
Timer Adjustment in SRM �Ching-Gung Liu (USC),Deborah Estrin (USC/ISI),Scott Shenker (Xerox),Lixia Zhang (UCLA/Xerox)AbstractSRM is a generic framework for reliable multicast data delivery. The re-transmission requests and replies used in SRM error recovery are multicast tothe entire group. SRM uses random timers to avoid the message implosion prob-lem, and the e�ectiveness of SRM's duplicate suppression depends critically onthe design of these random timers.This paper investigates, through analysis and simulation, the relationshipbetween the timer setting parameters and error recovery performance in SRM.The performance metrics are error recovery delay and duplicates per loss. Wepropose an algorithm where the waiting period is proportional to a mem-ber's neighborhood size, and where a member's estimate of neighborhood sizebased on the observations of current performance. We �nd that this algorithmachieves near-optimal duplicate suppression. Moreover, as the size of the globalgroup grows the recovery delay and duplicates per loss remain bounded.1 IntroductionScalable Reliable Multicast (SRM) [1] is one of the many proposed approaches tosupport reliable multicast data delivery. The main focus of SRM is to achieve scala-bility de�ned as e�cient error recovery (low error recovery delay and few duplicatemessages per loss) across full range of group sizes and underlying network topologies.As we explain later in Section 2 of this paper, a key component of SRM is the use ofrandom timers when sending retransmission requests and replies. In this paper, weinvestigate the relationship between the timer setting parameters and error recoveryperformance.The original (see [1]) SRM timer algorithm incorporated both a deterministicand a probabilistic waiting period (i.e., the timer was selected in an interval boundedaway from zero). Using both analysis and simulation, we �nd that removing thedeterministic wait in timer setting from the random timer reduces recovery delay�This research was supported in part by the Advanced Research Projects Agency, monitoredby Fort Huachuca under contracts DABT63-94-C-0073; And by the National Science Foundationunder grant award No. NCR-96-28-729. The views expressed here do not re
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signi�cantly without degrading duplicate suppression. Moreover, we �nd that near-optimal duplicate suppression can be achieved if the probabilistic waiting periodis proportional to the member's neighborhood size. The neighborhood size refersto the number of members who are competing to send retransmission requests orreplies regarding the same loss. These �ndings lead us to propose a new SRM timerscheduling scheme that produces a near-constant recovery delay 1 and duplicatesper loss, regardless how large the size of the multicast group.The paper is organized as follows. Section 2 gives a brief description of theSRM framework as described in [1], and the problems that we address in this paper.Section 3 looks into the relationship between the timer setting parameters and errorrecovery performance. Section 4 proposes a revised timer scheduling scheme. Section5 introduces our dynamic mechanisms to measure the neighborhood size and adjustthe timer setting parameters. Section 6 presents the simulation models and analyzesthe simulation results, and Section 7 reviews related works. We conclude in Section8 with a short summary.2 Basic Approach of SRMIn this section, we give an overview of SRM as described in [1], emphasizing thefeatures relevant to our work here. We use the term session to mean a multicastapplication that uses SRM as its underlying reliable multicast service. SRM providesonly basic reliability support; it guarantees the eventual delivery of data to allmembers in the multicast session. More stringent reliability functionalities, such astotal ordering and fate sharing 2, if desired, are left to the application itself [3].To avoid message implosion at the source in the error recovery process, SRM isreceiver-initiated [4] with each receiver being responsible for detecting data lossesand requesting retransmissions. SRM also adopts the approach of \multicastingeverything" to maximize the collaboration among members in the process of errorrecovery. Requests and replies are multicast to all members in the session. Multi-casting a request allows the nearest member with the requested data to send a reply�rst; it also suppresses other members from sending duplicate requests for the samedata. Similarly, multicasting a reply suppresses duplicate replies and also deliversthe reply to all members who su�er the loss without requiring the replier to knowtheir individual identities or locations.The SRM mechanisms can be decomposed into two parts: group state syn-chronization and receiver-initiated error recovery. Members periodically exchangesession messages to report current group state (e.g., the highest received sequencenumber from each source) and to determine the propagation delays between eachpair of members 3. Members use group state information to detect data losses. This1The recovery delay is measured in terms of the one-way propagation delay from the datasource. In other words, it is the interval between a member's detection of a loss and reception of aretransmission, divided by the one-way propagation delay from the data source to the member.2Fate sharing is when a multicast session terminates if a single member, or a speci�c subset ofmembers in the session fail, depending on the semantics of the application.3There is a semantic di�erence between the delay from a member and the delay to a member. We2



