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Abstract

The goal of the paper is two-fold. First, the paper formulates a set of optimization problems
relevant for the design of optical WDM networks robust to failures, encompassing demand
routing, wavelength assignment and link dimensioning. Two basic protection mechanisms are
considered: path diversity and single backup path restoration. The design problems, taking
directly into account a scenario of assumed failure situations, are formulated as mixed linear
integer programming tasks. For small networks these tasks can be solved directly with the branch
and bound approach available e.g. in the CPLEX optimization package. As the considered
problems are NP-complete, for networks of realistic size heuristic methods are called for. Ac-
cordingly, the second goal of the paper is to demonstrate how to apply two proposed stochastic
heuristic approaches, namely Simulated Annealing and Simulated Allocation, to the specified
problems. It is shown using large network configurations that the latter approach, although not
commonly known, turns out to be superior to the former, and yields good sub-optimal solutions
in reasonable time. Our numerical results also show what extra spare capacity volume is required
by the considered protection mechanisms. This can help solving the tradeoff between the recon-
figuration complexity and the extra link and node capacity cost.
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1. Introduction
All over the world transport providers are seeking to deploy networks based on the newest optical
communication technologies (as WDM). Several all -optical transport network field-trials have
been carried out [1,2] whereby alternative network designs could be verified. One important
factor enabling economical designs of such networks are methods for determining effective
demand routing and resulting deployment of f ibers between nodes, taking into account the
wavelength clashes, the limited number of wavelengths, and the use of protection mechanisms
assuring the robustness requirements.

Several papers have treated the routing and wavelength assignment problems [3,4,5,6]. In [7]
the multi -fiber case is taken into account and different protection schemes are compared using
integer programming formulations and heuristics. In this paper we address certain extensions of
the problems from the above-listed references. In particular we consider the simultaneous design
of demands routing, wavelengths assignment and link capacities for optical networks with and
without protection. We present new integer programming formulations of the resulting design
tasks, corresponding to two different protection mechanisms (path diversity and single backup
paths), and discuss new (Simulated Allocation) and known (Simulated Annealing) heuristic
methods, applicable for large networks. The design tasks take directly into account  scenarios of
assumed failure situations, and the constant and capacity-dependent costs of optical li nks. The
effectiveness of the methods is compared with an exact branch and bound approach, using real
network configurations.

2. Design tasks
In this section we specify several Integer Programming (IP) robust design tasks corresponding
to the path diversity protection (PDP) and to single backup-path protection (SBP) mechanisms.

PDP: Path Diversity Protection
indices:

d=1,2,...,D demands (between pairs of nodes)
j=1,2,...,m(d) paths for flows realizing demand d
c=1,2,...,C colors (wavelengths) available on the fibers
e=1,2,...,E links
s=0,1,...,S failure situations (s=0 is the nominal state with no failures)

constants:
hds volume of demand d to be realized in situation s, expressed as the number of light-paths
aedj link-path incidence coefficient: aedj=1 if link e belongs to path j realizing demand d, aedj=0 otherwise
• es binary link failure coeff icient: • es=0 if link e is failed in situation s, • es=1 if it works; we as-

sume that • e0/1
• djs=∏e: aedj=1 • es path failure coeff icient: • djs=0 if path j of demand d is failed in situation s, • djs=1 oth-

erwise
ce marginal cost of link e

variables:
• djc flow (number of light-paths) realizing demand d in color c on path j (non-negative integer)
nce number of times the color c is used on link e (non-negative integer, auxili ary)
ye capacity of link e expressed in the number of fibers (non-negative integer)

objective: minimize C(y) = 3e ceye (1)
constraints:

∑j • djs ∑c • djc ∃ hds d=1,2,...,D,  s=0,1,...,S (2)
∑d ∑j aedj • djc = nce  c=1,2,...,C,  e=1,2,...,E (3)
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ye ∃ nce  c=1,2,...,C,  e=1,2,...,E. (4)

