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Multicast Routing and Wavelength Assignment in
Multihop Optical Networks

Ran Libeskind-HadasMember, IEEEand Rami MelhemFellow, IEEE

Abstract—This paper addresses multicast routing in circuit- In multihopcommunication networks, a message entering an
switched multihop optical networks employing wavelength-di- jntermediate node on a particular wavelength can be converted
vision multiplexing. We consider a model in which multicast 5 the electronic medium by a receiver and retransmitted

communication requests are made and released dynamically | th b ¢ itter. We defi
over time. A multicast connection is realized by constructing a on a new waveieng y a transmitter. We define kups

multicast tree which distributes the message from the source node incurred by a message to be the number of transmi§3i9n5
to all destination nodes such that the wavelengths used on eachused to send the message from the source to the destination.
link and the receivers and transmitters used at each node are not For example, an all-optical connection from the source to the
used by existing circuits. We show that the problem ofouting and - yestination incurs one hop, whereas a connection requiring one
wavelength assignmerin this model is, in general, NP-complete. L .
retransmission incurs two hops, and so on. Multihop networks

However, we also show that for any given multicast tree, the . . T .
wavelength assignmergroblem can be solved in linear time. have been shown to enjoy higher utilization of bandwidth and

. - ) lower probability of blocking than single-hop networks [2].
Index Terms—Multicast communication, optical networks, However, a multihop connection may use more transmitters and
routing and wavelength assignment, wavelength-division multi- ) ’ . ) .
plexing (WDM). receivers than a single-hop connection and, depending on the
network architecture, each hop can contribute significantly to
the communication latency. Therefore, it is generally desirable
to find multihop connections that minimize the number of
AVELENGTH-DIVISION multiplexing (WDM) is transmitters and receivers and/or the number of hops used.
emerging as a key technology in communication net- Finally, a network may suppounicast(or one-to-ongcom-
works. In WDM networks, the fiber bandwidth is partitionednunication as well amulticast(or one-to-manycommunica-
into multiple data channels which may be transmitted simuion. Multicast communication arises in a wide variety of ap-
taneously on different wavelengths. Thus, WDM permits thgications such as video distribution and teleconferencing [12].
use of enormous fiber bandwidth by providing data channdiven a source node and a set of destination nodes, the multicast
whose individual bandwidths more closely match those of tiieuting and wavelength assignmeRWA) problem is that of
electronic devices at their endpoints [18]. finding a set of links and wavelengths on these links on which
In this paper, we consider circuit-switched WDM networkgo establish the connection from the source to the destination
Such networks can be classified as eitbgle-hopor mul- nodes. Similarly, thevavelength assignme(VA) problem is
tihop networks [10], [11]. In single-hop (oall-optical) net- that of finding a set of wavelengths to use on a predetermined
works, each message is transmitted from the source to the desiticast tree. In general, it is desirable to find an RWA or a WA
tination without any optical-to-electronic conversion within théhat is optimal with respect to some cost metric.
network. Single-hop communication can be realized by using avarious multicast RWA and WA problems have been inves-
single wavelength to establish a connection, but such connéigated recently for both packet- and circuit-switched WDM
tions may, in general, be difficult or impossible to find in theetworks [1], [3], [7], [8], [12], [13], [15]-[17], [19]-[21]. For
presence of other network traffic [15]. Alternatively, all-opticabxample, Bermonét al. [3] have investigated RWA for all-op-
wavelength converters may be used to convert from one watieal multicast in networks with only unicast-capable switches.
length to another within the network but such converters afdi and Deogun [1] have investigated RWA in networks
likely to be prohibitively expensive for most applications in themploying tap-and-continueswitches which have limited
foreseeable future [18]. multicast capabilities. Liang and Shen [8] have investigated the
problem of finding minimum-cost RWAs in a model that asso-
ciates a specific cost for each wavelength on each link as well

, . . as a cost for converting between wavelengths at intermediate
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. . . 1-to-w w-to-1
with an arbitrary number of nodes, a fixed number of trans Demultiplexers Multiplexers

mitters and receivers at each node, and a fixed number

wavelengths on each link. Multicast communication reques _’@ §>_>

are made and released over time. A multicast connection m _><§ §>_>

be realized by constructing a multicast tree which distribute Optical

the message from the source node to all destination nodes sd;(vYWDM Switch v dow(v) WDM
that the wavelengths used on each link and the receivers ¢lnput Links Output Links

transmitters used at each node are not used by existing circu
We assume anulticast-capableswitch model [6], [9], [13] in _@ §>_>

which a wavelength on an input link may be routed to the san Hl
wavelength on any number of output links and, optionally, to T(v) Tunable R(v) Tunable
receiver at the local node. A message received at a local nc Transmitters H‘I Receivers
can be retransmitted from that node on another wavelenc Electronic
(thereby incurring a hop). Switch

The RWA problem in this model is that of selecting a multi- il
cast tree, the wavelengths on the links in the tree, and, thus," {gr}ll&%u;ggée

intermediate nodes that will perform wavelength conversion. in
the WA problem, a multicast tree is given and the problem sg. 1. Schematic of switch model.
that of selecting the wavelengths on the links in the tree and
the intermediate nodes for wavelength conversion. In general, it
may not always be possible to find an RWA or a WA for a give
multicast request because the needed wavelengths on partic
links, as well as transmitters and receivers at intermediate no
are being used by other multicast connections.

