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Abstract—WDM rings are now capable of supporting more many important network design applications, includindfita
than 100 wavelengths over a single fiber. Conventional link rad grooming [1]-[3], survivability design [4], [5], and tradfi
path formulations for the RWA problem are inefficient due to the scheduling [6], [7]. In the static RWA problem [8], the input
inherent symmetry in wavelength assignment and the fact thia . J o . ' .
the problem size increases fast with the number of wavelenigs. typically consists O_f a set of (forecfast)_ tra_ﬁlc _demanc_le.,(l.
Although a formulation based on maximal independent sets requested connections), and the objective is either tblesita
(MIS) does not have these drawbacks, it suffers from the all the connections using a minimum number of wavelengths,
exponential growth in the number of variables with the increasing  or to maximize the number of accepted connections (in which
network size. We develop a new ILP formulation based on the 556 the number of wavelengths is taken as a constraint). We
idea of partitioning the path set and representing the maxinal . . .
independent sets in the original network using the indepenent refer to the former static RWA variant as tienRWA Pro*?'em
sets calculated in each of these partitions. This formulatin trades and to the latter as thenaxRWA problemBoth variants
off the number of variables with the number of constraints have been studied extensively in the literature. Since both
and, as a result, achieves a much better scalability in termsf problems are NP-hard [9], many heuristic solution methods

network dimension. The proposed approach is compared with paye heen developed and evaluated under various assusiption
existing formulations on ring networks of various sizes andit :
and network settings [10], [11].

is demonstrated that the new formulation achieves more than g L . . . .
two orders of magnitude decrease in running time, making it In this work, we are interested in obtaining optimal solngio

possible to (1) solve optimally large network instances fony to the static RWA problem. Several mixed integer linear pro-
number of wavelengths, which cannot be solved with classita gram (MILP) formulations have been proposed in the litewatu
formulations, and (2) perform extensive ‘what-if” analysis 10 for poth the minRWA and maxRWA problems. In general,
evaluate the sensitivity of the optimal solutions to uncedinties t fi | f lati b t ized ith
in forecast traffic scenarios. most conventional formulations can be categorized as reithe
link-basede.qg., [12]) orpath-basede.qg., [13]). Both link- and
|. INTRODUCTION path-based formulations share the common drawback of being

. . . . highly symmetrical with respect to wavelength permutation
Wavelength division multiplexing (WDM) enables optical;qreqver, the problem size increases rapidly with the numbe

networks to divide the enormous bandwidth of an opticgk avelengths, hence these formulations do not scale well
fiber into non-overlapping wavelength channels, which cag nenyork environments that can be realized with current

be operated in parallel. Hence, wavelength routed optiGalnnology, which supports 120 or more wavelengths per link
networking has been considered as a promising approach fol, siternative formulation was developed in [13] to cap-

the realization of next generation large bandwidth network i5ji76 on the fact that the wavelength assignment problem
In wavelength routed WDM networks, traffic is carrieqs gquivalent to the graph multi-coloring problem. This-for
over optical pathslightpathg between source and destinationy, jation is based on maximal independent sets (MIS) and is
nodes. In the absence of wavelength converters, a lightpgfyy, that the problem size is independent of the number of
occupies the same wavelength channel on all the fiber linfselengths. However, the number of maximal independent
along its path qnd it is optically swnc_hed at mterme(_jlatgets grows exponentially with the sizeof the graph to be
nodes. The routing and wavelength assignment (RWA) is thg|ored. For a general graph, the upper bound on the number
p_roblem of se!ectlng a path and_ wavelength for ea}ch of the maximal independent sets 3§%/3). Note that, in the RWA
given connection demands, sub_Ject to the constraint that P®blem formulation, the size of the graph is equal to the
two paths sharing a link are assigned the same wavelengthymper of paths in the original network, which poses severe
. Static RWA is one of the (_:entral problems in the d'mens'o%_'calability challenges. Consequently, rather than sghtire
ing of WDM networks, and it also appears as a subproblem s formulation directly, the authors of [13] used its LP

relaxation to obtain lower bounds. Even in ring networks,
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networks. II. NOTATION AND EXISTING RWA FORMULATIONS