SBP: Single Backup-path Protection
additional indices:

k=1,2,...,l(d,j) backup paths for protecting nominal flow realizing demand d on path j
g=1,2,...,C backup colors

additional constants:
bedjk link-path incidence coeff icient: bedjk=1 if link e belongs to backup path k protecting path j of

demand d, bedjk=0 otherwise
• djks=∏e: bedjk=1 • es path failure coefficient: • djks=0 if backup path k protecting path j of demand d is failed

in situation s, • djks=1 otherwise; we require that for each s, d, j and k, • djs=0 implies • djks=1,
i.e. that the paths j and k are Afailure disjoint@

variables:
• djc nominal flow realizing d in color c on path j (non-negative integer)
• djkcg backup flow on path k in color g protecting nominal flow • djc on path j (non-negative integer)
• djkcg protection flow allocation variable (binary)
nces number of times the color c is used on link e in situation s (non-negative integer, auxili ary)
ye integer capacity of link e expressed in the number of fibers (non-negative integer)

objective: minimize (1)
constraints:

∑J ∑c • djc = hd     d=1,2,...,D   (full restoration is assumed:  hds=hd  for  s=0,1,...,S) (5)
∑k ∑g • djkcg = 1 d=1,2,...,D,  j=1,2,...,m(d), c=1,2,...,C (6)
• djkcg # • djkcghd d=1,2,...,D,  j=1,2,...,m(d), k=1,2,...,l(d,j),  c=1,2,...,C (7)
∑k ∑g • djkcg = • djc d=1,2,...,D,  j=1,2,...,m(d), c=1,2,...,C (8)
∑d ∑j (• djsaedj• djc + (1-• djs) ∑k ∑g bedjk• djkgc) = nces     e=1,2,...,E,  c=1,2,...,C,  s=0,1,...,S (9)
ye ∃ nces  c=1,2,...,C,  e=1,2,...,E,  s=0,1,...,S. (10)

The rest of the design tasks considered in Section 3 are obtained from PDP or SDP as follows.

ND: Nominal Design. ND is identical with PDP with S=0 (only nominal state considered).
SBP/FC: SBP with Fixed Colors. One additional constraint is added to SBP:

∑g≠c • djkcg = 0 d=1,2,...,D,  j=1,2,...,m(d), k=1,2,...,l(d,j),  c=1,2,...,C. (11)
SBP/NC: SBP with Non-reusable Nominal Capacity. Constraint (12) substitutes (9):

∑d ∑j (aedj• djc + (1-• djs) ∑k ∑g bedjk• djkgc) = nces     e=1,2,...,E,  c=1,2,...,C,  s=0,1,...,S . (12)
SBP/FC/NC: SBP with Fixed Colors and Non-reusable Nominal Capacity. Constraint (11) is added
to SBP and constraint (12) substitutes (9).

Using binary variables we are able to consider, maintaining the IP formulation, the extended
objective function (1) taking into account the constant “ link-opening” costs implied by the ducts:

C(y) = ∑e Fe(ye) ,   Fe(ye)=ceye+fe  for  ye>0,  and Fe(ye)=0  for  ye=0. (13)
To achieve this, for each link e we introduce an additional binary variable • e and add the fol-
lowing (where K is a large number):

objective: minimize C(y,• ) = ∑e (ceye+fe • e) (14)
additional constraints: ye ≤ • eK ,  e=1,2,...,E. (15)

3. Design methods
In this section we describe three optimization methods which are applicable to the problems
specified in Section 2. As the exact approaches are effective only for small networks, two sto-
chastic heuristic methods, applicable also to large networks, are discussed.
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3.1. Exact Methods
The tasks defined in Section 2 are linear Integer Programming tasks and hence we have tried an
IP solver for them. Such a solver, based on the branch and bound approach, is available e.g. in
CPLEX [8]. The CPLEX results (including the results for the corresponding relaxed LP prob-
lems) for a small network are presented in Section 3.3.

