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Abstract

The goal of the paper is two-fold. First, the paper formulates a set of optimization poblems
relevant for the design of opticd WDM networks robust to fail ures, encompassng demand
routing, wavelength assgnment and link dmensioning. Two basic protedion medianisms are
considered: path dversity and single badkup peth restoration. The design problems, taking
diredly into acourt a scenario of assumed fail ure situations, are formulated as mixed linea
integer programming tasks. For small networks these tasks can be solved directly with the branch
and boundapproach available eg. in the CPLEX optimization padkage. As the mnsidered
problems are NP-complete, for networks of redistic size heuristic methods are cdled for. Ac-
cordingly, the second goal of the paper isto demonstrate how to apply two proposed stochastic
heuristic gpproadies, namely Simulated Anneding and Simulated All ocaion, to the spedfied
problems. It is shown using large network configurations that the latter approad, although na
commonly known, turns out to be superior to the former, and yields good sub-optimal solutions
in reasonable time. Our numericd results aso show what extra spare cgpacity volume is required
by the considered protedion mechanisms. This can help solving the tradeoff between the recon-
figuration complexity and the extralink and nock cgadty cost.
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1. Introduction

All over the world transport providers are seeking to deploy networks based onthe newest optical
communication techndogies (as WDM). Several all-opticd transport network field-trials have
been caried ou [1,2] whereby aternative network designs could be verified. One important
fador enabling econamicd designs of such networks are methods for determining effedive
demand routing and resulting deployment of fibers between nodes, taking into acount the
wavel ength clashes, the limited number of wavelengths, and the use of protedion mecdanisms
asauring the robustnessrequirements.

Severd papers have treated the routing and wavelength assgnment problems[3,4,5,6]. In[7]
the multi -fiber case istaken into acaunt and dff erent protedion schemes are cmmpared using
integer programming formulations and heuristics. In this paper we aldresscertain extensions of
the problems from the d@owve-li sted references. In particular we cnsider the simultaneous design
of demands routing, wavelengths assgnment and link capadties for opticd networks with and
withou protedion. We present new integer programming formulations of the resulting design
tasks, correspondng to two dff erent protedion mechanisms (path diversity and single badkup
paths), and dscuss new (Simulated Allocation) and knavn (Simulated Anneding) heuristic
methods, applicable for large networks. The design tasks take directly into account scenarios of
asumed fail ure situations, and the amnstant and cgpaaty-dependent costs of opticd links. The
eff edivenessof the methodsis compared with an exad branch and bourd approacd, using red
network configurations.

2. Design tasks
In this dionwe spedfy several Integer Programming (IP) robust design tasks correspondng
to the path diversity protection (PDP) and to single backup-path protection (SBP) medanisms.

PDP: Path Diversity Protection

indices:
d=1,2,...D demands (between pairs of hodes)
j=1,2,...m(d) paths for flows redizing demand d
c=12,...C colors (wavelengths) avail able on the fibers
e=12,..E links
s=0.1,...S failure situations (s=0 is the nominal state with no fail ures)
constants:
hgs volume of demand d to beredized in situation s, expressed as the number of light-paths
Ay link-path incidence coefficient: a=1 if link e belongs to path j realizing demand d, a.=0 atherwise
* o binary link failure coefficient: « =0 if link eisfailed in situation s, » =1 if it works; we &
sumethat ¢ /1
* gs=[]e aedi=1® es path failure wefficient: » =0 if path j of demand d isfailed in situation s, * =1 ath-
erwise
Ce marginal cost of link e
variables:
* dic flow (number of light-paths) redizing demand d in color ¢ on path j (non-negative integer)
Nee number of timesthe wlor ¢ isused on link e (non-negative integer, auxili ary)
Ve cgpadty of link e expressed in the number of fibers (non-negative integer)
objective:  minimizeC(y) = 3. Cye (D]
constraints:
Ji® dis2c® dic Ohgs d=1,2,...D, s=0,1,...S 2
Zd Z] Bedj * dic = Nee c=12,...C, e12,...E (3)
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Ye ONee c=1,2,...C, e=12,...E. 4
SBP: Single Backup-path Protection

additional indices:
k=1,2,...)(d,j)  badkup pathsfor proteding rominal flow redizing demand d on path

