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Abstract—In IP-over-WDM networks, a logical IP network
has to be routed on top of a physical optical fiber network.
An important challenge is to make this routing survivable. We
call a routing survivable if no single physical link failure can
disconnect the logical topology. In this paper we present FastSurv,
a local search algorithm for survivable routing. FastSurv works
in an iterated way: after each iteration it learns more about
the structure of the logical graph and in the next iteration it
uses this information to improve its solution. We also extend the
algorithm to take link capacity constraints into account. We show
that our simple algorithm can produce better and faster results
than current state-of-the-art algorithms.

I. INTRODUCTION

In IP-over-WDM networks, an IP network is placed as
a logical topology on top of the physical topology of an
optical network. Each logical IP link is routed on a path ifig. 1. (A) Physical topology. (B) Logical topology (C) An unsurvivable
the optical network. Using wavelength division multiplexing"@°Ping- (B) A survivable mapping.

(WDM) [7], one physical link can carry several logical linkspreaks, both clear-channelsandd get disconnected, leaving
each on a different wavelength. The problem of routing logicite logical network in two parts: one containing notlend
links on the optical network and assigning wavelengths tbe other containing the other nodes. Routing (D) on the other
them is called the routing and wavelength assignment (RWA®Nnd is survivable: no matter which link breaks, the logical
problem [14]. In what follows we refer to logical IP links ashetwork always remains connected.

clear-channels and to physical links simply as links. In this paper we present FastSurv, a fast local search algo-

There are two main approaches to protection in IP-oveithm for survivable WDM routing. This paper is organized as
WDM networks: WDM protection and IP restoration [11]. Infollows. In section II, a detailed problem description is given,
WDM protection, a physically disjoint backup path is reserve@nd related work is discussed. In section lll the algorithm is
for each clear-channel. This can only be done at the cost®lained and in section IV test results are presented.
hardware redundancy. IP restoration can be a cheaper option
In this approach failures are detected by IP routers, which
adapt their routing tables. So when a link breaks, data trafficWe assume that a physical WDM topology and a logical IP
which used to go over clear-channels using this link is reroutéapology are given. The clear-channels of the logical topology
over other clear-channels which do not use the link. have to be routed on physical paths in such a way that no

An important problem for IP restoration in WDM networkssingle link failure can disconnect the logical network. Note
is caused by the fact that each link usually carries sevethit this is a subproblem of the overall logical topology design
clear-channels. This means that a link failure causes a numpegblem, in which the logical topology needs to be generated
of clear-channels to go down at the same time. It is possitiiefore it can be routed onto the physical topology [2], [9].
that the logical network becomes disconnected due to these o
concurrent failures and IP restoration becomes impossibfe. Formal problem definition
This is called failure propagation [3]. To avoid it, the clear- The input for the problem consists of two undirected graphs
channels should be routed in such a way that no single li(dach undirected link is made up of two unidirectional optical
failure can disconnect the logical network. This NP-complefiers): G,,(V, L) representing the physical topology, and
combinatorial problem is often called survivable routing.  G;,(V,C) representing the logical topology. is the set of

An example is given in figure 1. The clear-channels afodes in the network, and/ is the number of node§/|. L
IP network (B) need to be routed on WDM network (A)is the set of links of the physical network. It is represented as
The routing given in (C) is not survivable: when lirfk,5) an N x N matrix, for which entryl,,,, = 1 if there is a link
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between nodes: andn andl,,,, = 0 otherwise.C is the set IIl. THE FASTSURV ALGORITHM
of clear-channelsc,; = 1 if there is a clear-channel between
nodess andd. A solution is obtained when each clear-chann
of C' is mapped onto a path in the physical graph. So, for eag
csa € C,an N x N mapping matrixR*? = (r:¢ ) needs to

be found, for whichr5? = 1 if I,,,, is on the path of.q. A. The basic FastSurv algorithm

