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Abstract—In this paper we consider the logical topology design for multihop optical network design so as to get potentially
and traffic grooming problem in multihop WDM networks.  near-optimal solutions. Also, we analyze the logical topology
Usually, this problem is defined as an integer linear program gagjgn algorithms with extensive simulations. This paper is

(ILP) which is NP-complete. This justifies the use of heuris- ized foll Section 2 d ibes th bl d
tic algorithms. Many heuristic algorithms differ in the order organized as follows. section escribes the problem and an

of traffic demands considered for lightpath provisioning. We integrated algorithm which determines the logical topology
apply the technique of ‘rollout’ to systematically improve the and traffic grooming simultaneously. We introduce an interface

performance of various heuristic algorithms by approximately —constraint shortest path algorithm for our integrated logical
optimizing the order in which traffic demands are considered. topology design algorithm. Also, we describe “index rollout”

Through simulation experiments, we show that the performance lqorith in Section 4. In Section 5. we analvze th rfor
of the rollout algorithms we derive are clearly superior not only ~&'90TthMS I Section 4. In Section 5, we analyze the perior-

to that of the initial heuristic algorithms on which they are based, mance of the algorithms using various metrics and compare
but also to that of other well-known heuristic algorithms. the performance to that of other well-known algorithms in

multihop environments. Finally, we conclude the paper in
Section 6.
By dynamically reconfiguring the optical switches to set up
lightpaths, wavelength division multiplexing (WDM) networks Il. PROBLEM DEFINITION
can provide single hop communication channels between end’he problems of optical network design are formulated as
nodes. This eliminates the electronic processing at intermmateger linear programs. The problem definition and notations
diate nodes along the path and significantly reduces delaythis paper follow those defined in [9].
However, it is generally impossible to provide single hop
connectivity between each pair of end nodes due to limitétl Network Model
number of router interfaces, optical impairments and otherWe consider a network connected by bidirectional optical
scalability issues. Consequently, it is necessary to creéitks forming an arbitrary physical topology. However, light-
multihop paths and have electronic switching over multipleaths are not feasible between all nodes due to the optical im-
lightpaths for traffic between some source and destination pgdgrments as well as the number of interfaces. We assume that
[1], 91, [12], [13]. the effect of the optical impairments is to place a constraint on
Much research has been done on the logical topology desthe maximum length of each lightpath. To connect two nodes
and traffic grooming problem. That research has focusedhose distance exceeds this upper bound requires more than
largely on the formulation of the problem using integer lineasne lightpath. Each link has only one fiber consistinglisf
programming (ILP), but the problem is known to be NPwavelengths. Each optical node is equipped with an optical
complete [1], [3], [5], [12]. Consequently, many heuristicross connect (OXC). We assume each OXC has no capability
algorithms have been proposed. However, most of these @f-wavelength conversion. So, when wavelength conversion as
gorithms deal with only direct (single-hop) connection setupell as optical signal regeneration is required, two lightpaths
between source and destination pairs using heuristic functioass necessary. But our algorithms can be easily extended to
considering interface availability at the source and destinatiorclude networks that contain a mixture of nodes with and
[1], [3], [4], [6], [7]. In this case, grooming for multihop traffic without wavelength conversion. Each OXC is connected to an
is typically left for routing policy at a higher layer such as IP oedge device, e.g., IP router. For simplicity, we refer to the
MPLS [6], [7]. Recently, some algorithms have been proposedmbination of OXC and IP router as a 'node’ in this paper.
for multihop optical networks by relaxing some constraints [2Each node has a limited number of transmitters and receivers.
[12], [13]. Also, some graph models have been proposed foraffic between nodes is symmetric and each traffic demand is
multihop logical topology design and traffic grooming[8], [9]less than the capacity of a wavelength. We are considering only
In this paper, we investigate the multihop logical topola single path for each traffic demand. If there is no single path
ogy design and traffic grooming problem witfNG (Virtual that can accommodate a traffic demand, that traffic demand is
Neighbor Graph)[9]. For this, we propose rollout algorithmsconsidered blocked.

