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Abstract

A virtual topology over a wavelength routed WAN consists of clear
optical channels between nodes called lightpaths. These carry trac
end-to-end without electronic switching, creating an optical layer of the
topology. Virtual topology designaims at combining the best of optical
switching and electronic routing abilities. Designing a virtual topology
on a physical network consists of deciding the lightpaths to be setup in
terms of their sourceand destination nodesand wavelength assignmeri.

In this chapter we provide a complete formulation of the problem and
survey the literature on the topic. We restrict ourselvesto transport
networks rather than local area networks, and static topology design as
opposedto topologiesin which individual lightpaths are set up and torn
down in responseto trac demands.
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1. INTR ODUCTION

Wide area\All Optical Networks" with wavelengthdivision multiplex-
ing (WDM), using wavelengthrouting, are consideredto be candidates
for future wide area badkbone networks. The ability to tap into attrac-
tive properties of optics, including the very high bandwidth potential
of optical b er, makesthese networks attractiv e for badkbone transport
networks. At the sametime, the WDM technique can be usedto bridge
the mismatch betweenuserand b er equipmert. A fuller discussionof
wide area optical networks can be found in (Green, 1992; Mukherjee,
1997; Ramaswami and Sivarajan, 1998; Green, 1996).

In recent times, there has beengrowing interest in virtual topology
designproblemson thesenetworks. Virtual topology designover a WDM
WAN is intended to combine the best features of optics and electronics.
The architecture usesclear channels between nodes, called lightpaths,
so named becausethey traverse seweral physical links but information
traveling on a lightpath is carried optically from end-to-end. Usually
a lightpath is implemented by choosing a path of physical links and
reservinga particular wavelength on ead of theselinks for the lightpath.
This is known asthe wavelengthcontinuity constraint, indicating that a
lightpath consistsof a singlewavelength over a sequencef physicallinks.
Becauseof limitations on the number of wavelengthsthat can be used,
and hardware constraints at the network nodes, it is not possibleto set
up a clear channel betweenevery pair of sourceand destination nodes.
The particular set of lightpaths we decide to establish on a physical
network constitutes the virtual (otherwise called the logical) topology.

The tradeo involved here is between bandwidth and electronic pro-
cessingoverhead. Forming lightpaths locks up bandwidth in the corre-
sponding links on the assignedwavelength, but the trac on the light-
path doesnot have to undergooptoelectronic conversionat intermediate
nodes. A good virtual topology trades someof the ample bandwidth in-
herert in the b erto obtain a solution that is the best of both worlds.

Optical b er can be used simply as a point-to-p oint link carrying
only one channel, using one wavelength. The useof WDM increasesthe
bandwidth available and the useof virtual topologiese ects reduction of
delay, allowing more e cien t use of bandwidth by appropriate routing.
Fig. 1.1 shows a simple physical network in which lightpaths, indicated
by dotted lines, have been set up to allow comnunication by a clear
channel betweennodeswhich are not directly connectedby a b er link.
An attractiv e feature of the processof stepping up from point-to-p oint
b ersto WDM and then virtual topologiesisthat it canbeundertakenin
an incremertal manner with current networks (Mukherjee et al., 1996).
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Figure 1.1 A WDM network. The routing nodes are interconnected by point-to-
point b er links and may have accessnodes connectedto them. The dashedlines and
dotted lines show lightpaths.

The virtual topology provides a certain measureof independencefrom
the physical topology, becausedi erent virtual topologiescan be set up
on the samephysical topology, and allows us to choosea topology which
will result in greater network performance, given network conditions
such asaveragetrac betweennetwork nodes.

In general,virtual topology designproblems can be formulated as op-
timization problemsaimed at maximizing network throughput or other
performance measuresof interest. Typically, the exact solution can be
shawvn to be NP-hard, and heuristic approachesare neededto nd real-
istic good solutions. For this purpose,the problem can be decomposed
into four subproblems,which we discussin detail in Section 3.2.

The above discussionfocuseson the issueof throughput or delay op-
timization, which are related to network performance. There are at
least two other important related issues.The rst is related to the cost
required to set up and operate the network, which is an important prac-
tical consideration. Thus, a particular virtual topology may result in
lower delay and higher throughput than another, but if the latter vir-
tual topology involves the use of fewer expensive network componerts
such asoptical switchesor corverters, resulting in a lower overall imple-
mentation cost, then in practice it may well be chosenover the \b etter"
one. This issueis discussedin Section 2.

The secondissuerelates to the recon gurabilit y of optical networks
using virtual topology. Recon gurability is seenas one of the strengths
of optical networks in generaland the virtual topology approac in par-
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ticular. A virtual topology is designedon the basisoftra ¢ patterns and
a physicaltopology. Beingableto implemert a newvirtual topology pro-
vides adaptability (whentrac patterns change), self-healingcapability
(when the physical topology changesdue to failure of network compo-
nents) and upgradability (when the physical topology changesdue to
the addition or upgrading of network componerts). Thus being able to
redesigna virtual topology and con gure the network to the new one
from the old oneis of interest to the virtual topology problem in general,
and we have consideredit within the scope of this survey.

Scope A similar virtual topology designproblem exists for broadcast
optical networks, usedas LANs, also known as multihop networks. Vir-
tual topology design for these networks is a dierent problem. One
of the reasonsis that with a broadcast medium, the physical topology
doesnot constrain the virtual topologiesthat can be implemerted. An-
other reasonis that since ead lightpath in the network needsa unique
wavelength, there is no possibility of wavelength reuse as with WDM
WANSs. A survey of these problems for multihop networks can be found
in (Labourdette, 1998).

The virtual topology designproblem outlined has beenformulated in
terms of static tra ¢ demands. That is, the bandwidth demandfrom one
node to another is consideredto be known when designing the virtual
topology. This is distinct from topology designproblemsfor networks in
which we are interested in estimating and obtaining optimum blocking
probabilities under dynamic trac demands, that is, calls which are
establishedand terminated on demand (Chlamtac et al., 1993). In the
preseri case,if the trac pattern changessigni cantly, it would act
as the input data for a new virtual topology design. The old virtual
topology would be recon gured to the new virtual topology, a topic we
discussin Section 5.

The advantages of optical technology lie in switching and transmis-
sion, not processingor storage. Thus, electronic switching and trans-
mission are more suitable in accessnetworks where the bandwidth re-
guirements are low and processingrequiremenrts (as in routing or con-
solidating) are relatively high. The virtual topology design problem is
accordingly de ned on transport networks only, not accessnetworks.