In the first subsection we present the basic FastSurv al-
orithm for survivable routing. In the second subsection this
rborithm is extended to account for link capacity constraints.

mn

A mapping is evaluated by disconnecting the links,

. An overview of the algorithm is given in figure 2. It starts
of physical graphG,; one by one. For each,,, all clear- g g g

T ed , ) from an initial solution obtained with a simple heuristic and
chgnne!SCSd for whlgh Tn, = 1 are g:lsconfleCted 0, tries to improve it in a number of iterations. Solutions are
gving rise to a part_|al logical graplij; ; Using the Clear'_evaluated as explained in subsection II-A, and the algorithm
channels O.f this partial graph, we try to f”?d a path connecting,,tes all clear-channels which were unsurvivable on at least
the endpointss and d of egch of the @sconnected clearyne of the links. While rerouting the algorithm tries to avoid
chqnnels:sd. .lf s andd are disconnected iGrj;", we say that routing together clear-channels which were unsurvivable when
Csd IS unsu'rvwable Ottn, and.ca",{,ch’ lm”}. an unsuzglvaple they were routed together on the same link in previous itera-
pair. In th.'s way an u_nsu_rwvapmty matr_nU = (upy) s tions. The algorithm ends when the full mapping is survivable
obtained, in whichu;i, is 1if c,q is unsurvivable ord,,,, and or when a maximum number of iterations is reached.
0 otherwise. The function to minimize is given in equation 1. To obtain an initial solution, the clear-channels are routed on
the physical graph one by one in random order, using a shortest
F(R) =YY uy, (1) path algorithm in which the cost of a path depends on the
mn sd clear-channels which are already placed on the physical graph.

If we consider wavelength assignment, there are two eRUPPOSe we have routécclear-channels, and are calculating
tra constraints: the distinct wavelength constraint and tdeshortest path for the + 1)*" clear-channel. If we indicate
wavelength continuity constraint [10]. The distinct wavelengthy C* C C the subset of theéfirst routed clear-channels, then
constraint states that each clear-charggfouted on linki,,,,, the costcost'**(l,,,,,) for clear-channel + 1 to use linkl,,,,
should use a different wavelength. Since each link can carrySa€dual to the number of clear-channelg from C* which
limited number of wavelengths, this comes down to a capacky€ lmn, as indicated in formula 2. This simple algorithm
constraint. To reflect this, we adapt the matrix of the lidks avoids that some links carry a lot more clear-channels than
if there is a physical link betweem and n, I,,,, contains others, which would make them more vulnerable with respect
the capacity of the link (instead of just 1), and otherwise P survivability (a similar strategy is used in [12]).
is 0. The wavelength continuity constraint states that a clear- _
channele,, should use the same wavelength on all the links cost™ ™ (Inn) = Z red, (2
along its path froms to d. This constraint can be relaxed if csa€C?
nodes in the network are capable of wavelength conversion. ater the initial solution is constructed, FastSurv reroutes at

In this paper we present an algorithm for the survivablgery new iteration all clear-channels which were unsurvivable
routing algorithm without link capacity constraints, and agp, 4t |east one link in the solution of the previous iteration.
extension for the case with link capacity constraints. We qf order to explain the algorithm, we first define a number of
not consider the wavelength continuity constraint. variables. For notational purposes, we use in this subsection

. indices i and j to refer to clear-channels, 4, and c;,q4;-
B. Related literature Ri(t) = [ri ()] is the mapping matrix for clear-channél