I. INTRODUCTION



B. Objective Function

Let hop(s,d) denote the (logical) hop distance of the pro-
visioned path fort,y, the traffic demand between sourge
and destinationl. 5,4 is 1 if t,4 gets a route (with sufficient
bandwidth) in the logical topology; 0 otherwise. Thuk, is

the blocking binary variable. Then, we consider two metrics (a) Example Network
as our objective functions: the network throughput and the o o @
weighted hop count as shown in Equations (1) and (2),

respectively. To get the optimal solution for this problem is
known to be NP-complete [1], [3], [5], [12]. So, this gives

justification to use heuristic algorithms. 9 o 9
L (b) Shortest Paths except node 6
Maximize : " t.afea 1)
s,d Fig. 1. Interface Constraint Shortest Path Problem
Minimize : ZtsdhOP(S,d)/Ztsd 2) 6) Steps 2,3,4 and 5 are repeated until all traffic demands
d o d are considered. This way, a logical topology is created

_ _ . _ from the VNG and all the routes for the traffic demands
C. Integrated Logical Topology Design and Traffic Grooming are computed.

For the topology design and traffic grooming, we use an ingj| | NTerrACE CONSTRAINT SHORTESTPATH PROBLEM
tegrated approach, which performs the logical topology design_r . . :
. : : : he interface constraint shortest path problem (ICSP) is

and traffic grooming simultaneously. For this, we create an . e \ .
abstracted graph, which is called thetual Neighbor Graph to find a shortest path satisfying interface constraints. This

(VNG). The nodes in the virtual neighbor graph correspo ?blem ;)ccursdwhgnt;‘:nd\l/r,llgeacbl—dl_rgctltt)r?al ShortTSt ﬁath
to the network nodes. Given the current state of the logic; goveen two nodes in the - Lonsider the example shown

topology design and grooming process, the VNG contai E'gurfdll.' Ikn this extamlg)l[ei(the hnzarfe;}oed T'onstramt 'St twtc_>.|
the information needed to determine what logical paths aI » SOIC TINKS are actual inks and dashed ines are potentia

e . : nks. All links are bi-directional and unweighted. We wish to
(bidirectional) lightpaths can be formed. Two nodegin the ¢ d a shortest path in the graph consisting of actual links and

VNG are connected by an edge if either (1) there is alreaagt tial links. If th ted path includ tential ink
a lightpath between: andy, or (2) it is possible to construct potential inks. € computed path Includes potential inks,
all of them are converted into actual links. This means that if

lightpath bet them. Thi th h i .
a lightpath between them. This means thandy both have é{&g path contains a potential link from nodléo nodej, ¢ and

available interfaces, are within the transmission range of e ¢ hh free interf Let " hortest
other, and the routing and wavelength assignment problem daffiust €ach have a Iree interface. Let us compute a shortes

be solved—i.e., there is a path framto y and a wavelength path from node 1 to each of the other nodes. As shown in

that is available on all the optical links (the same Wavelengtfﬁ)'.gure dl(%), Iil shorgestepatthh tre;a ";‘ formed ftor a l{ noldes eﬁctipt
In this case, we say that there ipatential linkbetween: and r node ©. For node ©, mhe interiace constraint ruies out the

y. If x andy are connected by a edge in the VNG, we refer tgathl —5 N § since node .5 hf”‘s only one free interface bUI. the
them as (\}irtual) neighbors. Even though multiple lightpat ath contains two potential links. Instead, the ICSP algorithm

are available, we allow only one potential logical link betweel ould find a path] —2 -3 —4 -5 — 6, for the request in

two nodes at each time. th%v%ralr)g .osed two algorithms to compute the optimal (short-
Our integrated algorithm takes the following steps. brop 9 P b

est) path satisfying interface constraints: the perfect matching

1) Initially, co'nstruct Virtual Neighbor Graph consideringa|gorithm and the extension of Dijkstra’s algorithm using
all constraints. _ ‘gateway’ nodes[18]. The complexity of these algorithms

2) A traffic demand is chosen based on some criterjg O(|E|?log |E|) and O(|V||E|) respectively. The ICSPF
and (Section IV) and a shortest path is computed f@jgorithms require more complexity than that of Dijkstra’s

the_demand. satisfying interfa_ce and bandwidth CoRigorithm, O(|V|?). We refer [18] for the details of the
straints(Section IIl). If none exists, then the demand iggorithms.

rejected.
3) If the path includes potential links, then those links are V. ROLLOUT ALGORITHMS FORLOGICAL TOPOLOGY
marked as actual links. DESIGN AND TRAFFIC GROOMING

4) The capacity of each link on the path in the virtual graph The performance of the logical topology design and traffic
is updated (decreased) to account for the bandwidiinooming depends on the order in which the traffic demands
allocated to the demand routed. are considered. We start with reasonable heuristics for demand

5) The VNG is updated by eliminating all the potentiabrdering and use the rollout technique to improve the heuristics
links violate the interface constraints. to obtain potentially near-optimal solutions.



