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ptical netwdts emplging waelength division
O multiplexing YWDM) are nav a viable technol-

ogy for implementing a next-generation net-
wolk infrastucture that will suppol diverse set of exist-
ing, emerging, and fuwirapplications [10]WDM
bridges the gap beten the laer electinic switching
speeds and the ultra high transmission speedsaldehiev
within the optical mediunWDM divides the enormous
information cawring capacity of a single mode bber into
a number of channels, each on a eliffevaelength and
operating at the peak elenic speed, making it possible
to deliver an agggate thoughput in the ater of Ter-
abits per seconwhile WDM technology initially was
deplged in point-to-point links, and has also been exten-
sively studied, both thestically and experimentaliy
wide aea or metipolitan aga distances [9], a number of
WDM local aea testbeds haslso been implemented [8]
or ae curently under delopment [7, 1]To realie
WDM local aea netwds, a passvstar coupler is em-
ployed as a badcast medium to connect all nodes in the
netwok. Snce the enté path beteen sowe and desti-
nation in such a netwois entiely optical, and no elec-
tro-optic congrsion of the signal is necesHaese net-
works ae also knen assingle-hofy DM networiks [10].

Multicasting, the ability to transmit a message fr

a single soce node to multiple destination nodes, has
emerged as one of the essentialdeaificuent and fu-
ture netwdks [2]. With the deelopment of computer
and communication applications such as distributed
computing, audio and video coefeing, softwarand
video distribution, and databasplication, suppbofor
multicasting must be an integralt mdmetwok design,
rather than an aftéought, egadless of the netw®
underlying technologglata rates, or geographieakh.

In this paper we survey protocols and schedu
rithms designed to transport multi-destination
broadcast WDM networks. The protocols are
based on the underlying strategy used to trans
cast packets, as well as on their assumptions
the network architecture. A number of approg
scheduling both single- and multi-destination t
also described and discugsdidcifgs the advanta
and disadvantages of each scheme, and we

|
the regions of network operation for which eaj‘

is most appropriate.

In this papeme suvey some of the aaches and tech-
, nigues poposed in the literakito transpamulti-desti-
g algpsiion trafbc in lmadcastVDM local aa netwdss.
frafPC In' 1 5 point-to-point netwé a transmissionyta
ClassiBedie iseceied only y the node at the other end of the
Mit Myle In a single-channeldadcast netwloron the other
regargiidd, a transmissiory la node iseceied ly all the
ches fibdes attached to the chanéDM broadcast net-
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two extemes ¥ providing a unique one-to-many trans-
mission. Becibcallya transmissioryla node in a bad-
castWDM netwolk on a gien channel (walength) is
receied ty all nodes listening on that channel at that
point in time.This featue makes it possible to imple-
ment a number of diffent appoaches for caing
multi-destination trafc in such a nekwoanging fom
separately transmitting a copy of a message to each of
destination nodes, to transmitting multiple copies of the
message with each coggeied ty a subset of the desti-

nation nodes, to transmitting a single copy of the messag

to all destinations at ondde main challenge in the de-
sign of efbcient multicast scheduling algorithms (MSA)
for broadcasiVDM netwoks is in exploiting the one-to-
many transmission feauwo povide a balance betan

two conficting goals, namehinimizing the number of
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transceirs is equired for egly node. h general, this

copies of a message that need to be transmitted (a megair of transmitter an@ceier is P&d tuned to the pr

sue of the bandwidth efpciency of the algorithm) and
maximizing concuency (a measuof the ability of the
algorithm to efbciently utéizhe aailable waalengths).
Providing such a balance is intpot in oder to achiev
the maximum possible utilization of the chaneel, r
ceiver, and transmitteresouces within a netwlorwith
multi-destination trafbc [20, 19].

This suvey paper is orgaaiz as folls. h Section
2 we brst pesent a model of theoadcastWDM net-
work with multi-destination trafpc,enwdebne péor-
mance mea®s elewant in a multicast setting, ané w
also point out and discuss thgous netwérparameters

determined walength of the cortt channel, and can-
not be used for data communication.

The netwdk is packet switched, witheld)xsie pack-
ets.Time is slotted with the slot time equal to the packet
transmission time, plus, possibly the tuning latency (if it
is assumed small conguhto the packet transmission
time). Thetuning latencyis dePnedsthe time takenby
transceirsto tunefrom onewaelengthto anotherAll
the netwok nodesare synchonizd at the slot bound-
aries.9nce we considemulticasttrafbcin this paper
weletg N {1,2,...,N}repesent the destination
set (multicast gup) of a packetVe also letG repesent

and characteristics that affect the design of multicasthe number of cuently actie multicast gups. h gen-

scheduling algorithms &ection 3, w present and clas-
sify a number of strategies and algorithms fgtingarr
multi-destination trafbc in adadcastWDM netwolk.
dnce in anyealistic envinment multi-destination traf-
Pc will coexist with single-destination trafp@dtidh 4
we discuss seral strategies to supparcombined load
of single- and multi-destination traftde conclude the
paper in 8ction 5.