The rest of this chapter is organized as follows. In Section 2, the
architecture of wavelength routed WANS is described and notations per-
taining to these are introduced. Section 3 describesapproatesrelated
to network performanceoptimization, including mathematical formula-
tions and algorithms. Some particular approaces not conforming to
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any of these categoriesare described in Section 4. Section 5 addresses
the recon guration issue. Section 6 concludesthe chapter.

2. AR CHITECTURE  AND NOT ATIONS

WavelengthDivision Multiplexing (WDM) refersto the useof distinct
wavelengths over an optical b er to implement separate channels. An
optical b er can carry seweral channelsin parallel, eat on a particular
wavelength. An add/drop multiplexer (ADM) is an optical systemthat
is usedto modify the ow of trac through a b er at a routing node
(Gerstel et al.,, 1998). An ADM passestrac on certain wavelengths
through without interruption or optoelectronic conversions,while other
wavelengths are added or dropped, carrying trac originating or ter-
minating at the node. A WavelengthRouter (WR) is a more powerful
systemthan an ADM. It takesin a signal at eat of the wavelengths
at an input port, and routes it to a particular output port, indepen-
dent of the other wavelengths (Chlamtac et al., 1993; Ramaswami and
Sivarajan, 1996). A WR with N input and N output ports capable of
handling W wavelengths can be thought of as W independert N N
switches. These switches have to be precededby a wavelength demul-
tiplexer and followed by a wavelength multiplexer to implement a WR.
They are sometimesalso called Wavelength Routing Switches (WRS)
or wavelength crossconnects. A WavelengthConverter is an optical de-
vice that can be usedin an optical router, to corvert the wavelength a
channel is being carried on without intermediate optoelectronic corver-
sion (Ramaswami and Sasaki, 1997). Wavelength corversion allows a
clear optical channelto be carried on di erent wavelengthson di erent
physical links. Dierent levels of wavelength corversion capability are
possible. Full wavelengthconversion capability implies that any input
wavelength may be corverted to any other wavelength. Limited wave-
length conversion denotesthat ead input wavelength may be corverted
to any of a speci c set of wavelengths, which is not the set of all wave-
lengths for at least one input wavelength. If a node has limited or full
wavelength corversion capability, then the corversionto be e ected can
be con gured as part of the virtual topology design.

The advantage of wavelength corversion is that the virtual topology
that can be implemernted is lessconstrained, since the wavelength con-
tinuity constraint is removed. Thus wavelength use is more e cien t.
Howewer, the use of converters increasescost, as well as the complexity
of the problem. The cost can be decreasedby using limited conversion
rather than full cornversion, and assuminga small number of converters
rather than conversion capability in every node. But theseassumptions
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intro ducethe problems of specifying the nature of the limited conversion
and placemen of corverters in the network, which greatly increasethe
di cult y of topology design.

The virtual topology designedand implemerted on a physical network
not only determinesthe performanceof the network in terms of metrics
like throughput, but alsocarriesa costassaiated with the virtual topol-
ogy, determined by how many and what network componerts are usedto
implemert that virtual topology. Attempting to model the network cost
is a topic related to the virtual topology designproblem. The primary
goal of such studiesis to provide a measureof the relative impact of var-
ious system componerts on system cost, and hence provide guidelines
for economically e cien t virtual topology design, rather than actually
determine the cost of implemerting a virtual topology. Comparatively
few studies have been undertaken in this area. Guidelines that result
from sud studies may relate to choosing some initial parameters for
the virtual topology, as suggestedin (Banerjee and Mukherjee, 1997),
or may be integrated into the optimization procedureto nd the virtual
topology. The latter approadc is taken in (Chen and Banerjee, 1995),
where a heuristic is designedfor the topology designproblem with a goal
of maximizing wavelength utilization in the Wavelength Routers, which
would certainly have an impact on the cost of the virtual topology.

2.1 NOT ATIONS

In this section, we de ne some terminology and notations and in-
troduce someconceptswhich will be usedin the following sections,and
which are commonto most formulations of the virtual topology problem.

Physical Topology A graph Gp(V;Ep) in which eah node in the
network is a vertex, and ead b er optic link betweentwo nodesis an
arc. Each b erlink is also called a physical link , or sometimesjust a
link. The graph is usually assumedto be undirected, becausesad b er
link is assumedto be bidirectional. There is a weight assaiated with
ead of the arcswhich is usually the b er distance or propagation delay
over the corresponding b er.

Ligh tpath A lightpath is a clear optical channel betweentwo nodes.
That is, trac on a lightpath does not get converted into electronic
forms at any intermediate nodes,but remainsand is routed asan optical
signal throughout. With the usual wavelength corntinuity constraint,
the lightpath becomesa sequenceof physical links forming a path from
sourceto destination, along with a single wavelength which is set aside
on ead of theselinks for this lightpath.
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Virtual Topology A graph Gy(V;E,) in which the set of nodesis the
sameasthat of the physicaltopology graph, and ead lightpath is an arc.
It is alsocalledthe logical top ology, and the lightpaths are also called
logical links . This graph is assumedto be directed, since a lightpath
may exist from node A to node B while there is none from node B to
node A. This graph is also weighted, with the lightpath distance of eah
lightpath (seebelow) acting asthe weight of the corresponding arc.

Link Indicator = Whether a physical link existsin the physical topol-
ogy from a node | to another node m, denoted by p;,, which is 1 if suc
alink existsin the physical topology and O if not.

Ligh tpath Indicator =~ Whether a lightpath exists from a node i to
another node j, denoted by by; which is 1 if such a lightpath exists in
the virtual topology and O if not.

Ligh tpath Distance  The propagation delay over alightpath, denoted
by dj for the lightpath from node i to nodej. It is the sum of the
propagation delays over the physical links which make up the lightpath
in the virtual topology.

Physical Degree The physical degreeof a node is the number of
physical links that directly connectthat node to other nodes.

Virtual Degree The virtual (or logical) degreeof a node is the num-
ber of lightpaths connecting that node to other nodes. The number of
lightpaths originating and terminating at a node may be di erent, and
we denote them by virtual out-degree and virtual in-degree respectively.
We speak simply of the virtual degreeif theseare assumedto be equal,
as they often are. If this degreeis assumedto be samefor all nodes of
the network, then this is called the virtual degreeof the network. The
virtual degreeis determined in part by the physical degree,but is also
a ected by the consideration of what volume of electronic switching can
be done at a node (Ramaswami and Sivarajan, 1996).