To overcome this limitation, column generation techniques o physical topology of an optical network can be rep-
may be used. Column generation, first proposed in the conteXtanted as a grapli = (N, £), where\ is the set ofN
of graph coloring in [14], is an iterative technique whichenyork nodes and is the set ofZ, physical links connecting
formulates the problem with a subset of MISs and adds afys nodes. We assume that each physical link is directed and
necessary additional variables on the fly by solving a secopgsists of a single fiber supportifi§j wavelength channels.
simpler LP. This techniques has also been applied to so&€ {jodes are connected with two links in opposite directions.
RWA problem in [15], [16]. Although the column generationrne amount of traffic demand from nodeto noded, in
method does yield smaller problem sizes for each iteratioyms of the number of lightpaths (connections) to be set up,
it nevertheless requires the computation of all the MISs and represented as, and T = [t,4] forms the overall network
also involves solving an LP which includes all the variableg atfic matrix. )
Consequently, it may not scale to realistic network sizéS&o  hg get of all node pairs in the network is denotecase.,
pracncql for network operators. _ Z={(i,§):i,j €N,i+#j}andZ = | Z|. In aring network,

In th!s paper, we consider the stgt|c RWA problem Ithere are two possible paths between a node @ajy € Z:
WDM ring networks. Although there is some evidence thajne in the clockwise and the other in the counter-clockwise
network operators may transition to mesh networks, vass pagjirection, represented as; o andp,; 1, respectively. The set of

of the current optical network infrastructure are based Qfj pathsp is the union of the set of clockwise paths (denoted
SONET/SDH rings. Furthermore, any such transition to meg@, PY% and the set of counter-clockwise paths (denoted by
networks is likely to be slow and take place over many yearﬁa) whereP* = {p;; .} for k= 0,1, and P = |P|

! - 1], — Y - .

Therefore, optimal network design techniques for WDM rings Using the above notation, the minRWA problem can be

are Ilke_ly to Pe important for the foreseeable future. defined as determining the minimum number of wavelengths
Starting with the MIS formulation, we develop a decomg, saiisfy all the demands iff’, subject to the constraint
position approach to obtain an equivalent formulation W|_t{hat no two lightpaths sharing a common link use the same
a much smaller number of variables. Our approach consigig, ejength. On the other hand, the the maxRWA problem can
of partitioning the path set and representing the maximgl yefined as maximizing the number of satisfied demands for
independent sets in the original network using the independ ; given number of wavelengths, subject to the same confstrain
sets calculated in each of these partitions. The result is; i, following subsections, we present link, path, and MIS
suite of formulations that trades off the number of variablg, ., iations of the miNRWA problem, using consistent nota-
with the number of constraints and, as a result, achieve;g, pye to space constraints, we omit the formulations for
much better scalability in terms of network size. We presefifa maxRWA problem; however, these can be derived from

nurr_lerical results to demonstrate that our new formu_latiq}ﬁe formulations presented here by appropriately adaptiag
achieves more than two orders of magnitude reduction dbjective function and some of the constraints.

running time compared to the link, path, or original MIS
formulation. Specifically, we show that ring networks ofdea A. Link Formulation

16 nodes (the maximum size of a SONET/SDH ring) can be penoting the set of links outgoing from (respectively, in-

solved in just a few seconds. Therefore, our new approaghming to) noden as £ (respectively,£:7), the minRWA
has several unique practical benefits for network desigm®is ,rmulation can be stated as:

operators, including: (1) the ability to solve the RWA preol
optimally for any existing WDM ring network, and for any min V
number of wavelengths; (2) the ability to perform extensive