mn

There have been a number of publications on survivalite the solution of iterationt and U (¢) = [ul,, ()] represents
WDM routing as it is defined in subsection II-A. In [1]-[3], the unsurvivability matrix of the solution obtained in iteration
tabu search solutions are presented. In [5] an ILP formulationSo the clear-channels to be rerouted after iteraticare
of the problem is proposed, and in [6] two heuristic solutiothe ones for whichy", wu?, . (t) > 0. a;;(t) is the number
methods are derived using relaxations of the ILP. A simptH times that clear-channefsand j were routed together on
heuristic method is presented in [12]. Other papers considbe same link in the solution of iteratian) formally defined
related problems, or special cases of the survivable WDd& > ri. (t)rd,.(t). b;;(t) is the number of times that
routing problem. The algorithm proposed in [9] attempts tolear-channelsi and j were both unsurvivable when they
look at the complete logical topology design problem: givewere routed together on the same link, formally defined as

a physical topology and a traffic demand matrix, it generat@s, . u.,. (t)ul,, (t). Dividing b;;(t) by a;;(t), one obtains a

a logical topology and tries to route it survivably using a versatio which can be seen as an estimate (based on the experience
simple heuristic. Also the work in [11] looks at the full logicalof iterationt) of the probability that clear-channeland; both
topology design. Reference [4] and other papers by the sabreome unsurvivable when they are routed together. Based on
authors treat the special case where the physical topologyttis ratio, we finally defing;; (¢), which is the running average

a ring. In [13] the authors describe a solution for the speciaf these probability estimates. It is updated after each iteration

case where the logical topology is a ring. t according to formula 3 (in this formulay € [0, 1]).



1) Create an initial solution 1) Create an initial solution
2) Evaluate the solution, indicating which clear-channels were 2) Evaluate survivability and link capacity constraint violations
unsurvivable on at least one link 3) Finish if a solution is found or the maximum number of full
3) Finish if the solution is survivable or the maximum numbet iterations is reached
of iterations is reached 4) Reroute unsurvivable clear-channels
4) Update the information about which clear-channels werg 5) Evaluate survivability
unsurvivable when routed together on the same link 6) Go to step 8 if the solution is survivable or the maximum
5) Reroute the unsurvivable clear-channels of the previous [solu- number of survivable routing iterations is reached
tion, using the information of step 4 7) Return to step 4
6) Go back to step 2 8) Evaluate link capacity constraint violations
9) Reroute clear-channels which are on overfull links
Fig. 2. An overview of the basic FastSurv algorithm 10) Evaluate link capacity constraint violations
11) Go to step 2 if there is no reduction in capacity violations
12) Return to step 9

bij(t) &
apii(t—1) 4+ (1 — a) L5 if a;;(t) >0
Pij (t) = { p”( ) ( )a”(t) U( ) ) Fig. 3. An overview of the extended FastSurv algorithm

pij(t — ].) |f aij(t) = 0
is part of the larger cut sefb, e, f}, and thereforeh and e
So in p;;(t) the algorithm keeps a moving estimate Ofre both unsurvivable if they are also routed together vfith
the probability thati and j will be unsurvivable when they 5o when two clear-channelsand j do not form a cut set of
are routed together. These probability estimates are usedqgir own,p,; depends on which other clear-channels are also
reroute clear-channels: a shortest path algorithm is appliflited together with them. If, going back to the example, the
in which the cost of a path for a clear-channelis the sjtyation is such thaf is often routed together with and e
probability that: will be unsurvivable along the path. The(e.g. because of the structure of the physical graph), this will
probability Proby,,,,(t) thati will be unsurvivable on a path e reflected in high values fgg ., p, s andp, s, and FastSurv
is the probability that it will be unsuryivable on at least ongj| take the cut set into account. If on the other hafds
link of the path. The probabilityProby,,,(t) that i will be  rarely routed together with and e, all three values will be
unsurvivable on a linkl,,, of the path is the probability |ow: the cut set will be considered unimportant and FastSurv
that 7 will be unsurvivable when routed together with anyyi|| ignore it. So the pairwise probability estimates can be

of the other clear-channels which U$ﬁn (Cleal’-Channels seen as a Simp'e way to focus on|y on important cut sets.
which were not chosen for rerouting or which are already

rerouted).Probi,,, (t) is estimated according to formula 4 ands. The extended FastSurv algorithm

Prob . (t) according to formula 5.

