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Abstract—We address the issue of providing efficient mech- ing, broadcast information systems, and teleconferencing, a
anisms for multidestination communication over one class of significant portion of the overall traffic in future broadband
lightwave wavelength division multiplexing (WDM) architectures,  hanyorks will be of themultidestinationtype. In the context
namely, single-hop networks with tunability provided only at the f single-h tworks. the i f ltidestination traffic h
receiving side. We distinguish a number of multicast traffic types, of'singie-hop ne Wor S, the Issue of mufliaestination traftic _as
we present a number of alternative broadcast/multicast time- P€en addressed in [5], where a control-channel based multicast
division multiple-access (TDMA) schedules for each type, and we protocol is presented, and in [12], where we investigated the
develop heuristics to obtain schedules that result in low average throughput characteristics of various multicast schemes.
packet delay. One of our major contributions is the development In this paper, we suggest, analyze, and optimize a num-
of a suite of adaptive multicast protocols which are simple to b f alt t" h ' i f’ . fficient broad
implement, and have good performance under changing multicast ero a_ema ve ap_proac es _0 performing etficien rog )
traffic conditions. cast/multicast over single-hop lightwave networks employing
tunable receivers. The main difference between this work and
the one in [12] is our use of a more realistic model to evaluate
the protocols and the emphasis on the delay performance of
the various approaches.

. INTRODUCTION This paper is organized as follows. In Section Il we in-

HE single-hop architecture for lightwave networks [11]roduce the network model, and the various schedules we

employs wavelength division multiplexing (WDM) toconsider. In Section Il we present a classification of multi-
divide the enormous information-carrying capacity of singléestination traffic, and we argue for the need to provide a
mode fiber into multiple concurrent channels. Single-hop nétariety of multicast mechanisms addressing the requirements
works are all-optical in nature, i.e., the entire path betwe&each type of multidestination traffic. Section IV describes an
the source and the destination is optical. For a successpitimization heuristic for constructing schedules that minimize
packet transmission, one of the transmitters of the sour&® average packet delay, and in Section V a suite of adaptive
and one of the receivers of the destination must operate Wlticast protocols is developed. We present numerical results
the same wavelength. Thus, tunable transceivers are requitgdSection VI and conclude with a summary of our work in
as well as some form of coordination among nodes wishirffggction VII.
to communicate. We focus on a wavelength-time assignment

Index Terms—Adaptive multicast protocols, multidestination
communication, optical WDM networks.

of the optical bandwidth, whereby time is slotted and each II. SYSTEM MODEL
gggsdmzy transmit only in slots specified by a predetermmedwe consider a network o nodes, each equipped with

Several single-hop architectures have been proposedome transmitter and one receiver, interconnected through a
the literature and have been extensively studiedsiogle- paSS|;/e btrr?adca)\st Optlcil mV(\e/dlum thdat cantsupﬁb_r%h fN d
destinationtraffic [4], [7], [8], [10]. In particular, the authors W:X\:n?irt]tger:)\;h g 2r7e'c'eli7vercs. thztcggrsll beer fgﬁezmtzvgny Zr? 4 all
have developed a general framework for analyzing and o '

P g yzing g&avelengthsxc, ce=1,---,C. We letA(@) € {A1, -, A}

timizing the throughput [13] and delay [14] performanc . A .
of single-hop networks using time-division muItipIe-acces@enOte the channel assigned to the fixed transmitter of node
% We also letX,. denote the set of transmitters assigned to

(TDMA) schedules, for any number of wavelengths, an
annel ..

transceiver tunability characteristics, and general (potential Th work tes | lotted de with lot ti
nonuniform) traffic patterns. It is, however, widely believed € hetwork operates In a siotted mode with a sio |me.
[16], [17] that with the advent of computer applications an qual to the pac_ket transmission time plus the tuning latency;
telecommunication services such as distributed data procet g latter is defined as the time it takes a receiver to tune
rom one wavelength to another. @llision occurs when two
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Fig. 1. Schedules with: (a) and (b) unicast, (c) and (d) broadcast, and (e) multicast slot for a network/ witlt notes,C' = 2 wavelengths,
X1 = {1, 3}, X2 = {2, 4}: (a) general schedule with unicast slots, (b) cyclic schedule with unicast slots, (c) general schedule with broadcast slots,
(d) cyclic schedule with broadcast slots, and (e) schedule with multicast sloty.denotes that has permission to transmit oin this slot.