A. Basic Rollout Algorithm heuristic algorithm continues in this way until all demands

Rollout is a general method for obtaining an improveBave been routed (or assigned null routes). _
policy for a Markov decision process starting with a base The index rollout algonthm works as follows: In the first
heuristic policy. The rollout policy is a one step lookaheagt€P. the rollout algorithm uses ICSPF to route the demand
policy, with the optimal cost-to-go approximated by the cost: determined by the requirement that it maximize the to-
to-go of the base policy [17]. We use the specializatio'@l network throughput when the base heuristic is used to
of rollout to discrete multistage deterministic optimizatiofOmplete the topology starting with,. Now, suppose that
problems. Consider the problem of maximizititu) over a the demandst,, ... t,—,) have been routed in this order by
finite set of feasible solution&. Each solutioru consists of the rollout algorithm. In the next step, the rollout algorithm
N components: = (u1, ..., uy). We can think of the processUses ICSPF to route the remaining demapdietermined by
of solving this problem as a multistage decision problem the requirement that it maximize the total network throughput
which we choose one component of the solution at a tim@hen the base heuristic is used to complete the topology
Suppose that we have a heuristic algorithm, the so-called “b&$8rting with (¢, ..., ).
heuristic”, that given a partial solution = (uy,...,un) (7 < ¢ Heuristic Algorithms

N) extends it to a complete solutiom = (uq,...,uy). Let In thi . lain th b heuristic algorith
H(ur,..un) = G(ur,..,uy). In other words, the value n this section, we explain three base heuristic algorithms

of H on the partial solution is the value @ on the full to which we appl_y the index r(?”OUt' These algc_)rithms were
solution resulting from application of the base heuristic. Th%roposed for the integrated logical topology design and traffic

rollout algorithm R takes a partial solutigm, ..., u,,—1) and grooming_in [9]. ) !
extends i% by one componenriR(ul w a 11) _ (51 ) ) 1) Maximum Traffic Demands (MTD)he traffic demands

where u,, is chosen to maximizef (u, ..., u,). Thus, the are considered in order of decreasing magnitude; the s-d pair

rollout algorithm considers all admissible choices for the neyéf'th maximum traffic demand is considered first for logical

component of the solution and chooses the one that Ieadé()[BOlOgy ‘?'95'9” and traffic grooming. .

the largest value of the objective function if the remaining <) Maximum Network Resource Usage (MNR) this
components are selected according to the base heuristic. %}%)_rlthm, at each step we find the traffp ‘?'ema”d that requires
rollout algorithm typically achieves a substantial performandBaximum network resources and provision for that demand
improvement over the base heuristic at the expense of Xt The amount of network resources required for each
computation that is equal to the computation time of the bad§Mand is computed by multiplying the traffic demand by the

heuristic times a factor that increases polynomially with tH&!MPer of logical hops that would be required if the demand
problem size. were provisioned now. We refer to this number of hops as the

expected number of logical hops (ELH).
B. Rollout Algorithms for the Logical Topology Design and 3) Resource Efficiency Factor(REFBy allocating network
Traffic Grooming resources efficiently, we can achieve higher network perfor-

We propose rollout algorithms for the topology control angnance. The resource efficiency in topology design and traffic
traffic grooming in this paper. The order in which traffigrooming is related to the number of (logical) links that are
demands are considered for lightpath provisioning plays &fed by a flow. We define the resource efficiency factor (REF)
important role in determining the throughput of the resultingp be the quotient obtained by dividing each traffic demand by
topology. We call a rollout that seeks to optimize this ordethe ELH, the expected number of logical hops.