3.2. Heuristic Methods
The exact IP methods are useful mainly because they can yield optimal reference solutions for
small networks. For networks of realistic size, however, heuristic methods are called for. We will
describe the use of two of these: Simulated Allocation (SAL) and Simulated Annealing (SAN).
In both cases the optimization problems are solved through finding suboptimal full allocation
states, by allocating and disconnecting the light-paths. Network paths considered by the algo-
rithms are predefined; they can be calculated e.g. with the well known techniques for finding a
set of k-shortest paths [9] or a shortest set of k-disjoint paths [10], depending on the problem. For
the nominal design case (ND) an allocation state is represented by the following flow vector:

x = (xdjc: d=1,2,...,D, j=1,2,...,m(d), c=1,2,...,C) (16)
with the entries corresponding to flows • djc in PDP. Entry xdjc=x121 specifies that x121 light-paths
are used for demand d=1 on its path j=2 using the laser beam with color c=1, and xdjc=x152 implies
that x152 light-paths are used for demand d=1 on its path j=5 using the laser beam with c=2. In the
robust design cases the allocation state is represented by the flow vector specifying the amount
of light-paths in color c allocated to nominal path j of demand d, protected in color g on backup
path k (cf. indices in SBP):

x = (xdjkcg: d=1,2,...,D, j=1,2,...,m(d), k=1,2,...,l(d,j), c=1,2,...,C, g=1,2,...,C). (17)

Flow vector x determines the necessary link capacities ye(x) and the cost C(x)=  ∑e Fe(ye(x)).

Simulated Allocation (SAL). Simulated Allocation is a meta-heuristic which has been successfully
applied to various design tasks (cf.[11,12]). Its pseudo-code is as follows.

begin
step:= 0; min_cost:= 4; x:= 0;
repeat

step:= step+1;
if random < q(x) then allocate(x) else if C(x) < min_cost then disconnect1(x) else disconnect2(x);
if x is a maximal allocation state and C(x) < min_cost then

begin min_cost:= C(x); x_best:= x end
until step = step_limit or min_cost = cost_lower_bound

end

SAL works with partial allocation states. The algorithm starts with the all zero-flow solution, and
in each step it chooses (in a probabili stic way) between allocate(x), i.e. adding one or more light-
paths to the flow vector x, or disconnect(x), i.e. removing one or more light-paths from the current
solution x. We require that q(x)>1/2, and seek for improving the best so far reached solution
whenever a complete allocation state is found. Procedure allocate(x) allocates a bulk of M light-
paths of the same type (it increments one selected entry xdjkcg with the constant M - the bulk size).
The demand d for allocation is chosen with a probabilit y proportional to the current number of
not allocated light-paths; for a given d, the paths (j,k) and colors (c,g) are selected to minimize
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the increase of the cost function. Procedure disconnect(x) is used in two variants:
disconnect1(x): remove from x a bulk of M previously allocated light-paths (for a single d)
disconnect2(x): remove from x all the light-paths which use a randomly chosen set of links.
The second variant is applied if (and only if) C(x) is greater than min_cost.

Simulated Annealing (SAN). In our SAN (cf.[13]) approach to network design the solutions x are
full allocation states satisfying constraint (5). We start with a solution generated by initialize(x)
and choose consecutive states (neighbor(x)) by swapping a randomly chosen light-path with
parameters (d,j,c) to a light-path with parameters (d,jΝ,cΝ), with jΝ and cΝ chosen at random.

begin
initialize(x_old); min_cost:= C(x_old); x_best:= x_old; T:= initial_temperature;
while T ∃ temperature_lower_bound and min_cost > cost_lower_bound

for counter:= 0 to counter_upper_bound do
x_new:= neighbor(x_old); • F:= C(x_new)-C(x_old);
if • F # 0 then

begin 
x_old:= x_new; if  C(x_new) < min_cost then begin min_cost:= C(x_new); x_best:= x_new end

end
else if random < exp{ -• F/T} then x_old:= x_new;

end for;
T:= TΗ•

end while
end

3.3. Results
We have performed some tests for the six design problems of Section 2 using a small network
example with 5 nodes and 7 links. All node pairs are to be connected with 1 to 6 light-paths. Cost
function (13) is used, with links’ costs ce per fiber between 1 and 4, and the constant duct costs
fe - between 100 and 400 (the duct costs are 100 times greater than the fiber costs).