$ %

As seen inigure 1, an optical badcastVDM net-
wolk consists of a ¢t {1,2,.. . ,N}of nodes inter-
connectedy a passig starcouplerthat suppots a set

C {4 2 ..., c}of waelengths.rl a typical net-
wolk, the number of channdlsis at most equal to the
number of noded, C  N. When the number of chan-
nels is strictly less than the number of nodesillvay
that the netwdx is wawelength (or bandwidth) limited
Each node is equipped with a number of eitheat bx
tuned or tunable transmitters amdeaiers that can be
used for data communicatiolr Bimplicity we assume
that the tunable components (either transmitters- or r
ceiers) can tune to, and transmit/listen on any df the
waelengths fithe operation of the netwaelies on the
presence of a coaoltrchannel, then a separate pair of
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eral, at any giwm time,G will be considerably smaller
than the possible number of multicasugs which is
equal to 2.

We debne thavaelength toughpug S C of the
netwok as the arage number of packets transmitted on
the C channels per unit of time (slMje note, havever,
that while high walength thoughput is céainly desir-
able, this traditional depbnition of abghput does not
accuratelyefiect the parmance of a netwowith mul-
ticast trafbc, as it fails to capttivedegee of efpbciemnty
the use of channel bandwidth. A measdrthis efp-
ciency is the avage numbérof times a packet is trans-
mitted befoe all members of its multicasiugr eceie
it. Thus,both Sandl are impotant in characterizing the
pefformance of the networFor example, a system that
can achievhigh waslength thoughput only ¥ unnec-
essarilyaplicating each multicast packesitting in a
high value) may actually be inferior to one with a some-
what laver waelength thoughput but which isey efp-
cient in hev it transmits packets (i.e., it ach&es ey
low value fol ).

Let amulticast completidenote the completion of a
multicast transmission of a packet toeakiers in its
multicast gspup We debne thenulticast tlmughpub of
the system as theeeage number of multicast comple-
tions per slofThis depbnition of tlmughput is independ-
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ent of hav multicast is actually femed (i.e., Y per-

of anMSA by alleviatinghe problemof destinatiorcon-

forming a single or multiple transmissions), and thus isBicts(discusseldelaw), whichcanbe a seere onewhen

applicable to any netvkowith multicast trafbcThe
multicast thoughput iselated to watength thoughput
and the dege of efpciency tugh the expissionD
S/l. As ve can see, the multicastahghputD combines
both parameteSand! in a meaninigl way and it nat-
urally arises as the fpemance measuof inteest in a
WDM netwoik with multicast trafpc.

In a boadcas?VDM netwolk, users contend faer
souces including the data and cohtthannels and the
transmitters anceceiers at thearious nodesu€cessful
and efpcient transmission of multicast packpises
caeful coodination and scheduling of thessouces.
Some form of codination is necesgarecause a trans-
mitter and a eceier must both be tuned to the same
channel for the duration of a pakeansmission. Also,
the netwdt must agid or minimiz packet loss due to
collisionswhich take place when two or enaondes si-
multaneously transmit on the same channetjestuha-
tion conBictevhich arise when two or ragrackets, each
on a diffeent channel, araddessed to a singkreier
in the same slothese issues become endifbcult to
tackle in the msence of multi-destination trafbc in the
netwok. Thus, at the hebof eery media access camtr
protocol for boadcastVDM environments is a schedul-
ing algorithm esponsible for cabinating access to the
awilable channels.

multicastrafbcdsconsidezd.On the otherhand,having
multiple tunabletransceigrsper node canincreasdhe
complexityof the MSA, especiallyvhenthe tuning la-
tencycannotbeneglectedn thiscaseminimizingtheef-
fectof thetuninglatencyin the schedul@nvolvescaeful
coodinationnot only amongthe variousnodesput also
amonghevariougunabletransceersateachode.

Tuning latency While optical device technology has
made grat adances in the pastwieyears, eleanic
speeds aralso ineasing to 10 i@abits per second and
beynd. Consequentlgepending on the packeesind
the data rate in the netwpthe alue of the transceiv
tuning latencydlative to the packet transmission time
can hag a signibcant impact on the complexity of the
MSA. If the tuning time is negligible congzhto packet
transmission time [26, 12, 3, 16, 5], it can be accounted
for by including apppriate guarbands aund the data
packet within each sloh this case, simpleregmptie
scheduling algorithms can be epgalpsince, at the end
of each slot, a transegivan tune to a diffart wae-
length without incurring any cost (i.e., withoutéasr
ing the length of a schedul&juhing latency is large, in-
cluding it within each slot is inefpcient and can lead to
very long delays andiathroughput.Thus, sophisticated
MSAs that explicitly adess the tuning latencyear
neededTypically non-peemptie algorithms arem-

The design of strategies or scheduling algorithms foployed [20, 19] which jerent flequent etunings ¥ hav-

carlying multi-destination trafbc isostgly dependent
on the underlying assumptioagatling the ashitectue
and parameters of theadcastVDM netwok. Differ-
ences in issues rangiranfrthe existence of a cohtr

ing a transcedv tune to a walength and complete a
number of packet transmissicasdptions befertuning
to a diffeent channelThe design of non-pemptie al-
gorithms is ma complex compeat to peemptie ones.

channel to the tunability characteristics of each node taNon-preemptie algorithms also Rawigher unning-

the tuning latency of the optical trangrsicanasult in
radically diffant scheduling algorithmsrRhe est of

time requiements, but they can effegjyumask the tun-
ing latency and thus signibpcangiguce the amount of

this section atake a closer look at the issues which cantime requied to clear a set of trafbc demands.