We distinguish between single- and multidestination packeheme, time slots are grouped in framesiéf> N slots.
ets; the latter need to be delivered to a number of nodéstransmission scheduledicates, for alk andj, which slots
members of amulticast group We defines; and p; as the during a frame can be used for transmissions frota j. If
probability that a new single-destination and multidestinatiafode ¢ has permission to transmit to nodein slot ¢, then
packet, respectively, is generated at nediiring a slot time. receiver; will tune to channel\() in slot ¢.
We letp;; denote the probability that a new single-destination Based on the permissions given to the various sources, a
packet is destined to nodg Similarly, ¢;; will denote the sjot ¢ can be classified as the following.
probability that a new multidestination packet is addressed tol) Unicast slot: Exactly C' nodes are given permission

multicast groupg C {1,---, N}. _ to transmit in slott, each on a different channel and
The buffer capacity at each node is organized iNitqueues. receiver
One queue is associated with each of the possible- 1 2) Broadcast slotExactly one nodé is allowed to transmit

destinations; a single-destination packet addressedjtins

the queue for this node. Th&th queue (to be called the
multicast queugfrom now on) is used for storing arriving
multidestination packets regardless of their multicast group.
Having separate queues eliminates the head of line effects o
a single buffer and helps to drastically improve the delay and
throughput characteristics as demonstrated in [4] and [14].

in slot ¢, and all receivers have to tune (k) in
this slot. We will call & the owner of slot #; a packet
transmitted byk will reach all nodes in the network,
thus the name “broadcast slot.”

) Multicast slot: A numberm, 1 < m < C, of nodes are
given permission to transmit in sloeteach on a different
channel. One of the nodes, say may transmit to the
receivers of a multicast group while the othern — 1
nodes may transmit to exactly one receiver which is not
The media access scheme we consider is an extension of a member ofy. We say that; is the owner of the slot,

weighted TDMA over a multichannel environment. In such a and its transmission will reach all nodes gn

e T , Fig. 1 shows schedules with unicast, broadcast, and mul-
successfully received; this will happen if it is the only packet transmitted on . . -
the channel the receiver listens to in that slot. ticast slots for a fixed transmitter, tunable receiver network
2Dye to the large number of potential multicast groups, it is not practic#ith N = 4 nodes andC' = 2 wavelengths. Channel; is
to dedicate one queue for each such group. If a certain node, as is typicapfared by the transmitters of nodes 1 and\3 & {1, 3}),
real systems, maintains only a small number of active multicast sessions, sep{. . . ’
ile channel\; is shared by the transmitters of nodes 2 and

m, we may usen queues for multidestination packets, one for each multicaly - ]
session. 4 (X5 = {2, 4}). The cyclic schedules also shown are special

A. Transmission Schedules
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cases, whereby each node may transmit to each possies of a multicast group for which ¢ acts as a source will
destination exactly once per frame (for unicast slots), or ane their receivers ta(i), ¢'s transmit wavelength, in these
the owner of exactly one broadcast slot per frame. slots. Other nodes may tune their receivers to wavelengths
We will be concerned with evaluating the performance afther thanA(:), allowing sources other thaf to transmit
the various schedules in terms of average packet delay antlgle-destination packets s multicast slots. Thus, unlike
aggregate throughput. Packet delay is defined as the numip@adcast slots in which all receivers are tuned to a certain
of slots elapsed between the generation of a packet at its sowe@rce’s wavelength and no other communication may take
and the slot in which it is transmitted. Throughput is defineglace, multicast slots provide for transmission concurrency and
as the expected number of packets successfattgivedper higher channel utilization.
slot. This definition assumes that the tuning latency (which Allocating at least one slot per frame for transmissions to
is included as part of every slot) is small compared to the&ch possible multicast group would be impractical even for
packet transmission time. This assumption is reasonable fitworks of moderate size, as the number of possible multicast
systems with a small number of channélsand for local groups increases very rapidly with the number of nodes.
area networks/multiple area networks (LAN’S/MAN’S) W'thTyplcaIIy, though’ at any given time, a source participates
relatively large packet sizes (a few thousand bytes), since {iea small number of multicast sessions. But as multicast
tuning latency would only take up a small fraction of the slQjroups of existing sessions change over time, or as active
time. On the other hand, including the tuning latency in eagssjons terminate and new ones start, the schedule has to be
slot would be highly inefficient for environments characterizeghgified to reflect these changes. Thus, unless a mechanism
by very small packet sizes [e.g., asynchronous transfer mGge gynamically updating the permissions in the multicast slots
(ATM) cells]. In the_se situations,_the packet transmission tim§ tne frame is available, the only practical approaches to
may be only a fraction of the tuning latency of even the fast&sf,iticasting would be to use either unicast or broadcast slots.
currently available tunable optical filters, and techniques t0 oq \we can see, the nature of multidestination traffic is
construct schedules to hide or overlap the tuning latency (S§€crycial importance in designing the schedules. We may
[3], [6], [15]) would be more appropriate. classify this traffic along two dimensions: the average length
of multicast sessions and the average size of multicast groups.
In a typical distributed computing environment (such as when
multicast is used for “response collection” applications [1])
the multicast session is short, involving the exchange of a
When only single-destination traffic is offered to the netsy packets. In video and audio conferencing applications,
work, schedules with unicast slots only are sufficient. The%wever, the multicast session may be quite long, requiring the
schedules may also be used for multidestination traffic. In thi$,nsmission of a large number of packets. On the other hand,
case, a source would have to transmit a multidestination pactigl average group size is often small in distributed computing
multiple times, once to each member in the packet's mult|ca§i5 lications. But applications that require the sending of

