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Abstract

We present here a full multifibre optical WDM network design problem formulated as an
integer linear problem. The design problem consists in laying out ducts, fibres, routes,
and wavelengths, given a set of nodes, the duct and fibre prices, and the traffic demands.
We compare different methods for solving the design problem. These are integer linear
programming, simulated annealing, and simulated allocation. We find that integer linear
programming is useful for benchmarking other algorithms on small networks that consist
of less than 7 nodes. For larger networks that cannot be handled by integer linear program
solvers, we find that simulated allocation is more promising than simulated annealing. Fur-
ther we include path protection in the problem formulation and solution.

1 Introduction

As new optical WDM networks are being deployed and competition is increasing, a proper
design of the networks is becoming increasingly important. In the mesh network topology
design presented here, the task is to determine the position of links between a given set of
nodes, satisfying a traffic matrix and minimising an objective function. Genetic algorithms
have been used for this problem [1], but typical network sizes have been 20 nodes or less; in
this paper we treat networks of size up to 73 nodes, but with preimposed restrictions in allowed
links between node pairs. The objective function used here is the cost of a link, computed from
the deployment cost of ducts and fibres, and the routing and wavelength assignment problem
is solved as a side effect. We assume no wavelength converters, whereby the wavelength
continuity constraint applies.

We begin by formulating the problem in a integer linear formulation to define it mathe-
matically. This formulation will also be used when the design task is solved by integer linear
programming using the Branch and Bound algorithm in the CPLEX-package. However, for
larger problems this method becomes too slow, whereby heuristic methods are used. We use
simulated annealing and simulated allocation [4]. We compare all the methods for different
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networks sizes, for different numbers of wavelengths in a fibre, with and without protection.
All three methods work on a set of possible paths between the nodes; this set of paths has been
chosen by a smart path-selection algorithm. This preprocessing is essential so to minimise the
solution space for the heuristics.

2 Problem Formulation

We consider a network consisting of a number of nodeskahidks, cf. Figure 1. Each link is
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Figure 1: WDM network example with 6 links and a traffic demand matrix containing 3 de-
mands. Each links is numbered and labeled with (duct/fibre) cost
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assigned aluct costand afibre cost;nodes are assumed to have infinite switch capacity, but
are not assigned any cost. Along each link a number of fibres can be deployed, but only if a
duct is constructed. Thus the cost of deploying O fibres is an affine functioox+ f, where

f is the cost of the duct andlis the cost of a fibre.

We assume giveb traffic demands, which are assumed symmetric. The traffic demand
matrix lists the demand between node pairs in numbdigbtpaths where a lightpath is a
combination of set of links connecting the nodes, and a wavelength to transmit on.

Each fibre can carrg different wavelengths, and as we assume no wavelength conver-
sion in nodes, we impose the wavelength continuity constraint: A path between two nodes
traversing several links must use the same wavelength on each of these links. Naturally, if two
different paths use the same wavelength on a link, they must use different fibres on this link.

Thenominal design probleris simply to satisfy the demands by deploying ducts and fibres
at minimal cost, whereas thmath protection design probleadditionally requires that if any
single link fails, all demands supplied by a lightpath using that link can be supplied by other,
spare lightpaths that are otherwise unused.

3 Integer Linear Formulations

The purpose of this section is twofold. First it defines the mesh network topology design
problems mathematically, that is as integer linear formulations, and second it serves as input
for solving the design problems as integer linear programs. A number of articles have been
written about these integer linear programs, e.g. [2] and [3].



3.1 Nominal design

Below we define the nominal mesh network topology design problem, that is to determine
the position of ducts and fibres given the nodes, cost of ducts and fibres, the traffic demand
between the nodes, and a set of possible paths between the nodes.

indices:
d=1,...,D demands (between pairs of hodes)
j=1,...,m(d) paths for flows realizing demant
c=1,...,C colors (wavelengths) available on the fibers
e=1,...,E links
constants:
hg volume of demandl to be realized, expressed as the number of
light-paths
Aedj link-path incidence coefficienieqj = 1 if link ebelongs to path
realizing demand, acqj = 0 otherwise
Ce cost per fibre of linke
fe cost for a duct of linke

variables (all non-negative integers):

ddjc flow (number of light-paths) realizing demaddh colorc on path
j

Nce number of times the colaris used on linke (auxiliaryt)

