operators; (5) a fitness function; (6) a replacement strategy; and (7) termination rules.

5.1 Preprocessing

First, for each source-destination pair of the network, K shortest paths are computed
and stored as the set (path table) of candidate lightpaths by using the algorithm proposed
in [16]. The path tables for all node-pairs can be found in O(mn+n*logn+Kn®) [16]. For
the node pair vy, v;€V, the candidate lightpaths are stored in the path-table PS,,. Paths in
PSsd={plsd, pzsd‘ Pst} are sorted and indexed in increasing order according to the delay
of the paths. An integers u(k) is computed for the path pksdePSsd, k=1,2, ..., K; ulk)
denotes the ending index of the path p’,, as the path p*,, is selected as the starting index
of the set of candidate paths. The candidate set of paths is denoted as CSsd={pksd,
pkﬂsd, s p”(k)sd} cPS,, and with constraint delay(p”(k)sd)—delay(pksd)sAsd. It means that all
paths in CS,, can be selected as the routing paths for the traffic demand between nodes v;
and v,, and can satisfy the delay variation constraint. Consider the example shown in
Table 1, if k=1, then u(k)=5 and CSy;={ p' s, P*sar-r P"sa}-

5.2 Chromosomal Coding

Since the design of the virtual topology requires determining the lightpaths of node-
pairs, the routing paths of the lightpaths on the physical network, and the assigned F'Ss of
the lightpaths. When a pair of nodes is selected to establish lightpaths, the information
about the actual route and assigned F'Ss of each lightpath should be determined.

In the proposed GA, the virtual topology of EON is initially represented by a (nxn)
two-dimension array matrix chromosome (denoted as MC), which is randomly generated.
The element MC,;e MC represents the established lightpaths for the demand N, and it
consists of a list of indices of selected paths, the number of assigned F'Ss, and the starting
indices of assigned frequency slots. For each path in the list, the path index, starting
index of FSs and the number of allocated F'Ss are kept.
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5.3 Initial Population

By using MC to represent the virtual topology, it should ensure that the virtual
topology is constraint-satisfied. In other words, the MC represents a candidate virtual
topology of the EON. However, if the contents of the MC are randomly generated, then
the virtual topology may be infeasible with respect to the constraints on the delay
variation between lightpaths. Thus, in GA, only virtual topologies which satisfy the
constraint will be generated by performing the Random Initialization Algorithm (RIA).
The details of RIA are described in Algorithm 8.

Algorithm 8 Random Initialization Algorithm (RIA)

1: Input: G(V,E.d), N = [Nad|nxn, Dad, va,va €V,

2: Output : MC.

3: All non-zero elements N.4 in N are sorted in descending order according to the demand of the
node-pair and add to the priority queue Q.

4: while (Q % 0) do

5

6: Select and remove a node-pair (say v,, vg) from Q.

T Random select an integer k € {1,2,..., [K/2]}

8 RS: // reselect the starting index

9: Let CS.,; be {p:d‘ pif':,"l_. pj;gkj} and all paths in C'S,.; are valid.
10: while (N.z > 0) do

11:

12: while (there is at least a valid path in CS.;) do

13: {

14: Random select a valid index i within [k, u(k)].

15: Find the maximum allocatable F‘S(pid) F'Ss for the lightpath pid on the network G.
16: if (FS(pls) > 0) then

17: Temporarily allocate min{N.q4, F, F‘.S'(pid)} FSs for the selected lightpath pid.
18: Add path pid‘ allocated FSs, and starting index of FSs to the list of MC,; .
19: Update N.g and G.

20: else

21: Mark the lightpath Pid as invalid.

22: end if

23: 1

24: end while

25: if ((N,g > 0) and (k > 2)) then

26: Restore G and reset the list of M C, .

27: Let k = [k/2] and goto RS.

28: else

29: return ERROR.
30: end if
31: }
32: end while
33:
34: end while
35:

5.4 Crossovers

Two crossover operators are considered in the proposed GA:

e Row-oriented crossover (ROC): Two MCs (say MC' and MC?) are randomly selected
for crossover from the previous generation, and then two integers 7/ and j are generated
randomly in the range [1, n]. These numbers are used as the crossover points. The
(i+1)~n rows of the MC' and MC” are switched. The example is shown in Fig. 1 (b).
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e Block-oriented crossover (BOC): Two MCs (say MC' and MC?) are randomly selected
for crossover from previous generation and then two integers i and j are generated ran-
domly in the range [1, n]. These numbers are used as the crossover points. The block
(1, )i, j) of the MC" and MC? are switched. The example is shown in Fig. 1 (c).