“what-if” analysis to evaluate the sensitivity of the opiim subject to
solution to uncertainties in forecast traffic demands; &id ( 0 n#ij
the potential to speed-up the solution of other hard networE et — Z =Lt m=i v_” e N, 1)
design problems for which RWA is a subproblem. While itl o+ ! ler- ! b (i,J) € Z,w
may not be possible to obtain optimal solutions to all hard " " K J
network design problems that include RWA as a subproblem, Z et <1 VWleLVw (2)
the capability of solving larger instances to optimalitykesit (i.§)EZ
possible to evaluate the performance of heuristics andlaleve Z Z <y 7L Y ?)
more efficient ones. (iezict YT

The rest of the paper is organized as follows. In the next V> wu®  Vw (4)
section, we introduce the network model and notation, and, -
for the sake of completeness, we present the earlier lirtk, pavhere c,i.’jw = 1, if there exists a lightpath from nodé

and MIS formulations of the minRWA problem. In Section lllto node j that uses wavelengthw on link [, and is O
we describe our new formulation based on decomposition atherwise.u is a binary variable which indicates whether
the maximal independent set. We present numerical resultsnavelengthw is used andV is the number of wavelengths
Section 1V, and we conclude in Section V. used. Expressions (1) are the multi-commodity flow equation



corresponding to the routing subproblem and expression &jbject to
is the wavelength constraint. Constraints (3) ensure iffat

is 1 whenever wavelengtlv is used by any lightpath on Z bijk = tij V(i,j) € Z (10)
any node and expression (4) séts to the index of the k=0,1
largest wavelength used. In the actual implementation, see u b < Z oY V(i,j) € Z,k=0,1 (11)
separate constraints for the incoming and outgoing lightpa ik = ~, Mgk ’ ’ ’
at source and destination nodes in (1) to improve efficiency. "

Z UT}'L S V (12)

B. Path Formulation mem
For ring networks, there are only two possible paths between _ . i
each node pair. Hence, the routing subproblem reduces tc;I'he first set of constraints ensures that the traffic demand

selecting either the clockwise or the counter-clockwisth pa€tWeen each node pair is satisfied by using lightpaths over

for each lightpath between a node pair, which results fRe clockwise and counter-clockwise paths. Since, the mumb

significant reduction in problem size compared to arbitraQ} Wavelengths assigned to a path is the sum of the number

network topologies. The path formulation for the minRWA_Pf wavelengths assigned to maximal independent sets which

problem is given as: include that path, the second set of constraints ensureés tha
each path is assigned a sufficient number of wavelengths.

min V'
) The MIS formulation has the clear advantage of being
subject to independent of the numbé#” of wavelengths, whereas the
Z chyik —ty; V(i,j)€Z (5) sizes of the path—_and link-based form_ulations increasé wit
Pt W. Moreover, the link and path formulations have a symmetry
’ I problem. Specifically, given a feasible solution, differealu-
Z Z CijpXige <1 V€ L, Vw (6)  tions with the same objective value can be obtained by simply
(1,4)€Z k=01 changing the order of wavelengths. This means that there are
Z Z i <u'P Yw (7) W! different optimal solutions to the problem; since the ILP
(i,§)€Z k=0,1 solver has to evaluate all of these solutions, the runnime ti
V > wu® Y (8) can be unnecessarily long. On the other hand, the number of

_ ) o _ o MISs in G, increases exponentially with the number of paths,
wherecj; , is the binary decision variable indicating whetheghich in turn increases quadratically with the number ofemd
there exists a Ilght;oath on pajh; . which uses wavelength iy G, Therefore, the number of variables,,, grows rapidly
w. The variable X7;, = 1, if pi;; is uses linkl, and ith the size of the network, limiting the applicability dfi¢
is O otherwise. Expression (5) ensures that all demands fig5 formulation to small networks.

satisfied, while expression (6) is the wavelength constrain |, he following section, we develop methods to obtain