is critical for the receiver-initiated error recovery approach because members do nototherwise know what has been sent to the session group. Each member uses thepropagation delay information when scheduling its request or reply timers.When a packet is lost, each member detecting the loss waits a random time periodbefore sending its retransmission request. The random timer is scheduled in the timeinterval A �T � (A+B) �T , where T is the propagation delay between the requesterand the data source, and A and B are constants 4. When the timer expires, thescheduled request is multicast to the session group. If a duplicate request is receivedor the currently scheduled request is sent, the requester exponentially backs o� itsrequest timer to ensure retransmission reliability. If a reply is received, the scheduledrequest is canceled. A member with the requested data 5 responds to the request byscheduling a reply in the time interval a � t � (a + b) � t, where t is the propagationdelay between the replier and the requester, and a and b are constants. When thetimer expires, the scheduled reply is multicast to the session. The scheduled replyis canceled if a duplicate reply is received while waiting.The randomization of request and reply timers in SRM gives members an op-portunity to suppress one another and thus avoid the request and reply messageimplosion problem [5]. The period of the SRM request timer consists of both adeterministic wait (i.e., no messages are sent before A � T ) and a probabilistic wait(the period between A � T and (A +B) � T ). Both portions of the wait are propor-tional to the propagation delay from a source. Thus, requesters far from a sourcehave longer deterministic waiting periods than requesters near to the source. Wecall it deterministic suppression if a request sent at the maximal wait ((A+B) � T )by a close-to-the-source member arrives before the deterministic wait of a farther-from-the-source member has expired; scheduled requests (for messages from thisparticular source) at the distant requester will always be suppressed by requestsfrom the nearer requester.Deterministic suppression can only occur if the di�erence between the deter-ministic waiting periods of two members is large relative to the propagation delaybetween them, and thus deterministic suppression is comparatively rare. Usually,members have to rely on the randomization of their probabilistic waiting periods tosuppress one another. We call this probabilistic suppression.The same concepts of deterministic and probabilistic suppression can be appliedto the reply timers. A reply from a replier far from the requester is deterministicallysuppressed by a replier near the requester if the di�erence between their determin-istic waiting periods is su�ciently large. Otherwise, they rely on the probabilisticwait to suppress one another.In this paper, we investigate the relationship between the timer setting parame-will distinguish one from the other in our later discussion. However, in SRM, a member determinesits one-way propagation delay to another member by taking half of its measured round-trip delay.Therefore, SRM assumes the paths between a pair of members are symmetric.4In addition to the basic timer scheduling scheme, [1] also provides a probing mechanism forrandom timer adaptation. We discuss it further in Section 7.5SRM assumes all session members, not only the data source, may save all the application data.If some members do not save the data requested, they simply do not participate in the error recoveryprocess. 3



ters and error recovery performance. We propose a dynamic adjustment mechanismthat makes the timer parameters adaptive to the dynamic changes of the networkenvironment. One crucial facet of our proposal is in making B and b proportionalto the number of neighbors 6 in the session, and so the bulk of our simulations aredevoted to comparing two approaches to estimating the size of the neighborhood.Note that our goal is to optimize the overall performance and we do not try toguarantee optimal results for the recovery of each individual loss.3 Timer Setting Parameters and PerformanceThe error recovery performance in SRM depends heavily on the scheduling of therequest and reply timers. Therefore, the selection of the timer setting parameters isessential. In the following sections, we will discuss the relationship between timersetting parameters and error recovery performance in terms of deterministic sup-pression, probabilistic suppression and recovery delay. To simplify the description,our discussion will focus on the request parameters, A and B. The same analysisand conclusion can be applied to reply parameters, a and b, as well.3.1 Deterministic Suppression

Figure 1: Radix de�ning the boundary of deterministic suppression and probabilisticsuppressionConsider the scenario shown in Figure 1. A data packet sent by source s is lostbetween member r and member p. Member p detects the loss at time 0 and schedulesa request before (A+B) �tsp where tsp is the propagation delay from s to p. Memberq also detects the loss no later than time tpq and schedules a request after tpq +A �tsq. For p's request to deterministically suppress q's request, the latest time of p'srequest arriving at q has to be sooner than q's earliest request sending time; i.e.,6Member p is a neighbor of member q if p competes with q in sending requests or replies for aloss. 4



(A+B) � tsp + tpq � tpq +A � tsq. We know tsq � tsp + tpq because q is farther froms than p, so we get,( (A+B) � tsp + tpq � tpq +A � tsqtsq � tsp + tpq ) tpq � BA � tspThe scheduled requests at member q will be suppressed by p's request determin-istically if q is farther from the source and its propagation delay from p is greaterthan BA �tsp. If p's requests arrive at q correctly, it is guaranteed that p's requests willalways suppress q's requests. Members who share the same losses and are withinthe radius of BA � tsp constitute the requester neighborhood of p with respect to sources because they compete with one another to send requests. There is no guaranteethat p's requests will always suppress others in its neighborhood. By applying thesame analysis, the radius without deterministic reply suppression is ba � tpr, for amember r with respect to a requester p. Members within the radius constitute thereplier neighborhood of r with respect to source s.3.2 Probabilistic SuppressionIf requesters have di�erent propagation delays from a source, a non-zero A ampli�estheir delay di�erence and produces better suppression result. On the other hand,a non-zero A does not facilitate request suppression if all requesters have the samepropagation delay from a source. The performance of request suppression dependson the randomization of their probabilistic waiting periods, i.e., the value of B.Figure 2 illustrates this scenario.

Figure 2: Members rely on probabilistic suppression within their requester andreplier neighborhoodsIn Figure 2, there are N members located within p's requester neighborhood,with respect to losses from source s. Their propagation delays from s are all equal tots and the propagation delays between each pair of them are roughly tN . Assuming auniformly distributed random function is used to schedule requests, the probability5