Table 1. ND PDP SBP SBP/NC SBP/FC SBP/FC/NC
Exact LP 640.28 918.40 885.63 885.63 885.63 885.63
Exact IP 645 1053 991 991 991 991
SAN 869 - - 1523 - -
SAL 645 - - 1016 - -

The PDP protection scheme is cost inefficient because it does not allow for sharing the protection
capacity. The different SBP mechanisms are equivalent in the terms of cost for this small net-
work, but this is by no means a general property. It turns out that the SAL algorithm is signifi-
cantly better than SAN.

4. Numerical results
Below we discuss results of the case studies performed to examine the methods described in
Section 3 for the problems specified in Section 2. We have performed tasks ND and SBP/NC for
the cost function (13) on an HPJ7000/440MHz for the networks described in Table 2. For the
Danish network, two different demand patterns have been used. For SAL and SAN each task was
run for 30 min. for the number of wavelengths C =2,4,16. For each case the stochastic algorithms
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have been run 3 times whilst the deterministic IP solver just once.

network nodes links average duct cost (fe) average fibre cost (ce) demands
Polish 12 18 182 1.82 66
Danish 23 29 214 2.00 21

Table 2. Network data

network volume C simulated allocation simulated annealing IP

average std.dev. average std.dev. result status
2 5677.05 0.00 6373.45 8.45 5298.30 timeout

Polish 1695 4 3950.77 39.00 4881.27 19.26 3607.45 optimal
16 2568.20 10.48 3812.05 7.47 2324.75 timeout
2 2646.38 0.00 3377.25 172.56 2646.38 optimal

63 4 2509.74 2.41 3309.88 135.87 2506.01 optimal
16 2409.15 4.70 3401.67 211.04 2403.01 timeout

Danish
2 6275.49 2.29 6947.73 1.76 6201.16 optimal

844 4 4450.85 1.47 6030.99 1098.78 4377.68 optimal
16 3085.53 3.32 5674.85 2.25 3010.46 optimal

Table 3. Optimal costs for ND (nominal design) task run for 30 min.

Network volume C simulated allocation simulated annealing IP

average std.dev. average std.dev. result status
2 9299.78 51.10 8298.35 23.64 — timeout

Polish 1695 4 6376.07 19.92 5823.92 11.18 — timeout
16 3998.87 5.72 4065.42 3.19 — memout
2 5128.27 3.65 5444.97 0.33 5139.94 timeout

63 4 4894.00 2.53 5221.27 1.50 5253.74 timeout
16 4721.31 1.50 5070.91 2.61 — timeout

Danish
2 14573.26 16.00 14514.11 3.95 14175.7 timeout

844 4 9748.49 7.66 9860.28 5.38 — timeout
16 6123.11 3.21 6377.99 1.56 — memout

Table 4. Optimal costs for SBP/NC (single backup path, non-reusable nominal capacity) task run for 30 min.
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Figure 1: Optimal cost during optimising ND in the Danish network for 844 lightpaths and 16 wavelengths

The results are presented in Tab.3 and 4. For SBP/NC, the CPLEX IP solver in many cases does
not find a feasible solution before exceeding either the time limit of 30 min. or the memory limi t
of 1GB. In fact only for task ND with C =2, 4 in the Danish network, and C=2 in the Polish
network does the IP solver finish with an optimal solution within 30 min. Fig.1 shows a typical
graph of how the heuristic improvement proceeds; the specs at the top are the consecutive SAN
solutions. The three lines show the current best solution cost for the three considered methods.
It can be seen that SAL produces a good result very fast, due to the fact that this heuristic has
been devised for this kind of tasks. Furthermore, SAL usually produces results at least as good
as SAN (in most cases much better). Compared to the IP solver, both heuristics reach a good
result fairly fast, which implies that for real-size networks, good heuristics are indispensable.