affect the design of algorithms for scheduling multi-desti-

nation packets in adadcastVDM environment.
Number of transceiers per node and tunability

characteristics. The number of transceiers per node
usedor datacommunicatiorandtheirtunabilitycharac-
teristiccanhawe aprofoundeffectnot onlyonthedesign
but alsothe pefformanceof multicastschedulingalgo-
rithms (MSAS).In the papersuwneyed, the transmitters
canbeeitherpxedtunedor tunable put thereceiersare
alwaysunableThisnodestructureisnot surprisingjiven
the factthat tunability at the receivingend cansuppot
multicastingn anaturalandf3exiblenannety alloning
asinglepacketransmissionn acetainwawelengtho be
receiedby multiple destinationsvhichhae tunedtheir
receierso thatwawlengthlt hasalsdbeerobseved that
the presencef multiple tunablereceiersper nodemay
signibcantlyncreasehe maximumachieablethrough-
put [4, 16, 17]. Employing additionaltunablecompo-
nentsallovsthe designegreaterf3exibilityin the design

In-band vs. out-of-band signalindvost boadcast
WDM architectues that havappead in the literater
requie the use of a cookrchannelThe contol channel
is mainly used for theolmange of queue and trafbc infor-
mation among the nodes in the nekyor slot eseva
tion, as wll as for other functions including networ
management and monitoring and global clock distribu-
tion. In general, one additional wkangth isequired for
the exhange of coral information, and this welength
cannot be used for data transmissimte®s with a cen-
tralizd achitectue, such as the ones in [12, 1&juie
two waelengths for out-of-band signaling, one for send-
ing and another foeceiving contt information fom
the schedule®n the other hand, it is also possible to use
in-band signaling that does requie a separate channel
for contol information. e example of anchitectue
which emplgs a distributedesevation potocol [24] to
transmit the information needegithe MSA along with
the transmission of data can be found [20, 19].
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Bandwidth allocation. Three diffegnt appoaches control overhead and offershustness against networ
hawe been mposed in the literaturfor allocating the failures.
bandwidth among the netwanodes.n the pre-alloca-
tion appoach [26], the channel bandwidth is divided
into slots and slotsegpe-allocated to each nodeeach ++
pre-allocated slot, two nodes tune their transmitter and In this section g/present and discuss theious
receier, respectly to the same channel for communi- MSAs for bnadcastVDM netwoks that hae appead

* ! ! * +

cation.The slot pe-allocation can be deix(i.e., inde- in the literatue.Wewill use the frameorik introduced in
pendent of incoming traflc) or it could be dynamic to [13] to classify the diffemt MSAsThis frameiotk was
handle trafpcaviations. &r dynamic p-allocation, all deeloped in the context of &h N multicast packet

the paticipating nodes in the netwarompute a sched-  switch.We note that a packet-switch&DM netwoik
ule. Schedule computation can be distributed or centralwith N nodes andC wawelengths can be modeled as a
ized. This appoach can generate large allocation tablesbandwidth-limitedN N input-queued space-division

and can be computationally inteaswhen ther ae switch operating in a time-slotted mdde bandwidth
many multicast gups and/or gups of large siz limitation is due to the fact that the nhumber ofewav
In the resamtion-basedppoach [5], nodesseve lengths ailable with tunable optical devices is smaller

the slots for transmissidine resevation pocess is car-  than the potential number of nod€s (N ). As a&sult,
ried out on a separate cohtthannel. écess to the con-  in each time slot, a maximum®hodes may transmit

trol channel can beeallocated or randoifhe eseva their packets into the optical mediunm @e other
tion-based appach mayesult in large packet delays for hand, a multicast switch with no bandwidth limitation
multicast packets with large destination setise fan- (C N) is potentially capable of switching paclats fr

dom acceappoach [16], nodes randomly access the all N nodes (input pds) to their destinations (output
channels to transmit packetshée is a collision or des-  ports) in one time slot.

tination conRict, nodestransmit after a random oebx Using the terminology of [13], the strategies under-
interval, depending on the giocol. This appoach is lying the arious MSAs can be classibed eethpad
similar to corentional media accesstpcols such as  categories.de that the terrfanoutefers to the number
Ethernet, and uses theoadcasting ability of the passiv  of destinations of a multicast packet (i.e., the multicast
star coupleiThis appoach has the aivage of simpler  group sie).

scheduling compext to other appaches but it may lead 1. Unicast (sequential) seice.One copy of a multi-