that p's request is not suppressed by any member within the neighborhood isP = R tN0 1dx+ R B�tstN (B�ts�x+tNB�ts )N�1dxB � ts = tNB � ts + 1N � (1� ( tNB � ts )N ) � tNB � ts + 1NSince there are N members within p's requester neighborhood, the expected numberof requests regarding a loss from source s isE = P �N � NB � tNts + 1Similarly, for a replier neighborhood with n members whose propagation delaysfrom a requester p are tp, and the propagation delays between each pair of themare roughly tn, the expected number of replies regarding a request from p is E0 �nb � tntp + 1.3.3 Recovery DelayGiven A, B and the propagation delay from the source, if the number of requestersin a neighborhood competing to request retransmission is large, the average delay ofthe �rst expired request timer is shorter. For example, consider the case as shownin Figure 2 where there are N requesters in a requester neighborhood and theirpropagation delays from a source s are roughly ts. Assuming a uniformly distributedrandom function is used to schedule requests, the expected waiting period of the�rst expired request timer within the neighborhood isD = A � ts + N � R B�ts0 x � (B�ts�xB�ts )N�1dxB � ts = A � ts + BN + 1 � tsThe same analysis can be applied to the delay of the reply timers. If there aren members within a replier neighborhood and their delays from a requester p areroughly tp, the expected waiting period of the �rst expired reply timer within theneighborhood is D0 = a � tp + bn+1 � tp. The recovery delay is the sum of the requestdelay, the reply delay and the round-trip propagation delay between the requesterand the replier. In the worst case where the source is the replier, an estimate of therecovery delay is given by D +D0 + 2 � ts.3.4 DiscussionIn Section 3.3, we found that A contributes the majority of request delay when thereare many members. Thus, it is desirable to make A as small as possible. However,a small A increases the radius of the requester neighborhood and thus decreasesthe e�ectiveness of deterministic suppression. Fortunately, the number of duplicaterequests can still be reduced by probabilistic suppression. As we argue below, ifB is selected properly the number of duplicate requests and the recovery delay canboth be properly controlled.Consequently, we choose A = a = 0 to minimize the recovery delay and relyon probabilistic suppression to minimize the number of duplicates. Since there is6



no deterministic suppression, all members that share the same loss are all in therequester neighborhood for that loss, i.e., they compete with one another to requestretransmission. The remaining group members are in the replier neighborhood tocompete for retransmission.If A = 0, the expected number of requests and the recovery delay for a loss froma source s can be rewritten as, E � NB � tNts + 1 (1)D = BN + 1 � ts (2)Therefore, if we choose B as a linear function of the requester neighborhood size, i.e.,B = C �N where C is a constant, the factor N in both equations will be neutralized.As a result, the expected number of duplicate requests is roughly proportional to tNtsand the request delay is constant in terms of the one-way propagation delay from thedata source. In other words, the number of requests per loss and recovery delay areconstant as functions of the session size. Similarly, if we choose a = 0 and b = c � n,where c is a constant and n is the size of the replier neighborhood, we get E0 � tnc�tpand D0 � c � tp. If the replier is the source in the worst case, the reply delay is c � ts.Therefore, the recovery delay is equal to (C + c+ 2) � ts on the average.Generally speaking, the linear functions de�ne the tradeo� between the num-ber of duplicates per loss and recovery delay. Note that, C and c are universallyidentical, i.e., all members use the same linear functions in a session. However, Cand c can be di�erent, i.e.,the linear function for the request parameter can be dif-ferent from the linear function for the reply parameter. The neighborhood sizes ofmembers are di�erent because they do not share exactly the same losses. Since thetimer parameters are functions of the neighborhood sizes, they are also di�erent forindividual members.4 A Revised SRM Timer Scheduling SchemePerfect request and reply suppression does not guarantee the absence of duplicaterequests and replies; other factors may cause duplicates. For example, a requestermay send a premature second request before the reply arrives. A premature requestis not only a duplicate request but also a trigger for duplicate replies. Furthermore,if duplicate requests are sent, a replier may issue a duplicate reply if a second requestarrives after the �rst reply has been sent. In this section, based on the conclusionin Section 3.4, we will discuss mechanisms that prevent premature requests andignore unsuppressed requests, and propose a revised version of SRM timer schedulingscheme.4.1 Preventing Premature RequestsAfter sending a request, the requester backs o� its request timer and schedules asecond request to ensure retransmission reliability. If the backo� timer expires before7



the reply to the �rst request has arrived, we say the second request is premature. Toprevent premature requests, the backo� request timer should be su�ciently large toallow the reception of a reply. By setting A = 0, we have increased the possibility ofpremature requests, and we therefore introduce another parameter I to compensate.Consider the replier neighborhood in Figure 2. There are n repliers in the replierneighborhood and their propagation delays from the requester p are tp. When arequest from p arrives at the neighborhood, all repliers in the neighborhood willschedule replies between 0 � b � tp. The probability that the �rst expired reply timesout after � � tp is (1� �b )n, where 0 � � � b. We want to compute the value of � forwhich this probability is su�ciently small, for example, 5%. In other words, 95% ofthe �rst expired replies will time out before � � tp.limn!1(1� �b )n = limn!1(1� �c � n)n = e��c � 5%) � ' 3 � cThe proper backo� period for p to constrain the probability of premature requestsunder 5% is calculated by taking � into account.
Figure 3: Scenario of premature requestsIn Figure 3, requester p sends its �rst request at time 0. Replier q receives the�rst request at tpq and schedules a reply between tpq � tpq + b � tpq. If q's replytimer expires �rst, the waiting period of its scheduled reply is less than 3 �c � tpq witha probability of 95%. The arrival time of a reply at p should be smaller than theearliest sending time of the second request. We assume p backs o� it request timerfor a period of I � tsp,2 � tpq + 3 � c � tpq � I � tsp ) (2 + 3 � c) � tpqtsp � I ) I � 2 + 3 � cNote that tpqtsp � 1 because a lost packet is recovered by the source in the worst case.Thus we conclude that, after sending the �rst request, member p has to backo� its request timer at least for a period of (2 + 3 � c) � tsp, where c is the constantparameter used in the linear function to determine the reply parameter (e.g., b) andis universally identical for all members in a session.4.2 Ignoring Unsuppressed RequestsRequest suppression and premature request prevention reduce the chance of du-plicate requests. However, the performance depends heavily on network topology,8



membership distribution and other dynamic factors in the network and the multi-cast session environment. If duplicate requests do occur, a mechanism to preventresponse to unsuppressed requests is required.The reason a member responds to an unsuppressed request is that it forgets areply has been sent for the same loss triggered by a previous request. It is importantfor a member to remember the replies and ignore further requests regarding the sameloss. A member should hold the records of its scheduled replies for a period of timeto check whether a request has been replied and ignore other unsuppressed requests.It should not ignore them forever since a reply may also be lost.