In this paper, we show that the RWA problem in this mod

of different wavelengths denoted by = {\{, ..., A, }.
$h nodev hasT(v) tunable transmitters anf(v) tunable
ggeivers, each of which can tune to any of thevavelengths.
et din(v) and d.,:(v) denote the number of incoming and
equtgoing links, respectively, at node We assume that the

is, in general, NP-complete, but that the WA problem can l51é1mberof nodes in the network is variable but that parameters
solved in linear timé. Moreover, we show that the linear-time"” T(v), R(v), din(v), anddoy(v) are bounded by constants

WA algorithm can be extended to find “optimal” solutions unde?'(::\ated bly thetr;technolo_gy.  link b ted to th
various definitions of optimality such as minimizing the max- wavelength on an input ink may be routed 1o the same

imum number of hops or minimizing any linear combination o}?’av?\lle?gttrlﬁnlany| r;]urgbe;icr):]itl)urtlput Ir|rr]1ks o tcr)p::orr;l?tlly,dtor?
the number of transmitters and receivers used. eceiver at Ine local node. arly, amessage transmitted on a

The remainder of this paper is organized as follows. In Se%f_;lrticular wavelength by a transmitter at a node may be routed
: op this wavelength to any number of output links. Routing must
§atisfy the constraint that two messages using the same wave-

define notation. In Section Ill, we investigate the complexityq h t sh th link. A switch model with th
the RWA problem. In Section IV, we give a linear-time algo—eng cannot share the same fink. A switch modet wi ese

rithm for the WA problem and generalize the algorithm to finng L?gﬁ;'z: L?/:rr;o(\jﬂg;:r;iglegci é)'/?(V\f'tc?fznvé't;s:r;npeofg?g? ;ggar—
imal multi ith inimizing th [ DY
optimal multicasts with respect to minimizing the maximu gySahasrabuddhe and Mukherjee [13]. We note that the results
&

number of hops and minimizing any linear combination of th bed in thi be adapied t ber of ofh
number of transmitters and receivers used. Section V descri %er'] riodlglg IS paper can be adapted 1o a number ot other

experimental results using these algorithms. Conclusions Q%A lticast icati istan ordered paifs. D
given in Section VI. multicast communication requéstan ordered paifs, D)

wheres € V is the source of the multicast add C V — s
is the set of destination nodes. We assume that multicast
communication requests are made and released dynamically.
We represent an interconnection network by a connectétlithe time that a particular multicast communication request
directed graphG = (V, E) where the vertices represenis made, there may be some limits imposed on the routing
switches and the directed edges represent links between peggources available in the network. Specifically, each nede
of switches. Each switch may be connected to a node or nbass some available numbefv) of transmitters and-(v) of
work access station. Except where the distinction is necessaegeivers that can be used to implement the multicast where
we henceforth use the terms “switch,” “node,” and “vertext(v) < T'(v) andr(v) < R(v). In addition, each linkv, z)
interchangeably and let denote|V|. Similarly, we use “link” has some set(v, ) C A of available wavelengths. L&V (v)
and “edge” interchangeably. Each link can carry some numiggnote the total number of distinct wavelengths available on all
outgoing links from node. These resource limits may reflect

INote that the NP-completeness result described here is unrelated to i€ actual available resources, due to utilization of resources by
NP-completeness of finding a minimum-cost RWA in a weighted graph [8],
[15]. In the case described here, the computational intractability arises fromPFor example, one possible variant of this model has a dedicated receiver
the limited number of transmitters and receivers at intermediate nodes asdociated with each transmitter. In this model, a message arriving on an input
the constraints on which wavelengths are available on each link. In the céiskin Fig. 1 can be routed by the optical switch directly to a receiver/transmitter
of weighted graph, the intractability is due to the fact that the RWA probleipair, bypassing the electronic switch. This model is similar to the share-per-node
contains the NP-complete Steiner tree problem as a special case. switch architecture described in [7].

Il. MODEL AND NOTATION
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S TABLE |
SUMMARY OF NOTATION
%; A 1 Notation Definition
G=(V,E) Directed graph representing an optical network
n Number of nodes (|V])
w Number of wavelengths
u oV A={X,..., A} Set of wavelengths
(v) Total number of transmitters at v
M Ao R(v) Total number of receivers at v
din{v) In-degree of v
dout (v) Out-degree of v
° ® s Source node of multicast
w X D Set of destination nodes of multicast
t(v) Number of available transmitters at v
Fig. 2. Nodes has two transmitters and all other nodes have no transmitters "(?) Number of available receivers at v
w(v, x) Set of available wavelengths on link (v, z)
W(v) Total number of wavelengths available on all
existing connections, or these limits may be imposed in orde outgoing links from node v