It is worth noting that after performing crossover the children may not be feasible
with respect to conflict of assigned F'Ss. Thus, the assigned FSs of lightpaths in the new
block (or sub-matrix) should be reassigned. The first-fit approach is used to reassign the
required F'Ss.

MC1 j nMC? j i J
A AlA A A A B B|B B B B A A|A A A A B B|B B B B
A A|lA A A Al "B B\ B B B B [A A|A A A Al [B B|B B B B]
A _AlA A A A . B B|B B B B A AJA A A A B B|B B B B
' Jaala a aa ' 7B BB B B B[ ' B B|B B B B ' TAA[a a4 4 A
AAAAAAJ {BBBBBB B B|B B B B A AlA A A A
a ala aaa (@ lp Ble B B B BBBBBB(b)AAAAAA
J i
A A|B B B B B Bl A A A A
A A|B B B B“ [B BlA A A A
A A|B B B B . B Bl A A A A
" 1B~ B[B B B B ! A AlA A4 A A
B B|B B B BJ l[l AlA A A A
B B|B B B B (C) A aAla a a a
Fig. 1. (a) Before crossover; (b) after performing ROC; (c) after performing BOC.
5.5 Mutations

Three mutating operations are considered in the proposed GA: In these mutations,
two integers i and j are generated randomly in the range [1, n]. These numbers are used
as the mutation points.

o Starting index mutation (SIM): The selected element MC;e MC changes the value of
the starting index, which is randomly generated between 1 to [k/2], where & is the
current starting index. After performing mutation, the list of the lightpaths for demand
N;, should be changed accordingly and the assigned FSs should be recomputed.

o Maximum allocates first mutation (MAFM): The selected element MC;e MC changes
the value of the starting index to 1 and the list of lightpaths is selected by applying the
MAF heuristic algorithm for the demand ;.

o Maximum delay path first mutation (MDPFM): The selected element MC;eMC
changes the value of the starting index to 1 and the list of lightpaths is selected by
applying the MDPF heuristic algorithm for the demand ;.

5.6 Fitness Function Definition

Generally, genetic algorithms use fitness functions to map objectives to costs to
achieve the goal of finding optimal solutions. If the content of the chromosome is known,
the total cost of the chromosome can be determined. A fitness function value is
associated with each chromosome, which is the same as the measure mentioned above.
Since the goal is to minimize the total cost of transponders, the fitness function can be
defined as CxTR.

Since the best-fit chromosomes should have a probability of being selected as
parents that is proportional to their fitness, they need to be expressed in a maximized
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form. This is done by subtracting the objective from a large number C,,,. Hence, the
fitness function becomes C,,,,—(CxTR), where C,,, denotes the maximum value obser-
ved, so far, of the cost function in the population. Let C,,,, be the value of the cost fun-
ction for the chromosome; C,,, can be calculated by the following iterative equation:

C’ma)c:n’laX { Cmaxa Cco.vt} B (1 1)
where C,,,, is initialized to zero.
5.7 Replacement Strategy and Termination Rules

Initially, assume pop be the number chromosomes to be generated and N,y
connection chromosomes are randomly constructed. In the process of selection, pop/2
pairs of connections are randomly selected for crossover to generate the new generation
of chromosomes. After crossover, chromosomes are sorted according to the fitness
function in increasing order, N,,.,, chromosomes with smaller fitness is selected to
construct the new generation. The values of pop and N, ., will be determined through
experiments. Execution of GA can be terminated when the number of generations
exceeds an upper bound specified by the user.

6. SIMULATION RESULTS

The proposed algorithms were coded by using C++ programming language. All
simulations were run on a notebook computer with Intel i7-3610 QM 2.30 GHz CPU, 8.0
GB RAM and with Windows 8.1 operating system. The parameters of the GA are
determined through simulations, the population size (pop) is 100, the number of selected
parents (N,uene) is 50, the number of generations is 20, the crossover probability is 1.0,
and the mutation probability is 0.1. In the following, the result of GA used for com-
parison is the average result of 5 simulations.