group. Obviously, this approach does not take advantagefssages to all or a large number of the nodes in the network
the inherent multicast capabilities of tunable receiver singlgy ayist (for instance, the update of routing information).

hop networks. We now describe how we may use broadcasiye now distinguish three types of multidestination traffic.
or multicast slots to carry multidestination packets.

Let g be the multicast group of a multidestination packet
originating at node:. Typically, the members of are not
known in advance; also, group membership may change during
the life of the multicast communication. One way to guarantee
that a packet will be received by all current members of
its multicast group would be to have nodebroadcast the
packet to the entire network. The receivers would then use
the multicast address to filter out any packets they do not
need. This can be achieved by setting aside some of the

Ill. SCHEDULES FORMIXED
SINGLE-/MULTIDESTINATION TRAFFIC

Type ) Multicast sessions are relatively short, and multi-
cast groups are likely to include a large number
of nodes. Schedules with both unicast (for single-
destination packets) and broadcast (for multides-
tination packets) slots are most appropriate.
Type 3 Multicast sessions are relatively short, while the
average multicast group contains few nodes.
Since broadcast slots may lead to substantial
under utilization of bandwidth, schedules with

slots of the schedule as broadcast slots wits their owner; unicast slots only should be used, and multides-
source: would then use its broadcast slots to transmit its tm&}tlon p{:leE_:ts shou_ld_ be transmitted to each of
multidestination packets. However, if the average size of a their destinations individually.

multicast group is small compared to the number of nodesTyPe 3 Multicast sessions are relatively long. Schedules
in the network (a situation that often arises in distributed with both unicast and multicast slots may be

computing systems), an approach that attempts to deliver used, and we have developed a suite of protocols
all multicast packets to all nodes in the network would be to dynamically update the permissions in each
extremely wasteful in terms of bandwidth. Ideally, we would multicast slot according to the current multicast

like to have schedules that allow a source to deliver a packet group.

only to the current members of a packet's multicast group. Our conclusions are summarized in Table |. The next section
To this end, we may allocate a number of slots in théescribes a way to construct schedules for Type 1 traffic so
schedule as multicast slots withas their owner. Only mem- that the average packet delay is minimized, while Section V
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Fig. 2. Schedule mergingz,(y) denotes that has permission to transmit tp in this slot.
TABLE | to situations wherel/; is not an integer multiple of/;. In
SC$EDULES A“;F’ROF’R'ATE FOR T'}EVAR'OUS Fig. 2 we show the result of merging the unicast slot schedule
YPES OF NIULTIDESTINATION TRAFFIC of Fig. 1(a)(M; = 7), with the cyclic broadcast slot schedule
Average Duration of Multicast Session of F'g 1(d) (MQ = 4)
Short Long Consider a unicast slot schedute for single-destination
- ; — 0 traffic only. Since there are no broadcast slots, multidestination
A‘V““"gf’ Sma / f“ca“ nicast traffic experiences infinite delay. If we mergewith 7, 7 > 1,
Size of Slots and frames of a broadcast slot schedite we effectively provide
Multicast | Large || Unicast and Multicast slots in which multidestination packets may be transmitted,
Group Broadcast Slots Slots thus improving their delay performance. Adncreases, the

merged schedule will tend to favor multidestination pack-
. ets (note that a3 — oo, the resulting schedule will be
presents a number of adaptive protocols for Type 3. t.raﬁll%distinguishable from arb’ schedule, in which case single-
ST “gestination traffic will suffer). Therefore, we must choose an
the average packet delay for Type 2 traffic is discussed jn h that both th I del is | d th
Appendix A such that both the overa QagDoverau, is low and the
) delay of single-destination traffid)gng1., and the delay of

multidestination traffic,D,,1t; iS acceptable. Our approach is
. . . _ outlined in the following schedule-merging heuristic (SMH).