Maximum number of wavelengths permitted

to reduce cost or to leave resources available for subsequi ¢ X )
to carry the same message on a single link

connection requests.
Due to these resource constraints, it may not be possible to

realize a multicast communication request, in which case thgm s, at most/ available wavelengths from(v, =) are used
request is said to d@ocked Moreover, in some cases it may Nnop, each link(v, ) in 7, and no more thai(v) transmitters and

be possible to realize a request when only one wavelength MQY) receivers are used at each nad .

carry the message on each link, while the connection may beygte that in both the RWA and WA problems it is assumed
realizable when multiple wavelengths are permitted to carry thgyt 4 single multicast communication request is made at one
message on the same link. Lietlenote the maximum numbertime, The RWA used to satisfy this request will reduce the set
of wavelengths that may be used to transmit the same messg@&yajlable resources which may be used for the next multicast
over any single link. Fig. 2 illustrates an example of a netwodommunication request. Also note that in the WA problem it is
in which nodes is the source of the multicast and all the rezssymed that the tree is unidirectional with edges oriented from
maining nodes are destinations. In this example, ndu#s tWo  the source to the destinations.

transmitters while all remaining nodes have zero transmitters |y some cases, we may wish to find an RWA or WA that is
When/ = 1, nodes may use only a single wavelength on eacBptimal with respect to a given measure. For example, for some
link. Since node. has no transmitters, it is not possible for theyitch models we may wish to find a routing that minimizes the
message to be delivered to both destinatienand.z. On the  maximum number of hops from the source to any destination.
other hand, wherf = 2 nodes may transmit on both wave- aternatively, to minimize use of resources, we may wish to find
lengths\, and), and both of these wavelengths can be used gitouting that minimizes some linear combination of the number
link (s, «). The message is then delivereditasing wavelength of receivers and transmitters used.

Ar on link (u, w) and on wavelength; on link (u, z). Node | Section 111, we show that the problem of finding an RWA

v receives the message on wavelentton link (s, v). Inthis  can pe solved in polynomial time for a special case but, in gen-
case, all destination nodes can be reached. Thus, by limiting thg) s NP-complete. Thus, the problem of finding an optimal
value ofZ, we may limit the wavelength resources allocated tfg\ya according to a given measure of optimality is also, in gen-
the multicast but consequently decrease the probability of sa@q,ah NP-complete. We then show that the problem of finding a
fying a given multicast communication request. A summary &{a can be solved in linear time. Moreover, this algorithm can

notation defined to this point is given in Table I. be adapted to find optimal WAs for different measures of opti-
We now formalize the definitions of the RWA and WA probngjity, also in linear time.
lems.

Definition 1: LetG = (V, F)be adirected graph arid, D)
a multicast communication request in this graph. An RWA is a
collection of links, wavelengths on these links, and wavelengthin this section, we investigate the complexity of the RWA
settings for transmitters and receivers at each node such thatblem.
eachv € D receives the message fromat most wavelengths ~ Theorem 1:For any value of¢ > 1, if t(v) >
from w(v, ) are used on each linf, ) € £, and no more min{W(v), doy(v)} andr(v) > 1 for all v € V, then
thant(v) transmitters ana(v) receivers are used at each nodan RWA can be found, or it can be determined that none exists,
veV. in time O(n).

Definition 2: Let G = (V, F) be a directed grapHs, D) Proof: Remove from&@ = (V, E) any edge that contains
a multicast communication request in this graph, armluni- no available wavelengths. Sine@) > min{W(v), dow(v)},
directional subtree off with root s and containing all vertices each nodey may transmit the message to all of its neighbors
in D. A WA with respect tor is a set of wavelengths on thein G such that exactly one wavelength is used on each outgoing
links in 7 and wavelength settings for transmitters and receiveedge fromw. Since each node has at least one receiver available,
at each node inr such that eaclr € D receives the messageeach neighbor of; can receive the message framThus,v

I1l. ROUTING AND WAVELENGTH ASSIGNMENTPROBLEM
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may transmit the message to all of its neighbors for any valu SI M | Xy M
of £ > 1.

Apply a breadth-first search in the graph beginning at sourc
nodes. From the observations above, if all destination nodes ar
reached by the search, then an RWA exists. Otherwise, no R\
exists. The running time of a breadth-first searab {§V | + | E|)
and since the degree of each node is upper bounded by sol
constantO(|E|) = O(|V|). Thus, an RWA can be found or it
can be determined that none exists in tigV|) = O(n). O