C. MIS Formulation formulationsequivalentto (10)-(12) using a smaller number

. f,variables, so that larger network instances can be solved
The wavelength assignment problem can be transform@ . , .
9 9 P ﬁhout sacrificing the benefits of the MIS-based formulatio

into a graph multi-coloring problem by defining a new grapW
G, where each node corresponds to a patfy iand two nodes
are connected to each other@, if the corresponding paths  Ill. M AXIMAL INDEPENDENTSET DECOMPOSITION
in G share a common link. The problem is then equivalent to (MISD) AND RWA FORMULATIONS BASED ONMISD
assigning separate colors to a nodedp for each lightpath
established over the corresponding pathdnsuch that the  As we discussed in Section II-C, the limiting factor for the
two adjacent nodes are not assigned the same color. Thud/l&-based RWA formulation is the exponential increase in
set of paths in@ can be assigned the same wavelength if ttibe number of MISs with the number of nodes (vertices) of
corresponding nodes iff,, form an independent set. Gp. In this section, we propose a new approach to decrease
We denote the number of lightpaths on path; asb;; . the number of independent sets. The method is based on
and letv,, be the number of wavelengths assigned to thidentifying two nearly equal and preferably large indepeartd
independent setn. Let M denote the set of all maximal subgraphs in the path grapfy,, and dividingG, into three
independent sets i, which can be calculated efficientlycomponents, two of which are the identified independent
using the Bron-Kerbosch algorithm [17]. Also, [Et", be the subgraphs and the third subgraph includes the rest of thesnod
path-path set incidence function defined as in Gy,. As will be discussed shortly, this graph partitioning
enables an efficient decomposition of MISgip. Importantly,
9) such graphs can be easily identified in ring networks by using
0, otherwise. the path-link incidence information. Then, the MISs @,
are represented as combinations of independent sets in each
subgraph. The result is a very beneficial trade-off betwhen t
minV number of variables and constraints in the RWA formulation.

_— { 1, if path setm contains pattp;; 1,
ik —

The ILP formulation can now be written as



A. Maximal Independent Set Decomposition with 2 Indepeflgorithm 1 Calculation of core set®*.

dent Path Sets (MISD-2) Initialize QF = maximal independent sets G
Realizing that the clockwise paths do not intersect with for each core sef € Q% do
counter-clockwise pathg, can be divided into two discon- ~ for each node € ¢ do
nected components;d andG?, corresponding to the sef2” if p has a link to a node € G;° UGy!, and none of
and 7', respectively. The MISs ii:) (respectivelyG?) are the nodes iy \ {p} have a link to that nodéhen
denoted asM® (respectively,M'). Also, we definev® as Append the set \ {p} to Q.
the number of wavelengths assigned to the Mi% M* for end if
k =0,1. Then (11) and (12) in the basic MIS formulation are ~ end for
replaced with: end for
Add () to QF.
bijk < > vn X[y V(i,j) € Z,k=0,1 (13)
meM> Finally, for each core set € QF, the maximal sets of nodes
Z ok <V k=0,1 (14) in G’;”“' which are independent from each other and the nodes
meMF in ¢ (M**) are calculated fok, &' = 0, 1.

With these definitions, for each € Q* andm; € M&?
andm; € M}', m; UqUm; corresponds to an MIS it}

The MISD-4 formulation can now be obtained by replac-
B. Maximal Independent Set Decomposition with 4 Indepef9 (11) and (12) in the basic MIS formulation with the
dent Path Sets (MISD-4) following equations:

In order to further decrease the number of variables in
the formulation,G% (k = 0,1) is divided further into three by, < Z vheorex

Note that, for eachn; € M° andm; € M', m; Um;
gives an MIS forG),.

