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1 IntroductionThe single-hop architecture for lightwave networks [1] employs Wave Division Multiplexing (WDM)to divide the enormous information-carrying capacity of single mode �ber into multiple concurrentchannels, and may deliver an aggregate throughput that can grow with the number of wavelengthsdeployed, and can be in the order of Terabits per second. Single-hop networks are all-optical innature, i.e., the entire path between the source and the destination is optical, and no conversionback and forth between electronics and photonics takes place within the network. For a successfulpacket transmission, one of the transmitters of the source and one of the receivers of the destinationmust operate on the same wavelength. Thus, tunable transceivers are required, as well as someform of coordination among stations wishing to communicate. We focus on a wavelength-timeassignment of the optical bandwidth, whereby time is slotted and each station may transmit onlyin slots speci�ed by a predetermined schedule. This is an extension of TDMA over a multichannelenvironment.Several single-hop architectures have been proposed in the literature, and have been extensivelystudied for single-destination tra�c [2, 3, 4, 5, 6]. In particular, the authors have developed ageneral framework for analyzing and optimizing the throughput [7] and delay [8] performance ofsingle-hop networks using TDM schedules, for any number of wavelengths, any transceiver tunabil-ity characteristics, and general (potentially non-uniform) tra�c patterns. It is, however, widelybelieved [9, 10] that with the advent of computer applications and telecommunication services suchas distributed data processing [11], broadcast information systems [12], and teleconferencing, a sig-ni�cant portion of the overall tra�c in future broadband networks will be of the multi-destinationtype. As a result, a signi�cant amount of research has been aimed at designing e�cient multicastmechanisms for next-generation communications environments [13, 14, 15, 16]. In the context ofsingle-hop networks, the issue ofmulti-destination tra�c has been addressed in [17], where a control-channel based multicast protocol is presented, and in [18], where we investigated the throughputcharacteristics of various multicast schemes.In this paper we suggest, analyze, and optimize a number of alternative approaches to perform-ing e�cient broadcast/multicast over single-hop lightwave networks employing tunable receivers.The main di�erence between this work and the one in [18] is our use of a more realistic model toevaluate the protocols and the emphasis on the delay performance of the various approaches.This paper is organized as follows. In Section 2 we introduce the network model, and thevarious schedules we consider. In Section 3 we present a classi�cation of multi-destination tra�cthat takes into account the length of multicast sessions and the size of multicast groups, and argue1



for the need to provide a variety of multicast mechanisms addressing the requirements of each typeof multi-destination tra�c. Section 4 describes an optimization heuristic for constructing schedulesthat minimize the average packet delay, and in Section 5 a suite of adaptive multicast protocols isdeveloped. We present numerical results in Section 6, and conclude with a summary of our workin Section 7.2 System ModelWe consider a network ofN stations, each equipped with one transmitter and one receiver, intercon-nected through a passive broadcast optical medium that can support C wavelengths, �1; �2; : : : ; �C.In this work we only consider �xed-transmitter, tunable-receiver (FT-TR) systems (a study of mul-ticasting in tunable-transmitter, �xed-receiver (TT-FR) networks can be found in [19]). In such asystem, we let �(i) 2 f�1; : : : ; �Cg denote the channel 1 assigned to the �xed transmitter of stationi. The receivers, on the other hand, are optical �lters that can be tuned to, and receive fromany and all wavelengths �c; c = 1; : : : ; C. An important parameter in such a system is the tuninglatency, the time it takes a receiver to tune from one wavelength to another; the importance of thevalue of tuning latency relative to the packet transmission time will be discussed shortly.We distinguish between single- and multi-destination packets; the latter need to be delivered toa number of stations, members of a multicast group. A multicast address is associated with eachmulticast group. We assume that any station, upon receiving a packet having a multicast addressas a destination address, is capable of determining whether it is a member of the multicast groupor not; in the latter case it discards the packet.The network operates in a slotted mode with a slot time equal to the packet transmission timeplus the maximum tuning latency; the maximum is taken over all receivers and all wavelengthpairs. A collision occurs when two or more transmitters access the same channel during a slot.When two or more sources transmit to the same destination on di�erent channels the result is adestination con
ict. All packets involved in a collision or destination con
ict are considered lost 2;recovery is assumed to take place via a higher level protocol.We de�ne �i and �i as the probability that a new single-destination and multi-destination packet,respectively, is generated at station i during a slot time. We let pij denote the probability that anew single-destination packet is destined to station j. Similarly, qig will denote the probability that1Throughout this paper we will use the terms \wavelength" and \channel" interchangeably.2In some cases, one of the packet involved in a destination con
ict may be successfully received; this will happenif it is the only packet transmitted on the channel the receiver listens to in that slot.2