In general, we cannot assume that the number of transmiC, C
ters available at each node is at least as large as the number ot
available wavelengths on the outgoing links. In the next theoreig. 3. Construction used in the proof of Theorem 2.
we show that when the number of transmitters available at each
node is not necessarily as large as the number of available waye-

o : ) € message. Consider an arbitrary destination ve€igx
lengths, the problem of finding an RWA is NP-complete. 1 < j < k. The corresponding clause in the restricted 3SAT

if tl—gfgreexrigtzs : Zr?rlg\}\ifiinsgcc;nie,lgt]ee problem Ofdetermmlr}%s_tance contains at least one literal which evaluatesue. If
T " plete. . IJ,iteral x; € C; evaluates torue in the restricted 3SAT instance,
Proof: This decision problem is clearly in the class N then vertexC; receives the message on wavelenath. in
. . ) o o ; o
sinee a so!unoln can be eaS|.Iy verlfled_ n polynomla! UM&he constructed multicast problem instance. If litefale C;
The reduction is from a restricted version of 3—Sat|sf|ab|ll'%valluates tarue. thena, is false and vertexC: receives the
(3SAT), in which each variable occurs in at most five Clausersﬁessage on wa’velengéh ° Thus, every de]stination vertex
This restricted version of 3SAT is known to be NP'Completer?ceives a copy of the m(aalggage '
For a glvegerostt:rlﬁz \?;iiﬁe;ezt:gtg 3SATCpr32|§;Té le Conversely, assume that every destination vertex receives
FL o Ly Ly oo Mk H1e message. Then vertexdelivers the message to all of

the clauses, each of which contains the disjunction of exactly
Lo e T on wavelength\;. Each vertexxy, ..., =, must

three literals over the set of variables. Corresponding to %}C'nen transmit the message on at most one of wavelenaths
instance of restricted 3SAT, we construct a network as followi. 9 . : 9
true OF Apise. FOr each vertex;, assign the corresponding

Vertexs Is the source of the multu_:ast. For each vanzd_cje variable in the restricted 3SAT instance tothee if the vertex
1 < ¢ < v, there is a corresponding vertex labeled with thte : . .
ransmits on wavelength;.,. and assign the variable to be

i <j< : ; o . )
name of the "af'ab'e' For each ClaL.@% 1 = j <k there false otherwise. Each clausg; is satisfied by this assignment
is a corresponding vertex labeled with the name of the clause

Construct a directed path originating at vertexand passing sifice at least one of its literals evaluatesie. =
through verticesey, ..., z,. On each of they links on this
path, wavelength; is the only available wavelength. For each IV. WAVELENGTH ASSIGNMENT PROBLEM

occurrence of literale; (z;) in clauseC;, there is an edge g section, we show that the WA problem can be solved in

with ngelength)\tme ()‘fal.se) from vertexz; K? vertex Cj'_ linear time. Throughout this section, the following assumptions
All vertices have one receiver and one transmitter. All vertic Se made

other thans are destination vertices. This reduction can clearly 1) A fixed multicast tree is given with source nogat the

gg'ETer_for;ned n Itlmedg_ct)_lynortrrlllal n th; S'Z? ff the _rt(-tzstncte ot. All destination nodes are in the tree, although the tree may
instance. In addition, the number of transmitters and. * ... 0040 cinaton nodes.

receivers at each node, the number of wavelengths, and the '3) All leaves in the multicast tree are destination nodes. (Oth-
and out degrees of each vertex are upper bounded by constan

. o r%i leaf n nber ly remov ntil this proper
as required by our model. Specifically, no vertex has more thgntrjg’) eaf nodes can be repeatedly removed until this property
one receiver or one transmitter, the total number ofwaveleng% %) F.or each destination node in the multicast tree. the
is three, and no vertex has in or out degree larger than five. . . . '
) . : : number of receivers is greater than 0. Thatsig) > 0.
Finally, since each link has exactly one available Wavelengt{btherwise no WA exists.)
the reduction holds for any > 1. An illustration of this We begir; in Section IV—.A by examining the case that 1
construction is shown in Fig. 3. In Section I1V-B, we show how the algorithm can be adapted to

. we cla_|m that an .RWA e.X'StS for Fhe multlcas_t problen?ind optimal WAs for different criteria of optimality whefi= 1.
instance if and only if the given restricted 3SAT instance %) Section IV-C. we examine the cabe 1

satisfiable. Assume that the given restricted 3SAT instance is

satisfiable. Construct a corresponding solution to the multicast ,

problem by transmitting a message frogto z1, ..., x, A. Wavelength Assignment b= 1

using wavelength\;. For each variable;, if z; is true in the The algorithm is based on dynamic programming. For each
satisfying assignment, then vertexuses its single transmitter nonroot nodev, let p(v) denote the parent of in the given

to transmit the message on wavelengih,. and otherwise multicast tree. Thelip(v), v) denotes the link from the parent
transmits it on wavelengths,... Vertex z; transmits on the of v to v. Define the predicaten,(A) — {true, false} by
selected wavelength to each vertgxthat has not yet received m.,(A) = true if and only if wavelength) is available on the
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link (p(v), v) and nodev can deliver the message to all desti- The dynamic programming algorithm is shown in Algo-
nations in its subtree if it receives the message on wavelengthm 1. Recall that given an acyclic directed graph with