to low throughput. cast packet is separately transmitted to each of the
Centralizzed vs. distributed athitecture. In a dis- destinations in the multicasbgp. Hence, the trans-
tributed achitectue, schedule computation isfpened mission of a packet takes at least as many slots as the
by each node independently [3, 5, 22]. All the nodes  number of destinationghis strategyesults in high
shae the necesgaqueue information and other trafbc waelength thoughput but lev multicast thwughput
parameters using the cohtthannel, and use the same (see &ction 2), since essentially the same data packet
algorithm to congtict identical deterministic schedules. is transmitted again and again.
In a centraled achitectue [12, 16], thex is a single 2. Multicast sevice with no fanout splitting.Instead
scheduler at the passitar coupleThis appoach e of transmitting a multicast packet to its destinations
quires two contil channels, one for sending calnity- one at a time, another extre is to insist that all des-
formation to the scheduler and the otherfteiving the tinations eceie the packet in the same time Sl
schedule &m it. In a centralizd system, the scheduler strategy makegry efbcient use of the bandwidth,
knows the state of the netWwat any instant and it can since each multicast packet is transmitted exactly
schedule atransmission immediately with out thero once. Hwever, when the actesrmulticast gups a
head that is incued in a distributed computatiorhe not disjoint, this strategy can é&goor pdormance
scheduler must continuouslyfpan three taskseceie in terms of both multicast thughput and delay
a lequest, compute a schedule, and assign a slot for tran: Multicast sevice with fanout splitting.In between
mission to each noden& these tbe tasks arper- the abwe exteme strategiesevnawe the multicast
formed ly a single entityas the number of channels sevice discipline of fanout splitting, with better
and/or the data rate at which they operatedses, the throughput and delay permance than either ex-
load on the scheduler can be enormimuseduce the treme. A multicast packet can be transmitted te mor
processingequiement on the centradid schedulett is than one destination in a givtime slot, depending
suggested in [12, 16] tharywsimple scheduling algo- on the aailability of the destinatioriEhe iemaining
rithm be emplged. The centraled schedule computa- destinations (if any) earseved in later slots.nl
tion appoach is mar suitable when the nodes@osely essence, the destination set of a multicast packet is
spaced (e.g., in a rackdr geographically distributed patitioned into subgups, and the packet is sequen-
nodes, distributed schedule computation edurce the tially transmitted to each sutagp A number of dif-
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ferent fanout splitting strategies may be implementednetwok. In such an envnment, the total number of
based on the manner in which the destination set ismulticast packets in the netlwavill be a small fraction

patitioned, and will be discussed latéz also note
that this is the most general/mer strateggince uni-
cast seice and multicast s@re with no fanout split-
ting ae special cases vehitre number of sulmyps
is equal to the fanout and orespectisly

Finally we note that the wérin [6] also consided

of the unicast packets, and therloead of implementing
and unning a speciatid MSA may not be justibed.

_$ * 4

/ 1
The multicast mrtocols pesented in [5, 3, 25, 12]

the poblem of switching multicast trafPc in a time-slot- a|| use MSAs that implement multicastiserwith no

ted switch with no fanout splittingpegibcallyit was
shavn that the psblem of Pnding a confRiceér assign-

fanout splitting. Wder this strategthe soure of a mul-
ticast packet insists on transmitting a single copy of the

ment of input queued packets to output slots so as topacket in a time slot, which guarantees that all members

minimize the schedule length MP -had. Conse-
guently it is not surprising that all the MSAs thathav
appead in the literatwr ae based on heuristics.

In Table 1 w classify the MSAs that baappead
in the literatue accating to the strategy they implement,
and accating to their assumptionsgading the under-
lying netwdk envionment. h the follaving subsections,
we consider each strategy separatelye discuss in de-
tail the algorithms, which appeafable 1.

With this strategyne copy of a multicast packet is
sent to each member of the pa@#estination set, with
each copy transmitted in a défg@rtime slotThe main
adantage of this apgach is that it makes it possible to
emply unicast scheduling algorithms whicle Hzaen
extensigly studied, arwell-understood, andeasignib-
cantly simpler and computationally enefpcient than

of the pack@ destination set willeceie it. In other
words, the algorithmequire the simultaneousadabil-

ity of all the thee netwdr resouces inglved in the
transmission of a packet, namahe transmitter of the
souce node, oneeceier at each of the destination
nodes, and one chanWhile achieving the highest pos-
sible degre of efpcienaysually these algorithms aahiev
low waelength thoughput, and thus Wo multicast
throughput.

The performanceof multicastwith no fanoutsplit-
ting wasstudiedn [4]. By makinga numberof protocol-
freeassumptionsilamelya distributedtransmissiopro-
tocolwith nocontmwol overhead;ollision-legsansmission,
andno propagatiomelayon thecontol channelanana-
Iyticalmodewagleelopedo determinghepeformance
limits of thenetwok. For themodel tuninglatencyisas-
sumedo bezero, packetarrivalsare takento bePoisson,
andpacketengthareexponentialldistributed notethat

corresponding multicast scheduling ones. As pointed outthiswork istheonly oneto assumeariablesiz packets).
in [13], an appximate analysis of this strategy can be Eachnodehasa bufferthat canhold exactlyonepacket,

carried out ¥ analyzing the ca@spondingVDM net-
wolk with unicast trafPc and ignoring the batchadsriv
of multicast packetBhe main drawback is that this strat-
egy does not take adtage of the one-to-many transmis-
sion featwr of bbadcastVDM netwoiks. Consequently
unicast seice mayasult in the transmission of a large
number of copies leading to inefbcient use of d@ile av
able bandwidth, i.e. it achésva v degee of efbciency
and thus Il multicast thoughput. 1 was shaen in
[22,21] that unicast sece is appriate when the aw
age multicast session is tshad the asrage multicast
group sie is smalldative to the number of nodes in the

andpacketshatcannoteimmediatelyransmittedo all
nodesn theirmulticasgrouparedroppedWith theseas-
sumptionsthe netwok wasmodeledasa birth-death
queuing system,and expessiondor throughput and
packetrop probabilitywereobtainedlt wasshavnin [4]
that while waelengththroughputis low in sucha net-
wolk, receierthroughpytebPnea@gheaeragaumberof
busyreceiers,couldbehigherThe latterresultis dueto
the factthat multiple nodesare involvedin (i.e.,receie)
eachpackettransmissionThe resultsare in ageement
with [22, 21]were it wasshavn that multicastwith no
fanoutsplittingworks well only whenthe averagamulti-