a new multi-destination packet is addressed to multicast group g � f1; : : : ; Ng; obviously then,NXj=1 pij = 1 ; Xg qig = 1 i = 1; : : : ; N (1)If the number of wavelengths, C, is equal to the number of stations, N , the �xed transmitterat each station i is assigned a unique wavelength, �(i) 2 f�1; : : : ; �Cg, or home channel. However,from a technical point of view, havingN channels is di�cult to achieve, as current WDM technologysupports only a small number of wavelengths in a single mode �ber, making these architecturesunsuitable for anything but trivial networks. Furthermore, in order to keep channel utilizationat high levels, the maximum tuning latency should only constitute a small fraction of the slottime. However, there is a tradeo� between the tuning range and tuning speed in state of the arttunable optical �lters [20]; in other words, the fastest tunable receivers may only tune over a smallportion of the useful optical bandwidth. As a result, even if a large number of wavelengths couldbe supported within a �ber, because of the need to minimize the time spent for retuning withineach slot by employing very fast tunable optical receivers, only a subset of these channels would beusable. Therefore, in this work we consider the general case, C � N .Whenever C < N , a number of transmitters have to be assigned the same wavelength �c; c =1; : : : ; C. We let Xc, a subset of f1; : : : ; Ng, denote the set of transmitters sharing wavelength �c:Xc = fi j �(i) = �cg c = 1; : : : ; C (2)2.1 Transmission SchedulesThe media access scheme we consider is an extension of weighted Time Division Multiplexing (TDM)over a multi-channel environment. In such a scheme, time slots are grouped in frames of M � Nslots. A transmission schedule indicates, for all i and j, which slots during a frame can be used fortransmissions from i to j; it can be described by variables �(t)ij , called permissions, and de�ned as�(t)ij = 8<: 1; if station i has permission to transmit to station j in slot t0; otherwise (3)This description implies that, if �(t)ij = 1 for some slot t, then receiver j will tune to channel �(i) inslot t. The permissions repeat over time so that �(t+kM)ij = �(t)ij ; k = 0; 1; 2; � � �. We also de�ne thefollowing two variables: �(t)i = 8<: 1; if PNj=1 �(t)ij � 10; otherwise 8 i; t (4)3



G(t)i = 8<: fj j �(t)ij = 1g; if �(t)i = 1�; otherwise 8 i; t (5)Whenever �(t)i = 1 we say that transmitter i is active in slot t. In that case, G(t)i , the transmittingset of i, is the set or receivers which will be tuned to channel �(i) in slot t.We are particularly interested in schedules which guarantee that no collisions or destinationcon
icts will ever occur; we thus have the following de�nition.De�nition 1 A schedule provides full connectivity in the strong sense i� it satis�es the followingthree conditions:8 i; j : f�i pij > 0 _ [(9 g : �iqig > 0 ^ j 2 g)]g ) 9 t : �(t)ij = 1 (6)Xi2Xc �(t)i � 1 8 c; t (7)NXi=1 �(t)ij � 1 8 j; t (8)Condition (6) speci�es that, if there is single- or multi-destination tra�c 
owing from i to j, thenthere is at least one slot per frame in which i may transmit to j. This guarantees full connectivityamong the network stations. Constraint (7) requires that, in a given slot t, at most one of the �xedtransmitters in Xc be active; this constraint eliminates collisions. Finally, constraint (8) impliesthat at most one source may transmit to a given destination within a slot t, and thus no destinationcon
icts may occur. Unless otherwise speci�ed, in the following the term \schedule" will be usedto refer to a schedule satisfying (6), (7), and (8).Based on the number of permissions given to the various sources, a slot t can be classi�ed as a:1. Unicast slot: There are exactly C active transmitters in slot t, and the transmitting set ofeach active transmitter has cardinality one. Note that, because of (7), there will be exactlyone active transmitter per channel.NXi=1 �(t)i = C ; j G(t)i j � 1 i = 1; : : : ; N (9)2. Broadcast slot: There is exactly one active transmitter, k, in slot t, and its transmitting setincludes all possible destinations. We will call k the owner of slot t; a packet transmitted bythe owner of the slot will reach all stations in the network, thus the name \broadcast slot".No other station may be active in slot t as that could result in a destination con
ict (see (8)).�(t)i = 8<: 1; if i = k0; otherwise ; G(t)i = 8<: f1; 2; : : : ; Ng; if i = k�; otherwise (10)4
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(a) General schedule with unicast slots (b) Cyclic schedule with unicast slots

(c) General schedule with broadcast slots

(e) Schedule with multicast slots

(d) Cyclic schedule with broadcast slots

Figure 1: Schedules with: (a)-(b) unicast, (c)-(d) broadcast, and (e) multicast slots for a networkwith N = 4 stations, C = 2 wavelengths, X1 = f1; 3g; X2 = f2; 4g3. Multicast slot: There are m; 1 � m � C active transmitters in slot t. One of the activetransmitters, say k, has a transmitting set with cardinality greater than one, while all othershave transmitting sets with cardinality one. We say that k is the owner of the slot, and itstransmission will reach all stations in G(t)k .NXi=1 �(t)i = m; 1 � m � C; G(t)i = 8>>><>>>: g � f1; 2; : : : ; Ng; j g j� 2; if i = kj 2 f1; 2; : : : ; Ng � g; if i 6= k and �(t)i = 1�; otherwise (11)Figure 1 shows schedules with unicast, broadcast, and multicast slots for a �xed-transmitter,tunable-receiver network with N = 4 stations and C = 2 wavelengths. Channel �1 is shared by the�xed transmitters of stations 1 and 3 (X1 = f1; 3g), while channel �2 is shared by the transmittersof stations 2 and 4 (X2 = f2; 4g). The cyclic schedules also shown are special cases, whereby eachstation may transmit to each possible destination exactly once per frame (for unicast slots), or isthe owner of exactly one broadcast slot per frame.5