Our objective is to determine schedules with unicast ambte that the stopping rule in Step 4 guarantees that the final
broadcast slots such that the network-wide average packehedule will contain broadcast slots.
delay is minimized for a given set of traffic parametets Schedule-Merging Heuristic (SMH):
pir Pij, and gig, V4, j, g. From previous experience with @ 1) Gijven single-destination traffic parameters and p;;,
similar problem (namely, the problem of constructing optimal and the number of wavelength€), obtain an unicast
schedules with unicast slots only for tunable transmitter, fixed ot scheduleS, of length M, as in Appendix A.

receiver systems [14]) we expect Problem 1 to be a very hardhy given p: and C obtain a broadcast slot schedug of
allocation problem. We now describe a heuristic to obtain ~ fame lengthM’, as in Appendix B. Set « 1.

schedules that not only perform well, but also guarantee a3) Merge one frame 0§, with I frames ofS!, to produce
designer-specified level of performance for each type of traffic = 5 hew scheduleS;, of frame lengthM + [M’.

(single- or r_nglti(_jestination). N 4) If I = 1 or [Doyerann(Si) < Doyeran(Si—1) and
The heuristic is based on a decomposition of the problem Dyingie(S1)] and Dyi(S;) acceptable, sét— [+1 and

into two manageable subproblems, namely, the problems of repeat from Step 3. Otherwise, stop; the best schedule
finding optimal schedules assuming each type of traffic is 5 se iS5 1.

offered to the network in isolation. Optimization techniques

to obtain unicast slot schedules for single-destination traffig A papTiVE MULTICAST PROTOCOLS FORTYPE 3 TRAFEIC
only (p; = 0 V) are presented in Appendix A, while near-

optimal broadcast slot schedules for multidestination traffic W& Now present adaptive multicast protocols which assume
only (o; = 0 V4) are derived in Appendix B. Then, the tWOthat each nodé is the ovyner oft; multicast slots per frame._
schedules are appropriatefyergedinto a final schedule for The protocols are adaptive in the sense that the transmissions
the mixed traffic at hand. allowed in these multicast slots are not specified in advance;
Let S, and S» be two schedules of frame lengthe, instead, they are dynamically updated to reflect the current

and M, respectively. Without loss of generality, assume thgt€mbers of multicast groups.

M, > M, and My = mM,. If m is an integer, merging of )

S, andsS, is performed by inserting one slot 8% after every A The Basic Idea

m slots of S, resulting in a new schedulg, of frame length  The operation of the protocols is based on the assumption
M = M, + M>. Schedule merging can be easily generalizeatiat a source will transmit P consecutive packets; > 1,

IV. DELAY MINIMIZATION FOR TYPE 1 TRAFFIC



ROUSKAS AND AMMAR: MULTIDESTINATION COMMUNICATION 505

to the same multicast groug. Typically, P takes a value which ¢ may transmit undetS. We then specify;, b; < a;,
between some minimum and maximum valufs;, and of these slots as multicast slots withas their owner. Let
Poax, respectively. We will now describe the basic idede one of thesé,; slots and consider a nodg # ¢ which,
behind the operation of the protocols by considering theecording to the initial schedul&, must tune its receiver to
transmissions in nod&s multicast slots; similar observationsnode £ in slot ¢. If ¢ is a synchronization slot, or if is a
can be made for other nodes’ multicast slots. We will aldoee slot butj € ¢, ;7 will ignore the permissions specified
assume that transmits to only one multicast group at a timeby S and, in slot¢, it will tune to A(i) instead. However, if
The protocols, however, can be easily extended to handle¢ & a free multicast slot angl & ¢, j will tune to A(k) as S
source that maintains a small number, of multicast sessions specifies. Note that, since no collisions are possible usder
simultaneously; in these situations, it would be beneficial tnd both: and % are given permission to transmit in the same
the source to haven rather than one multicast queues, onslot ¢, we have that\(¢) # A(k).
for the packets belonging to each session.

In the first multicast slot with as its owner all nodes tune
their receivers to\(4), the transmit wavelength af Let g be B. Determining Group Membership
the multicast group to which the packet transmitted bythat ~ Since all nodes execute the same protocol, the problem
slot is addressed, and |8tbe the total number of packeisvill of informing k aboutj’s decision is now partia”y solved:
transmit to the same group;= ¢ if no packet is transmitted % knows that; will tune to A(k) in slot ¢ if a) ¢ is a free
by i in that slot. Suppose thay| < N — 1, and consider a sjot, and b); ¢ g. Deciding about a) is done by as part
nodej # i. If j € g thenj will continue listening toA(¢) i of the protocol for tuning its own receiver. Thus the problem
subsequent multicast slots ofHowever, ifj ¢ g, j is free to  reduces to hovik may determine whetheris in the multicast
tune its receiver to the transmit wavelength of another nbde,group g or not. We now describe two protocols which differ in
in subsequent multicast slots oflf k£ has a single-destination theijr assumptions abouts know|edge regarding membership
packet forj, and provided that\(k) # A(é), & will transmit  jn the multicast groups of packets originating at nodé .
to j in s multicast slots, thus increasing channel utilization. Global-Knowledge Multicast Protocol (GMP)Node k&