Multicast &vice with
Schedule tning No Fanout $litting Fanout $litting
Computation Latency Refeence Node &ucture Refeence Node &ucture
Centralied Zero [12] CC%FTLTR! [16] CCATTLTR™
Zero 3] CCLTTLTR? [14] [15] CCLTTLTR
Distributed Zeo [4] CCLTT-TR™ [17] CCLTTLTR™
Arbitrary [5] [25] CCL-TTLTR! [19] [20] FTLTR
o# $ "% $ "& % ¢
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castsessioislongandtheaweragenulticasigroupsizis
comparablt thenumberfnodesn thenetwok. (i.e.,a
broadcasir nearlybroadcasécenario).

The four MSAs [5, 3, 25, 12] sha number of as-
sumptions egading the underlying networenvion-
ment. Pecibcallythey all assume theepence of a con-
trol channel and the ailability of tunable transmitters
and eceiers for data communicatidine piotocols dif-
fer in their assumptionsgading the tuning latengcihe
mechanism used to access theat@hizannel and the de-
tails of operation of the MSA, as discussed in the-follo
ing subsections.
-$- *
The multicast mtocol in [5] use$DMA in the
contol channel. Each node accesses thelodmnnel
in a ound-obin fashion and transmits a cohfracket.
The contol packet contains a multicast addridentify-
ing the multicast gup nodes. pbn eceiving a corr
packet, all nodes in the netvsimultaneouslyun the
MSA in a distributed and deterministic fashion to deter-
mine the time slot and the channel on which theeour
of the contol packet will transmit to the multicasiugx
Snce all nodes hawaccess to the same information and

*

The Backtack MSA works as follows. Frst, the
MSAin [5] is run to obtaina schedulasbefoe. Now
consideanew multicastrequestith soucesandmulti-
castgroup g Insteadf runningthe MSAto bndT, and
T for this requestthe current schedulés brstseached
for slotsin which a transmitterof s and a receier for
eachnodein g ar free (possiblywaitingfor somebusy
receier(s)to becomdree).If consecuterslotswith this
propety are found that canaccommodatthe request,
then the schedulés modiPedto includethe multicast
transmissiofrom sto gin theseslots.By satisfyinghis
requestvithoutincreasinghe scheduléength the Back-
trackMSA improvesnetwok performancein termsof
bothawerageacketlelayandthroughput.Overall,how-
ewer, waelengththroughputcan be very low for both
protocold5, 25].

A diffeent potocol and scheduling algorithm for
the same pblem is pFsented in [12]. Each node sends
its multicast (and unicast) transmisstguests to a cen-
tral contoller via a contt channel, the comifer com-
putes the schedule anddxcasts it to all nodes, again on
the contol channelThe contoller uses a slot decompo-
sition technique, similar to that used in satellite-switched
TDMA (SS/TDMA) systems [11] to constt a slot ma-

run the same algorithm, they will compute the sametrix (schedule) which debPnesvhoansmissions should

schedule, and both the smuand the intendedaeiers
will know when and in what walength to tune for the
multicast packet transmission to be successful.

The MSA empled is datively simple, and it is
based on the earliestitability of all necesgaesouces:
channel, transmitter anelceiers. ist, the earliest time
T, at which all theeceier nodes in the gup become
free is determined.eXt, the earliest timg; at which
both the sowe transmitter and the channel on which it
is curently tuned & free is computedf both ae fiee

take place within the slot@rfpurposes of scheduling,
unicast packetseaassigned aight of 1, while multicast
packets to a gup of sigk ar assigned eeight of 1k.

The slot matrix is constrained toéhalements withaly

ues of at most The slot decomposition algorithm con-
stiucts a slot matrixefe of any conRicts, and such that a
multicast packet is transmitted in a single slot (i.e., no
fanout splitting).

$-$ !

then a ne transmission can be scheduled on this chan- *

nel, aviding a tuning delay at the transmittérthe
channel is busy but the transmittereis, ftherT sis com-

The multicast mtocol pesented in [3] also enydo
an MSA that insists on transmitting a packet to all desti-

puted as the earliest time that another channel becomeasations in its multicastarp but it uses a diffemt ac-

free. Atimet max{, T,} all the eceiers in the mul-
ticast goup tune to the channel teceie the multicast
transmission. dte that bothr, andTsare computed so

cess method for the caiitchannelTime on the conat
channel is divided into two phasegoatentio® phase
and a €wntention-le€y phase. uding the contention

as to account for the tuning time at the transmitter and phase, nodes use the slotted Alob@gni to transmit

receiers, thus, this algorithm can accommodate aybitrar
transceier tuning latencies.