2.2 Media Access Control LayerThe bu�er capacity at source i; i = 1; : : : ; N , is organized into N logical queues 3. One queue isassociated with each of the possible N � 1 destinations; a single-destination packet addressed to jjoins the queue for this station. Having separate queues eliminates the head of line e�ects of a singlebu�er, and helps to drastically improve the delay and throughput characteristics as demonstratedin [4, 8]. The N -th queue (to be called the multicast queue from now on) is used for storing arrivingmulti-destination packets regardless of their multicast group 4. This is a model of the Media AccessControl (MAC) layer, and is an extension of the models in [7, 8, 21].2.3 Performance ParametersWe will be concerned with evaluating the performance of the various schedules in terms of averagepacket delay and aggregate throughput. Packet delay is de�ned as the number of slots elapsedbetween the generation of a packet at its source and the slot in which it is transmitted. (Thisde�nition ignores propagation delay; however, the latter is independent of the particular scheduleused, and ignoring it will not a�ect our conclusions regarding the relative performance of thevarious schedules.) Throughput, on the other hand, is de�ned as the expected number of packetssuccessfully received per slot. Note that a single transmission of a multi-destination packet ona given channel may be received by several receivers listening on that channel. Thus, the totalthroughput may be greater than the number of channels, C, though it certainly cannot be greaterthan the number of potential receivers, N .As a �nal observation, our de�nition of throughput assumes that the tuning latency (which isincluded as part of every slot) is small compared to the packet transmission time. This assumptionis reasonable for a system with a small number of channels C and for Local and Metropolitan AreaNetworks with relatively large packet sizes (a few thousand bytes), as the tuning latency wouldonly take up a small fraction of the slot time. On the other hand, including the tuning latency ineach and every slot of the frame would be highly ine�cient for environments, such as fast packetswitches, characterized by very small packet sizes (e.g., ATM cells). In these situations, the packettransmission time may be only a fraction of the tuning latency of even the fastest currently availabletunable optical �lters, and techniques to construct schedules to hide or overlap the tuning latency3These are logical rather than physical queues, and may be implemented in shared memory for e�ciency.4Due to the large number of potential multicast groups, it is not practical to dedicate one queue for each suchgroup. If a certain station, as is typical of a real system, maintains only a small number of active multicast sessions,say m, we may use m queues for multi-destination packets, one for each multicast session, as will be discussed later.6



(see [22, 23, 24, 25]) would be more appropriate.3 Schedules for Mixed Single/Multi-Destination Tra�cWhen only single-destination tra�c is o�ered to the network, schedules with unicast slots only aresu�cient: a source i will transmit a packet for j in a slot t such that �(t)ij = 1. These schedulesmay also be used for multi-destination tra�c. In this case, a source would have to transmit amulti-destination packet multiple times, once to each member in the packet's multicast group.Obviously, this approach does not take advantage of the inherent multicast capabilities of tunable-receiver single-hop networks. We now describe how we may use broadcast or multicast slots tocarry multi-destination packets.Let g be the multicast group of a multi-destination packet originating at station i. Typically,the members of g are not known in advance; also, group membership may change during the life ofthe multicast communication. One way to guarantee that a packet will be received by all currentmembers of its multicast group would be to have station i broadcast the packet to the entirenetwork. The receivers would then use the multicast address to �lter out any packets they do notneed. This can be achieved by setting aside some of the slots of the schedule as broadcast slots with ias their owner; source i would then use its broadcast slots to transmit its multi-destination packets.However, if the average size of a multicast group is small compared to the number of stations inthe network (a situation that often arises in distributed computing systems), an approach thatattempts to deliver all multicast packets to all possible destinations would be extremely wastefulin terms of bandwidth. Ideally, we would like to have schedules that allow a source to deliver apacket only to the current members of a packet's multicast group.To this end, we may allocate a number of slots in the schedule as multicast slots with i astheir owner; the transmitting set of i in such a slot t would be G(t)i = g. As a result, only currentmembers of multicast group g would tune their receivers to i's transmit wavelength in these slots.Other stations may tune their receivers to one of the remaining wavelengths (see (11)) allowingsources other than i to transmit single-destination packets. Thus, unlike broadcast slots in whichall receivers are tuned to a certain source's wavelength and no other communication may take place,multicast slots provide for transmission concurrency.Allocating at least one slot per frame for transmissions to each possible multicast group wouldbe impractical even for networks of moderate size, as the number of possible multicast groupsincreases very rapidly with the number of stations. Typically, though, at any given time, a sourceparticipates in a small number of multicast sessions. But as multicast groups of existing sessions7



change over time, or as active sessions terminate and new ones start, the schedule has to be modi�edto re
ect these changes. Thus, unless a mechanism for dynamically updating the permissions inthe multicast slots of the frame is available, the only practical approaches to multicasting wouldbe to use either unicast or broadcast slots.As we can see, the nature of multi-destination tra�c is of crucial importance in designing theschedules; we may classify this tra�c along two dimensions:� Length of multicast session: In a typical distributed computing environment (such aswhen multicast is used for \response collection" applications [26]) the multicast session isshort, involving the exchange of a few multi-destination packets. In other situations, however,the multicast session may be quite long, requiring the transmission of a large number of packetsto the same multicast group; examples include video and audio conferencing applications.� Size of multicast group: In distributed systems, the average size of the multicast group isoften small compared to the number of stations in the network. On the other hand, appli-cations that require the sending of messages to all or a large number of the stations in thenetwork do exist (for instance, the update of routing information).We now distinguish three types of multi-destination tra�c:� Type 1. Multicast sessions are relatively short, and multicast groups are likely to includea large number of stations. In this case, schedules with both unicast (for single-destinationpackets) and broadcast (for multi-destination packets) slots are most appropriate.� Type 2. Multicast sessions are relatively short, while the average multicast group containsa few stations. Since broadcast slots might lead to substantial underutilization of bandwidth,we believe that schedules with unicast slots only should be used and that multi-destinationpackets should be transmitted to each of their destinations individually (this is not expectedto have a severe e�ect on performance due to the small number of stations per group).� Type 3. Multicast sessions are relatively long. Schedules with both unicast and multicastslots may be used, and we have developed a suite of protocols to dynamically update thepermissions in each multicast slot according to the current multicast group.Our conclusions are summarized in Table 1. The next section describes a way to constructschedules for Type 1 tra�c so that the average packet delay is minimized, while Section 5 presentsa number of adaptive protocols for Type 3 tra�c. How to obtain schedules with unicast slots only,that minimize the average packet delay for Type 2 tra�c is discussed in Appendix A.1.8