Index Rollout

Suppose we are given a heuristic algorithm that specifies . )
the order in which demands are to be routed using the VN@&: Complexity Analysis
If a partial topology has been obtained by choosing routesWe compare the complexity of our algorithms with other
using the VNG forn demands(ty,...,t,) from the traffic well-known algorithms, HLDA (Heuristic Logical Topology
matrix, the base heuristic specifies which demand should Design Algorithm) [1], [3]Jand MRU (Maximum Resource
be routed next. For this demand, it chooses a route usidgjlization) [1]. In their original form, these algorithms do
interface constrained shortest path first (ICSPF) in the VN@t include a distance constraint. Thus, in order to make them
as explained in the previous section. The route chosen for th@mmparable to our algorithms, we modify them to include
demand is a shortest bi-directional path in the partial topologuch a constraint. Our algorithms determine logical topology
satisfying the constraints. This means that every link in ttend traffic grooming simultaneously. But, these tasks are
path must have sufficient residual bandwidth for the demariddependent in HLDA and MRU. For comparison, we assume
every potential link in the path must have available interfacéisat shortest path routing policy is used for the purpose of
at both its head node and at its tail node. If there is no feasilttaffic grooming for residual traffic demands after the logical
path, then the ‘null’ route is assigned-i.e., the demand tispology design. Also, we assume that ICSPF algorithm with
blocked. Once,,.; has been routed, the base heuristic selectateway’ is used for our integrated algorithm. For RWA
and routes the next demang,» in the same way using the problem, shortest path and FF(First-Fit) algorithm is used.
partial topology existing aftet,, . ; has been routed. The basélable 1 summarizes the complexity of the algorithms for the

V. ANALYSIS



TABLE |

SUMMARY OF THE COMPLEXITY OF THE ALGORITHMS topology design. A large demand will be routed early even

if it requires a large amount of resources—i.e., many logical

Algorithm  Complexity hops. This can result in later demands being blocked.
HLDA O(M|V?)
MRU O(M?[|V]?)
MTD O(M|V||E]) 90
MNR O(M2|V||E|) 80
REF O(M?|V||E]) 20 5 HLDA
rMTD O(M?|V||E]) g 60 = MRU
rMNR O(M3|V||E|) £ oMTD
IREF O(M3|V||E]) 230 O MNR
£ m REF
20
. . . . . 10
logical topology design and traffic grooming, whevé is the 0

number of source-destination pair. Algorithms rMTD, rMNR B S
and rREF refer to index rollout algorithms with MTD, MNR Seon e
and REF respectively. Fig. 2. Throughput: Heuristic Algorithms

B. Experimental Analysis

1) Simulation EnvironmentWe analyze the proposed inte-
grated logical topology design and traffic grooming algorithms
through simulations using the GLASS/SSF simulator [14],
[15]. We consider a 16-node NSFNet physical topology. We
assume that each link has 20 wavelengths and there is only
one optical link (fiber) between nodes. And, each node has no

o
o w

|
|

Weighted Hop Count
(8]
I

=]

o u

wavelength conversion capability. So, if wavelength conver- 12 3 4 5 6 7 8 9 10

sion is required, then setup of two lightpaths is necessary. In Simulation Runs

our simulations, each node has five transmitters and receivers.

The capacity of each wavelength is normalized to one band- Fig. 3. Weighted Hop Count : Heuristic Algorithms

width unit (BU). Each entry in the traffic matrix represents \ye also compare REF algorithm and other heuristic algo-
the aggregated traffic demand of a source-destination pgifsms. As shown in the figures, REF algorithm works better
It is generated independently using t_he uniform distributiopgn any other algorithm as measured by both weighted hop
between 0 and 0.5 BU. For the analysis, we used 10 randorglnt and network throughput. REF increases the network
generated traffic matrices. Also, we have run simulations Wifﬁroughput 4 and 6 %compared to HLDA and MRU respec-
different values for the maximum number of (physical) hopgely. It also reduces weighted hop count by between 14
permissible for lightpaths. But, we present only the simulatiog,g 169%. Compared to MTD, REF increases the network
results when the length of each lishgpath is constrained to bgigbughput 8 % and reduces the weighted hop count 18%.
most three since the results are very similar. For the case Whgrgiso increases the network throughput 47% and reduces the
the lightpath length is unconstrained, we refer to our preViOWéighted hop count by 67% compared to MNR. REF considers
work [9]. We measured the performance metrics of weightgght only the magnitude of the demands but also the number
hop count and network throughput. The objective functiogs (logical) hops to be routed. In contrast to MTD and MNR,
used for rollout is network throughput. And, the weighted hoggFr will delay the routing of a large traffic demand if to do