A. Recall that every leaf is a destination node. Thus, from therticesvy, ..., v,, a topological ordering of the vertices is a
above definition it follows that for each leafin the tree permutationy; , ..., v;, of the vertices such that if there is a
. directed edge fromy; . to v;, thenj < k. Since the multicast
true, if A € w(p(v), v) . - i ) . .
my(A) = false.  otherwise (1) treeis acyclic, there exists a topological ordering of the vertices
e ’ [4]. Note that by visiting the vertices in the order , ..., v;,,
In other words, ifv is a leaf, thenn,, (1)) is true if and only if anode is only visited if all of its descendants have been visited.
wavelengthh is available on the link froma’s parent tov. Note that the dynamic programming algorithm computes the

Next, consider an internal nonroot nodavhich has no re- value ofm, () from the bottom of the tree upwards. Therefore,
ceivers available. Since(v) = 0, nodev may forward the whenm,()) is computed for a given vertex, the required
message on the incoming wavelength to its children using ti@lues for all of its children in the tree have already been
same wavelength but it may not receive the message and themputed.
retransmit it on other wavelengths. L&{v) denote the set of
children ofw. Let_/\ and\/ denote the BooleamnD andor op- Algorithm 1
erators, respectively. if(v) = 0, then

Compute a topological ordering Uiy ooy Ui,
A ma(N), if A€ w(p(v), v) of the = nodes in the multicast tree
my(A) = { *€Cw) ) for j=mn down to 1
false, otherwise. Let v = v
for each wavelength A

This rule asserts thatcan deliver a message received on wave- if v is a leaf node then compute m,(\)
length X to all destinations in its subtree if and onlyifs avail- using (1)
able on the link entering from its parent and each child of if j>1 and r(v) =0 then compute m,()\)
v can deliver the message to all destinations in its subtree if using (2)
receives the message on wavelength if 5>1and r(v) >0 then compute m,()\)

Next, consider the case thatv) > 0. In this case, node using (3)
can use wavelength to deliver the message to its children if j=1 then compute M using (4)

and, in addition, node can receive the message and retransmit end for ( Comment: End inner for loop )
the message to its children using upt{o) wavelengths other end for ( Comment: End outer for loop )
than A. Define awavelength selection setith respect to\ to  return (M)

be a subset oA which containsi. Let A, . denote the set of
all wavelength selection sets with respectitof size at most
¢+ 1. Thus, every set it . comprisesk and up toc addi-
tional wavelengths. Then

Note that the actual WA can be found, if one exists, by
recording the WAs in addition to the valuessf,(\) and M.
We now derive an upper bound on the running time of the

\ ANV mg(N), if Aew(p(v),v) algorithm. In general, computing a topological ordering takes
my,(A) = ¢ A1) 2CCv) Vea time O(n + m) wheren = |V]| andm = |E| [4]. Since
false, otherwise. m =n — 1in atree, the topological ordering can be computed

(3) intime O(n). There are a total afm iterations through théor

This rule asserts that,,(A) is true if and only if wavelength\  |oops. Among the computations performed insideftiidoops,
is available on the link enteringfrom its parent and there existsthe computation in (3) requires the largest number of steps. An
some wavelength selection setomprisingh and up td(v) ad-  upper bound on the number of steps required to compyte\)
ditional wavelengths (to be transmittectgtwith the following in (3) can be derived as follows: For each wavelengtt most
property: Every child: of v can deliver the message to all of itsy~!(*) (“—1) gistinct wavelength selection sets are considered
descendant destinations if it receives the message on one ofgBgayse there af¢7*) ways of choosing wavelengths other
wavelengths\” in setA. than\ from A. For each wavelength selection sétconsider

Finally, consider the case of the root nodéJnlike the other the set of childrerC(v) of nodev. SetC(v) has size at most
nodes in the tree, nodedoes not receive the message from 8., (v), and for eache € C(v), at mostt(v) + 1 steps are
parent node. Instead, nodéransmits the message using up tequired to determine if there exists a wavelengthe A
t(s) different wavelengths. LdB. denote the set of all subsetsg,ch thatm,(\) is true. Therefore, in the worst case the
of A of size at most. Define M = true if and only if a WA number of steps required to compute,()) is bounded by

exists originating at the source node. Then [Ezgg (wi_l)]dout(v)(t(v) +1). Lettingt = maxycy £(v) +1,
_ t—1 f(w o . .
M= \/ /\ \/ (V). @) C =Y. (%), andd = max,cy dow(v), the running time

of the computations performed inside tfar loops is upper
bounded by[wCdt|n. Thus, the algorithm ha®(n) running
This rule is analogous to the one in (3) except that nodew time, with the constant term depending on constants andd.
transmits all wavelengths itself rather than receiving one on @he impact of these constants on the running time, in practice,
incoming link. is discussed in Section V.