Ve capacity of link e expressed in the number of fibers (auxiliary)

Oe binary variable equal one if duct is present at llbtherwise zero

(binary, auxiliary)

objective:

minimize C(y,0) = Zceye+ feOe
e

constraints:

Scbdjc = hg d=1,....D satisfy demands
YdYj3diPdjc = Nece c=1,...,C,e=1...,.E computenc
Ye > Nee c=1...,C,e=1...,E ensure sufficient capacity
Ve>0=0e>0 e=1,...,E require ducts for fibres



Links Demands Paths

e | between| fe | ce d | between| hy | m(d) d j Bedj

1 A—-B 100| 1 1 A—B 70 2 1 11 0 0 0 0 O

2| A-C 110| 1 2 B-D 50 3 2/!0 1 0 1 0 O

3| A-D 130| 2 3| C-D 40 2 2 110 0 0 0 1 O

4 B-C 140 | 2 211 0 1 0 0 O

5 B—-D 120| 2 310 0 0 1 0 1

6| C-D 120| 1 3 10 0 0 0 0 1
2/{0 1.1 0 0O O
e=1 2 3 4 5 6

Figure 2: WDM network example represented by integer linear parameters

For each demand between a node pair, we computéd) possible paths that connect the
nodes. The constants for the example in Figure 1 are shown in Figure 2. The last constraint,
for requiring a duct if any fibres are present, can be statex} a§l > ye, WhereM is chosen

such thaM > ye for all e, i.e.M > 5 4hq.

3.2 Protection design

Below we define the protection mesh network topology design problem, where the protection
method is path protection of single-link failures. We have chosen to use this protection method
because the protection paths do not necessarily become longer than the primary paths, which
besides the advantages of short paths also leads to less spare capacity usage than for example
link protection of single-link failures. The drawback of using path protection is that all links in
the protection path and primary path must be different, which constrains the choices of paths.
We introduces= E + 1 failure situationswhich in this case correspond to all the situations
where one link is broken, and the normal situation.
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paths for flows realizing demarnt
colors (wavelengths) available on the fibers
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failure situationss = 0 corresponds to the nominal state.

=1...,1(d,j) backup paths for protecting nominal flow realizing demaneh
pathj
g=1....C backup colors

1By auxiliary variables we mean variables which can be directly calculated based on the decision variables, i.e.

ddjc



constants:

hds
Aedj

Oes

Odjs = |_| Oes
e:aedjzl

Ded jk

Ce
fe

volume of demand to be realized in situatiog expressed as the
number of light-paths

link-path incidence coefficientieqj = 1 if link ebelongs to path
realizing demand, a.qj = O otherwise

binary link failure coefficientes = 0 if link eis failed in situation
s, e =1 if it works

path failure coefficientdyjs = O if path j of demandl is failed in
situations, 8y js = 1 otherwise

link-path incidence coefficientbeqjk = 1 if link e belongs to
backup patlk protecting pathj of demandl, begjx = 0 otherwise

cost per fibre of linke
for a duct of linke

variables (all non-negative integers):

¢d jc
Wd jkeg
€d jkeg
Nces

Ye
Oe

objective:

minimize

flow (number of light-paths) realizing demaddn colorc on path
j

backup flow on patfk in color g protecting nominal flowgjc on
pathj

protection flow allocation variablegjkeg = 1 if colourc on path
j supplying demand is backed up by colouy on pathk (binary)
number of times the colaris used on linke in situations (auxil-
iary)

capacity of linke expressed in the number of fibers (auxiliary)
variable equal one if duct is present at liakotherwise zero (bi-
nary)

C(y,0) = ZCeYe+ feOe
5



constraints:

YiOdjsYcPdjc = hds d=1,...,D0,s=0,1,...,S satisfy demands
SkYgEdjkeg = 1 d=1,...,D, j=1,...,m(d) one path per backup path
c=1,...C
Wdjkeg > 0= Edjkeg>0 d=1,...,D, j=1,...,m(d) compute £q jkcg
k=1,...,1(d,j),c,g=1,...,C
SkYgWdikeg = Pdjc d=1,...,D, j=1,...,m(d) satisfy backup demands
c=1,...,C
Yd3j (Bdjstedbdjc + (1—Bdjs) Tk ¥ gbed il jkeg) = Nees compute Nges
e=1...,Ec=1,....C
s=1,...,S
Ye > Nce c=1,....C,e=1,...,E ensure sufficient capacity
s=1,...,S
Ye>0=0e>0 e=1...,E require ducts for fibres