Figure 4: Scenario of unsuppressed requestsFigure 4 shows the scenario of an unsuppressed request. Member p sends arequest asking for retransmission. The request does not suppress the scheduledrequest in member q. Therefore, q sends its own request for the same loss and thisrequest should be ignored by replier r. The hold period of r's scheduled repliesshould not be greater than the second request from p because the previous replymay be lost and the replier should be able to respond to the second request to ensuretransmission reliability. We assume the hold period for r is H � tsp, where tsp is thepropagation delay from source s to the requester p who sent the �rst request. Ifp sent its �rst request at time 0, the earliest sending time of its second request isI � tsp. Therefore,tpr +H � tsp � I � tsp + tpr ) H � I ) H � 2 + 3 � cAfter scheduling a reply triggered by the �rst request from p, r should ignorefurther requests of the same loss for a period of (2 + 3 � c) � tsp. Member p shouldinclude its propagation delay from source s, tsp, in its request in order for r tocompute the proper hold period.4.3 Revised Error Recovery SchemeIn this section, we will describe the revised timer scheduling scheme from SRMbased on the conclusion from the previous sections.Before a session is activated, two linear functions are selected. These linearfunctions are used to compute the timer setting parameters from the neighborhood9



sizes. For example, the request timer parameter B is de�ned as B = C �N , where C isa constant and N is the requester neighborhood size; And the reply timer parameterb is de�ned as b = c �n, where c is a constant and n is the replier neighborhood size.Since members have di�erent neighborhood sizes, in the following sections we willuse the notation of N sp 7 and Bsp to refer to member p's requester neighborhood sizeand request timer parameter with respect to the losses from source s, respectively.The notation of npq and bpq are used to refer to member q's replier neighborhood sizeand reply parameter with respect to the requests from requester p, respectively.Members in a session exchange session messages to determine propagation delaysbetween each pair of members and to detect data losses. When member p detects aloss from source s, it schedules a request timer between 0 � Bsp � tsp, where tsp is thepropagation delay from source s to p. When the timer expires, pmulticasts it requestto the session group and schedules a backo� request between I � tsp � (I +Bsp) � tspto ensure retransmission reliability. If p receives a request of the same loss beforeits own request timer expires, it backs o� its timer by rescheduling a second requestbetween I � tsp � (I +Bsp) � tsp. From Section 4.1 we know I = 2 + 3 � c.A member q with the requested data responds to the request from p by schedul-ing a reply between 0 � bpq � tpq, where tpq is the propagation delay from p to q.Furthermore, q ignores further requests for the same loss for a period of H � tsp.From Section 4.2, we know H = 2+3 � c. If q receives a reply of the same loss beforeits reply timer expires, q simply cancels its reply. Otherwise, q multicasts its replywhen its reply timer expires.5 Dynamic Timer AdjustmentFrom the previous section we conclude that selecting timer parameters based onthe neighborhood size produces optimal results in terms of the recovery delay andthe number of duplicates. Unfortunately, members do not know their neighborhoodsizes beforehand. Furthermore, there are other dynamic factors which may a�ect theerror recovery performance. For example, network tra�c load a�ects the propaga-tion delay, dynamic membership change a�ects the neighborhood size, and networktopology change a�ects the loss-sharing characteristic among members. Membersneed to adapt their requester and replier neighborhood sizes (i.e., the timer settingparameters) to these dynamic factors by learning from network feedback.Figure 5 shows the detailed control loop of our dynamic adjustment mecha-nism. Each member's feedback interpreter observes network feedback to estimateneighborhood size. A parameter adjuster calculates the timer parameters from theestimated neighborhood size; And a timer scheduler schedules requests and replieswith the new timer parameters. We already discussed the procedure to schedulerequest and reply timers in Section 4.3. We will concentrate on the procedures offeedback interpretation and parameter adjustment in the following sections.7 To be speci�c, the requester neighborhood sizes of member p are di�erent for losses at individuallossy links from a source. However, it is impossible for a member to identify the point of loss, weuse the location of the data source as an approximation.10