Average Duration of Multicast SessionShort LongAverage Small Unicast UnicastSize of Slots andMulticast Large Unicast and MulticastGroup Broadcast Slots SlotsTable 1: Schedules appropriate for the various types of multi-destination tra�c4 Delay Minimization for Type 1 Tra�cIn this section we restrict our attention to schedules with unicast and broadcast slots only. Ourobjective is to determine schedules such that the average packet delay over all source-channel pairsis minimized. Thus, we are seeking a solution to the following optimization problem.Problem 1 Given the number of stations, N , the number of available wavelengths, C, and thetra�c parameters, �i, �i, pij, and qig; 8 i; j; g, and assuming that bu�ers of in�nite capacity areavailable at each station, �nd a schedule with unicast and broadcast slots such that the network-wideaverage packet delay is minimized.From previous experience with a similar problem (namely, the problem of constructing optimalschedules with unicast slots only for tunable-transmitter, �xed-receiver systems [8]) we expect Prob-lem 1 to be a very hard allocation problem. We now develop an optimization heuristic to obtainschedules that not only perform well, but also guarantee a designer-speci�ed level of performancefor each type of tra�c (single- or multi-destination). The heuristic is based on a decompositionof the problem into two manageable subproblems, namely, the problems of �nding optimal sched-ules assuming each type of tra�c is o�ered to the network in isolation. Optimization of unicastslot schedules for single-destination tra�c only (�i = 0 8 i) is presented in Appendix A.1, whileoptimized broadcast slot schedules for multi-destination tra�c only (�i = 0 8 i) are derived in Ap-pendix A.2. Then, the two schedules are appropriately merged into a �nal schedule for the mixedtra�c at hand.Let S1 and S2 be two schedules of frame lengths M1 and M2, respectively. Without loss ofgenerality, assume that M1 � M2 and M1 = mM2. If m is an integer, merging of S1 and S2 isperformed by inserting one slot of S2 after every m slots of S1, resulting in a new schedule S, offrame length M = M1+M2. Schedule merging can be easily generalized to situations where M1 is9
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2Figure 2: Schedule mergingnot an integer multiple of M2. In Figure 2 we show the result of merging the unicast slot scheduleof Figure 1(a) (M1 = 7), with the cyclic broadcast slot schedule of Figure 1(d) (M2 = 4).Consider a unicast slot schedule, S, optimized for single-destination tra�c only. Since thereare no broadcast slots, multi-destination tra�c experiences in�nite delay. If we merge S withl; l � 1, frames of a broadcast slot schedule, S 0, optimized for multi-destination tra�c, we e�ectivelyprovide slots in which multi-destination packets may be transmitted, thus improving their delayperformance. As l increases, the merged schedule will tend to favor multi-destination packets (notethat as l !1, the resulting schedule will be indistinguishable from an S 0 schedule, in which casesingle-destination tra�c will su�er). Therefore, we must choose an l such that both the overalldelay, Doverall, is low and the delay of single-destination tra�c, Dsingle, and the delay of multi-destination tra�c, Dmulti is acceptable by higher layer applications. Our approach is outlined inthe following Schedule-Merging Heuristic (SMH). Note that the stopping rule in Step 4 guaranteesthat the �nal schedule will contain broadcast slots.Schedule-Merging Heuristic (SMH)1. Given single-destination tra�c parameters �i and pij , and the number of wavelengths, C,obtain an optimized unicast slot schedule, S0, of frame length M , as in Appendix A.1.2. Given �i and C obtain a broadcast slot schedule, S 00, of frame length M 0, optimized for multi-destination tra�c only (as in Appendix A.2). Set l 1.3. Merge one frame of S0 with l frames of S 00 to produce a new schedule, Sl, of frame lengthM + lM 0.4. If l = 1 or (Doverall(Sl) < Doverall(Sl�1) and Dsingle(Sl)) and Dmulti(Sl) acceptable, setl l + 1 and repeat from Step 3. Otherwise, stop; the best schedule to use is Sl�1.10