Again, the constrainye > 0 = 0 > 0 can be rewritten ase- M > y,, WwhereM is chosen
such thatM > ye for all g, i.e.M > 25 3hg, andyigjkeg > 0 = €djkeg > O can be rewritten as
Wdjkeg < €d jkeghd-

3.3 Problem size

By looking at the variables and equations above, we find that the complexity of the problems
are given by

Problem Variables Equations
Nominal design O(CE+CDJ) O(CE+D)
Protection design O(CE?+C?DJ?) 0O(C?DJ?+CE?)

whereJ is the maximum number of paths for any demand. In pracfia®n be considered
constant (usually 8 or less).

4 Heuristic Design Methods

The complexity of the problem causes the integer linear program to grow quickly to sizes
which the standard solvers (CPLEX) cannot solve to optimality within reasonable time. If we
want to optimize practical networks, we have to rely on heuristics of some sort.

As in the integer linear programs, a solution consists of simple choices of which paths and
wavelengths to use for each demand. Each pair of nodes demands a number of connections,
which is established through lightpaths. Given a (possibly partial) solution with one or more
lightpaths assigned, corresponding to the solution vari@lgr Wq jkeg aNdeg jkcg the corre-
sponding layout of the network can calculated as the auxiliary varigleladd are calculated
for the nominal design problem and the protection design problem.

In this section we will describe the two types of metaheuristics:



e Simulated annealing, a well known metaheuristic which is widely used and hence will
only be briefly described.

e Simulated allocation, a lesser known metaheuristic which has been applied to similar
optimization problems. This algorithm will hence be more throughly described.

4.1 Simulated annealing

The standard layout of a simple simulated annealing algorithm for minimising solution cost is
given in Figure 3. We choose start and stop temperafigtdstop, and time limittsiop, and then
let constany = t55,109(To/ Tstop) SUCh thaflstop = To - €7Y'stor,

choose a randomin solution space
COStnin := COS{(X)

Xmin := X

T:=To [xtemperature x/
t:=0 /% real time timer variablex/
repeat

for i := 1 to Markov lengthdo
choose axx' in the neighborhood of
0 := cos{X) — cos(x)
choose a randome [0, 1]
if < 0orr<edT then
X=X
if cos{(x) < costnin then
COStnin := COS{X)
Xmin = X
T:=To- eVt
until t > tstop

Figure 3: Simulated annealing core algorithm

Choosing the initiak in the solution space is a simple random (with linear distribution) alloca-
tion of the necessary lightpaths. For each temperalurealue the parametdvlarkov length
determines how many solutions will be searched. In all the Simulated Annealing runs we have
used the value 60. The procedure for selectthffom the neighborhood aof is somewhat

more complicated. Two types of neighborhoods have been tested:

e Removal of one single lightpath and random re-assignment.
¢ Removal of all lightpaths through one link and random re-assignment.

The first procedure turns out to give unsatisfactory results, because of the high duct costs
which have a strong influence on the overall cost of a solution. For this reason, the second type
performs better.



4.2 Simulated allocation

Simulated allocation is a new metaheuristic, invented lmyd?j4] for use in optimization of
telecommunication networks. The basic simulated allocation algorithm is shown in Figure 4.

let x be an unallocated network
COSfin :=
t:=0 /% real time timer variablex/
repeat
choose a randome [0, 1]
if r < g(x) then
allocate and add one or more lightpathxto
else
disconnect a lightpath or link ir
if xis fully allocatedand cos{x) < costni, then
COStnin := COS{X)
Xmin = X
if xis fully allocatedor cos{x) > costyin then
bulk disconnect many links ir
until t > tsiop

Figure 4: Simulated allocation core algorithm

Contrary to simulated annealing, simulated allocation starts with an empty solution. Instead a
solution is gradually constructed. Inside the main loop, a probabilistic choice is made whether
to allocate a lightpath or disconnect one or more lightpaths. Allocation simply means adding to
the current partial solutioxone lightpath, and disconnection is the opposite, i.e. removing one
or more lightpaths from the solution. In order to reach a complete solution, the probability for
choosing allocation(x) should be sufficiently high. Whenever a complete solution is reached,
it is compared with the current best solution. If the solution is complete or the partial solution
is worse than the current best (i.e. it can never improve the current best), a large number of
lightpaths are disconnected so that a different part of the solution space can be reached. The
algorithm is terminated after a predetermined number of sectggs,

The problem dependent procedures are:

Allocation of one single lightpath to the current solution. It chooses the best single lightpath
from a group of these.