Figure 5: Control loop of dynamic timer adjustment5.1 Interpreting Neighborhood Size from DuplicatesA feedback interpreter observes network feedback to adjust the estimated neigh-borhood sizes. There are two kinds of feedback that can be observed by membersfor individual losses: the recovery delay and the number of requests and replies.An interpreter can estimate the neighborhood sizes based on either of them. Forexample, the requester neighborhood size can be interpreted based on the numberof requests per loss by the relationship illustrated in Equation 1 on Page 7.From Equation 1 we know the average number of requests in a neighborhoodwith N members is roughly E = N �tNB�ts + 1. Therefore, each request with respectto the same loss represents NE neighbors. That is, a request from a member that istN away represents B�tstN+C�ts neighbors. For example, if requester q sends a requestregarding a loss from source s, its request represents Bsq �tsqtpq+C�tsq neighbors to memberp. Member q should supply Bsq and tsq in its request for p to calculate the propernumber of neighbors represented by the request. Note that, q's request representsN sq neighbors to itself since the delay from q to itself is 0.Since we prefer a member near the source to send requests �rst, we want membersnear the source to produce smaller neighborhood size estimates than members farfrom the source. For example, if both member p and r receive a request fromq, we would like q's request to represent more neighbors to r if r is farther fromthe source than is p. One simple way to achieve this is to weight the number ofneighbors represented by q's requests by the delays from source s. In other words,the number of neighbors represented by q's request is weighted by a factor of tsptsqat member p, and it is weighted by a factor of tsrtsq at member r. As a result, p'sestimated neighborhood size is smaller than q's neighborhood size by a factor oftsptsr . Note that, the estimated neighborhood size no longer represents the actualnumber of neighbors. Instead, it combines both the number of members competingto request retransmission in a requester neighborhood and their relative distancefrom the source.A member adds up all the numbers of neighbors represented by requests it re-ceived for the same loss. The new requester neighborhood size is calculated by11



using an exponential-weighted moving average with a weight ! 8 between the pre-vious neighborhood size and the new estimation. The requester neighborhood sizeis adjusted for individual sources 9.If members only receive one request for a loss, they achieve the perfect suppres-sion result. This could result from the case in which members' neighborhood sizesare overestimated so they have a better chance to hear from one another, or fromone member sending its request fast enough to suppress others. For the former case,members should reduce their estimated neighborhood sizes to probe for the mini-mum recovery delay. However, for the later case, there is no connection with whetherthe neighborhood size is overestimated. Therefore, in this second case, reducing theestimated neighborhood size does not necessarily improve the performance. Unfor-tunately, members can not distinguish one case from the other because of the lack offeedback (e.g., duplicate requests). In our approach, we assume the neighborhoodsize is overestimated if there is only one request per loss, and reduce a member'sneighborhood size by a factor of �. The value of � determines the aggressiveness ofthe probing process. If � is small, the accurate neighborhood size can be reachedquickly, however, it is also more likely to underestimate the neighborhood size andcause duplicates. On the other hand, a � close to one slows down the probing pro-cess; during the probing period the neighborhood size is overestimated and resultsin long recovery delay. In other words, � is a tuning knob of the tradeo� betweenrecovery delay and duplicates per loss.Since the member who sent the only request for a loss is most likely the closestmember to the lossy link, one could reduce the neighborhood size of the memberwho sent the request and keep other members' neighborhood sizes unchanged. How-ever, the hypothesis of adaptive adjustment is that the past experience is a goodprediction of the future. If there are multiple lossy links along a path, membersface di�erent neighborhoods for losses at di�erent lossy links and the adaptive ad-justment mechanism should be less aggressive so the estimation from the past canpredict the average behavior of the future. For example, reducing p's neighborhoodsize by a factor of � increases the chance that p will suppress other requests for thenext loss. As a result, p will keep reducing its neighborhood size until duplicaterequests are observed. Reducing p's neighborhood size aggressively based on thelosses at one lossy link may a�ect the error recovery performance of losses at an-other lossy link. Therefore, we think it is prefered for all members who share thesame loss with p to decrease their neighborhood sizes by a factor of � as well.The following algorithm is developed to adapt the requester neighborhood sizeto the dynamic changes in a multicast session. The neighborhood size is measuredfor individual losses. A measurement period starts when a loss is detected and itends when a reply is received.for each scheduled request in p for source s8We choose ! = 18 in our simulations.9 From Footnote 7, we know that the requester neighborhood size should be adjusted on a perlossy link, per source basis. It is an approximation to adjust requester neighborhood size on a persource basis. If there are multiple lossy links between source s and member p, Nsp is the average ofthe neighborhood sizes of all lossy links. 12



� = 0for each request received from q (including p itself)�+ = Bsq �tsqtpq+C�tsq � tsptsqif p only receives one request then � = � � �N sp = (1� !) �N sp + ! � �We can apply the same mechanism to estimate the size of a replier neighborhood.The measurement period of the replier neighborhood size is equal to the hold timeof a scheduled reply, discussed in Section 4.2. It starts when a request is receivedand it ends when the scheduled reply is cleared. Note that, if a replier receivesmultiple requests for the same loss, the estimation is for the requester whose requestis received �rst.for each scheduled reply in p for requester r� = 0for each reply received from q (including p itself)�+ = brq �trqtpq+c�trq � trptrqif p only receives one reply then � = � � �nrp = (1� !) � nrp + ! � �5.2 Interpreting Neighborhood Size from Recovery DelayThe requester neighborhood size can also be interpreted from the recovery delay byusing Equation 2 on Page 7. The delay of the �rst expired request timer that iswithin a requester neighborhood of N members is BN+1 �ts on the average. If the �rstexpired request timer has the value # � B � ts, then we can treat this as an estimateof n: N = 1# � 1.Thus, a member can interpret its requester neighborhood size from recovery delayif it identi�es the �rst expired request and knows how long the �rst expired requesthas been scheduled. To solve this problem, members put the original value of theirrequest timers in their outgoing requests, and a requester can simply collect thesevalues in the incoming requests and identify the smallest one as the �rst expiredrequest.To be speci�c, member q puts #q in its outgoing request if q schedules therequest regarding a loss from source s for a period of #q � Bsq � tsq. If member pidenti�es #q is the smallest one that has ever been observed, it uses #q to estimateits requester neighborhood size. Similarly, other members who share the same losswould identify #q as the smallest feedback. In order to facilitate members near thesource to request retransmission �rst, #q is weighted by their delays from source s, forexample, p weights #q by the ratio of tsqtsp . The exponential-weighted moving averageis also adopted. Note that, since the feedback from the network is #, a membershould perform the exponential-weighted moving average on # before converting #to the estimated neighborhood size, N . Otherwise, if # is converted to N and thenthe exponential-weighted moving average is performed, the result is divergent. Thealgorithm is shown below. 13