After ¢ transmits allP packets to the same multicast groupnaintains tables to map a multicast address in a packet
g, it will not be able to transmit to a groug’ # g, unless originating at¢ into the node-members of the multicast
all nodes not iry are somehow notified. We therefore requirgroup. These tables are initialized and updated by a multicast
that all nodes tune their receivers)t()i) in specified multicast group management protoc0| that operates independenﬂy of

slots ofi, calledsynchronizatiorslots’ (as explained, the first the actual multicast packet transmissions. By listening to
multicast slot is a synchronization slot). Tiemulticast slots a synchronization slot of it can tell whether; is in the

of ¢ between synchronization slots are calfeze as receivers multicast group or not.

not in g are free to tune to any wavelength other thd#). ' Control-Packet Multicast Protocol (CMP)Node# uses ta-
is a network-wide constant and thus, all nodes can synchronggigs to map a multicast address into the members of the mul-
by tuning to A(¢) in synchronization slots. ticast group, but no independent multicast group management
Note that: may start transmitting packets to a new multicagrotocol is employed. Before transmitting a packet to a new
group only in a synchronization slot.  is large relative ta”, multicast groupg, ¢ will first transmit, in a synchronization
the number of consecutive packets to the same multicast grogipt, a control packet with information about the members of
¢ will, on average, have to wait for a considerable number gf Following the control packet transmissianwill transmit
slots to start transmitting to a new group. On the other hand¢ife P packets tog as discussed above. Upon receiving the
F is very small relative td” there will be unnecessarily manycontrol packet, nodé updates its tables to associgteith the
synchronization slots in which no transmissions by nodes Ot@bup members. This protoco| incurs the overhead of one extra
than+ are allowed.F" will, in general, be a function of”, packet, but this is not expected to be a problem, especially if
as well as of the propagation delay (more on this later), agel . 1.
must be Carefully selected in order to maximize the overall Both protoc0|s assume that nodes have know|edge of the
throughput. receivers in the various multicast groups. If nodes maintain no
We have not yet discussed how a receiyeg g selects a information about group membership (as in the IP multicast
transmitterk # ¢ to tune to in¢'s free multicast slots. There model), two approaches are possible. Nédmay use a mul-
are two issues that need to be considered. Fifgt) must be ticast group member server (similar to the MARS architecture
different than\(<) to prevent packet loss due to collisions in2] for IP multicast over ATM) to determine the members
free multicast slots. Second, must also be informed of's  of a multicast group. Alternativelyk may have no way of
decision. Real-time negotiation betwegrand other nodes to determining whether receivgrbelongs to the multicast group
determinek; is impractical because of the propagation delayg |n this case, one possible approach would be for notte
involved. transmit a packet, if it has one, jdn a free multicast slot of
To solve the first problem we start with a unicast slajith probability . This approach is simple to implement, but
scheduleS under which no collisions are possible, such age value ofr must be selected so as to minimize packet loss
the one in Fig. 7. Leti; be the number of slots per frame indue to destination conflicts [if € g, j will tune to (i) in free
multicast slots ofi and &’s transmissions in these slots will
3Synchronization slots are actually broadcast slots. be wasted]. In generat, should represent the probability that
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Fig. 3. Effect of the propagation delay (not in scale):j§ denotes that

may transmit to multicast group in this slot, §,j) denotes that may

transmit toy in this slot, andr;,. is the propagation delay fromto k.

Initially \

wait for next
multicast slot of i

S-SLOT = synchronization slot

Xmit unicast
packet

Xmit pkt, if any
g = multicast group

Xmit multicast
packet

!

Fig. 4. Algorithm executed by’s transmitter for transmission ifis mul-
ticast slots.

j doesnot belong tog. Hence, if7 is the average number of
stations in a multicast group,should be set té —77/(N — 1).

C. Effect of Propagation Delay on Throughput

Under either global-knowledge multicast protocol (GMP.

or control-packet multicast protocol (CMP) a node# ¢
must receive the packet transmitted i a synchronization
slot before it can determine whether the nodes to which it
scheduled to transmit in the next free multicast slotsti#long

to ¢ or not. Fig. 3 illustrates how propagation delay may
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Fig. 5. Algorithm executed at’s receiver for tuning in’s multicast slots.