While computing the earliest tinTfeand Ty, the al-
gorithm eseves theeaceiers of a multicastayp as they
become &e until alleceiers in the gup become ail-
able.This featue can signibcantly limit the achlde
throughput sinceeseved eceiers cannot be used for
other communicatiorifo improve the pdormance, a
modibcation was suggested in [EB& modiPed MSA,
known asBacktack MSA impoves the ttoughput ly

resevations for multicast transmissionsegevation is
considezd successful if all¢lerconditions holdue: (1)

the lesevation does not collide with otheguests in the
contention phase of the cattrchannel (no cordl
channel collision), (2) the multicastugr specibed in the
resevation does not hawany nodes in common with the
groups specibed lesevations transmitted in @vious
slots within this contention phase (no destination con-
Bict), and (3) the total number ofepiously successful
resevations is less than the number dlilable data

scheduling additional multicast transmissions to some othannels (no data channel collision).

the fiee eceiers, which ar waiting for other buser
ceiers to becomecke.
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If a node fails tceseve a transmission slot due to
any of the ahe conBicts, it wins a slot in theo®

0



tention-lesd phase of tmextcycle of the contd chan-
nel. Again, befer allocating a mini-slot in theo®-
tention-les parin the next agle, all of the abethree
conf3icts should besoled. Eery node in the netwkr
monitors the contd channel and is awaof the eseva

tions that hae been successful at angrgtime. Oice a
successfutsevation is made, all theaeiers in the mul-
ticast goup tune to the transmitter n@waelength;

schedules that minireizthe eceier waiting time.
Though BAR congicts better schedules than either
EAR or AR, its unning time is higher than the other
two heuristics. All tee heuristic MSAs make the as-
sumption that eceiers take negligible time to tune
acpss channels.

A diffeent appoach was peented in [15], wher
the poblem of paitioning the destination set of each

the algorithm assumes that tunable devices take a negligiacket and scheduling the transmissions so as to mini-

ble time to tune to a diffamt waelength. Bce it is as-

mize the packet delay is studigte poblem is shen to

sumed that the multicast transmission is completed inbeNP -had, and a heuristic isggented and compdr
one slot, the corgl channel can become a bottleneck, asto an algorithm with no fanout splittinghe main idea

it is necessato incur the esevation orerhead for each
and eery multicast packet.

- * 4+ / !
When fanout splitting is used, the multicamgof

a packet is p@tioned in subgrups, and the packet is se-

quentially transmitted to each swlgr This strategy
can esult in a dramatic impement in netwdr per-

behind the heuristic is to schedule as many destinations
as possible teceie the packet in the same slvhufa-

tion results indicate that pi#ioning the multicast gup
perfforms vell when the netwkris not bandwidth lim-

ited. Gthemwise (i.e., when the numt@of channels is
small compad to the numbeN of nodes), the no
fanout splitting strategy canfpem better in terms of
packet delay

formance, since packet transmissions can take place $1 * Vo %

wheneer a transmitter of the soarmode and &ceier
at one or ma@ destination nodesaaailable, without
having to wait for aleceiers to becomeefe.Two issues
arise in this case: (1vhto split (patition) groups with
common eceiers and (2) v to coodinate (schedule)
the tuning of subgups of eceiers aass the arious
channels.n the follaving subsectionsewonsider thee
appoaches that hanappea&d in the literatw to addess
these issues.

R 2 * ! ! *

The wok in [14] is based on the saneh#ectue as
in [5], with the egeption that tuning latencies for the r
ceiers a& consided negligiblelo improve the channel
utilization of the netwér [14] emplgs fanout splitting,

The wok in [17] models a badcastWDM net-
work with N nodes an® walengths as a bandwidth
limited time-slotted\ N switch, and extends the
analysis brst gsented in [13] to obtain the saturation
throughput when the nodes bane or martunablee
ceiers. 1is assumed that tuning latency is negligible, and
that a separate channel is used tg ederant contol
information.The analysis considers a random selection
policy at both the transmitting and tleeeiving ends.
Fecibcallyat each time slot, a random set nbdes is
selected dm among theé\ nodes and arallaved to
transmit their multicast packets (note that since the per-
formance parameter studied is saturationghput, all
the nodes arassumed to be constantly backlogged). D
tination conRicts aralsoesoled in a random manner

and arranges the multicast transmissions in the schedula paticular if two or moe nodes in a slot fepackets

with the objectie of minimizing the avage aceier

waiting timeThe pioblem of scheduling multicast trans-

missions to submups of eceiers is debPned arefered
to as the Mlticast Etition Problem.Two geedy heuris-
tics ae then desloped to sobvthe poblem.The Prst
heuristic, called the Earliesiadable Rceier (EAR),
schedules a transmissipthie soure to the brseceier,
which becomeseke. f additional eceiers become ail+
able during this transmission, a transmissjothdo

souce to theseeceiers is scheduled immediately after

the completion of the brst one.
The second gedy apmach, called the Latestik

for the sameeceier, then the eceier selects one of the
multicast packets destined for it with equathadyility