5 Adaptive Multicast Protocols for Type 3 Tra�cWe now present a suite of adaptive multicast protocols for FT-TR networks which assume thateach station, i, is the owner of bi multicast slots per frame. The protocols are adaptive in thesense that the transmissions allowed in these multicast slots are not speci�ed in advance; instead,they are dynamically updated to re
ect the current members of multicast groups. A station, i,may transmit to any multicast group in its bi multicast slots t1; : : : ; tbi , and as the multicast groupchanges, the permissions in each of these slots (see (11)) also change so that the overall throughputis maximized.5.1 The Basic IdeaThe operation of the protocols is based on the assumption that a source, i, will typically transmitP consecutive packets, P > 1, to the same multicast group, g. This is true, for example, in thecase of bulk arrivals, i.e., when a long message has to be fragmented into a number of �xed-sizepackets or in the case where multicast is being used to provide a conferencing service. P need notbe constant; for example, P could be an integer in the range [Pmin; Pmax], where Pmin and Pmaxmay correspond to the minimum and maximum message size, respectively. We will now describethe basic idea behind the operation of the protocols by considering the transmissions in sourcestation i's multicast slots; similar observations can be made for other stations' multicast slots. Wewill also assume that i transmits to only one multicast group at a time. The protocols, however,can be easily extended to handle a source that maintains a small number, m, of multicast sessionssimultaneously; in these situations, it would be bene�cial to the source to have m rather than 1multicast queues, one for the packets belonging to each session (see also the discussion in Section2.2).In the �rst multicast slot with i as its owner all stations tune their receivers to �(i), the transmitwavelength of i. Let g be the multicast group to which the packet transmitted by i in that slot isaddressed, and let P be the total number of packets i will transmit to the same group; g = � if nopacket is transmitted by i in that slot. Suppose that j g j< N � 1, and consider a station j 6= i. Ifj 2 g then j will continue listening to �(i) in subsequent multicast slots of i. However, if j 62 g, j isfree to tune its receiver to the transmit wavelength of another station, k, in subsequent multicastslots of i. If k has a single-destination packet for j, and provided that �(k) 6= �(i), it can transmitit in i's multicast slots, thus increasing channel utilization.After i transmits all P packets to the same multicast group g, it will not be able to transmitto a group g0 6= g, unless all stations not in g are somehow noti�ed. We therefore require that all11



stations tune their receivers to �(i) in speci�ed multicast slots of i, called synchronization slots 5(as explained, the �rst multicast slot is a synchronization slot). The F multicast slots of i betweensynchronization slots are called free as receivers not in g are free to tune to any wavelength otherthan �(i). F is a network-wide constant and thus, all stations can synchronize by tuning to �(i) insynchronization slots.Note that i may start transmitting packets to a new multicast group only in a synchronizationslot. If F is large relative to P , the number of consecutive packets to the same multicast group,i will, on average, have to wait for a considerable number of slots to start transmitting to a newgroup. On the other hand, if F is very small relative to P there will be unnecessarily manysynchronization slots in which no transmissions by stations other than i are allowed. F will, ingeneral, be a function of P , as well as of the propagation delay (more on this later), and must becarefully selected in order to maximize the overall throughput.We have not yet discussed how a receiver j 62 g selects a transmitter k 6= i to tune to in i's freemulticast slots. There are two issues that need to be considered. First, �(k) must be di�erent than�(i) to prevent packet loss due to collisions in free multicast slots. Second, k must also be informedof j's decision. Real-time negotiation between j and other stations to determine k is impracticalbecause of the propagation delays involved.To solve the �rst problem we start with a unicast slot schedule, S, of frame length M , whichsatis�es (6), (7) and (8); let ai be the number of slots per frame in which i may transmit underS, ai =PMt=1PNj=1 �(t)ij . We then specify bi; bi < ai, of these slots as multicast slots with i as theirowner. Let t be one of these bi slots and consider a station j 6= i which, according to schedule S, hasto tune its receiver to station k in slot t. If t is a synchronization slot, or if t is a free slot but j 2 g,j will ignore the permissions speci�ed by S and, in slot t, it will tune to �(i) instead. However, if tis a free multicast slot and j 62 g, j will tune to �(k) as S speci�es. Note that, since S satis�es (7)and both i and k are given permission to transmit in the same slot t, we have �(i) 6= �(k).5.2 Determining Group MembershipSince all stations execute the same protocol, the problem of informing k about j's decision is nowpartially solved: k knows that j will tune to �(k) in slot t if (a) t is a free slot, and (b) j 62 g.Deciding about (a) is done by k as part of the protocol for tuning its own receiver. Thus the problemreduces to how k may determine whether j is in the multicast group g or not. We now describethree protocols which di�er in their assumptions about k's knowledge regarding membership in the5Synchronization slots are actually broadcast slots. 12



multicast groups of packets originating at station i 6= k.Global-knowledge Multicast Protocol (GMP). Station k maintains tables to map a multicastaddress in a packet originating at i into the station-members of the multicast group. By listeningto a synchronization slot of i it can tell whether j is in the multicast group or not. Since k musthave similar tables for all i, this protocol may be very expensive in terms of memory requirements,as well as in terms of the communication cost for building and maintaining the tables.Control-packet Multicast Protocol (CMP). Station k has no knowledge about the membersof multicast groups of packets originating at i 6. However, before transmitting a packet to a newmulticast group, g, i will �rst transmit, in a synchronization slot, a control packet with informationabout the members of g. Following the control packet transmission, i will transmit the P packetsto g as discussed above. Station k uses the control packet to associate g with the group members.This protocol incurs the overhead of one extra packet, but this is not expected to be a problem,especially if P � 1. In addition, this protocol does not require building and maintaining potentiallylarge global tables at each station.Probabilistic Multicast Protocol (PMP). Station k has no way of �nding out whether jbelongs to g or not. It will transmit a packet to j in a free multicast slot of i, if it has one, withprobability r 7. No overhead in terms of memory or control packets is incurred, but the selectionof an appropriate value for r is crucial in order to minimize packet loss due to destination con
icts(if j 2 g, j will tune to �(i) in free multicast slots of i and k's transmissions in these slots willbe wasted). In general, r should represent the probability that j does not belong to g. If �� is theaverage number of stations in a multicast group, we set r = 1� ��N�1 .5.3 E�ect of Propagation DelayUnder either GMP or CMP a transmitter k 6= i must receive the packet transmitted by i ina synchronization slot before it can determine whether the stations to which it is scheduled totransmit in the next free multicast slots of i belong to g or not. Figure 3 illustrates how propagationdelay may become a problem. In this �gure we show a synchronization slot of i followed by F freeslots and another synchronization slot; the horizontal axis represents time increasing from left toright. The transmitters of both i and k are synchronized at the beginning of each slot. But apacket transmitted by i will not be heard by the receiver of k until �ik slots later, where �ik is thepropagation delay from i to k in slots. In the scenario of Figure 3, by the time k receives the packet6Except, of course, for deciding whether k itself is in the multicast group or not.7A schedule with PMP may not satisfy constraint (8).13