P The extended FastSurv algorithm takes link capacity con-

Prob:,, () =1 — H (1—pi;(2) (4) straints into account. An overview is given in figure 3. A full
G0N lmn iteration of the algorithm consists of a number of iterations
Prob;ath(t) —1_ H (1 — Probi, (1)) (5) of the basic FastSurv algorithm (which we call survivability

iterations) and then a number of iterations to decrease the
. _ _ number of capacity constraint violations (which we call ca-
The algorithm described here is based on the observatigscity iterations). The survivability iterations are run until the
made in [5] that a routing is survivable if and only if no linkroyting is survivable or the maximum number of iterations
is shared by all clear-channels belonging to a cut set of tfigmpirically set to 2) is reached, and the capacity iterations
logical network. A cut set of a network if defined by a cut ofntj| there is no further reduction in the number of capacity
the network: a cut of the network is a partition of the nodesynstraint violations. The capacity constraint violations are
V' into two setsS andV — S, and the cut set defined by thisgyajyated by taking the sum of the overcapacity over all links,
cut is the set of edges which have one endpoint iand one 55 indicated in formula 6. The full iterations (the combination
in V' —S. In [5], this observation is used to formulate an ILRy¢ syrvivability and capacity iterations) are repeated until a

for the survivable routing problem: for each clear-channel arghrvivable routing without any overcapacity is found, or until
for each cut set of the logical network, a constraint is addedmaximum number of iterations is reached.

to the ILP. This leads to exact solutions, but also to very long

run times. In [6], the authors propose two relaxations to their F.(R) = Zmax«Zngn) Ly, 0) (6)
ILP, in which they do not include all cut sets. This speeds up poopy o

the algorithm, but sometimes leads to suboptimal solutions.

In FastSurv, we approximate the notion of the cut sets byIn the capacity iterations, the clear-channels to be rerouted
the probability estimategp;;. A look at the example logical are chosen randomly from among the clear-channels which
graph of figure 1(B) can help explain the meaningyef. are routed over links with overcapacity. More formally, a
In this graph,{b,d} forms a cut set of size twoh and d clear-channet,, is considered for rerouting i§_, . (rs¢, x
are both unsurvivable each time they are routed together, andz((Y,,; 5% ) — ln,0)) > 0. The maximal number of
thereforep,y will be 1. p,. on the other hand will normally clear-channels rerouted in one iteration is empirically set to
be lower than 1, sincgb, e} does not form a cut sefb,e} 10 percent of the total number of clear-channels in the graph.

lmn ONpath



TABLE |

The chosen clear-channels are removed from the routing RESULTS ONNSENET
matrix and rerouted one by one in random order. The rerouting Network Degree 3 Z 5
is done with shortest path routing where, like in the heuristic EastSurvl Uns 0 0 0
used to obtain the initial solution for the basic algorithm, the Time | 0.0117 | 0.0155| 0.0166
cost of a link is equal to the total number of clear-channels on ILP uUns 0 0 0
the link. However, if the number of clear-channels on the link Time | 83 173 | 1157
is lower than the link's capacity, this cost is divided by the Relax-1 'Lrjrr:fe 11% 105 200
link's capacity. In this way overfull links get a much higher Relax2 UII’]S 0 0 0
cost, and hence they are avoided. Formallgifc C is the set Time 13 15 20