for each scheduled request in p for source s# = 1for each request received from q (including p itself)# = minf#; #q � tsqtsp g�sp = (1� !) ��sp + ! � #N sp = 1�sp � 1One advantage of interpreting neighborhood size from recovery delay is the abil-ity to distinguish whether a member's neighborhood size is overestimated or whetherit is sending requests fast enough to suppress others based on the feedback of its ownrequests. If a member's neighborhood size is overestimated, the new neighborhoodsize interpreted from its own # should be smaller than its original estimated neigh-borhood size on the average. Whereas, if a member sends its request fast enough tosuppress others, its new estimation should be greater than its original estimation.For example, if member p is the only member behind a lossy link, #p is equal to 12on the average and its new estimated neighborhood size is 1. Therefore, a membercan still estimate its requester neighborhood size correctly even if it only receivesthe requests from itself.The same mechanism discussed above can be applied to estimate the size of areplier neighborhood, the algorithm is shown below.for each scheduled reply in p for requester r# = 1for each reply received from q (including p itself)# = minf#; #q � trqtrp g�rp = (1� !) � �rp + ! � #nrp = 1�rp � 15.3 CommentsAbove we have described two di�erent methods for estimating the neighborhoodsize. After making this estimation, a member adjusts its timer parameter using aprede�ned linear function. For example, if the estimated requester neighborhoodsize is N , a member would adjust its request timer parameter as B = C �N , whereC is the constant of the linear function. In the next section we compare thesetwo methods of estimation. One might consider combining both neighborhood sizeinterpretation mechanisms. For example, a member might take both estimates ofneighborhood size and then use the average as the new estimated neighborhoodsize. However, since one interpreter does not reveal more information than the other,combining these two interpretation mechanisms does not make the neighborhood sizeestimation more accurate. Moreover, our results suggest that one need not resort tothe additional complexity of combining the estimation algorithms to achieve goodperformance.Before turning to the our simulation results, we wish to return to the issueof setting A = 0 by reconsidering what happens with non-zero A. As we have14
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Figure 6: Local minimum solution for a non-zero A in dynamic timer parameteradjustmentmentioned in Section 3.4, one major disadvantage with non-zero A is that it produceslonger recovery delay than with A = 0. For example, Figure 6a shows the recoverydelay on a tree topology with a single lossy link near the source. The deterministicwait dominates the recovery delay.Furthermore, from Section 3.1, the requester neighborhood is proportional to BA ,so the e�ectiveness of deterministic suppression is proportional to AB as well. On theother hand, from Section 3.2, the number of duplicate requests within a requesterneighborhood is proportional to 1B , so the e�ectiveness of probabilistic suppressionis proportional to B. Therefore, the e�ectiveness of request suppression is not amonotonic function of either A or B. In other words, increasing B to facilitaterequest suppression may include more members within the requester neighborhood,which could introduce more duplicates. For example, Figure 6b shows the the resultsof the number of requests per loss on the same tree topology. For a non-zero A, theperformance in terms of the number of requests per loss could be suboptimal dueto the existence of local minima.Since our revised timer scheduling scheme choose A = a = 0, the e�ectiveness ofrequest suppression is proportional to B. In other words, given the network topologyand membership distribution, the number of requests per loss is a monotonic func-tion of B. Therefore, the complexity of the timer parameter adjustment is simpli�edsigni�cantly.6 Simulation Results and DiscussionAs in [1], the behavior of our proposed mechanisms can be most easily understoodby �rst testing a variety of extreme scenarios before moving on to more complicatedscenarios. Consequently, we initially explored our revised timer scheduling schemeand dynamic timer parameter adjustment in three extreme but simple topologies{ star, string and binary tree { each with a single data source. The star topologyrepresents a session where all members have equal distance to the source and aresiblings of one another. The string topology represents a session where all membershave upstream-downstream relationship and share the data delivery paths with theirupstream members. The binary tree topology represents a mixture of both.Each topology is populated with �ve di�erent session sizes { 8, 16, 32, 64 and15