Physical Hops The number of physical links that make up a lightpath
is called the physical hop length of that lightpath.

Logical Hops The number of lightpaths a given trac padet has
to traverse, in order to readh from sourceto destination node over a
particular virtual topology, is called the virtual or logical hop length of
the path from that sourceto that destination in that virtual topology.

Trac Matrix A matrix which speci es the averagetrac between
ewvery pair of nodesin the physical topology. If there are N nodesin the
network, the trac matrix isanN N matrix = [ 9], where (9
is the averagetrac from node s to node d in somesuitable units, sud



8

as arriving padkets per second,or a quantized bandwidth requiremert.
This matrix provides in numerical terms the nature of how the total
network tra c is distributed betweendierent source-destinationnode
pairs, that is, the pattern of the network tra c.

Virtual Trac Load When a virtual topology is establishedon a
physical topology, the trac from ead sourcenode to destination node
must be routed over somelightpath. The aggregatetra ¢ resulting over
a lightpath is the load o ered to that logical link. If a lightpath exists
from nodei to nodej, the load o ered to that lightpath is denoted by

j - The componert of this load due to trac from sourcenode s to

destination node d is denoted by i(de). The maximum of the logical

loads is called the congestion , and denotedby max = max;j jj .

2.2 AR CHITECTURE

In this section we characterize in more detail the WDM wavelength
routed network we have been describing above, and which Fig. 1.1 il-
lustrates. The network consistsof seweral routing nodeswhich are con-
nected to ead other by point-to-p oint optical b ers, specied by the
physical topology. Each of the routing nodes may have accessnodes
connectedto it. For the purposesof virtual topology design, however,
only the aggregatetra c betweenrouting nodesis important. Thus we
can assumethat ead routing node has exactly one accessnode con-
nected to it. We concerrate on the routing nodes and refer to them
simply as nodes. The trac matrix species the aggregatetrac from
ewvery node to ead of the other nodes.

The b erlinks connectingthe nodesead support a speci ¢ number of
wavelengths,say W. Ead of the nodesis equipped with a WR capable
of routing these W wavelengths. In general, no wavelength conversion
capability is assumedto exist at any of the nodes.

Lightpaths are set up on the physical topology, creating the virtual
topology. A lightpath is setup by con guring the sourceand destination
nodesto originate and terminate a speci ¢ wavelength, then choosing a
path from the sourceto destination node and con guring the WR at each
intermediate node on that path to forward that wavelength optically
to the next node. Two lightpaths that share a physical link must be
assigneddi erent wavelengths. The total number of wavelengths used
on all links must be W or less. It is usually assumedthat the numbers of
lightpaths terminating and originating at ead node are equal, and this
number is samefor ead node. Thus the network is usually assumedto
have a unique logical degree.
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Trac is routed from ead sourceto destination node over a single
lightpath if one exists for that sourceand destination, or a sequenceof
more than one lightpaths or logical hops. It is usually assumedto sim-
plify the optimization problemthat trac for a single source-destination
pair may be bifurcated over di erent virtual routes. The aim of creating
the virtual topology is to ensurethat more trac can be carried with
fewer optoelectronic corversions along the way. The extreme case of
this would be if a lightpath could be set up from ead sourceto eadh
destination; however, the number of wavelengthsavailable is usually too
limited to allow this. At the other extremeis a virtual topology which is
identical to the physical topology, sothat optoelectronic conversion oc-
curs at every intermediate node. With reasonableand achievable virtual
topologies,the number of optoelectronic conversionsshould not be very
large. Togetherwith the fact that in high speedwide area networks the
propagation delay dominates over the queueingdelay (as long as links
are not loadedcloseto capacity), queueingdelays are typically neglected
in the problem formulation (Ramaswami and Sivarajan, 1996).

The goal of the virtual topology designprocessis usually to optimize
somenetwork performancemetric. Thus, a particular formulation of the
problem may seekto minimize network congestion,or minimize average
padet delay. In the optimization, usually the number of wavelengths
available is takenasa constraint. If both minimizations are desired,then
oneof them is usually expressedasa constraint by relating it to a known
physical network characteristic. In generalboth are important because
too little emphasisplaced on the congestion aspect usually results in
a virtual topology very similar to the physical topology, and too little
emphasis placed on the delay aspect can result in virtual topologies
which bear little relation to the physical topology, with long lightpaths
that increasedelay (Ramaswami and Sivarajan, 1996).

3. PERF ORMANCE OPTIMIZA TION

In this sectionwe provide an exact formulation of the virtual topology
design problem using the padcet trac approad, and discussspeci c
techniques and heuristics usedto solwe it.

3.1 FORMULA TION

The exactformulation of the virtual topology problem is usually given
as a Mixed Integer Linear Program. The formulation provided here fol-
lows closelythat in (Krishnaswamy and Sivarajan, 1998),and alsothose
in (Ramaswami and Sivarajan, 1996; Mukherjee et al., 1994; Mukherjee
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et al., 1996). The symbols and terminology are asde ned in Section2.1.
New terminology is de ned as necessary

Additional De nitions Let H = [hj ] bethe allowed physical hop
matrix , where h;; denotesthe maximum number of physical hops a
lightpath from node i to nodej is allowed to take. This hop matrix is
one of the ways to characterize the bounds which lightpaths in the vir-
tual topology must be within. Let ci(jk) be the ligh tpath wavelength

i(jk) is 1 if a lightpath from node i to node | usesthe
wavelength k, 0 otherwise. Let ci(jk)(l; m) be the link-ligh tpath wave-
length indicator , to indicate whether the lightpath from nodei to node
j usesthe wavelength k and passeghrough the physical link from node
| to nodem. Let | denotethe logical degreeof the virtual topology.

indicator , i.e., c

Objectiv e: Subject to the constraints below, minimize the congestion
of the network, that is,

min - max (1.1
Degree Constrain ts
X .
by [, 8i (1.2)
X |
hi . 8i (13)
j
Trac Constrain ts
ij max; 8(i;]) (1.4)
(sd). .
i = ijs ; 8(15)) (1.5)
sd
d .
S by 98 (1.6)
(sd)- = j >
X X 2 ) S=1 2
i(fd) j(isd) = 9 g= [ L 8(sid) (17
i i 0 s6i;d6 i
W avelength Constrain ts
% (k)
G- = by 8() (1.8)

k=0
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9 (1;m) & 8(i;j); (1;m)k (1.9)
dO0m) 1 8(;m)k (1.10)
ij
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Hop Constrain ts

X .
G (I;m) hi; 8(i;j):k (1.12)

Im

Discussion  Most of the above constraints are self-explanatory Many
of them enforce the consistency between the various parameters and
variables of the formulation. Constraint (1.7) assertsthe consenation of
trac at lightpath endpoints. Expression(1.11) assertsthe consenation
of every wavelength at every physical node for ead lightpath.