BeEB 5y v€C(s) NCB
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B. Optimal Multicast fort = 1 tively. The asymptotic running time and constants are easily ver-

Here, we show that the dynamic programming soluticff€d t be the same as that of the original algorithm.
described in the previous section can be adapted to solve th@) Minimizing the Total Number of Transmittergo sim-
problem of finding optimal WAs, or determining that no WApI{fy our discussion, we restrict our gttentlon herg to that of
exists, under different measures of optimality. For concretene@4nimizing the total number of transmitters. A straightforward
we demonstrate this for two specific measures: WAs Whiéﬁ(ten_smn_ of this formulation can be u;ed to minimize any linear
minimize the maximum number of hops required to reach gpmbination of the number of trgnsm_ltters and receivers.
destination nodes and WAs which minimize the total number of O €ach nonroot node tr,,(1) is defined to be the minimum
transmitters used. The latter result can be easily generalizedtinber of transmitters that must be used in the subtree rooted
minimize any linear combination of the number of transmittet_%w in order to reach all of the destination r_10des in the subtree
and receivers used. if the message entetson wavelength\. Definetr,(A) = oo

1) Minimizing the Maximum Number of HopRecall that T wavelength) is not available on linkp(v), v) or it is not
the number of hops incurred from the source to a destinatiBRSSIPI€ to reach all destinations in the subtree whesteives
is defined to be the number of transmissions. Thus, each mi& message on wavelength
sage incurs at least one hop. For each nonroot mptig()\) is T OF €ach leab in the tree
defined to be the minimum vallk?such that there exists a path ) 0, if Aew(p),v)
from v to every destination node in the subtree rooteghvahich try(A) = { o, otherwise
uses at mosk hops, assuming the message enteon wave-
length . If wavelength) is not available on linKp(v), v) orit because a leaf node has no descendants and, thus, incurs no
is not possible fow to reach all of the destination nodes in itdransmissions. Next, consider an internal nonroot nodé
subtree when the message enteos wavelength, then define »(v) = 0, nodewv cannot receive the message and, therefore,
h(X) = co. (This is equivalent to the case that (1) = false.) cannot employ transmitters; it may only distribute the message
For example, if wavelength is available on linkp(v), v) and to its children on wavelength. Thus, the total number of trans-
wavelength) is available on every link in the subtree rooted anitters used in this subtree is the sum of the number of trans-
v, thenh,(A) = 0 since no hops need to be performed insidaitters used by the subtrees rooted at each of the children of
the subtree rooted atin order to reach all destination nodes inrhus, forr(v) = 0
that subtree.

From the definition, it follows that for each leafin the tree () > tra(N), it A€ w(p(v), v) (10)

H T = rzeC(v
hy(X) = {0’ it A e u.](p(v)’ v) (5) 00, " otherwise.
oo, otherwise.

Next, consider an internal nonroot nodef r(v) = 0,nodey T 7(v) > 0, then nodev may receive the message and re-
cannot receive and retransmit the message but may only df@nsmit the message on up#@) wavelengths in addition to
tribute the message to its children using wavelengthhus, if - Then, ifr(v) > 0

9)

r(v) = 0, then
max h,(A), if Aew(p(v),v min A — 1+ min tr,(\') 3,
= {mEC(’U) v Otherwis(e( e try(A) = § T;C%) el
o ' if A€ w(p(v), v)
If #(v) > 0, nodev may distribute the message to its children o otherwise
on wavelength\ without incurring an additional hop. In addi- o ’ (11)
tion, nodev may receive the message and retransmit it'so
remaining children using up tt{v) wavelengths other thak.  gimjlarly, let 7 denote the minimum total number of trans-

Each child which receives the message on a wavelexigither mitters and receivers over all WAs. Then
than incurs an additional hop. Then, fetv) > 0

min max min

AEAL vy 7€C(w) NEA T= BIcrgI} > |B| + Z )1\r,1€1% tr,(\) 3. (12)
_ ! ; r_ e z€C(s)
h,v()\) o {}1%();37 N :::: i/ i, if Ae TU(p(U)a U)
+ ha (X)), 7 . Finally, in Algorithm 1,m,(A) andM are replaced byr,(\)
00, otherwise. and 7', respectively, and (1)-(4) are replaced by (9)—(12),

respectively. The running time is easily verified to be the same

Let H denote the minimum number of hops required. Ong. 4\ -+ ¢ the original algorithm

hop is incurred by the initial transmission of the message at
nodes. Therefore C. Wavelength Assignment for> 1

H=1+ min max min h,(\). (8) As illustrated in the example in Fig. 2, a WA may not exist

BBy zeC(s) N CB when each link is permitted to send the message on only one

Finally, in Algorithm 1,m,(A) andM are replaced by,,(A) wavelength but may exist when more than one wavelength may
andH, respectively, and (1)—(4) are replaced by (5)—(8), respdme used per link. In this section, we show how the algorithm
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described in Section IV-B can be generalized for the case tli@rates over all nonempty subseétsC A such thatS| < 2.