Disconnection of all lightpaths passing through a certain link, or of only one lightpath.

Bulk disconnection of all lightpaths through a certain set of links. The set of links are chosen
at random with equal probability.

Simulated allocation is not as widely applicable as simulated annealing or other metaheuristics;
it requires the possibility of evaluating partial solutions, i.e. solutions which are not feasible.
In some ways it resembles an iterated construction algorithm, which is restarted from different



partial solutions. The pointis though, that these restarts are not random, but are based on parts
of previously discovered solutions.

5 Results and Discussion

5.1 Experimental design

The networks used in experiments are two real-world examples of networks in Denmark, and
a small, 5-node network:

network nodes links average average demands demand
duct cost fibre cost volume
A 5 10 152.0000 1.535000 10 71
B 23 29 213.5862 1.999310 21 844
C 73 165 31692.84 316.9284 279 1824

For each network, up to 3 mutually disjoint shortest paths and up to 5 shortest paths are gene-
rated for each pair of demand nodes. Each (task—network—wavelengths—method) configuration
was run five times for 10 minutes. The results are shown in Table 1. Figures 5 and 6 show ex-

Task Net w Simulated allocation Simulated annealing ILP solving

average | std.dev. average | std.dev. result | status

nominal A 4 444.00 0.00 444.60 1.79 444.00 | optimal
16 413.00 0.00 415.20 0.89 413.00 | optimal

256 404.00 0.00 404.00 0.00 — timeout

B 4 4384.40 1.49 4453.50 19.12 4377.68 | optimal

16 3035.02 3.26 3103.25 13.33 3010.46 | timeout

256 2605.78 1.01 2674.70 6.96 — timeout

C 4 || 2053019.09| 19371.23|| 2089457.59| 144781.07|| 2847760.00| timeout

16 || 1898782.67| 4598.40| 1979889.76| 97755.62 — timeout

256 || 1842618.71| 4984.74| 1954155.21| 55768.88 — timeout

protection A 4 579.00 0.00 589.00 1.41 — timeout
16 531.00 0.00 537.00 1.41 — timeout
256 515.00 0.00 516.80 1.67 — memout

B 4 9614.92 7.15 9667.46 11.70 — timeout

16 6074.30 3.74 6083.91 4.15 — memout

256 4935.40 0.96 4948.83 3.11 — memout

C 4 || 3604097.35| 32069.91|| 3705365.99| 28938.54 — timeout

16 || 3341704.02| 14458.96|| 3409685.70| 48311.27 — memout

256 || 3246105.29| 33566.56 || 3315111.54| 65634.92 — memout

amples of progress for the current best solution during optimisation (pointwise averages over

the multiple runs).

The results indicate that simulated allocation is in general slightly better than simulated
annealing. Furthermore, simulated allocation obtains almost optimal results in the cases where

Table 1: Experimental results
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Figure 6: Protection case



the ILP solver reaches a result within the time limit. We have also conducted experiments for

15-minute runs, and they indicate that only small improvements are gained when the heuristics
are run for more than 5 minutes on these network problems. The inclusion of protection raised
the cost of the net by 30% to 120%.

6 Summary and further work

In this paper we have presented methods to solve the mesh network topology design problem
for deployment of ducts and fibres and the routing and wavelength assignment problem both
in the case of nominal design and for protection. We formulated the problems as integer
linear formulations and solved them using the heuristics, simulated annealing and simulated
allocation, and integer linear programming. For larger networks we found that integer linear
programming was useless due to its exponential rise in demand of time and memory. Simulated
annealing and simulated allocation were always able to find solutions, however, simulated
allocation was always able to find the better solution.

In our future work we plan to include the cost of nodes, where switching and termination
takes place. This type of cost takes up a major part of the budget when deploying networks
and is therefore essential to include. Inclusion of node cost does complicate the problem
significantly, since extra choices with respect to node capacity and functionality must be taken.
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