The parameters, or inputs, to the formulation are the trac matrix
, the hop bound matrix H, the number of wavelengthsin a b er W,
the desired logical degree |, and the details of the physical topology
graph. The variables, whosevaluesat optimum are the \output" of the
MILP, relate to the virtual topology graph, wavelength assignmem in
the virtual topology, and the trac routing over the virtual topology.
The lightpath indicators by provide the virtual topology graph. The
lightpath wavelength and link-lightpath wavelength indicators provide
the wavelength assignmets to the lightpaths in the virtual topology
and also the physical links implemerting ead lightpath. Lastly, the

virtual trac load variables j and i(de) provide the routing of the
trac betweenead sourceand destination on the virtual topology. This
formulation allows for no more than one lightpath from one node to
another.

Formulations of this problem are possiblethat addressonly someand
not all of theseaspects. In Section3.2 we discusssuch approaces. Even
when all these aspects are addressed,or the sameaspect is addressed,
di erent formulations of the problem are possible. Speci ¢ formulations
can be found in the literature but are not discussedhere.

This formulation getsquickly intractable with the sizeof the network.
One of the ways it can be made more tractable is to aggregatetra c
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from a given sourcenode to all destination nodes,that is, not formulate
the problem in terms of the trac componerts between eat source-
destination pair 9, but trac componerts for eah sourcenode ()
only. This results in a more tractable formulation becausethe num-
ber of variables and constraints is smaller, otherwise the formulation is
similar. Of course,a solution to such an aggregationdoesnot provide a
completesolution, moreover there may be no corresponding complete so-
lution. However, the aggregateproblem, being lessconstrainedthan the
original one, helps set achievability bounds on the full problem, suc as
lower bounds on the achievable congestion(Ramaswami and Sivarajan,
1996; Krishnaswamy and Sivarajan, 1998). Bounds which can be calcu-
lated with signi cantly lower computational coststhan solving the full
problem are usefulin evaluating heuristics, as discussedin Section 3.2.

Usually, such an aggregateformulation is usedafter relaxing the MILP
above into an LP, that is, allowing the lightpath, lightpath wavelength
and link-lightpath wavelength indicator variablesto take up valuesfrom
the continuous interval [0; 1] rather than constraining them to be bi-
nary variables. The relaxation, like the aggregateformulation, results
in a lessconstrained formulation, When the MILP is relaxed, an extra
\cutting plane" constraint is introduced (Ramaswami and Sivarajan,
1996; Krishnaswamy and Sivarajan, 1998),to ensurethat the de nition
of congestionremainsconsister with the MILP formulation whentra c
componerts may be weighted with the \fractional lightpaths" that the
relaxation introduces.

3.2 HEURISTICS

The problem, whose exact formulation is given in Section 3.1, and
someof its subproblemsare known to be NP-hard (Chlamtac et al., 1992;
Mukherjee et al., 1994;Krishnaswamy and Sivarajan, 1998;Banerjeeand
Mukherjee, 1996). Thus for networks of moderately large sizesit is not
practical to attempt to solve this problem exactly. Heuristics to obtain
good approximations are needed. In the rest of this section we discuss
heuristic approadesto the virtual topology designproblem or to related
subproblems.

Subproblems  The full virtual topology design problem can be ap-
proximately decomposedinto four subproblems. The decomposition is
approximate or inexact. Solving the subproblemsin sequenceand com-
bining the solutions may not result in the optimal solution for the fully
integrated problem. It is also possiblethat somelater subproblem may
have no solution given the solution obtained for an earlier subproblem,
sono solution at all to the original problem may be obtained. Although
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this decomposition follows (Mukherjee et al., 1996), it is also consisten
with the decompositions of (Ramaswami and Sivarajan, 1996;Mukherjee
et al., 1994; Krishnaswamy and Sivarajan, 1998;Banerjee and Mukher-
jee, 1996). The subproblemsare as follows.

1. Topology Subproblem: Determine the virtual topology to be
imposedon the physical topology, that is determine the lightpaths
in terms of their sourceand destination nodes.

2. Ligh tpath Routing Subproblem: Determine the physical links
which ead lightpath consistsof, that is route the lightpaths over
the physical topology.

3. Wavelength Assignmen t Subproblem: Determine the wave-
length ead lightpath uses, that is assign a wavelength to ead
lightpath in the virtual topology so that wavelength restrictions
are obeyed for ead physical link.

4. Trac Routing Subproblem: Route padket trac between
sourceand destination nodesover the virtual topology obtained.

In terms of the formulation provided in Section 3.1, the topology sub-
problem consists of determining the values of the lightpath indicator
variables by , the lightpath routing subproblem consistsof determining

the values of the variables ci(jk)(l; m), the wavelength assignmem sub-

problem consists of determining the values of the variables ci(-k), and

the trac routing subproblem consistsof determining the values of the
variables i(de). It may be noted that the above description of the light-
(k)

path routing subproblemis approximate, since determining ¢;* would

be redundant after determining ci(jk)(l; m).

The trac routing subproblem may appearto be not essetial to the
virtual topology designissue. Indeed, oncethe virtual topology is xed
by solving the rst three subproblems,the trac routing subproblemis
the known one of routing trac over a given topology, for which many
algorithms exist. Howeer, it is included in the list of subproblemssince
in the exactformulation it is anintegral part of the problemto determine
how trac ows over the virtual topology being designed,as it should
be to optimize network performancemetrics.