6.1 ILP Simulations

The ILP formulation stated in Section 2.5 is modeled in AMPL [17] and solved by
CPLEX [18] in order to obtain optimal solutions as a reference for the proposed genetic
algorithm and two heuristic algorithms. If the number of candidate paths for each
node-pair does not limit by the formulation (denoted as |PS|=w), CPLEX can search the
entire solution space thus provide lower bounds of the problem. For the larger problem
instances, CPLEX is not able to find optimal solutions due to huge constraints (for the
last case in Fig. 3) and the solution is marked as “*’.

The simulations for the ILP are run on a six-node network N1 and an eight-node
network N2 shown in Figs. 2 (a) and (b), respectively. The number nears the line rep-
resents the delay of the link and the unit of the delay is millisecond (ms). The traffic
demands matrix of N1 and N2 is the matrix A' and A%, respectively. Each of which is the
6x6 and 8x8 sub-matrix of the matrix A shown in Fig. 4 (b), respectively. The total
transponders provided by the heuristic algorithms and GA were compared with the
results provided by CPLEX. For the CPLEX calculations were performed with CPLEX
version 7. Fig. 3 shows a comparison of the objective costs and run-times (in seconds).
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The column “%” represents the ratio of the cost of the algorithm to that of the cost of ILP
method. In these simulations, the A, is set to 2.8, different values of B and |PS| (the
number of candidate paths for each node-pair). Fig. 3 shows that GA can find the same
results as the CPLEX method for all cases run on the six-node network N1. The results
of MDPF and MAF algorithms are the same and worst than GA and ILP.

For the eight-node network N2, the results found by performing the GA are very
close to that of the CPLEX method, the average ratio of the cost of GA to that of the ILP
is about 101.82%. The MAF can get better results than the MDPF, and the average ratio
of the cost of MAF to that of the ILP is about 110.91%. For most of the cases in N2,
CPLEX can finish in a reasonable time, but for the |PS|=c case (means all possible paths
of node-pair are considered for finding solutions), CPLEX fails to find solution due to so
many constraints.

6.2 Comparisons

Two larger networks were used for simulations, the topologies of the networks are
shown in Figs. 4 (a) and 5 (a), the number nears the line represents the delay of the link
and the unit of the delay is millisecond (ms). The traffic demand matrices are shown in
Figs. 4 (b) and 5 (b), the unit of the element in the matrix is the number of frequency
slots.

(@
Fig. 2. Networks for comparisons in ILP; (a) six-node network N1; (b) eight-node network N2.

GA MDPF MAF ILP

IvI| EI B |[IPs]| - - - R
ccst| time | % cost |t|me| % cost | time | % cost | time

6 8 20 5 36 4.23 100.00% 38 1.07 105.56% 38 1.05 105.56% 36 1235
6 8 30 5 35 5.34 100.00% 38 1.05 108.57% 38 1.04 108.57% 35 145.7
6 8 40 5 34 5.45 100.00% 38 1.02 111.76% 38 1.04 111.76% 34 189
8 14 30 5 56 10.5 101.82% 74 1.78 134.55% 61 1.98 110.91% 55 8924
8 14 40 5 56 13.5 101.82% 74 1.89 134.55% 61 1.97 110.91% 55 9235
8 14 30 7 56 13.7 101.82% 74 2.47 134.55% 61 2.99 110.91% 55 1032.2
8 14 30 oo 55 14.3 * 73 2.74 * 60 3.01 * * *

Fig. 3. Simulation results of GA, HAs and ILP on N1 and N2 networks.

Traffic Matrix for COST239 ~
Nodel 2 3 4 5 6|7 8:9 10 11
1t 0 1 1t 3 1 1|1 1i1 1 1
2 1 0 5 8 4 1|1 1003 2 3
3 01 5 0 8 4 1|1 5i3 1 2
4 3 8 8 0 6 2|2 11 9 9
5 1 4 4 6 0 1[1 6:6 1 2
6 1 1 1 2 1 0|1 1i1 1 1
71 1 1 2 1t 1 0 1i1 1 1
8 1 10 5 11 6 1 1 0i6 2 5
971 3 3 11 6 1 1 6 0 3 6
0 1 2 1 9 1 1 1 2 3 0 3
11 1 3 2 9 2 1 1 5 6 3 0

(b)
Fig. 4. (a) COST239 network; (b) Traffic matrix for COST239 A, for N1 Al for N2 Ag,s.
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Fig. 5. (a) Simulation network with 20 nodes; (b) traffic demand matrix.