VDijk € 'Pk’core, k=0,1 (15)

ij,k
partitions:GF-cor¢, G0, andG#-!. The partitions are selected qeQr
such that there are no links between the node@,ﬁﬁ and the i s
) - ) kK 3 pijk € PTY,
nodes mG’;vl. The remaining nodes are collected in the sebij.k < Z Z Vgl Xij.h k kj, —0.1 (16)
Gr-core. This operation is equivalent to partitioning the path a€Q* me mEH e
set P¥ into three subsets, where none of the pathsPi? Z pheore <y k=01 17)

intersect with any of the paths iB*!. Also, P*<°"¢ includes .
the remaining paths i®*, which may intersect with the paths ,
in P50 and/orpk!. D vem =ubeTt Vge QMK =0,1 (18)
For the ring network case, an appropriate partitioning @n bnemi*’
obtained based on the links that each path uses. Assuminhg Ehat . . kocore i
. : : nthis formulation,v is the number of wavelengths as-
nodes in the ring network are numbered from 1Xoin the a

clockwise direction, and denoting the clockwise (respetgj S'9ned to the core sgte Q" anduvgy;, denotes the number of
counter-clockwise) links ag® (respectively,Cl): wavelengths assigned to the sete Mg . Expressions (15)
. PO Pk is defined as the set of paths that use Onr’ind (16) ensure that each set is assigned a sufficient nurhber.o
links in Ek,between node$1 IN/2)} \Mavelengths that the number of Wavelgngths on each path is
. Pkl Pk is defined as th; 's.evt of patﬁs that use On&reater t_han or equal to the number of lightpaths on that path
the rest of’the links ink xpression (17) set¥ to the number of wavelengths used,
b core & : ‘ : while constraints (18) ensure consistency between wagtien
o« PF C P*, consists of the paths that use links fronllssignment in different path partitions.
both parts. This decomposition approach can be further extended to
This partitioning results in 4 independent path sets, n;amqjevek)p formulations with 8 (MISD-8), 16 (MISD-16) or more

Poo, POL PO andpht. . independent path sets. Due to page constraints, the exact
For developing the formulation, it is necessary to intra@&uggrmulations are omitted.

a new set definition, referred to asre set Core sets foGl’j

are denoted a@* and defined as the sets of nodegdfyccre  C. Comparison of the MIS and MISbFormulations

which are maximal subsets of any MIS@f. In other words,  In Fig. 1 we plot the number of independent sets in the basic
QF includes the intersection of any MIS @} with the node MIS formulation, as well as the MISD-2, MISD-4, and MISD-
setGI’fv“’”, as an element. Consequently, any MISij can 8 formulations, using a logarithmic y-axis, against the bem

be written as the union of a set & with some nodes iﬁ},’jvo N of ring nodes. We observe that the number of independent
and/orG,’;vl. The core sets are calculated using the followingets in MISD-2 is just the square root of the corresponding
Algorithm 1. The running time complexity of the algorithm isnumber in the basic MIS formulation. This is due to the fact
O(|Q¥|N?). that the path graph for ring network is composed of two

k



# of MISs

Fig. 2. The 4-node ring network for the example in SectiorDl|

TABLE |
THE SET OF PATHS BETWEEN EACH NODE PAIR IN THB-NODE RING
Fig. 1. Comparison of formulations in terms of MIS decisiarigbles NETWORK OFFIG. 2
[path#[i [j [k [links [ path#] i [j [ k[ links |
disconnected subgraphs. We also note that the MISD-4 and 7 1121071 13 311100 57
MISD-8 formulations achieve a further significant reduntio 2 T[2[1[864] 14 31142
in the number of MISs. For instance, on a 16-node ring 2 i g (1) é'g 12 g g 2 2'7'1
netwqu, the number of MISs in MISD—A_I is nearly an orde_r of = T T2 T0 i35 17 3 T7T015
magnitude smaller than in MISD-2, while for a 32-node ring, [& 11418 18 3141 428
the corresponding reduction in maximal independent sets is| 7 211]0]357] 19 411107
nearly three orders of magnitude. g g é é g gcl’ j: ; é ?“1"2
This decrease in MIS size comes at the expense of additional—g >3 1] 286 22 T2 1 64
constraints (i.e., those corresponding to expression),(11&} 11 24035 23 430 713
number of which is equal to the total number of core sets. [ 12 2]4]1]28 24 4[3[1]6

However, the number of additional constraints is low reati
to to the great reduction in the number of independent sets.