transmitted by i in the �rst synchronization slot, free slot t1 has already passed by its transmitter.Since at the beginning of t1, k does not know whether j 2 g it may not transmit a packet to it.As a result of the propagation delays some of the free multicast slots may not be used forsingle-destination transmissions; the longer the propagation delays the less free slots that may beutilized. In the extreme case when all F free slots are within a propagation delay, neither GMP norCMP will be able to capitalize on the availability of free slots to improve the throughput. Thus,F is indeed a function of the propagation delay as mentioned earlier. Observe, though, that thepropagation delay will have a negative e�ect only if it increases beyond the number of slots betweenconsecutive multicast slots with the same owner. Going back to Figure 3, if �ik, in slots, is lessthan the distance between the �rst synchronization slot and t1, k will be able to transmit in t1, aswell as in all other free slots (if j 62 g). Otherwise, k will still be able to use slots t2; : : : ; tF as longas �ik is further increased by less than the distance between t1 and t2, and so on. By assigningmulticast slots to i so that they are spaced out in the frame we can make the distance betweentwo consecutive multicast slots much larger than one slot. We then expect GMP and CMP to belargely insensitive to propagation delays.PMP was devised to overcome this problem. Under this protocol, k does not need to wait untilit receives the packet transmitted in the �rst synchronization slot. Regardless of whether j 2 g ornot, k will transmit in slot t1 with probability r, provided that it has a packet for j. Thus, PMPis not a�ected by propagation delays at all.The algorithms used by the various transmitters and receivers for transmissions in i's multicastslots are shown in Figures 4, 5, and 6. The algorithms are very simple to implement, and thussuitable for the high-speed environment we are considering.6 Numerical ResultsWe consider the 8-station ring-type, two-community-type, and two-server-type single-destinationtra�c matrices with probabilities pij as shown in Figures 7, 8, and 9, respectively. We let �i = � 8 i,and �i = � 8 i; this does not compromise the generality of our results as (a) the single-destinationtra�c characteristics are determined by pij , and (b) we are interested in the behavior of ourschedules as the relative amount of single- and multi-destination tra�c varies, and this is capturedby the relative values of � and �, and the average multicast group size, ��. In the simulations,the number of consecutive multicast packets is uniformly distributed in the range [Pmin; Pmax].Multicast groups and group sizes are chosen at random while maintaining an average group size of��. All simulation results presented in this section were obtained with a con�dence of 95% in less14
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than 1% variation from the mean.Figures 10, 12, and 14 plot the delay, and Figures 11, 13, and 15 plot the throughput againstthe average multicast group size for the stated tra�c matrix and values for parameters C, �, and�. Each �gure shows three delay or throughput curves, each curve corresponding to one of themulticast approaches presented earlier, namely, schedules with unicast slots only, schedules withunicast and broadcast slots, and schedules with unicast and multicast slots with the GMP adaptivemulticast protocol. Similar results have been obtained for various other tra�c matrices, and a widerange of values for parameters C, � and �.From Figures 11, 13, and 15 we see that throughput increases with average multicast group size,and that the three approaches have almost identical performance in terms of throughput (note thatwhen the average size of the multicast groups is 7, in e�ect we have a broadcast tra�c scenario).However, the three approaches di�er drastically in terms of their delay behavior, as evident inFigures 10, 12, and 14; this behavior can be explained by considering the way multicast packetsare handled, and is the subject of the following discussion.First observe that when schedules with unicast and broadcast slots are used, the delay is inde-pendent of the multicast group size. Recall that these schedules are constructed using the Schedule-Merging Heuristic (SMH) of Section 4, and that SMH inserts a number of broadcast slots accordingonly to parameters � and � (corresponding to the o�ered unicast and multicast tra�c load, respec-tively). These broadcast slots are used for sending multicast packets, thus the delay of each packetis independent of the number of recipients. On the other hand, when schedules with unicast slotsonly are used, a multicast packet has to be transmitted multiple times, once to each of the membersin its multicast group. Hence, as the size of the multicast groups increases, delay also increases,resulting in the curves shown in Figures 10, 12, and 14. As we can see, for small multicast groupsizes, there is a penalty for using broadcast slots (all receivers tune to a certain wavelength, despitethe fact that the multicast packet is addressed to a fraction of all possible destinations) makingthese schedules inferior to schedules with unicast slots only. However, with large multicast groups,transmitting a packet multiple times results in a waste of network resources; consequently, there isa point at which the two curves intersect, and beyond which it is preferable to use schedules withboth unicast and broadcast slots. These results con�rm our intuition regarding the factors a�ectingthe design of schedules for a particular system (see Section 3 and Table 1). From the �gures, it isalso clear that the point at which one approach outperforms the other is not �xed, but depends onthe various system and tra�c parameters.Let us now turn our attention to the delay behavior of schedules with unicast and multicastslots running the Global-knowledge Multicast Protocol (GMP). The most important observation17