The link fragmentation ratio is usually introduced to describe the spectrum occu-
pation of link [7]. The fragmentation ratio (FR,) of a link ¢; is 1 subtract the ratio of the
maximal number of continuous free frequency-slots (denoted as MaxBlock(e))) on link e,
to the number of free frequency-slots on link e; (denoted as B-sum(b,,)). It can be com-
puted by the following formula:

1 — (MaxBlock(e, )/(B - sum(bgl ), sum(bgl) <B
FR, = 0, sum(b,) = B.

Moreover, let MFR = max{FR,|Ve,cE} and the guard band ratio (GBR) of a net-
work is the ratio of the number of guard band frequency-slots on the network to the total
number of frequency-slots on the network.

The simulation results of these algorithms on COST239 and NET networks are
shown in Figs. 6 and 7, respectively. Simulations for the effect of different values of
delay variation (A,,) are examined, where the delay variation for all pairs of nodes is the
same. In these simulations, the value of F is set to 4 and the value of B is set to 20. Figs.
6 (a) and 7 (a) show that the CPU time in seconds of MAF is higher than that of the
MDPF, the GA is the most time-consuming algorithm, and the computation time slightly
increases as the value of delay variation increases. Figs. 6 (b) and 7 (b) show that the
GBR of MAF is smaller than that of the MDPF and the curve MDPF is relatively stable,
GA can get the smallest value than other heuristic algorithms. Figs. 6 (c) and 7 (¢) show
that the number of TXs/RXs of MDPF is greater than that of the MAF, and GA can get
the best solution. For the MAF algorithm, the number of TXs/RXs increases as the value
of delay variation increases. Figs. 6 (d) and 7 (d) show that the MFR of the MDPF is
greater than that of the MAF and GA, the curve MDPF is relatively stable. For the MAF
algorithm, the MFR increases as the value of delay variation increases from 0.9 to 1.0.
For the GA algorithm, the MFR increases as the value of delay variation increases from
1.1to 1.2.

For different values of F, the simulation results of these algorithms for the case with
Ay = 0.8 are shown in Figs. 8 and 9, respectively. Figs. 8 (a) and 9 (a) show that the
CPU time in seconds of MAF is higher than that of the MDPF, GA is the most time-
consuming method, and the time decreases as the value of F increases. Since as the value
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of F increases, the demand can be allocated more quickly. As the F' nears the maximal
demand (11 FSs in matrix N), the computation time of two heuristic algorithms is very
close. Figs. 8 (b) and 9 (b) show that the GBR of GA is smaller than that of the MAF and
MDPF, and the GBR of the GA and MAF increases quicker than that of the MDPF, as
the value of F increases. Figs. 8 (c) and 9 (b) show that the total number of TXs/RXs of
GA is smaller than that of the MAF and MDFA, and the numbers of TXs/RXs for these
methods decrease, as the value of F increases. Moreover, as the value of I increases, the
difference between these algorithms decreases. Figs. 8 (d) and 9 (d) show that the MFR
of the MDPF is greater than that of the MAF and GA, and the MFR value increases as
the value of F increases.

7. CONCLUSIONS

In this paper, the virtual topology design problem on EONs has been studied. For a
given EON and a traffic demand matrix, the goal is to design a virtual topology so as to
minimize the total cost of transponders. In the studied problem, the demand can be
transmitted by multiple lightpaths which satisfy the delay-variation constraint. Since the
virtual topology design problem is a hard problem. Two heuristic algorithms and a
genetic algorithm (GA) have been proposed in this paper to solve this problem. The
proposed two heuristic algorithms are Minimum Delay Path First (MDPF) and Maximal
Allocates First (MAF). Moreover, an ILP model has also been used to define the
problem and the AMPL/CPLEX package has been used to find the solution. Simulations
have been conducted to evaluate the cost of the transponders and MFR of these methods.
The results showed that the proposed GA can get better results than MAF and MDPF
algorithms on median size networks. The propose GA also can get near optimal results
on the small size networks.
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