As an example, for a 16-node ring, the number of core sets{rM 4},{20,6}, {10, 16}, {12, 16, 24}, {12, 22}, {18, 24}}
the MISD-4 formulation is just 953. As a result, by adding ?eséect%velyi TR e e e

small number of constraints, MISD-4 successfully elim@sat  The setr s equal to the cross product of setsi® and

a large number of variables in the MILP formulation. M! (each of size 11, and is equal to the 8t (of size 121)
D. lllustrative Example for the original MIS formulation above.
MISD-4 Formulation. The MISD-4 algorithm partitions the

To better clarify the operation of the MISD algorithms,, o\ oo naths into 2 independent sets and a core set as
in this section we present a simple illustration using the llows: P P

node ring network depicted in Fig. 2. Each link of the ring is 00 )
associated with an ID shown in the figure. The set of all paths® 7~ = {1,3,9}: the set of paths that use only the first

are listed in Table |. two clockwise links, links 1,3.

MIS Formulation. The basic algorithm calculates the set * P*' = {13,17,19}: the set of paths that use the other
of MISs, M, using the whole set of paths?, without two clockwise links, links 5,7, only. N
partitioning. The number of MISs is found to be 121. o PO = {5,7,11,15,21,23}: the remaining set of
MISD-2 Formulation. The MISD-2 algorithm partitions the paths that use any of the four clockwise links, links 1,3,5,
sets into two subsets. The set of clockwise paths is and 7.

Then, the set of core sets for the clockwise patd$, is

P?={1,3,5,7,9,11,13,15,17,19,21,23}, calculated as follows:

and the set of counter-clockwise paths is o Initialize Q° to MIS set of G})°o":
1_ Q= {11, 21}, {7}, {5}, {15}, {23}}
P"=1{2,4,6,8,10,12,14,16,18,20,22, 24} o For ¢ = {11,21}, path 11 intersects with path 3, but
Then, the MISs inP? and P! are calculated as: path 21 does not intersect with path 13; hence {8&}
MO = {{1,9,17,19},{1,9,13},{1,7},{1,11,19},{3,17,19}, is added toQ.
{3,13},{5,19}, {15,9},{21,9,17},{21,11}, {23, 17}}, o For g = {11,21}, path 21 intersects with path 19, but

Mt = {{8,16,24,6},{8,16,4},{8,2},{8, 22,6}, {14, 24,6}, path 11 does not intersect with path 19; thus,{ddt} is



TABLE Il
INDEPENDENT SETS INGS"" AND GJ'! CORRESPONDING TO EACH CORE

SETq € Q° Mem
IR Y W o
11,21} 1 ool
7 iy
5 T 1917 "
15 9}} 1} _
23 Y 17 Y
21 9 17 s v
11 1 19 ’
) 1,9}, {3} | {{17,19, {13}} s
0.1
0.01
added toQ°.
. @ is added tOQO <0001t
As a result,
QO = {{11, 21}7 {7}; {5}7 {15}7 {23}, {21}7 {11}, {}} Fig. 3. Solution times of minRWA formulations as a functioh§, W =
120
Then, for eachy € Q°, MJ? and MY are found as given