from Figures 10, 12, and 14, though, is that, although these schedules do not achieve lower delaycompared to the ones discussed above, they always incur a delay close to that of the best staticschedule. This behavior of GMP is better understood by examining the two extreme cases, namely,very small and very large multicast groups.Let us assume that all multicast groups consist of one member, and consider the multicast slotsof source i. In such a system, the free multicast slots of i behave almost like unicast slots, as onereceiver (the one belonging to the current multicast group) will have to tune to �(i), while all othersare free to tune to the home channels of other sources. However, GMP does incur some overheadcompared to the pure unicast schedule, as all receivers must tune to �(i) during the synchronizationslots of i. On the other hand, if the size of multicast groups tends to N � 1 (a broadcast scenario),the behavior of the multicast protocol becomes similar to that of a static schedule with unicast andbroadcast slots. The di�erence in this case is that, once all packets to the current multicast grouphave been transmitted, the source must wait for the next synchronization slot before it can transmitpackets to a new multicast group. As a result, GMP incurs some overhead compared to the staticschedule. The behavior of GMP between these two extremes is determined by which overhead isthe dominant one. Thus, depending on the average multicast group size, the performance of GMPmatches that of the schedule that incurs the lowest delay.Although we have shown results only for GMP, the Control-packet Multicast Protocol (CMP)achieves very similar performance (recall that CMP di�ers from GMP only in that the source trans-mits, in a synchronization slot, an initial control packet containing information about the multicastgroup, before it transmits the actual multicast data packets). Finally, it has been shown [18] thatPMP achieves a throughput which is slightly less than that of GMP or CMP. The disadvantage ofPMP is the inevitable packet loss due to destination con
icts, leading to retransmissions and thushigher delays.7 Concluding RemarksWe have addressed the problem of carrying both multi- and single-destination tra�c over single-hop WDM networks with tunability provided at the receiving end only. We have presented aclassi�cation of multi-destination tra�c that takes into account the size of multicast groups and thelength of multicast sessions, and have designed multicast mechanisms addressing the requirements ofeach type of tra�c. We have also developed a suite of adaptive multicast protocols which are simpleto implement, and which can be useful under changing tra�c conditions. Our main conclusion isthat slot assignment adaptability is both desirable and feasible when multi-destination tra�c is18



being carried in WDM networks.Overall, our results indicate that the multicast protocols we have developed can successfullyadapt to a wide range of multicast group sizes. However, this is only possible when the number ofpackets to be transmitted to the same multicast group is relatively large (in the �gure presented,the values of Pmin and Pmax, the minimum and maximum number of packets to the same multicastgroup, was set to 30 and 50, respectively). Otherwise, an appropriately optimized (static) schedulewith unicast or unicast and broadcast slots (depending on the expected group size) will achieve thebest performance.
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Figure 10: Delay versus average multicast group size, two-community-type matrix, N = 8, C = 2,� = 0:1, � = 0:01 (GMP was run with: Pmin=30, Pmax=50, F =50)
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Figure 11: Throughput versus average multicast group size, two-community-type matrix, N = 8,C = 2, � = 0:1, � = 0:01 (GMP was run with: Pmin=30, Pmax=50, F =50)21
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Figure 12: Delay versus average multicast group size, two-server-type matrix, N = 8, C = 4,� = 0:3, � = 0:01 (GMP was run with: Pmin=30, Pmax=50, F =50)
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Figure 13: Throughput versus average multicast group size, two-server-type matrix, N = 8, C = 4,� = 0:3, � = 0:01 (GMP was run with: Pmin=30, Pmax=50, F =50)22
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Figure 14: Delay versus average multicast group size, ring-type matrix, N = 8, C = 8, � = 0:5,� = 0:02 (GMP was run with: Pmin=30, Pmax=50, F =50)
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A Schedule OptimizationWe now address the problem of obtaining schedules which minimize the average packet delay,assuming that each type of tra�c (single- or multi-destination) is o�ered to the network in isolation.A.1 Schedules With Unicast Slots Only For Single-Destination Tra�cIf only single-destination tra�c is o�ered to the network (i.e., �i = 0 8 i) our problem may bestated as:Problem 2 Given the number of stations, N , the number of available wavelengths, C, and thetra�c parameters, �ipij ; i; j = 1; : : : ; N , �nd a schedule that minimizes the network-wide averagepacket delay, assuming that bu�ers of in�nite capacity are available at each station.There are three dimensions to this problem 8:� the sets of transmitters, Xc, sharing wavelength �c; c = 1; : : : ; C, must be constructed,� the number of slots per frame, aij , allocated to each source-destination pair (i; j) must beobtained, and� a way of placing the aij slots within the frame, for all i; j, must be determined.This problem is somewhat di�erent than the tunable-transmitter, �xed-receiver one addressedin [8], but is still a very hard allocation problem. Our approach, then, is to �rst construct setsXc using the Weight Balancing Heuristic in [8] (which attempts to balance the tra�c load acrossall available channels). Given these sets Xc, we now present a heuristic to obtain near-optimalschedules.Let us consider channel �c in isolation. Since only stations in Xc may transmit on �c, and thepacket arrival at station i is described by �i, this is exactly the single-channel problem in [21]. Itwas shown there that the average packet delay is minimized when the percentage of time station iis permitted to transmit on channel �c is [21]xi = �i + (1� Xk2Xc �k) p1� �iPk2Xc p1� �k 8 i 2 Xc (12)8This is just a logical decomposition of the optimization problem. The order in which the three subproblems arepresented is irrelevant as the subproblems are interdependent, and an exact solution method would simultaneouslyresolve all of them. 27