£ > 1. Algorithms for optimal multicast problems, such aghe running time of the algorithm remaid¥») and the con-

those described in Section IV-B, can be generalized in a sistant term can be derived in a fashion similar to that of the orig-

ilar manner. inal algorithm.
For a given value of, let S; denote the set of all nonempty

subsets ofA of sizef or less. We generalize the definition of

functionm,, as follows:m,(S¢) — {true, false} such that for

eachS € &, m,(S) = true if and only if all wavelengths ir$ In this section, we describe experimental results using the

are available on linkp(v), v) and nodey can deliver the mes- algorithms presented in the previous section. We begin by

sage to all destinations in its subtree if it receives the messafigcribing results under the restriction that only one wavelength

on all wavelengths in sef. From this definition it follows that per channel can be used to transmit the messége 1). The

for each leafv in the tree first set of experiments used the WA algorithm described in

Section IV-A to measure the number of multicast requests that

were successfully realized as a function of the number of avail-

able wavelengths per link and number of available transmitters

Next, consider an internal nonroot nodsuch that-(v) = 0. Per node. Specifically, a single random multicast tree with 100
nodes(n = 100) was generated in which each node had a

V. EXPERIMENTAL RESULTS

[ true, if S C w(p(v), v)
m(S) = {false, otherwise. (13)

AV m (), if S Cwlpv), v) random number of children selected uniformly between 0 and
m,(S) = § #€Cv) S'CS 3 (0 < dout(v) < 3). The generated tree had height 8 and the
false, otherwise. destination nodes comprised the 53 leaves of the tree. Each link

(14) was assumed to carry ten distinct wavelendths= 10). Very
similar results to those reported below were obtained for other
This rule asserts that can deliver the message to all destinarandomly generated multicast trees with other values of these
tions in its subtree when it receives the message on all of tharameters.
wavelengths irt if and only if all of the wavelengths is' are  In one group of experiments the number of available transmit-
available on the link entering from its parent and each childters per node was chosen at random from the uniform [0, 2] dis-
x of v can deliver the message to the descendants in its subtitgution and in the second group the uniform [1, 3] distribution
when it receives the message on some subsef the wave- was used. In all experiments, the number of available receivers
lengths inS. per node was set to 1. In each group of experiments, the set of
Next, consider the case thetv) > 0. In this case, the mes- available wavelengths on each link was also selected at random
sage arriving at on the wavelengths i can be forwarded to where the size of the set was taken from the unifprml, z+1]
any of its children on any of the wavelengthsdnin addition, distribution for a given value of. For each value of ranging
nodev can receive the message and retransmit the messagfdm 2 to 9, 100 runs were performed. The data labeled “Exact
its children using up té(v) wavelengths other than thosesh  Solution” in Fig. 4 shows the results of these experiments for
Define awavelength selection set with resped to be a subset the two groups of experiments.
of A that containsS. Let As, . denote the set of all wavelength  |n some situations, it may be desirable to use heuristics that
selection sets with respect.foof size up taz+|S|. Thus, every are faster or simpler than the dynamic programs described
setinAs . comprises the elements Sfand up toc additional here. The exact solutions found by the dynamic programming
wavelengths. Then algorithms can then be used off-line to evaluate the quality of
such heuristics. As an example, we have investigated a simple
greedy heuristic for finding WAs. The heuristic operates as
follows. The source nodedetermines the available wavelength
that can be used to reach the largest number of its children,
breaking ties arbitrarily. Then the available wavelength is found
that reaches the largest number of remaining children. This

Finally, consider the case of the root nodénlike the other Process is repeated until a sétof wavelengths is found that
an be used to reach all of the childrensofif the number of

nodes in the tree, nodedoes not receive the message from §

parent node. Instead, noderansmits the message using up tgvavelengths i exceeds the number of transmitters available

#(s) different wavelengths. Recall that denotes the set of all at s,_the heuristic f_ails to satisfy the multicast request and
subsets of\ of size less than or equal toDefine M = true if terminates. Otherwise, each childof the source node may

and only if a WA exists originating at the source node. Then CN00se” to receive the message on any one of the wavelengths

in S Nw(s, z). For each childe of s, the heuristic determines
M= \/ /\ \/ ma(S"). (16) WhichX € S nuw(s, z) reaches the largest number of children
of z. This wavelength is then used to deliver the message from
s to z and then frome to as many of its children as possible.
The dynamic program shown in Algorithm 1 can now bélext, the heuristic repeatedly selects the wavelength that can
applied to this case by replacing (1)—(4) with (13)—(16), respeloe used to reach the largest number of remaining children
tively, and by replacing the inndor loop with a loop which of z until all children of z are reachable with the selected

AE€EAs 1(vy zCC(v)

mu(S) = Vo ma(8), it S C wlp(v), v)
SICA, |S|<e

false, otherwise.

BEB, sy z€C(s) S’EB, |S7|<¢L
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Exact Solution Heuristic Solution 1<¢t(v) <3
00<tv) <2 e D < t(v) <2 100
al<t(v) <3 >1<tv)<3 90
100 < o B o 80
90 ~ %
50 s 704
% B % 60 -
s 704 i
a s 50
& 604 f 40
1 50 i
8 e 30
f 40 d 20
& 30- 0
d 20+ 109 A
10 0¥ ¢ e T
0 y 2 3 4 5 6 7 8 9
9 3 4 5 6 7 8 9 Mean number of wavelengths per link

Mean number of available wavelengths per link Fig. 6. Percentage of multicast requests satisfied using atmi@sismitters

. ) o ) and receivers, other than receivers at destination nodes, as a function of the mean
Fig. 4. Percentage of multicast requests satisfied as a function of the megfber of available wavelengths. Curves are labeled twith
number of available wavelengths.