in Table II.
Comparing with the set° obtained above for MISD-2, we which the formulation could not fit in the available memory
observe that, for each € Q°, m; € M andm; € MY, for CPLEX to run.
m;UqUm; corresponds to an MIS in grag{) corresponding  The link formulation fails to solve instances witki > 10
to setP’. The set®', M;*, and M, ! are similarly obtained nodes within the time limit. The path formulation is more
for the counter-clockwise paths. efficient: CPLEX is able to find the optimal solution for
N < 16, but the running time exceeds the 2-hour limit for
all instances withV > 16. MIS runs faster than the path and
We now present numerical results to compare the efficienliyk formulations up to 8 and 10 nodes, respectively. Howeve
of the link, path, MIS, MISD-2, MISD-4, and MISD-8 for- the formulation size gets too large for CPLEX to solve beyond
mulations of the RWA problem we presented in Sections 10 nodes. The new MISD formulations perform much better,
and Ill. To this end, we used the CPLEX 11 optimizatiomwith running times below 1 sec up to 14-15 nodes (for MISD-
software to solve the corresponding formulations of ideaiti 4 and MISD-8), several orders of magnitude less than the
problem instances on a cluster of compute nodes with dudher three. Beyond 12 nodes, MISD-2 performs noticeably
Woodcrest Xeon processors running at 2.33GHz with 133®rse than MISD-4 and MISD-8, and beyond 20 nodes its
MHz memory bus, 4GB of memory and 4MB L2 cache. size becomes too large to fit in memory; similarly, MISD-
In our comparisons, we used a large set of random problénstarts outperforming MISD-4 for networks with' > 18
instances that were generated by varying the nunibeof nodes. MISD-8 is able to obtain the optimal solution for 24
nodes in the ring networkN = 6,7,...,24), the number nodes, 8 nodes more than the path formulation in about the
W of wavelengths per link Iy = 10,20, ...,160), and the same amount of time.
traffic demands,, (in lightpaths) between the various source- From a practical perspective, MISD-4 and MISD-8 make
destination pair$s, d) in the network. We also imposed a timet possible to solve RWA optimally for a maximum-size (16-
limit of 2 CPU hours for CPLEX to find a solution for a givennode) SONET ring in only a few (i.e., 3-4) seconds. Such
formulation and problem instance; if it failed to do so withi an instance can only be tackled by the path formulation, but
the 2-hour limit, we terminated the execution run and repdakes CPLEX almost two hours, on average, to find the optimal
this fact in the figures shown in this section. solution. Consequently, MISD-4 and MISD-8 allow network
Fig. 3 compares the various formulations of minRWA ilesigners and operators to perform extensive “what-if"1-ana
terms of the CPU time (in log scale) it takes for CPLEX to fingsis by investigating large numbers of scenarios regarding
an optimal solution, against the si2é of the ring network; forecast demands, cost and price structures, etc; suchsial
similar results for maxRWA are omitted. Each data point i thwould either not be possible previously, or would requirstva
figure represents the average of 30 random instances getieratounts of computational resources and time.
by drawing traffic demands (in lightpaths) uniformly at rand Fig. 4 presents another set of experiments we performed
in the interval[0, 5]. The data points in the light gray area oto determine the maximum number of nodes in a problem
the figure labeled “tLim” correspond to instances that couldstance that can be solved by each formulation for differen
not be solved within the 2-hour time limit we mentionedialues of the numbei’” of wavelengths within 3000 sec.
above. On the other hand, the data points in the top dark giElye problem instances were generated in the same manner
area of the figure labeled “Mem” correspond to instances fas those shown in Fig. 3. The dark gray area in the figure

IV. NUMERICAL RESULTS



of magnitude faster than the conventional methods and is

2af] O LK able to solve larger network instances to optimality. We are

ol < iso-2 currently working to extend this work in two directions: (1)
D avre develop efficient MIS decomposition techniques for netgork

or ‘ ' ' of general topology, and (2) investigate the impact of these

1 s 44 a2 x—u a4+ 4 —a more efficient RWA formulations on the complexity of other
important network design problems, including traffic greom

16

max

- — T ing, which include RWA as a subproblem.
14+
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