As we remarked above, the decomposition into subproblemsis inex-
act. Exact solution of all the subproblemsis alsonot possiblesincesome
of the subproblemsare NP-hard as well. Heuristics must be employed
to obtain good solutions to the subproblems. This alsoleadsto the pos-
sibility of obtaining no solution to the full problem. Some constraints
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are usually relaxed so that at least somesolution is obtained from the
heuristics, which can be then tested for near optimalit y using achievabil-
ity boundsaswe discussin the following section. One of the constraints
which is commonly relaxed is that of the maximum number of wave-
lengths that can be carried by a b er. Sanity chedks must be performed
at the endto verify that the solution obtained is feasible.

The virtual topology problem can be decomposedinto dierent sub-
problems than the oneswe list above. Sud dierent decompositions
are usedin many of the studies we survey. Howewer, we consider the
above decompposition to be reasonableand fairly consistert with any
others proposedin the literature we survey, and we shall refer only to
this decomposition while discussingsuc studies.

Bounds To ewaluate an approximate solution producedby a heuristic,
we would like to know how closethe obtained solution is to the optimal
one. Sincewe are using the heuristic becauseof the very reasonthat the
optimal solution cannot be obtained in the rst place, we must resort
to comparing the solution obtained with known bounds on the optimal
solutions derived from theoretical considerations. These are the aciev-
ability boundswe have mertioned before (they are boundson what can
be achieved in principle) and we discussthem below.

Lower Bounds on Congestion The goal of virtual topology design
is often to minimize network congestion,as in our formulation in Sec-
tion 3.1. A lower bound on the congestionobtained from theoretical
considerationsallows usto know that an even smaller value of congestion
cannot be achieved by any solution, and helps us evaluate the solution
produced by some heuristic. We discussseeral lower bounds on con-
gestion belov. Our discussionfollows closely that of (Ramaswami and
Sivarajan, 1996), and alsothat of (Krishnaswamy and Sivarajan, 1998),
aswell asliterature on virtual topology problemsin broadcastLAN sce-
narios as referred to in (Ramaswami and Sivarajan, 1996; Labourdette,
1998). More details can be found in these sources.

Physical top ology indep endent bound: This bound utilizes the
fact that the load on ead logical link would be the same, and this
would be the congestion,if the total trac in the network were equally
distributed amongall the lightpaths. The value of this congestionwould
then act asa lower bound on any virtual topology that could be designed
for the network under the giventra c conditions. This bound takesinto
accourt the total trac demand,but not the distribution of total trac

amongthe di erent source-destinationpairs (that is, the trac pattern).
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As sudh, it assumesthat trac for any source-destinationpair can be
assignedto any lightpath in the virtual topology, and hence,it ignores
the physical topology.

Let H bethe trac weighted average number of logical hopsin the
virtual topology. If E| denotesthe number of lightpaths in the virtual
topology and r denotesthe total arrival rate of padkets to the network,
then it is easyto seethat max rH =E;, and setting a lower bound on
H results in a lower bound on the congestion. For the trac weighted
number of hopsto be minimum, source-destinationpairs with the largest
amount of trac must be connectedby a small number of logical hops.
Sincethere can be a maximum of N | node pairs connectedby a single
logical hop, we assumetheseare exactly the node pairs with the largest
trac betweenthem, and similarly for two, three, and larger number of
logical hops. The trac weighted averagenumber of Iogic|a_J hopsin this
caseis alower bound. This is givenby the expressionH « kSx where
Sy isthe sumofthe trac fractions (with respectto total network tra c
r) which are assumedto be carried in k hops. Thesetra c fractions can
be determined as follows: arrange the trac fractions in descending
order of magnitude, and divide them in blocks, the i-th block being
made up of N | successie fractions in that list. Thus the rst block
consistsof the rst N | trac fractions, the secondblock consists of
the next N 2 trac fractions, and soon. Then the sum Sy is the sum
of the trac fractions which form the k-th block.

Minim um o w tree bound: This bound is derived from similar con-
siderations as above, but on a per node basis. In this bound, we take
into accourt the restriction that ead sourcenode can only source
lightpaths altogether, in addition to the considerationsabove. Thus this
is a strongerbound. The trac weighted averagenumber of logical hops
H is bounded by assumingthat ead node is connectedby one logical
hop to the | nodesto which it has the largest amourts of trac, by
two hopsto the |2 nodesto which it has the next largest amounts of
trac, and soon. We omit the derivation and exact expressionof this
bound, which can be found in (Ramaswami and Sivarajan, 1996).

Iterativ e bound: This type of bound is deweloped in (Ramaswami
and Sivarajan, 1996;Krishnaswamy and Sivarajan, 1998) by aggregating
and then relaxing the MILP formulation and solving it as mertioned in
Section3.1. The additional constraint imposedon the relaxed aggregate
formulation is that the congestion be higher than a lower bound on
the congestionknown a priori, suc as the minimum ow tree bound
discussedabove. To improve the tightness, the value obtained for the



16

congestionby solving the relaxed aggregateLP can be used as a new
value of the a priori bound and the LP solved again to yield a further
tightened bound on the congestion. This iterativ e processcan be carried
out repeatedly to improve the tightness of the bound.

Indep endent top ologies bound: This bound is proposedin (Baner-
jee et al., 1997) as another method of taking into accourt the physical
topology in computing a bound on the congestion. Successie topologies
are derived to maximize one-hop, two-hop, three-hop trac etc., and
these topologies are not allowed to constrain ead other. Finally the
resulting congestionis read out asa bound. The authors note that this
bound is only a little tighter than the ow tree basedbound if trac is
uniform, but becomesmuch tighter for highly nonuniform tra c.

Lower Bounds on the Num ber of Wavelengths It is usually nec-
essaryin virtual topology designto complete the design using as few
distinct wavelengthsas possible,sincein practice there is a limit on the
number of wavelengthsa b er can carry. This limit may be known and
introducedin the exact formulation asin the formulation of Section 3.1,
but sudh a limit is often not included in heuristic approades. A lower
bound on the number of wavelength neededfor a particular problem is
then usefulin evaluating the solution provided by the heuristic. Also, in
the presenceof practical limitations, an easy-to-computelower bound on
the number of wavelengths can provide a quick negative answer to the
guestion of whether a virtual topology designproblem is at all feasible
or not. Two sud bounds can be found in (Ramaswami and Sivarajan,
1996). The rst bound is derived from the simple considerationthat the
node with the minimum physical degree , must source | lightpaths.
Then the number of wavelengths required is bounded from below by
W d |=pe The secondbound is derived by assumingthat ead node
sourcedlightpaths to exactly those nodesit canread with the minimum
number of physical hops. We omit the derivation and exact expression
of this bound, which canbe found in (Ramaswami and Sivarajan, 1996).