of the i clear-channels which are already routed (because they

. TABLE I
were not chosen for rerouting or because they have already RESULTS ONARPA2 WITHOUT LINK CAPACITIES
i i i th
been rerouted.), the C(_)st of using link,, for the. (? .+ 1) _ TS97 503 FasiSur
clear-channel is given in formula 7. Also for the initial routing Time 1 Uns | Time T Uns | Time | Uns
we now use formula 7 rather than 2. The capacity iterations Degree 3] 1 | 4.34 | 0 031 O 007 O
have similarities with a local search for RWA described in [8]. 21491 0 |104] 0 [005] O
Degree 4| 1 | 5.38 0 2.37 2 0.02 0
Yo coi Tl 4 2| 4.75 0 0.33 0 0.02 0
. Csd mn H s
cost™ (L) { Ton if X uec Tmn <lmn (7 TABLE Ill
chdeci Tmn if ZCSdGCi Ton = lmn RESULTS ON THE28-NODE RANDOM NETWORK WITHOUT CAPACITIES
IV. TEST RESULTS TS97 TS*03 FastSurv
In thi i q ibe test it btained wit Time | Uns | Time | Uns | Time | Uns
n this section we describe test results we obtained With—eoreear 11037 0 [ 1211 0 [ 004 0
FastSurv. IV-A contains results for the basic FastSurv algo- > 11014 10 | 562 | 4 000 O
rithm and IV-B for the extended FastSurv algorithm. Our [ Degree 4| 1 | 15.75| 0 | 0.75| 0 | 003 | O
programs are implemented in C++ and all tests were run on a 2]11508] O 069 O 004] O
PC with a 2.4 GHz Intel Pentium 4 processot. TABLE IV
A Test Its f the b ic FastS | ith RESULTS ON THE49-NODE LATTICE NETWORKS WITHOUT CAPACITIES
. Test results for the basic FastSurv algorithm
. . 9 . TS97 TS*03 FastSurv
For the basic FastSurv algorithm, we made comparisons Time | Uns | Time | Uns | Time | Uns

304.13| 10 | 512.40| 10 | 2.30 | 10
463.07] O 37.23 0 0.15 0
323.96| 10 | 513.36| 10 | 2.26 | 10
45522 10 | 896.05| 9 0.29 0

with the full and relaxed ILP methods of [6] and the tabu
search algorithms of [1], [2]. In every test run FastSurv is given
100 iterations, with a random restart after evédy iteration

in order to avoid getting stuck in a local optimum (since it is

a_ltzcta;: search altgorlth_m). '_rh?hta_bu searcth algorithms are Mt account. Nevertheless, there are some differences in TS98
w € parameters given in eir respective: papers. which make it more efficient. Therefore we made an adaptation

For comparison with the ILP methods, we ran FastSurv : S . o
. . ! _ the algorithm which ignores link capacities (TS*03).
the problems which were used in [6]. The physical netwoywe used the following physical networks: the 21-node, 26-

is the 14-node, 21-link NSFNET. The logical topologies werg k ARPA2 network and a 28-node 42-link random network,
randomly generated by the authors of [6]. There are networ, Sth used in [2], and four randomly generated 49-node 67-

of tdegrke_e 3'h4'hanI? 5,dwhehre adnetworll<: of de%r%es 4 link partial lattice graphs.Both for the ARPA2 and the 28-
network in which afl nodes have degrae =or each degree ,,4q random network, we randomly generated four logical

100 I?glcal nr(]—:-t;/vo:ks V\gre genzr?;ed. ThT‘t algorithm is r.'g} phs: two with average node degree 3 and two with average
once for each test problem, and the Tesulls are summariziag,q degree 4. For the partial lattice networks, we used one

per network degree in table |, whekéns is the number of dggical graph per physical graph, randomly generated with an

INFRIE NI

problems for which no survivable solution was found, an pproximate average node degree of 4. For each combination

;rl_";e' 'Sﬂ:hef £|i|v|e|_r|§ge Irutr_l time tr;]erdprob(;eml n fPUdse(ion §f physical and logical graph we ran each algorithm 10 times.
IS the Tu solution method, and relax-1 and relax-2 pg rog it are given in tables II-IV, whetédns is the

are the _two.r.elaxa'uons.of ILP, which use only a subset %fumber of runs in which no survivable solution was found and
the survivability constraints. The results show that FastS fmeis the average run time per problem in CPU seconds. For

gives good results in very sh(_)rt times. The other approacr}ﬁ% small ARPA2 network, all three algorithms always find an
are much slower, and relax-1 is not able to solve all problems timal solution (except TS*03 in two cases), but FastSurv