0=12,...C badkup colors
additional constants:
Pegi link-path incidence mefficient: b =1 if link e belongs to badkup peth k proteding path j of

demand d, be=0 otherwise

* diks=[ Je bedik=1 ® es path failure wefficient: » =0 if backup path k protecting path j of demandd isfailed
instuation s, * gs=1 otherwise; we require that for each s, d, j and k, » =0 impliese g=1,
i.e. that the pathsj and k are Afailure digoint@

variables:

* dic nominal flow redizingd in color ¢ on path j (non-negative integer)

* dikag badkup flow on path k in color g proteding rominal flow * g on path j (non-negative integer)

* dikag protedion flow all ocaion variable (binary)

Nees number of timesthe wlor cisused on link ein situation s (non-negative integer, auxili ary)
Ve integer capadty of link e expressed in the number of fibers (non-negative integer)

objective:  minimize (1)

constraints:
232c¢® dc=hy d=1,2,...D (full restoration isasumed: hy=hq for s=0,1,....5 (5)
Zk Zg ® dikeg = 1 d=1,2,...,D, j=1,2,...,m(d), c=12,...C (6)
° djkcg#° djkcghd d:1,2,...,D, j:1,2 ..... m(d), k:1,2 ..... |(d,]), C:1,2,...,C (7)
Zk Zg ® dikeg = * dic d=1,2,...,D, j=1,2,...,m(d), c=12,...C (8)
Zd Z] (’ djsBedi® dic T (1-’ djs) Zk Zg bedjk. djkgc) = Nees e12..E c=12,..C, s=01,..S
Ve ONges c=1,2,...C, e=1,2,...F, s=0,1,...S (10

Therest of the design tasks considered in Sedion 3are obtained from PDP or SDP as foll ows.

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

Sawt akg=0  d=12,...D, j=L2,..m(d), k=1.2,...)(d,j), c=12,...C. (11)
SBP/NC: SBP with Non-reusable Nominal Capacity. Constraint (12) substitutes (9):
Zd Z] (aedj’ dc t (1-’ djs) Zk Zg bedjk. djkgc) =ne €12,..E c=12,..C, s=01,..5S. (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 ae le to consider, maintaining the IP formulation, the extended
objedive function (1) taking into accourt the constant “link-opening” costsimplied by the ducts:
Cly) = JeFe(Ye) » Fe(Ye)=Ceyetfe for ye>0, and Fe(ye)=0 for ye=0. (13
To adhieve this, for ead link e we introduce an additional binary variable » cand add the fol-
lowing (where K is alarge number):
objective: minimizeC(y,» ) = Je (Ceyetfe® o) (19
additional constraints: Ve<e K, e=1,2,...E. (15

3. Design methods

In this ®dion we describe three optimization methods which are gplicable to the problems
spedfied in Sedion 2.Asthe exad approadies are dfedive only for small networks, two sto-
chastic heuristic methods, applicable dso 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 onthe branch and boundapproad, is available eg. in
CPLEX [8]. The CPLEX results (including the results for the crrespondng relaxed LP prob-
lems) for asmall network are presented in Sedion 3.3.

3.2. Heuristic Methods

The exad IP methods are useful mainly because they can yield optimal reference solutions for
small networks. For networks of realistic sSize however, heuristic methods are cdled for. We will

describe the use of two of these: Simulated Allocation (SAL) and Smulated Annealing (SAN).
In bah cases the optimization problems are solved through finding subogimal full alocaion
states, by alocaing and dsconneding the light-paths. Network paths considered by the dgo-
rithms are predefined; they can be cdculated e.g. with the well known tedhniques for finding a
set of k-shortest paths [9] or a shortest set of k-digoint paths [10], depending onthe problem. For
the nominal design case (ND) an all ocaion state is represented by the foll owing flow vedor:

X = (Xge: 0=1,2,...D,j=1,2,...m(d), c=1,2,...C) (16)
with the entries correspondng to flows e g in PDP. Entry Xgc=X121 Specifies that X1 li ght-paths
are used for demand d=1 onits path j=2 using the laser beam with color c=1, and Xgc=X1s2 implies
that x;s,light-paths are used for demand d=1 onits path j=5 wsing the laser beam with c=2. In the
robust design cases the dl ocation state is represented by the flow vedor speafying the anourt
of light-pathsin color ¢ alocated to nominal path j of demand d, protected in color g on backup
path k (cf. indicesin SBP):

X = (Xgjkag: 0=1,2,...D, j=1,2,...m(d), k=1,2,...)(d,j), c=1,2,...C, g=1,2,...C). (17
Flow vedor x determines the necessary link cgpadties y¢(X) and the st C(X)= ¢ Fe(Ye(X)).

Simulated Allocation (SAL). Simulated All ocationis a meta-heuristic which has been succesgully
applied to various design tasks (cf.[11,17). Its pseudo-code is as foll ows.

begin
step:=0; min_cost:= 4; x:=0;
repeat
step:= step+1,
if random < q(x) then alocate(x) elseif C(x) < min_cost then disconned1(x) else disconned2(x);
if x isamaximal alocaion 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 workswith partia allocation states. The algorithm starts with the dl zero-flow solution, and
in ead step it choaoses (in a probabili stic way) between all ocate(x), i.e. adding one or more li ght-
paths to the flow vector x, or disconnect(x), i.e. removing one or more light-paths from the airrent
solution x. We require that q(x)>1/2, and seek for improving the best so far readed solution
whenever acomplete alocation state is found. Procedure allocate(x) dlocaes abulk of M light-
paths of the same type (it increments one seleded entry Xgkg With the wnstant M - the bulk size).
The demand d for al ocaionis chosen with a probability propartional to the airrent number of
not al ocated light-paths; for a given d, the paths (j,k) and colors (c,g) are seleded to minimize
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the increase of the ast function. Procedure disconned(x) is used in two variants:
disconred1(x): remove from x abulk of M previously all ocaed light-paths (for asingle d)
disconred2(x): remove from x all the light-paths which use arandamly chasen set of links.
The second veriant is applied if (and ony if) C(X) is greaer than min_cost.

Simulated Annealing (SAN). In ou SAN (cf.[13]) approac to network design the solutions x are
full allocation states satisfying constraint (5). We start with a solution generated by initiali ze(x)
and choose @nseadtive states (neighba(x)) by swapping a randamly chasen light-path with
parameters (dj,c) to alight-path with parameters (d,jN,cN), with jN and cN chosen at randam.

begin
initiali ze(x_ald); min_cost:= C(x_old); x_best:= x_dd; T:=initial_temperature;
while T Otemperature lower _baund and min_cost > cost_lower _bound
for counter:= 0 to counter_upper_baund do
X_new:= neighbor(x_ald); « F:= C(x_new)-C(x_ald);
if « F#0then
begin
x_old:=x_new; if C(x_new) < min_cost then begin min_cost:= C(x_new); Xx_best:= x_new end
end
elseif random < exp{-» F/T} then x_odld:= x_new;
end for;
T:=TH-
end while
end

3.3. Results

We have performed some tests for the six design problems of Sedion 2 wsing asmall network
examplewith 5 nodes and 7links. All node pairs are to be mnnected with 1to 6 light-paths. Cost
function (13) isused, with links' costs c. per fiber between 1 and 4, and the constant duct costs
fe - between 100and 400(the duct costs are 100times greaer than the fiber costs).

Tablel. ND PDP SBP SBP/NC SBP/FC SBP/FC/INC
Exad LP 64028 91840 88563 88563 88563 88563
Exaa IP 645 1053 991 991 991 991

SAN 869 - 1523 -

SAL 645 - - 1016

The PDP protedion schemeis cost inefficient because it does not al ow for sharing the protedion
cgpadty. The different SBP medchanisms are equivalent in the terms of cost for this small net-
work, but thisis by no means a general property. It turns out that the SAL algorithm is sgnifi-
cantly better than SAN.