(=1 =2
1<t(v) <3

sHv) s 00 <) <2 e 0<t) €2

100 ; 41<t(v) <3 >1<tv) <3

90 100 B 5 5
<
S = 80 -

3 %

¢ 607 s 704
I 50+ T 60
f 404 i 50
fi 30 40
20 - & 30
10 d 9094
0 i 10 -

0 * —° T T T

Mean number of wavelengths per link 2 3 4 5 6 7 8 9

i _ o ) Mean number of available wavelengths per link
Fig. 5. Percentage of multicast requests satisfied using at inbsps as a

function of the mean number of available wavelengths. Curves are Iabeleld.wn':_lig 7. Percentage of multicast requests satisfied using the optimal dynamic

programming solutions fof = 1 and( = 2.
wavelengths. If the number of wavelengths selected is larger
than the number of transmittersatthen the heuristic fails to arameters used in the above experimenEhe results are

satisfy the request ?”d terminates. Otherwise, this process ISgrheéwn in Fig. 6 for the case that the number of transmitters
peated until all destination nodes are reached.

This heuristic ha®(n) running time but has a significantlywas selected from the uniform [1, 3] distribution. Each curve

: abeled with a value indicates the percentage of multicast
smaller constant term than that of the dynamic program. The e , . .
results of running this greedy heuristic for the data used abor\%]|ueStS satisfied using at mastransmitters and receivers,
nning 9 y het . . except that the 53 receivers required at the 53 destination nodes
are shown in Fig. 4 for comparison with the exact solutions . S
e not included in this count.

) ; ) . . r
obtained using the dynamic programming algorithm. Althougarl] Finally, as indicated by the example in Fig. 2, the probability

the exact solutions are generally better than those found byt0 eblocking may be reduced by allowing each link to use more

heuristic, the data also indicates that for some cases the heuri%éiac:n one wavelength to transmit a multicast message. In the last

peﬂg;rtnstxgrydwﬂ}mc roaramming formulation from SeC§et of experiments, shown in Fig. 7, the dynamic programming
' y prog 9 : foo{mulation described in Section IV-C was used to investigate

tion 1V-B1 was used to measure the number of hops requwﬁhe benefits of increasing the valueddfom 1 to 2 for the same

for the same parameters used in the above experiments. . . .
L data set as used in Fig. 4. The improvement in the number of
results are shown in Fig. 5 for the case that the number of,.” . - :
satisfied requests faf = 3 over? = 2 was negligible and is,

transmitters was selec?ed from thg umform [1, 3] d'St”bUt'o?herefore, not shown here.
Each curve labeled with a value indicates the percentage
of multicast requests satisfied using at mbshops from the
source to any destination. We note that for this data set no
multicast request could be satisfied using fewer than two hopdn this paper, we have investigated the problems of multi-
and no multicast request required more than seven hops. cast RWA. We have shown that the RWA problem is, in general,
Next, a dynamic programming formulation similar to the . . ) I

d ibed in Secti IV-B2 d h 3The dynamic program in Section IV-B2 minimizes the total number of trans-
one aescribed in _ectlon - W‘?‘S use to_ measure the t%lers used. Here, we used a generalization of that dynamic program to mini-
number of transmitters and receivers required for the samge the sum of the number of transmitters and receivers used.

VI. CONCLUSION AND FUTURE RESEARCH
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NP-complete. We have also shown that the WA problem for anyi6] S. B. Tridandapani and J. S. Meditch, “Supporting multipoint connec-
fixed multicast tree can be solved in linear time in the number  tionsinmultihop WDM optical networksJ. High-Speed Networkgol.

of nodes when the number of wavelengths per link, transmitterﬁn

4, no. 2, pp. 169-188, 1995.
S. B. Tridandapani and B. Mukherjee, “Channel sharing in multihop

and receivers per node, and switch degree are constants. More- WDM lightwave networks: Realization and performance of multicast
over, we have demonstrated that the dynamic programming al-  traffic.” IEEE J. Select. Areas Communol. 15, pp. 488-500, Apr.

gorithm for the WA problem can be adapted to find optimal [18]

1997.
J. Yates, M. Rumsewicz, and J. Lacey. (1999) “Wavelength converters

WAs for different measures of optimality such as minimizing in dynamically reconfigurable WDM networks”IEEE Commun.
the number of hops or mInImIZIng the number of transmitters SUrVequnIlne] Available: http://WWW.ComSOC.OrgllivepubS/SurveyS/

used. The algorithms described in this paper can be used eitr’ﬁg

index.html
] X.Zhang, J. Wei, and C. Qiao, “Constrained multicast routing in WDM

to find exact solutions to the WA problem or to evaluate solu-  networks with sparse light splitting,” iRroc. INFOCOM Tel Aviv, Is-
tions found by faster and simpler heuristics. rael, Mar. 2000, pp. 1781-1790.

[20] z.ZhangandA.S. Acampora, “A heuristic wavelength assignment algo-
rithm for multihop WDM networks with wavelength routing and wave-
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