Note that xi are independent of the frame length M . Once we have obtained xi, and given M ,we may obtain the number of slots per frame in which i 2 Xc may access channel �c asbM xic � �i � dM xic 8 i 2 Xc ; Xi2Xc �i = M (13)We then need to determine how these �i slots should be allocated for transmissions from i to eachof the potential receivers. Note that the N � 1 queues at i do not interact with each other; thus wehave again an equivalent single-channel problem, which dictates that the percentage of time stationi transmits to each destination be:yij = �ipij + (1� NXl=1 �ipil) p1� �ipijPNl=1p1� �ipil 8 i 2 Xc j = 1; : : : ; N (14)Therefore, the number of slots allocated to the (i; j) pair should beb�i yijc � aij � d�i yijc ; NXj=1 aij = �i 8 i 2 Xc (15)Furthermore, no receiver should be assigned to receive in more than M slots in a frame:NXi=1 aij � M 8 j (16)Finally, according to the results in [21], for each source-destination pair (i; j), the aij slots inwhich i transmits to j should be equally spaced within the frame, i.e.,8 i : d(k)ij = dij ; k = 1; : : : ; aij (17)Once aij have been determined for all i and j, we need to construct the schedule so that thepermissions assigned to each source-destination pair be placed within the frame according to (17).However, this is not feasible in general, even in the single-channel case, as dij may not be integers.To overcome this problem, a golden-ratio policy was developed in [21], which requires that the framelength be a Fibonacci number. It was also shown that this policy places the various permissionswithin the frame in intervals close to the ones dictated by (17), and, as a result, achieves an averagepacket delay very close to the lower bound.Our approach is to use the golden ratio policy (which only considers frames of lengths equalto Fibonacci numbers) to place the permissions within each channel independently of the others.This, however, may result in allocations that violate (8). In other words, considering channels inisolation may cause a receiver to be assigned to tune on two or more channels in the same slot.28



If this occurs, we must rearrange the schedule to remove these violations. To this end, we usealgorithm REARRANGE, described in [7], with a worst case complexity of O(N2M2).We now propose the following Slot Allocation Heuristic.Slot Allocation Heuristic (SAH)1. If C < N , use the Weight Balancing Heuristic in [8] to determine the set of transmitters,Xc; c = 1; : : : ; C, that share each channel.2. Select a Fibonacci number, M , as the frame length, and obtain aij(M) from (12)-(16).3. Let c = 1, and use the golden ratio policy [21] to place the aij ; i 2 Xc, slots in a frame fortransmissions on channel �c. Repeat for c = 2; : : : ; C to obtain an initial schedule, S0(M).4. Run algorithm REARRANGE, described in [7], to perturb S0, producing a schedule, S(M),which satis�es constraints (7) and (8).5. Repeat Steps 2 through 4 for the next Fibonacci number, up to an upper limit, Mmax. Selectthe frame length, M , and schedule, S(M), that yields the lowest average delay.In this Appendix we have assumed that �i = 0, i.e., there is only single-destination tra�c. Ourapproach, however, can be easily adapted to obtain schedules with unicast slots only, appropriatefor networks in which Type 2 multi-destination tra�c is also o�ered (recall that Type 2 tra�c issuch that the average multicast session is short, and the average multicast group size is small). Inthis case, in addition to �i and pij , we have the multi-destination tra�c parameters �i and qig.Since unicast slots will be used to carry multicast packets, a packet for multicast group g arrivingat source i is copied into all queues j of i, such that j 2 g 9. To construct a schedule for such anetwork we can apply the Slot Allocation Heuristic to an equivalent network with single-destinationtra�c only, such that its parameters, �0i and p0ij , account for both the single- and multi-destinationtra�c of the original network (�� is the average size of a multicast group):�0i = �i + �� �i 8 i (18)p0ij = �i pij + �i Pg;j2g qig�0i 8 i; j (19)9Therefore, there is no need for a separate multicast queue, and each source only needs N � 1 queues.29



A.2 Schedules With Broadcast Slots Only For Multi-Destination Tra�cRecall that only one station is allowed to transmit in a broadcast slot. Given �i; i = 1; : : : ; N ,the problem of obtaining an optimal broadcast schedule is then equivalent to the single-channelproblem in [21]. Therefore, the percentage of time, zi, that station i should be given permission totransmit is: zi = �i + (1� NXk=1 �k) p1� �iPNk=1p1� �k i = 1; : : : ; N (20)zi is independent of the frame length M . Given a Fibonacci number M � N [21], we assign bi(M)broadcast slots to station i such thatbMzic � bi(M) � dMzie 8 i and NXi=1 bi(M) = M (21)We then use the golden-ratio policy [21] to place the bi slots, i = 1; : : : ; N , within the frame.
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