4. Numerical results

Below we discussresults of the cae studies performed to examine the methods described in
Sedion 3for the problems gedfied in Sedion 2. We have performed tasks ND and SBP/NC for
the aost function (13) on an HPJ7000440MHz for the networks described in Table 2. For the
Danish network, two different demand petterns have been used. For SAL and SAN each task was
runfor 30 min. for the number of wavelengths C =2,4,16. For each case the stochastic algorithms

4
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have been run 3times whil st the deterministic IP solver just once

network nodes links  averageduct cost (fe) averagefibre st (c,) demands

Polish 12 18 182 1.82 66
Danish 23 29 214 2.00 21
Table 2. Network data
network volume C | simulated alocation | simulated annealing IP
average | std.dev. | average | std.dewv. result status
2 567705 0.00| 637345 8.45| 529830 timeout
Polish 1695 4| 395077 390.00| 488127 19.26| 3607.45| optima
16| 256820 10.48| 381205 7.47| 232475| timeout
2 264638 0.00| 337725 17256| 264638| optima
63 4 250974 241 330988 13587| 250601| optima
Danish 16| 240915 470 340167 211.04| 240301 timeout
an 2| 627549 2.29] 694773 1.76] 620116] optima
844 4| 445085 1.47] 603099| 109878| 437768| optima
16| 308553 3.32| 567485 2.25| 301046| optima
Table 3. Optimal costsfor ND (nominal design) task run for 30 min.
Network volume C | simulated dlocation | simulated annealing IP
average | std.dev. | average | std.dewv. result status

2 929978 5110 829835 2364 — timeout
Polish 1695 4 637607 1992| 582392 11.18 — timeout
16| 399887 572 406542 3.19 — memout
2 512827 3.65| 544497 0.33| 513994| timeout
63 4| 489400 2.53| 522127 1.50| 525374| timeout
Danish 16| 472131 150 507091 2.61 — timeout
ant 2| 1457326 16.00| 1451411 3.95| 141757 timeout
844 4 974849 7.66| 986028 5.38 — timeout
16| 612311 3.21| 637799 1.56 — memout

Table 4. Optimal costs for SBP/NC (single backup path, non-reusable nominal capacity) task run for 30 min.



Design Problemsin Robust Optica Networks

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 afeasible solution efore excealing either the time limit of 30 min. a the memory limit
of 1GB. In fad only for task ND with C =2, 4in the Danish network, and C=2 in the Polish
network does the IP solver finish with an optimal solutionwithin 30min. Fig.1 shows atypicd
graph o how the heuristic improvement proceeds; the specs at the top are the mnsecutive SAN
solutions. The threelines $how the aurrent best solution cost for the three ©nsidered methods.
It can be seen that SAL produces a goodresult very fast, due to the fad that this heuristic has
been devised for thiskind d tasks. Furthermore, SAL usually produces results at least as good
as SAN (in most cases much better). Compared to the IP solver, bah heuristics read a good
result fairly fast, which implies that for red-size networks, good Freuristics are indispensable.

5. Concluding remarks

In the paper we have formulated a set of integer programming design tasks for optical wavelength
routed ogticd networks robust to failures, with the robustnessasaured by either the path dversity
or the single backup path protection mechanisms. The formulations are origina and encompass
simultaneous design of demands routing, wavelengths assgnment and li nk cgpadti es, with the
cost function taking into acoun the constant duct costs.

For networks of pradicd size the exad solutions through branch and boundmethods using
linea programming cannat be adieved in a reasonable time, and hence heuristic gpproaces
must be applied. We have discussed two such approaches: Simulated Annealing (SAN) andaless
known method d Simulated Allocaion (SAL). It is hown by numericd studies that SAL in
most cases outperforms SAN and can be used for finding acceptable subogimal solutions also
for large networks when the exad approachesfail to give even feasible integer solutions. As SAL
is aso easy to implement (it is sSimilar to the standard ssimulation d the networks' traffic perform-
ance), we propose this method for the use in computer tools aiding the design of optical networks.
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