128 { to examine scaling behavior. Three di�erent linear functions for adjustingthe timer setting parameters (e.g., B and b) based on estimated neighborhood sizeare tested, i.e., C = c = 12 , 1, and 2. We simulate the performance of our revisedscheme with both neighborhood size interpretation mechanisms, i.e., the duplicateinterpreter and the delay interpreter. Simulations using the session size as an ap-proximation of the the neighborhood size are also run for comparison. Each simu-lation covers the error recovery activities of 2500 losses. The losses are generatedby assigning an error rate on each link of the simulated topologies, and these errorrates are �xed throughout a single simulation.6.1 Topologies with a Single Lossy LinkThe �rst set of simulations examines the performance of topologies with a singlelossy link near the data source. That is, all members, except the source, shareidentical losses and compete to request retransmission. Therefore, the size of thesession is the actual requester neighborhood size. We did not plot the results of theaverage number of replies per loss because the source is the only replier and theaverage number of replies per loss is very close to one 10. Note that, the analysis inthe following sections from the single replier scenario can be applied to the singlerequester scenario. That is, if only the leaf member loses packets, the averagebehavior of the repliers is similar to the average behavior of the requesters in thesingle replier scenario.In the simulations, we choose I = H = 2 + 3 � c, ! = 18 , and � = :90 forthe duplicate interpreter. The recovery delay is measured in terms of the one-waypropagation delay from the data source; more precisely, the recovery delay is theinterval between a member's detection of a loss and reception of a retransmissiondivided by the one-way propagation delay from the data source to the member.6.1.1 Star TopologyFigure 7 shows the simulation results in the star topology. The dash curves rep-resent the results from simulations of the duplicate interpreter, the solid curvesrepresent the results from simulations of the delay interpreter, and the gray curvesrepresent the results from simulations that use session size as an approximation ofthe neighborhood size. The average number of requests per loss and the recoverydelay measured in simulations that use both feedback interpreters are very close tothe results from simulations that use the session size as an approximation whichsuggests that the estimated neighborhood sizes from both interpreters are very sim-ilar to the actual neighborhood size (i.e., the session size). Consequently, both theaverage number of requests and recovery delay remain constant regardless of thesession size. Note that,the average requests per loss from simulations with small Cis greater than the average requests per loss from simulations with large C. On the10The mechanism to ignore unsuppressed requests reduces the chance of response to a repliedrequest. However, in some rare pathological cases, there are multiple replies sent by the source. Aswe have discussed in Section 4.1, the probability of premature requests is below 5% by choosingI = 2 + 3 � c, therefore, the chance of duplicate replies is also below 5%.16
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Figure 7: Simulation results in the star topology : all members share identical lossesother hand, the average recovery delay from simulations with small C is less thanthe average recovery delay from simulations with large C.If we take a close look of Figure 7, we �nd that the simulations of the duplicateinterpreter generate a higher number of requests per loss and smaller recovery delaythan the other two mechanisms. In the simulations of the duplicate interpreter,members reduce their estimated neighborhood sizes by a factor of :90 if there isno duplicate request. However, reducing the neighborhood size may not be thecorrect decision in the absence of duplicates, and this behavior may cause membersto underestimate their neighborhood sizes. As a result, members send requestsmore aggressively and the average number of requests increases, while the averagerecovery delay decreases.In the simulations using session size as an approximation, the replier neighbor-hood size of the source is set to one. These simulations generate smaller reply delaysthan the simulations of the delay interpreter. Therefore, the recovery delay that re-sults from using the delay interpreter is slightly greater than the recovery delay thatresults from using session size as an approximation.
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Figure 8: Neighborhood size distribution in the 8-node star topology : all membersshare identical losses 17



The distribution of the estimated requester neighborhood sizes is shown in Figure8. In the simulations of the duplicate interpreter, members have di�erent estimatedneighborhood sizes. Since a measurement period ends when a reply is received, amember will not count a duplicate request for a loss if the request arrives after thereply. However, a late request is less likely to be the �rst expired request for a loss,so members' estimated neighborhood sizes are identical in the simulations of thedelay interpreter.6.1.2 String Topology
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Figure 9: Simulation results in the string topology : all members share identicallossesFigure 9 shows the simulation results in the string topology. In Figure 9(a), thenumber of requests per loss asymptotes to a constant 11 except for the simulations ofthe duplicate interpreter. As shown in Figure 10, the neighborhood sizes interpretedfrom duplicates are distributed in a narrower range than the estimated neighborhoodsizes interpreted from delay. Hence, members are less likely to hear from one another,and as a result they generate more duplicate requests.Furthermore, since members weight their estimated neighborhood sizes by theirrelative distance from the source, members near the source have smaller estimatedneighborhood sizes than members far from the source. The estimated neighborhoodsizes for the member closest to the source are plotted in block dot in Figure 10.The recovery delay in Figure 9(b) decreases with the session size because therecovery delay is measured in terms of the one-way propagation delay from thesource. Members far from the source rely on the requests from members near thesource for retransmission without sending their own requests. Consequently, theaverage recovery delay is reduced when the length of the string topology increases.If a feedback interpreter is adopted, the estimated requester neighborhood size is a11The number of requests is proportional to the ratio of the propagation delays among membersand the propagation delay from the source, i.e., E � NB � tNts + 1. When the length of the stringtopology increases, the ratio of propagation delays (i.e., tNts ) also increases. However, the increasedamount is negligible and the number of requests per loss still remains constant.18
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Figure 10: Neighborhood size distribution in the 8-node string topology : all mem-bers share identical lossescombination of both the number of members competing to request retransmissionand their relative distance from the source. The member closest to the sourceproduces the smallest estimated neighborhood size (as shown in Figure 10) and sendsrequests for the majority of the losses. Thus, the recovery delay in the simulationsof both feedback interpreters decreases faster with the session size than it does inthe simulations that use session size as an approximation.6.1.3 Tree Topology
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Figure 11: Simulation results in the tree topology : all members share identicallossesFigure 11 shows the simulation results in the tree topology. Unlike the results in thestar and string topologies, the number of requests per loss increases with the sessionsize. As we have mentioned in Section 3.4, the expected number of requests per lossis tNts , where tN is the propagation delays among members and ts is the propagationdelay from the source to members. For the tree topology, ts is analogous to the19