Bounds on the number of wavelengthsrequired can also be found un-
der speci ¢ assumptionsregarding the solution to the di erent subprob-
lems. Two such boundsare demonstratedin (Chlamtac et al., 1993),0ne
basedon the assumptionthat the virtual topology beingimplemented is
a hypercube and a speci ¢ node mapping algorithm is used,the other re-
lating the number of wavelengthsneededfor topologieswith and without
the wavelength continuity constraint.
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Heuristic Approac hes and Techniques In the designof heuristics
or approximate solutions to the virtual topology problem, emphasisis
placed on di erent aspects of the problems by di erent authors. In the
majority of the literature, heuristics are designedfor only someand not
all the subproblems. Someassumption regarding the nature of the vir-
tual topology to be implemented is often a starting point for heuristic
methods. Below we discussheuristics found in the literature surveyed
under three di erent categories.In the rst, it is assumedthat the vir-
tual topology to be implemented is a well-known regular topology, suc
as a hypercube or a shu enet. In the second,the lightpaths of the vir-
tual topology are assumedto be already known in terms of sourcesand
destinations for ead instance of the problem, and the lightpath routing
and wavelength assignmem subproblems are addressed. No particular
assumption is made regarding the virtual topology in the last category
Some of the interest in the study of regular topologiesin the corntext
of virtual topologiesfor WANs camefrom the assumptionthat to some
extent the virtual topology could dictate the physical topology, that is,
b erscould belaid to supplemen a physical topology beforeimplemert-
ing a virtual topology. As more and more b er hasbeenlaid in practice
and has becomepart of single wavelength optical networks utilizing the
b ersaspoint-to-p oint links, the concernhas shifted to extracting more
utilization out of these b ersusing WDM and virtual topologies,rather
than having to lay more b ers. Thus studiesrelating to arbitrary phys-
ical topologieshave attracted more interest in recert times.

Regular Topologies Regulartopologiessuc as hypercubesor shuf-
enets have seweral advantagesas virtual topologies. They are well un-
derstood, and results regarding bounds and averagesare comparatively
easierto derive. Routing of trac on a regular topology is usually also
simpler and results are available in the literature, sothe trac rout-
ing subproblemusually becomedtrivial. Also, regular topologiespossess
inherent load balancing characteristics.

Oncea regular topology is decidedupon asthe oneto be implemented
as a virtual topology, it remainsto decide which physical node will re-
alize eath given node in the regular topology (this will be referred to
as the node mapping subproblem) and which sequenceof physical links
betweentwo physical nodeswill be usedto realize eat given edgein the
regular topology, that is, lightpath (this will be calledthe path mapping
subproblem). This procedureis also called embedding a regular topol-
ogy in the physical topology. In terms of the subproblemsintroducedin
Section 3.2, the choice of the regular topology together with the node
mapping problem make up the virtual topology subproblem, and the
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path mapping problem corresponds to the lightpath routing subprob-
lem. Obviously, the number of nodesin the (regular) virtual topology
may not be chosenwith completefreedom,instead it must obey the con-
straints of the regular topology. In casethe physical topology has a few
nodeslessthan the regular topology, this canusually be circumverted by
adding ctitious nodesto it beforeembedding (Mukherjee et al., 1994).
If a few more nodesare preseri in the physical topology, then some of
the oneswith lesstrac may be combined for the purp oseof embedding,
though this introducesfurther approximations to the virtual topology
solutions. In general, the node mapping and path mapping problems
leave out of consideration the network trac pattern, and utilize met-
rics such as b er distance and wavelength reuseto route lightpaths over
the physical topology. Thus there is a tacit assumption of a uniform or
closeto uniform trac pattern in the useof regular topologiesas virtual

topologies. The mappings must also be free of wavelength clashesand
must obey any prede ned limit on the number of wavelengths. These
problems are themselves known or conjectured to be NP-hard (Chlam-
tac et al., 1993; Mukherjee et al., 1994), henceheuristics are neededfor
them.

We omit a detailed discussionof the studiesavailable in the literature
on this topic and only mention a few of them. In (Chlamtac et al., 1993),
the physicaltopologyis rst mappedinto an\equivalent string" preserv-
ing some characteristics of the topology, and then the selectedregular
topology is embedded into this string. Three dierent regular topolo-
gies are compared for their suitability as virtual topologiesin (Marsan
et al., 1993). The comparisonis basedon the number of logical hops
betweennodesand the number of wavelengthsrequired. In (Mukherjee
et al., 1994), heuristics are dewveloped for the node mapping problem for
regular topologies(speci cally, hypercubes), and the solution is carried
through to path mapping as well as wavelength assignmem. Thus, the
node mapping part of the virtual topology subproblem, the lightpath
routing, and the lightpath wavelength assignmen subproblemsare ad-
dressed. A greedy algorithm and a simulated annealing algorithm are
speci ed for obtaining an initial mapping and then re ning the mapping
basedon considerationsof minimizing overall network messagadelay. In
(Mukherjee et al., 1996), a very similar simulated annealing heuristic
is presenied, with the di erence that the trac routing subproblemis
assumedto be solved using the ow deviation method. The ow devia-
tion method is a good heuristic alternative to an exactly optimal linear
programming routing ow solution. The literature in which it was de-
veloped is referredto in (Mukherjee et al., 1996) and also (Labourdette,
1998). This method starts from an initial ow assignmem, and iter-
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atively deviates ows over alternate paths, avoiding links carrying the
largest amourts of tra c.

Pre-sp ecied Topologies We now discussstudieswhich focusonthe
lightpath routing subproblem, and possibly the wavelength assignmen
andtrac routing subproblems. In other words, the virtual topology in
terms of a list of lightpaths with their sourceand destination nodesis
supposedto be given for ead instance of the problem.

The trac pattern in the network would certainly have beentaken
into account when the lightpaths were decided upon. Becauseof this,
in some approacies we discussbelow, the trac pattern is not taken
into accour, though it is also possibleto utilize the trac pattern in-
formation in routing lightpaths. The lightpath routing and wavelength
assignmen subproblems can then be viewed as having goals de ned
purely in terms of the lightpaths, sud as minimization of the number
of distinct wavelengths needed.