)
Initially

————

it £ t
wait for nex S-SLOT = synchronization slot
maulticast slot of i

DEST = the station to which k may transmit
in this slot under the initial unicast schedule

T after

S-SLOT ? S-SLOT?

Xmit nothing

]

Xmit to DEST

Fig. 6. Algorithm executed b¥’s transmitter for transmission ifis mul-
ticast slots k # i).

%ig. 3, by the timek receives the packet transmitted byn
the first synchronization slot, free slgthas already passed by
ig transmitter. Since at the beginning #f % does not know

whetherj € ¢ it may not transmit a packet to it.

As a result of the propagation delays, some of the free

become a problem. In this figure we show a synchronizatidfulticast slots may not be used for single-destination trans-
slot of i followed by F free slots and another synchronizatiofhissions; the longer the propagation delays the less free slots

slot; the horizontal axis represents time increasing from left
right. The transmitters of bothand . are synchronized at the
beginning of each slot. But a packet transmitted: hwill not
be heard by the receiver é&funtil r,;, slots later, where;;, is
the propagation delay fromto & in slots. In the scenario of

that may be utilized. In the extreme case when Allfree
slots are within a propagation delay, neither GMP nor CMP
will be able to capitalize on the availability of free slots to
improve the throughput. Thugy is indeed a function of the
propagation delay as mentioned earlier. Observe, though, that
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Fig. 7. Ring-type matrix and corresponding 13 slot scheduledoe= 8, ¢ = 0.5.
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Fig. 8. Two-community-type matrix. Fig. 9. Two-server-type matrix.

the propagation delay will have a negative effect only if it
increases beyond the number of slots betweensecutive
multicast slots with the same owner. Going back to Fig. 3,
if 7,,, in slots, is less than the distance between the firstWWe consider the 8-node ring-type, two-community-type,
synchronization slot and,, k& will be able to transmit ir¢y, and two-server-type single-destination traffic matrices with
as well as in all other free slots (if ¢ g). Otherwise,k Probabilitiesp;; as shown in Figs. 7-9, respectively. We let
will still be able to use slotgs, ---, ty as long asr;, is ¢i = o Vi, andp; = p Yi; this does not compromise the
further increased by less than the distance betweemdt,, generality of our results as a) the single-destination traffic char-
and so on. By assigning multicast slotsitso that they are acteristics are determined by;, and b) we are interested in
spaced out in the frame we can make the distance betwde@ behavior of our schedules as the relative amount of single-
two consecutive multicast slots much larger than one slot. \@d multidestination traffic varies, and this is captured by the
have shown [12] that this technique makes GMP and CMelative values ofs and p, and the average multicast group
largely insensitive to propagation delays. size,7. In the simulations, the number of consecutive multicast
The algorithms used by the various transmitters and reackets is uniformly distributed in the rang®.in, Puax]-
ceivers for transmissions i@'s multicast slots are shown Multicast groups for a sourceare constructed by randomly
in Figs. 4-6. The algorithms are very simple to implemenselecting nodes in the sdtl, 2, ---,¢— 1,4+ 1, ---, N}
and thus suitable for the high-speed environment we dlignoring duplicates) until the group size has been reached.
considering. All simulation results presented in this section were obtained

VI. NUMERICAL RESULTS
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Fig. 10. Delay versus average multicast group size, two-community-typéy. 12. Delay versus average multicast group size, two-server-type
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Fig. 11. Throughput  versus average multicast  group siz€jg. 13. Throughput versus average multicast group size, two-server-type

two-community-type matrix, V = 8, C = 2,0 = 0.1,p = 001 matrix, N = 8, C = 4,0 = 0.3,p = 0.01 (GMP was run with:
(GMP was run with:Ppin = 30, Paax = 50, F = 50). Prin = 30, Pnax = 50, F = 50).
with a confidence of 95% in less than 1% variation from the 180 7 « Unicast & Broadcast Slots
160 —
mean. _ 1 © Unicast Slots Only
Figs. 10, 12, and 14 plot the delay, and Figs. 11, 13, and 15 L B aMP
plot the throughput against the average multicast group size 120
for the stated traffic matrix and values for paramet€rso, Delay 100 —
and p. Each figure shows three delay or throughput curves(siots) gy
each curve corresponding to one of the multicast approaches 60 —
presented earlier, namely, schedules with unicast slots only, 40
schedules with unicast and broadcast slots, and schedules with 20 :M.//
unicast and multicast slots with the GMP adaptive multicast 4
protocol. Similar results have been obtained for various other 0 rrTrTT T T Tl
. . . 1.0 2.0 3.0 4.0 5.0 6.0 7.0
traffic matrices and a wide range of values for parameftérs
o, andp, as well as for larger values a¥. Average multicast group size, 7
We note t_hat throughput increases with average mUIETg. 14. Delay versus average multicast group size, ring-type ma-
cast group size, and that the three approaches have almosty = 8§, ¢ = = 0.5,p = 0.02 (GMP was run with:

= 8,0
identical performance in terms of throughput. However, th@nin = 30, Puax = 50, F = 50).
three approaches differ drastically in terms of their delay
behavior; this behavior can be explained by considering the parameterss and p (corresponding to the offered unicast
way multicast packets are handled. First observe that whamd multicast traffic load, respectively). These broadcast slots
schedules with unicast and broadcast slots are used, the del@y used for sending multicast packets, thus the delay of
is independent of the multicast group size. Recall that thesach packet is independent of the number of recipients. On
schedules are constructed using the SMH of Section IV, atite other hand, when schedules with unicast slots only are

that SMH inserts a number of broadcast slots according onlged, a multicast packet has to be transmitted multiple times,
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8.0 et & Broadeast Slots next synchronization slot before it can transmit packets to a
1l - E “f“”: N t"’g ;“”L o new multicast group. As a result, GMP incurs some overhead
© Umnicast Slots On . |
. GI;;; Y compared to the static schedule. The behavior of GMP between
b * these two extremes is determined by which overhead is the
A 1 e b —t—t dominant one. Thus, depending on the average multicast group
g 1.0-4* size, the performance of GMP matches that of the schedule
% ] that incurs the lowest delay.
U
t 2.0
| VII. CONCLUDING REMARKS
0.0 We have addressed the problem of carrying both multi-
. T T T T T T T T T T T | . . . . .
10 90 30 40 50 6.0 7.0 and single-destination traffic over single-hop WDM networks
_ ' with tunability provided only at the receiving end. We have
Average multicast group size, 1] presented a classification of multidestination traffic that takes

Fig. 15. Throughput versus average multicast group size, ring-typdto account the size of multicast groups and the length of
gatrix,_-/\;O:P& C_=_08~,;_=_ 0.5, p = 0.02 (GMP was run with: multicast sessions, and we have designed multicast mecha-
min = 30, Pax = 50, = 50). nisms addressing the requirements of each type of traffic. We
have also developed a suite of adaptive multicast protocols
once to each of the members in its multicast group. Hencghich are simple to implement, and which can be useful under
as the size of the multicast groups increases, delay aldwanging traffic conditions. Overall, our results indicate that
increases, resulting in the curves shown in Figs. 10, 12, aifi@ multicast protocols can successfully adapt to a wide range
14. As we can see, for small multicast group sizes, thepé multicast group sizes. However, this is only possible when
is a penalty for using broadcast slots (all receivers turiee number of packets to be transmitted to the same multicast
to a certain wavelength, despite the fact that the multicagtoup is relatively large. Otherwise, a near-optimal (static)
packet is addressed to a fraction of all possible destinatiosgedule with unicast or unicast and broadcast slots (depending
making these schedules inferior to schedules with unicast sletsthe expected group size) will achieve the best performance.
only. However, with large multicast groups, transmitting a
packet multiple times results in a waste of network resources; APPENDIX
consequently, there is a point at which the two curves intersect, SCHEDULE OPTIMIZATION HEURISTICS
and beyond which it is preferable to use schedules with both
unicast and broadcast slots. The point at which one approg¢hschedules with Unicast Slots for Single-Destination Traffic
outperforms the other depends on the traffic parameters. ) e
Let us now turn our attention to the delay behavior of _L_et_us consider the problem of finding a schedule that
schedules with unicast and multicast slots running the GMpInimIzes the network-wide average packet delay when only

(The performance of CMP is very similar and is omitted; reca:ﬁingle-destination traffic; Is offered to Fhe network (i.8;,=
that CMP differs from GMP only in that the source transmité), V7). There are three dimensions to this problem: a) the sets of

in a synchronization slot, an initial control packet containingansmmers’Xc’ sharing wavelengti, ¢ =1, ---, C, must
e constructed, b) the number of slots per framg, allocated

information about the multicast group, before it transmits tf}g each source-destination péir 7) must be obtained. and ¢
actual multicast data packets.) The most important observation pait j) ' )

way of placing thes;; slots within the frame, for alt, j,

Is that, although these schedules do not achieve lower deﬁ%st be determined. This problem is somewhat different than

compared to the ones dISCUSSEd. above, thiagay_smcur a th? tunable transmitter, fixed receiver one addressed in [14],
delay close to that of the best static schedule. This behavior,of. .~. = ) ! )
but it is still a hard allocation problem. As in [14], we first

GMP can be understood by examining the two extreme cases . o ,
) cOnstruct setsY.. using a heuristic which attempts to balance
namely, very small and very large multicast groups.