By making the assumption that, when a node is selected
to transmit, each of the nodes in its multicastpge-
ceies the packet with a constartbability independ-
ently of other aceiers, a queuing model is eleped
from which the saturation tughput and arage packet
delay a obtainedThe analysis is also extended to the
case when each node has multgdeiers. 1 is shavn
that, if the numbe€ of channels is small, then networ
perfformance is limitedylinsufbcient bandwidth. dw-

ewr, if the number of channels @atiely large, per-

able Rceier (LAR), brst schedules a transmission at theformance is limitedytihe occuence of destination con-

time the lastaceier in a goup becomes ailable. Nxt,

Bicts, and thus, empiag multiple eceiers per node

LAR attempts to schedule earlier transmissions to otheean signibcantly irease the tbughput and deease the

members of the qup without ceating any channel or

receier conflicts. A thdrvariant called theeBt Aailable
Receier (BAR), combines EAR andR. to obtain

awerage delay
The wok in [16] also empis fanout splitting, and,
as in [17], tuning latencieg daken to be negligible and
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nodes a constantly backlogged and may mawmitiple are difbcult to deal with, especially in thes@nce of
receiers. Wlike in [17], havever, the algorithms arde- non-negligible tuning latencies (note that all algorithms
signed for a centrait achitectue in which a master  discussed so far igaduning latencies) and when r
scheduler maintains complete information about the ceivers may belong to multiple multicasugss. Erther-
state of the netwiarand instucts transmitters ané-r more, all algorithms attempt to fion the destination
ceiers to tune to the apmgpriate channels. set of each packet into sdogs, an appach that has
At the transmitting end, the algorithm uses a ran- two drawbacks.rst, since each packet is consitar-
dom selection policy such that, when a node completeslependently of others, the algorithms may not achiev
the transmission of a multicast packet (i.e., as soon as tlgpod peiormance for the netwooverall. &cond, sig-
packet isaceied ty all members of its multicasbgp), nibcant werhead is incued when a p#tioning and
another node, not cemtly in the middle of a multicast  scheduling decision has to be made for each packet.
transmission, is randomly selected to transmit on this  The vitual eceier concept was ddoped in [19,
channel in the next slot. gi¢ that, sinc€ N, C 20] as a neel way to péorm fanout splitting thatver-
nodes a inwlved in a multicast transmission during any comes theseqgilems. AvirtualreceierV N is a set
given slot, whildN  C nodes ar backlogged and wait-  of physicateceiers that behavidentically in terms of
ing to stara multicast transmissioiyo transmission tuning.Thus, fom the point of vig of coodinating the
policies a consided and analgd. h the brst, a node  tuning of eceiers to thearious channels, all physieal r
repeatedly transmits a packet until all nodes in the multi-ceivers inV can be logically thought of as a siegikeier
cast grup eceie it. This policy has an imgant draw- A virtual receier seV is debned as a fiidon of the set
back.When sesral nodes hawackets for the sanee r N of physicaleceiers into a number of tual receiers.
ceier, a likely situation at high loads and for large Given a vitual eceier seV, a multicast packet with des-
multicast gvup sies, the destination conf3icts will persist tination sefgmust be transmitted to alltval receiers
over long periods of time, aggting the head-of-line V'V such thal/ contains a destination of the packet
blocking effect an@sulting in poor parmanceTo im- (ie.,g V ). All receiers inV haw to blter out
prove the situation, another transmission policyois pr packets addssed to multicastogps for which theyer
posed in [16].rAstead of continuously transmitting a not a memberbut they a guaranteed tegeie the
packet, a node waits for a random delaybptetrans- packets to all gups of which theyeamembers.
missions. iBce other nodes may access the channel be- In effect, a vival receier set transforms the original
tween etransmissions, this policy alleviates the head-ofnetwok with N transmittersN receiers, and multicast

line blocking psblem and achies higher tlmughput. trafbc, to an equalent netwde with N transmitters,

The resolution of destination conflicts, an irgwdr hVhreceiers, and unicast trafpichus, the viual e
issue in a multicast setting, is also coedide(16]. f ceiver concept decouples thelpem of determining
two or moe transmitters haypackets for the same node, how many times a multicast packet should be transmitted
that node must decide which packetteie.The con- (i.e., of patitioning the multicast gups) fom the pob-
Bict resolution algorithm may base its decision on trafpclem of scheduling the packet transmissions. essilg r
priorities, the time of ardlor the fanout ®2f the mul- one can take aavtage of a wide range of algorithms that
ticast packets, the amount of delay accumulbatia b hawe been designed for unicast trafbe heN-under-
contending packets, ete.[16] three confictasolution stood popeties, and which can handle arbjttaming
policies a& compard: one that randomly selects a packet, latencies. df instance, [20] uses the algorithmeldev
one that selects the packet with the earliest! dime oped in [23].
(FCFS), and one that selects the packet with the smallest The wok in [20] concentrates on theoplem of
number of @maining) destinationghe intuition be- optimally obtaining a viral eceier set that maxings
hind the last policy is that it maxiggzthe prbability multicast thoughput, which is stam to beNP -had.
that a message will eéeasedédceied ly all its destina- Four heuristics ofaying degee of complexity ethen
tions), theely making way for a wemessage. Analytical presented for selecting theudl receiers so as to @@r
and simulationesults indicate that this policyfpens vide near-optimal dermance. iice the viual receier
better than either the FCFS or the random policies. As inset is selecteg bonsidering the total trafbc demand to
earlier wdgs, it is also st that an impvement in the netwdk, this apppach achi@s better pfarmance
perfformance is achit when nodes hawnultiple e than is possible when each packet is catbiohete-
cei\ers. pendently of others.
- % / " R S

The MSAs discussed in theypous two sections at- ++
tempt to simultaneously salthe two issues that arise in In any ealistic enwimment, the netwkrload will

fanout splitting, namelthe patitioning of the multicast consist of a mix of single- and multi-destination trafbc.
groups and the scheduling of transmissions. Both issueBhis pioblem was specibcally studied in [21, 26], and it
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has also been adssedyoseeral other authorghis sec-

trafpc load.