We mention a few of the studies in the literature, omitting detailed
discussionas before. In (Chlamtac et al., 1992), not only the sourceand
destination, but alsothe routing of the lightpaths is assumedto be given.
That is, the lightpath wavelength assignmen subproblemis addressed,
and it is called the Static Lightpath Establishmert (SLE) problem. It
is proved that SLE as stated is equivalert to the n-graph-colorability
problem, and hence NP-complete. A greedy heuristic algorithm to as-
sign wavelengthsto a given set of lightpaths with the aim of using asfew
wavelengthsas possibleis preseried. The study presened in (Chen and
Banerjee, 1995) assumeghat the virtual topology subproblemhasbeen
solved and the set of lightpaths to be establishedis available in terms
of the sourceand destination nodesof the lightpaths. The objective for
the routing and wavelength assignmem problem presered is to maxi-
mize wavelength utilization at the switches. This objective is preseried
in terms of the utilization of the Wavelength Routers at ead network
node. To formally de ne the problem, the concept of a \Latin Square"
is introduced. Lightpath routing and wavelength assignmen is posedin
terms of completion of partial Latin Squares. Two heuristic algorithms
are presened to complete partial Latin Squaresat individual network
nodes, and then a scheme is speci ed to use these in combination to
solve the lightpath routing and wavelength assignmem problem at the
network level. In (Banerjee and Mukherjee, 1996), the virtual topol-
ogy is assumedto be given in terms of a list of lightpaths with their
source and destination nodes for ead instance of the problem. The
lightpath routing problem is formulated in terms of lightpath trac as
a multicommodity ow problem which is known to be NP-complete. It
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is suggestedthat the problem size can be reducedconsiderably by cus-
tomizing the formulation for ead instance of the problem, by pruning
the seart tree for lightpath routes and relaxing integer constraints. The
study employs known heuristic methods, including randomizedrounding
and graph coloring, with provably good characteristics, to addressthe
lightpath routing and wavelength assignmem problems.

Arbitrary  Topologies There are various studies proposing heuristic
methods for arbitrary virtual topologies. These studies addressthe vir-
tual topology subproblemitself, aswell as someor all of the subsequeh
subproblemsof virtual topology design. Most of thesemethods take into
accourt the e ect of the network trac pattern, sincearbitrary virtual
topologiesare usually called for in responseto non-uniform trac pat-
terns and irregular physical topologies. Someof the heuristics proposed
are similar to ead other.

In (Zhang and Acampora, 1995), the problem is looked upon as the
establishmen of an optical connectiongraph over a WAN basedon the
averagetrac demand, and then using demand basedrouting on this
connectiongraph, that is, dynamic virtual circuits, which allocate whole
lightpaths at a time. The connection graph subproblem presered is
therefore identical to the rst three subproblemsof the virtual topology
problem as preserted in Section 3.2. The problem is formulated as a
nonlinear integer programming problem, and an approximate decomyo-
sition is preseried. The heuristic algorithm is then presened, which
is basedon a greedy approac, and attempts to utilize the number of
wavelengths usedfor a maximum number of lightpaths.

Seweral di erent heuristics are preseried in (Ramaswami and Sivara-
jan, 1996), including one which also attempts to create lightpaths be-
tweennodesin order of decreasingtrac demands. Lightpaths are es-
tablished betweenthe nodesthat have the maximum amount of tra c
betweenthem. If all trac is accourted for but ead node doesnot have
the required degree the rest of the lightpaths are placedat random obey-
ing the constraints. A modi ed versionof this heuristic is alsopreseried
in which a pair of lightpaths in opposite directions is initially set up for
ead physical edge,then the original algorithm is exactly followed. This
ensuresthat trac can always be routed on the shortest physical path
betweenany two nodes and hencecan satisfy any physically realizable
delay constraints. Another heuristic dependson the iterativ e bound de-
veloped in this study by relaxing the MILP formulation as described in
Section3.2, and rounding o the lightpath indicators. Finally, a heuris-
tic is preseried that does not take into accourt the trac pattern at
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all, but concerrates on creating lightpaths that useonly a few physical
edges,sincethis should consene wavelengths.

A similar heuristic maximizing one logical hop trac is briey de-
scribed in (Banerjee and Mukherjee, 1997), but a heuristic with the
opposite objective is also suggested. This heuristic aims at maximiz-
ing multihop trac, since concerrating only on single hop trac can
lead to congestiondue to multihop trac. Someresults are provided
in which the two approades appear to perform very similarly to eah
other. Details of wavelength assignmem are not discussed.

The study in (Banerjee et al., 1997) also suggeststhat attempts to
maximize onelogical hop tra c concenrate on the comparatively larger
trac componers, and may causethe smallertrac componerts to be
routed unreasonably and causecongestionon some physical links. A
schemeinvolving mapping the network to a bipartite graph is speci ed
to avoid unbalancedloading. A known graph algorithm is then speci ed
as a heuristic for wavelength assignmen

In (Krishnaswamy and Sivarajan, 1998), a heuristic algorithm follow-
ing the LP relaxation heuristic from (Ramaswami and Sivarajan, 1996),
but more complete, is preseried. The lightpath wavelength indicator
variablesare alsorounded and then a least resistancealgorithm followed
to choosea single routing for ead lightpath. A nal phaseof the design
eliminates wavelength clashes.

4. RELA TED APPR OACHES

In this section we discusssometechniques and algorithms that are
di erent from those described in Section 3.2, but which are related to
the problem of virtual topology designfor wavelength routed networks.

Incremen tal Benet Analysis: In (Mukherjee et al., 1996), a study
of the incremertal bene ts of introducing a virtual topology over optical
WAN:Ss is undertaken. A realistic trac pattern is obtained from the T1
NSFNET badkbonedata of January 1992. Three schemesare applied on
this data to scaleup the trac pattern. The rst scheme merely used
e cient routing to establish a baseline and the other two used WDM
and virtual topology with WDM respectively. The most dramatic result
was in the increaseof the scaleup factor, from 49 and 57 in the rst
two schemesto 106 in the third, and the link utilization which went
from 32% and 23% in the minimum loadedlink to 71%in the last one
(the maximum link load remained 99% in all three schemes). Thus
this analysis provides demonstration of the bene ts of implementing a
virtual topology, as well asthe incremertal nature in which it may be
undertaken.
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Limited Conversion: The motivation for the study preseried in (Ra-
maswami and Sasaki, 1997) is the lower cost assaiated with limited
corversion of wavelengths at Wavelength Routers as opposedto full
conversion, as we remarked in Section 2. The wavelength assignmen
subproblem is the focus of this study. Seeral results are obtained in
theoretical terms about ring networks with speci ¢ wavelength cornver-
sion capabilities. Theseresults are followed by constructive proofsrather
than simply existenceproofs, sothat a blueprint is provided for the ac-
tual construction of such ring networks. Someresults are derived for
more general physical network topologies.