Let us assume that all multicast groups consist of otge traffic load across all channels. Given these sktswe
. ast group ) Now present a heuristic to obtain near-optimal schedules.
member, and consider the multicast slots of souicén

. . Let us consider channel. in isolation. Since only nodes
such a system, the free multicast slotsobehave almost in X. may transmit on\,, and the packet arrival at node
like unicast slots, as one receiver (the one belonging to thedecscribed by, this iscéxactly the single-channel problem
current multicast group) will have to tune &Y7), while all in [9]. It was shzc’)wn there that the average packet delay is
others are free to tune to the home channels of other SOUrGE&:imized when the fraction of time nodeis permitted to
However, GMP does incur some overhead compared to Wgnsmit on channeh, is [9]
pure unicast schedule, as all receivers must tungdpduring ¢
the synchronization slots af On the other hand, if the size T—o; )
of multicast groups tends t — 1 (a broadcast scenario), the i =i + <1 - Z 0k> —1\/— Vie X.. (1)
behavior of the multicast protocol becomes similar to that of a keXe Z ~ ok
static schedule with unicast and broadcast slots. The difference heXe
in this case is that, once all packets to the current multicastNote thatz; are independent of the frame length. Given
group have been transmitted, the source must wait for the and A, we may obtain the number of slots per frame in
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which 7+ € X, may access channel. as So far we have assumed that= 0, i.e., that there is only
single-destination traffic. Our approach, however, can be easily
|Mzi| <o < [Mai| Vie X dYa=M (2 adapted to obtain schedules with unicast slots only, appropriate
iE€X. for networks in which Type 2 multidestination traffic is also
We then need to determine how these slots should be Offered. In this case, in addition ie; andp;;, we have the
allocated for transmissions fromto each of the potential Multidestination traffic parameters; and g;g. Since unicast
receivers. Note that thé/ — 1 queues ai do not interact Slots will be used to carry multicast packets, a packet for
with each other; thus we have again an equivalent singf@ulticast groupy arriving at source is copied into all queues
channel problem, which dictates that the fraction of time node©f % such thatj € g. To construct a schedule for such

i transmits to each destination be a network we can apply the Slot Allocation Heuristic to an
N equivalent network with single-destination traffic only, such
S 1 o\ W —opy that its parametersy; and p;;, account for both the single-
Yij =0ibij + | 1 Za”p” N and multidestination traffic of the original network {s the
=t Z\/l — 0ipil average size of a multicast group)
=1
Vi€ Xe,j=1,---, N. A3) o =0 +7pi Vi,

) oipij + pi qi
Therefore, the number of slots allocated to ffiej) pair ! Z J

9,J€9 .
should be P = = Vi, J. (6)
N ‘
leiyij] < ai; < [aagi;l; Y ai;=ca; VieX.. (4) B. Schedules with Broadcast Slots for Multidestination Traffic
=1 Recall that only one node is allowed to transmit in a
Furthermore, no receiver should be assigned to receive in mbfeadcast slot. Giverp;,¢ = 1,.--, N, the problem of
than M slots in a frame obtaining an optimal broadcast schedule is then equivalent to
N the single-channel problem in [9]. Therefore, the fraction of
Z% <M Vj ) time, z;, that nodei should be given permission to transmit is
=1 N \/1—
— Pi .
. . o m=pirl1- " i=1,..-,N.
According to the results in [9], for each source-destination® ~ ¥ + < ;pk> N ’
pair (i, j), the a;; slots in which< transmits toj should be B Zvl — Pk
equally spaced within the frame. However, this is not possible k=1
in general. To overcome this problem, a golden-ratio policy (7

was developed in [9], which requires that the frame Iength is independent of the frame lengfti. Given a Fibonacci
be a Fibonacci number. Our approach is to use the goldg

mberM > N [9], we assignb; (M) broadcast slots to node
ratio policy to place the permissions within each channefj = N Bl w lgr: (M)

. S i, such that
independently of the others. However, considering channéls

in isolation may cause a receiver to be assigned to tune o
two or more channels in the same slot. If this occurs, we
must rearrange the schedule to remove these violations. To
this end, we use algorithm REARRANGE, described in [13}Ve then use the golden-ratio policy [9] to place theslots,

N
Mz| <b(M) < [Mz] Viand Y b(M)=M. (8)

=1

with a worst case complexity @b(N2A12). Our heuristic can ¢ = 1, ---, N, within the frame.
be described by these steps.
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