count is used for tie-breaking. so would require a large number of logical hops.
2) Heuristic Algorithms: We compared the performance 3) Base Heuristics vs. Rollout Algorithmstve are in-

of the three heuristic algorithms we proposed and the othet.ciaq in how much the performance of the heuristics is
well known algorithms. The network throughput and weighteg, ;o ed by applying rollout. The results are shown in Figures
hop count are shown in Figures 2 and 3. Except for REf, o\ 5

the integrated algorithms show poorer performance than the
other heuristics. HLDA and MTD provide a good example for
comparison because both algorithms use the same ordering of
the entries in the traffic matrix for the lightpath provisioning.
However, HLDA yields 6% better network throughput and 4%
better weighted hop count compared to MTD. The only dif-
ference between HLDA and MTD is how to handle multihop
traffic when either the source or destination of the demand
does not have free interfaces. HLDA leaves the path selection s 3 4 5 6 7 8 9 10
for multihop traffic to the routing, which is done after the Simulation Runs

logical topology is complete. On the other hand, MTD selects
the paths for multihop traffic earlier, as part of the logical

= L]
————=n
=

=

Throughput(%)

Fig. 4. Throughput: Basic Heuristic vs. Rollout Algorithms
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increase the network throughput 14 and 12 % and reduce the
weighted hop count 6 and 9% compared to HLDA. Also,

o
o

VI. CONCLUSION

8 9 10 In this paper, we have described our work on the topology
design and traffic grooming in multihop WDM networks. To
Fig. 5. Weighted Hop Count : Base Heuristic vs. Rollout Algorithms g€t a potentially near optimal solution, we start with reason-
able heuristics use the technique of rollout to improve the order
As shown in the figures, significant performance improvéa which traffic demands are considered. Three different rollout
ments are achieved by the rollout algorithms. For the netwoakgorithms are obtained corresponding to different choices for
throughput, rMTD and rREF outperform MTD and REF byhe base heuristic. The simulation experiments show that the
15 and 20% respecitively. Also, the throughput of rMNRollout algorithms improve the network throughput and the
exceeds that of MNR by up to 50% and average 35 %. Theighted hop count significantly at the expense of increased
weighted hop count is also reduced. rMTD and rMNR redug@mputational complexity. Of these, rREF, index rollout of
the weighted hop count 11 and 31 % compared to their bd3&F, shows the best performance in the simulations. This
heuristics. But, rREF increases the weighted hop count 4 ®nfirms that REF is a good heuristic for logical topology
compared to REF. Although the weighted hop count of rREgesign and traffic grooming.
is increased, it is still smaller than that of the other algorithms.
Since we are rolling out with respect to the performance

i ; K. Zhu, B. Mukherjee, “Traffic Grooming in an Optical WDM Mesh
measure of throughput, rather than weighted hop count, it il e \eee JJSAC, o 1aa, ng in an op
not especially surprising to see a negative effect on weightgg . kodialam, T. V. Lakshman, “Integrated Dynamic IP and Wavelength
hop count. Routing in IP over WDM Networks,” IEEE Infocom, pp. 358-366, 2001.
4) Heuristic Algorithms vs. Rollout AIgorithmsFinaIIy, [3] R. Ramaswami, K. N. Sivarajan, “Design of Logical Topologies for

. .. Wavelength-Routed optical Networks,” IEEE JSAC, pp. 840-851, Jun.
we compared the performance between well known heuristic 199 9 P PP

algorithms and rollout algorithms. The results are shown if4] B. Mukherjee, Optical Communication Networks, New York, McGraw-

Figures 6 and 7. Hill, 1997. _ _ _
9 [5] D. Banerjee, B. Mukherjee, “Wavelength-routed Optical Networks: Lin-

ear Formulation, Resource Budgeting Tradeoffs and a Reconfiguration

é 2 1 I 1 ! fm rMTD and rREF increases the network throughput 13 and
Iis | ! | ! | | %ETFD 15%, and reduce the weighted hop count 9 and 11% compare
2 mMNR to MRU.

g ‘| | H | BREF
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