5. Concluding remarks
In the paper we have formulated a set of integer programming design tasks for optical wavelength
routed optical networks robust to failures, with the robustness assured by either the path diversity
or the single backup path protection mechanisms. The formulations are original and encompass
simultaneous design of demands routing, wavelengths assignment and link capacities, with the
cost function taking into account the constant duct costs.

For networks of practical size the exact solutions through branch and bound methods using
linear programming cannot be achieved in a reasonable time, and hence heuristic approaches
must be applied. We have discussed two such approaches: Simulated Annealing (SAN) and a less
known method of Simulated Allocation (SAL).  It is shown by numerical studies that SAL in
most cases outperforms SAN and can be used for finding acceptable suboptimal solutions also
for large networks when the exact approaches fail to give even feasible integer solutions. As SAL
is also easy to implement (it is similar to the standard simulation of the networks’ traffic perform-
ance), we propose this method for the use in computer tools aiding the design of optical networks.

3000

3500

4000

4500

5000

5500

6000

6500

0 200 400 600 800 1000 1200 1400 1600 1800

co
st�

sec

Simulated annealing
Simulated allocation

IP solving



Design Problems in Robust Optical Networks

�

References
[1] Gill ner, L. et al.: Field Trial of a European Self-healing WDM Optical Network, Proceedings OFC 2000, paper TuQ1,

Baltimore, Maryland, 2000.
[2] Chbat, M.W. et al.: Toward Wide-Scale All-Optical Transparent Networking: The ACTS Optical Pan-European Network

(OPEN) Project, JSAC, vol.16, no.7, p.1226-44, 1998.
[3] Ramaswami, R., Sivarajan, K.N.: Routing and Wavelength Assignment in All -Optical Networks, IEEE/ACM Trans. on

Networking, vol.3. no.5 , p. 489-500, 1995.
[4] Wauters,N., Demeester, P.: Design of the Optical Path Layer in Multiwavelength Cross-Connected Networks, JSAC,

vol.14, no.5, p.881-892, 1996.
[5] Banerjee, S., Yoo, J., Chen, C.: Design of Wavelength Routed Optical Networks for Packet Switched Traffic, Journal of

Lightwave Technology, vol.15,  no.9, p.1636-1646, 1997.
[6] Zang, H., Jue, J.P., Mukherjee, B.: A Review of Routing and Wavelength Assignment Approaches for Wavelength-Routed

Optical WDM Networks, Optical Networks Magazine, vol.1, no.1, 2000.
[7] Baroni, S. et al.: Analysis and Design of Resili ent Multi fiber Wavelength-Routed Optical Transport Networks, Journal

of Lightwave Technology, Vol.17 Issue.5 , p. 743-758, 1999.
[8] ILOG CPLEX 6.5 - Reference Manual, ILOG, March 1999.
[9] Yen, J.Y.: Finding the K Shortest Loopless Paths in a Network, Management Science, vol.17, no.11, 712-16, 1971.
[10] Bhandari, R.: Survivable Networks - Algorithms for Diverse Routing, Kluwer, 1999.
[11] Pióro, M., Gajowniczek, P.: Solving Multicommodity Integral Flow Problems by Simulated Allocation, Telecommunica-

tion Systems, Baltzer Science Publishers, Vol.7, Nos.1-3, pp.17-28,1997.
[12] Pióro, M.: Robust Design Problems in Telecommunication Networks, plenary paper, Teletraffic Contributions for the

Information Age (eds. V.Ramaswami and P.E.Wirth), Teletraffic Science and Engineering, Elsevier Science B.V., vol.2b,
pp.1067-1076, 1997.

[13] Johnson, D.S., Aragon, C.R., McGeoch, L.A., Schevon, C.: Optimization by Simulated Annealing: an Experimental
Evaluation, Operations Research, Vol.39, No.1, May-June 1991.