In [22], the obseation was made that the schedul-
ing algorithm to be used will depend on #hative
amount of each type of trafpc effleto the netwdr
Three types of multicast trafhFecevidentibed, and it was
suggested that diéett algorithms be used to schedule
this trafpc along with unicast trafpc.

Type 1 multicast trafbds such that the typical multi-
cast session lasts for atdimoe, but the aarage mul-
ticast goup sie is large (a @mdcast or nearlydad-
cast scenario)oiRthis type of trafbc it was suggested in
[22] that all nodes in the netwoperiodically tune

2.
tion discusses strategies for scheduling such a combined

3.

their receiers to the same channel in the same slots

(calledbroadcastlots) to eceie multicast transmis-

sions (nodes must then Plter out transmissions not in-

tended for them).

Type 2 multicast trafbPds such that both the typical
multicast session and therage gup sie is smallnl

this case, it is suggested that multicast packepdi-be r
cated and transmitted to each destination separately
Type 3 multicast trafbds such that the duration of
the aerage multicast session is long (érage gup

can be of any sz $hce multicast trafbc can be a sig-
nibcant component of theevall trafbc, it was sug-

4,

gested that multicast packets be transmitted in special

slots, callechulticasslots. Milticast slots ardebned
for each grup and all nodes in aogip tune theire:
ceiers to the same channel in theug® multicast
slots to eceie transmissionsofn a cdrin souce.
Adaptive multicast mtocols wre designed in [22] to

dynamically allocate multicast slots so as to keep chan-

nel utilization at high lels.
The wok in [26] dePnes a two-dimensional multi-

cast theshold which is a function of the session duration

and the gvup sie, and which quantipes some of the
ideas dealoped in [22]The main conclusionsgading

nation trafbc arery similar to those in [22].

The follawing strategies fmappead in the litera-
ture for scheduling both single- and multi-destination
trafpc.

1. UnicastTrafbc as fecial Gase of Milticast Trafbc.
Many potocols that havappead in the literatar,
including [16, 17 ,5], account for unicast trafjpalb
lowing multicast @ups of s one. B appopriately
selecting a distribution of multicastuyr sies, it is

possible to study (analytically or via simulation) the

pefformance of the netwounder a wide range of
trafbc scenarios.n® of the adntages of this ap-

Multicast Trafbc TeatedasUnicast Tafbc.As ve
mentioned abe, eplicating each multicast packet
and separately transmitting it to each destination
works vell only forType 2 multicast trafbc [2Zhis
result was conbrmegthe study in [21] wherit was
shavn thpugh comphensie simulationasults that

this strategy is aggriate only under limited cum-
stances, namglyhen thex ae fev and shdrmulti-

cast sessions and thmugrsies a& small.

Separate Scheduling ofticast and Milticast Traf-
pc.With this strategywo scheduleseaobtained one

for unicast trafbc and one for multicast trafpc. Each
schedule is constted ly emplying an apmpriate
unicast or multicast scheduling algorithespec-
tively A schedule for theverall trafbc is then ob-
tained ly concatenating the two schedulbs. main
disadantage of this apgach is that two diffent al-
gorithms must beun in oder to compute theverall
schedule. Blvever, it was shen in [21] that this
strategy mduces shbschedules, and thus, has good
pefformance in terms of multicast daghput in
most netwde envionments égadless of the specibc
mix of single- and multi-destination trafpc.

Schedule Mrging Heuristics.An alternatig to sep-
arate scheduling, this strategy Prst cotsttwo
schedules, one for unicast and one for multicast traf-
Pc, and then merges the two to obtain a schedule for
the overall trafbc. As sha in [22], caeful merging

of the two schedules casult in a schedule that can
hawe good péormance in terms of erage packet
delay and channel utilization. A seimat similar ap-
proach [26] stés with a single schedule for unicast
trafbc, and apppriately modibes it to include multi-
cast transmissiong, lilaving seral eceiers tune to

the same channel in a slot that wasiqusly desig-
nated for unicast transmission.

# n
scheduling of a combined load of single and multi-desti-

We hae suveyed algorithms and strategies for

scheduling multi-destination trafpc indicastWDM
netwoks. Due to extensdwok in the last f@ years, this
reseah aea is n@ well understood, and efferae cur-

rently under way to put our kmtedge into practiceyb
implementing some of these techniques in testbed envi-
ronments [7, 1]. @e open &a that will benepim fu-

ture eseanh is the pvision of quality-of-séce (QoS)

for multi-destination trafbc in adadcastWDM envi-
ronment.

(1 +

(1]

proach is that a single scheduling algorithm is used in

the netwdk. The strategy was exteebivstudied
using simulation in [21], and it was found thatat pr

duces good schedules under a wide range of trafpc

scenarios and netkgrarameters.

(2]
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