Trac Grooming: Aswe haveremarkedin Sectionl, ead lightpath
has a high bandwidth and it may not be possiblefor single usersto uti-
lize this bandwidth. Lightpaths must be viewed astransport channelsin
the badkbone network, in which trac from multiple userapplications is
multiplexed in by accessetworks. In a sensethis is the justi cation for
including the trac routing subproblemin the virtual topology design
problem, sincetra c for individual applications must be routed onto the
virtual topology provided, sothat lightpaths carry tra ¢ obtained by ag-
gregating lower speedtra ¢ streams. The pattern of multiplexing tra c
onto lightpaths a ects the e ciency of optical forwarding of information
through Wavelength Routers, sinceall information in an entire lightpath
will needto undergo optoelectronic conversion and electronic routing at
an intermediate node if even one lower speedtrac stream from that
lightpath hasto be terminated at the intermediate node. This also re-
ects in the cost (in numbers and capabilities) of network componerts
needed. (Gerstel et al., 1998) addressessome of theseissues. Di erent
ring architectures are speci ed and comparedon the basisof results de-
rived regarding the averagenumber of transceivers at the nodes, number
of wavelengths, averagenumber of physical hops and characterization of
trac patterns on which they perform best. Similar issuesarising in
arbitrary physical topologiesand extensionto actual grooming methods
would appear to be areasworth further investigation.

Generalized Ligh tpaths:  In (Sahasrabuddheand Mukherjee, 1999),
the concept of a lightpath is generalizedinto that of a lighttree, which,
like a lightpath, is a clear channelimplemerted with a single wavelength
with a given sourcenode. But unlike the lightpath, a lighttree has mul-
tiple destination nodes,thus a lighttree is a point-to-multip oint channel.
It is emphasizedthat topologiesusing lighttrees would be more optimal
for any given situation since the lighttree is a more general construct,
and there may be possibilities of optical multicast.
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As we already know, optimal solutions are not practically obtainable,
and with a more generalconstruct and hencea much larger seart space
this is going to be even more true. Heuristic solutions will have to
be designedto obtain good solutions, and must be tailored to suit the
larger seard space.With unicasttrac problems,the lighttree approacd
trades o more bandwidth to further improve delay, congestion, and
physical hop characteristics than the lightpath approac. This is the
tradeo we mentioned in Section 1. The challengein this casewill be
to designheuristics that can cope with the increasedcomplexity of the
problem and yet produce solutions in which a good tradeo is achieved.

5. RECONFIGURA TION ISSUES

As we have already remarked, the problem of recon guring a network
from one virtual topology to another is a related problem to virtual
topology design. Two possibleapproadtesto this problem are discussed
in this section.

Cost Approac h In this approad, it is assumedthat the current vir-

tual topology aswell asthe new virtual topology that the network must
be recon gured to are known, together with the physical topology de-
tails. The concernis to minimize the cost of the recon guration. The

cost can be expressedin terms of the number of Wavelength Routers
that needto have their optical switching reprogrammed, or the total

number of optical switchings that needto be changedto implemen the

new lightpaths and eliminate old ones. These metrics are appropriate

sincethey re ect the amount of time the network must be taken o line

to make the changes,aswell asthe reprogramming e ort for the recon-
guration. Other similar metrics may also be applicable. It may be the

casethat the network cannot be taken o line at all, but that a succes-
sion of intermediate virtual topologieshave to be designedto eliminate

single, or groups of, routers which can be recon gured and put bad in

operation. Much more complicated metrics re ecting total time takento

recon gure aswell asthe e ort to redesignthe intermediate topologies
needto be deweloped in this case.

We have not found any study of theserecon guration problemsin the
literature for wavelength routed WANS, though studiesinvolving the re-
con guration of virtual topologiesfor broadcastLANs exist, as detailed
in the survey of related literature carried out in (Labourdette, 1998).
These studies involve link-exchange and branch-exchange techniques to
minimize the cost of corverting one virtual topology into another, and
similar methods may be possiblefor wavelength routed network which
are the topic of this survey.
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Optimization  Approac h Another approad is to assumethat only
the current virtual topology is given, together with the changedtra c
pattern and/or physical topology that makesrecon guration necessary
This is the approac taken in (Banerjee and Mukherjee, 1997). The re-
con guration algorithm proposedinvolvessolving the new virtual topol-
ogy problem on its own without referenceto the current virtual topology
to obtain a new optimal solution, with a new optimal value for the ob-
jective function which is noted. The virtual topology designproblem is
then reformulated with an additional constraint that constrainsthe old
objective function to this noted value, and a new objective function that
involves minimizing the number of lightpaths that must be either added
or removed.

While this method is guararteed to nd a solution that results in
a virtual topology that is optimal for the new conditions, it does not
achieve a balancebetween nding an optimal new virtual topology and
one that involves as little change from the old one as possible. It is
possiblethat a very costly recon guration will be undertaken for only a
slight gain in network performance. More balancedformulations of this
problem may be possible,and heuristics designedon suc formulations
are likely to perform better in practice.

6. CONCLUDING REMARKS

The problem of virtual topology design for wide area wavelength
routed optical networks coversa considerablearea,and many approaces
to this and related problemshave beentakenin the literature. The light-
paths of a virtual topology are setup to trade o the ample bandwidth
available in the b er with the optoelectronic conversion and electronic
processingat intermediate nodes. Exact formulations of the problem are
known to be computationally intractable, so heuristics for determining
and implementing a virtual topology have beenproposed. Most heuris-
tics attempt to addressparts of the problem rather than the whole, by
decomposing the problem approximately into subproblems, or address
special casesof network topology.

Virtual topology designis a growing researd area. New areasof inves-
tigation include extending results obtained for special casesto broader
context, and extending the freedomallowed in formulating the problem
to take advantage of improving equipmen capabilities.
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