For comparison with the tabu search algorithms, we couﬁ s shorter run times. For the 28-node random graph and the
not obtain the test problems used by the authors, nor the Soujee

. . ; -n rtial latti raphs this time differen igger
code, so we use our own implementation of the algorith Snode partial lattice graphs this time difference gets bigger,

. . . d there are more differences in solution quality. These
presented in [1], [2]. Strictly speaking, only the tabu searc d Y
O_f [1] (TS97) addresses the basic survivable I’OU_tII’lg prObI_e_mlThe partial lattice graphs are constructed by building a 7 by 7 full lattice
since the tabu search of [2] (TS98) also takes link capacitig@ph, and taking away links randomly until 67 (40 %) are left.



TABLE V

RESULTS ONARPA2 WITH LINK CAPACITIES Bestis the best solution over 10 runs, with left its number of

unsurvivable pairs, and right its overcapacity. The best solution

TS98 FastSurv : .
Time T Au | Ac | Besi| Time I Au | Ac | Best is the one with the lowest sum of these two values. FastSurv
Dg3[1]269[00[0.3] 0/0 | 0.13]0.0/0.0] 0/0 gives comparable to better results than TS98, and again its
2/ 189[00]0.2] 0/0 | 0.180.2[0.0] 0/0 run times are much shorter. Also, FastSurv seems again more
Dg4|1]479]0.8]0.0] 0/0 ] 0.05]0.0/0.0] 0/0 scalable with respect to the number of nodes.
2[490[0.0{04| 0/0]031|0.0[0.3] 0/0
TABLE VI V. CONCLUSIONS AND FUTURE WORK _
RESULTS ON THE28-NODE RANDOM NETWORK WITH CAPACITIES We have presented FastSurv, a new local search algorithm
TSO8 FastSurvy for survivable routing in WDM networks, and compared it to
Time [ Au | Ac | Best| Time [ Au | Ac | Best existing state-of-the-art algorithms for this problem. FastSurv
Dg3|1]16.64/0.0]/25] 0/2]1.07]0.0{20] 072 gave better results while using much shorter run times. The
g4 i 112-1%8 8-8 8-3 8;8 8-8; 8-8 8-(2) 8;8 property of giving high quality results in a very short time
ST 5751001001 0/0 1 0101001 0.0 0/0 can be important. As was pointed out in section I, _routmg
a logical topology survivably on a physical network is part
TABLE VII ; ; ; ;
of a larger logical topology design algorithm, and a time-
RESULTS ON THE49-NODE LATTICE NETWORKS WITH CAPACITIES h . .
555 T consuming algorithm there can considerably slow down the
Time TAu T Ac T Best| Time TAu | Ac | Best Iarge_r algorithm. In futL_Jre wo_rk we plan to extend FastSL_Jrv_to
11748798 221001 2/0 | 787 [ 20 001 2/0 take mtp account multiple fallu_res ar_1d wavelength continuity
2163135/ 00| 30| 0/3 | 638 | 00| 3.0 0/3 constraints. We also want to investigate the performance of
3] 4647 [20]00] 2/0 | 759 | 2.0[ 0.0 2/0 the current algorithm better. In particular, we want to verify
4163883| 10| 00| 0/0 | 244 [ 0.4 ] 0.0 0/0 the scalability suggested by the test results in this work.

results suggest that FastSurv is faster, better and more scalable VI. ACKNOWLEDGEMENTS
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to reroute each clear-channel separately, and pick the rerouting
which improves the solution most. Routing a clear-channel h
a complexity ofO(Dijkstra) (which is maximallyO(N?)),
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