depth of the tree and tN is analogous to the width of the tree. When the sessionsize increases, the width of the tree increases exponentially with the depth of thetree. Therefore, tNts increases signi�cantly with the session size which explains whythe average number of requests per loss is no longer constant with the session sizein the tree topology.The recovery delay does not decrease with the session size as we expected. Thenumber of members that are i hops away from the source is twice as large as thenumber of members that are i � 1 hops away from the source. Even though amember near the source sends more requests than a distant member, the totalnumber of requests sent by members that are i� 1 hops away from the source doesnot necessarily exceed the number of requests sent by members that are i hopsaway from the source. Consequently, the recovery delay does not decrease with thesession size as we saw in the string topology. Furthermore, as shown in Figure 12,the estimated neighborhood sizes are more closely distributed among members. Itis more likely a member far from the source sends requests for retransmission. Sincethe reply timer is based on the propagation delay from the requester to the replier,a request from a distant requester results in longer reply delay.
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Figure 12: Neighborhood size distribution in the 8-node tree topology : all membersshare identical losses6.1.4 Comparison among Di�erent TopologiesFigure 13 shows the request distribution among members in the 8-node topologies.Data source is labeled as src and other members are labeled as m1 through m7according to their distance from the source. Requests are evenly distributed amongmembers in the star topology because all members have equal distance from thesource. However, in the string and tree topologies, members near the source sendmore requests than members far from the source. The di�erence is more obvious ifa feedback interpreter is adopted. Note that, m2 and m3 in the tree topology havesimilar distributions because their distances from src are identical.Figure 14 shows the request and recovery delay distribution of individual losses20
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Figure 14: Distributions of the number of requests per loss and recovery delay in8-node topologies : all members share identical lossesin the 8-node topologies. Since members have the same distance from the source inthe star topology, one member's requests do not have a better chance to suppressothers. So the number of losses triggering one request is similar to the number oflosses triggering two requests. In other words, more duplicate requests are generatedin the star topology. On the other hand, in the string topology, the member closestto the source has the best opportunity to request retransmission and other memberscan take advantage in terms of the recovery delay. Therefore, most of the losses arerecovered within the round-trip time.As we have mentioned in Section 5.1, � is another parameter to control thetradeo� between the number of requests per loss and the recovery delay. However,the e�ectiveness of � is minor. We simulated our mechanism with four di�erentvalues of � { :50, :67, :75 and :90 { and the di�erence of their performance is notsigni�cant. The simulation results are shown in Table 1.
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Table 1: Simulation results of interpreting neighborhood size from duplicates withdi�erent value of � : all members share identical losses6.2 Topologies with Multiple Lossy LinksFigures 15, 16, and 17 show simulation results when all links have uniformly-distributed error rates and their error rates are �xed throughout the simulation.Generally speaking, the results are consistent with the conclusions drawn from thesimulations with a single lossy link. Note that, as we have identi�ed in Footnote 9,if there are multiple lossy links along the path from a member to the source, themember's estimated neighborhood size is the average of the neighborhood sizes ofall lossy links.
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Figure 15: Simulation results in the star topology : all links with uniformly-distributed error ratesIn the star topology, members have independent losses so the number of requestsper loss is close to one. The number of replies per loss and recovery delay areconstant regardless of the size of the session. In the string topology, since members'estimated neighborhood sizes are more closely distributed in the simulations of theduplicate interpreter, they send requests and replies more aggressively. As a result,the number of request and replies per loss is higher, and the recovery delay is smallerthan the simulations of the delay interpreter.In the tree topology, we notice that the number of requests decreases with thesession size and the the number of replies increases with the session size. Sincethe width increases exponentially with depth in the tree topology, more losses are22



|
0

|
35

|
70

|
105

|
140

|1.0

|1.2

|1.4

|1.6

|1.8

|2.0 | | | | |

|
|

|
|

|
|

                        session size

   
   

   
   

   
   

   
   

re
q

u
es

ts
 p

er
 lo

ss

 (a)

� �
�

�
�

	 	 	
	 	

�
� �

�
�

|
0

|
35

|
70

|
105

|
140

|1.0

|1.2

|1.4

|1.6

|1.8

|2.0 | | | | |

|
|

|
|

|
|

                        session size

   
   

   
   

   
   

   
   

re
p

lie
s 

p
er

 lo
ss

 (b)

�

�
�

�
�

	 	 	 	 	
�

�
� �

�

|
0

|
35

|
70

|
105

|
140

|1

|2

|3

|4

|5

|6 | | | | |

|
|

|
|

|
|

                        session size

   
   

   
   

   
   

   
   

re
co

ve
ry

 d
el

ay

 (c)

�

�
�

� �

	

	

	

	 	

�

�
�

� �

Figure 16: Simulation results in the string topology : all links with uniformly-distributed error rates
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Figure 17: Simulation results in the tree topology : all links with uniformly-distributed error ratesdistributed towards the leaf members when the session size increases. Therefore,fewer losses are shared by a majority of the members and the number of requestsper loss decreases. On the other hand, since more losses are distributed towards theleaf members, more requests can be replied by a majority of the members. Thus,the behavior of the repliers is very similar to the behavior of the requesters in thesingle lossy link case. We found Figure 17(b) is very similar to Figure 11(a).It is the worst case scenario that all links in a topology are lossy. To understandthe average behavior of our dynamic timer scheduling mechanisms, we randomlyselect 18 of the links in a topology to be with uniformly-distributed error rates. Inother words, there one lossy link in the 8-node topologies, two lossy links in the16-node topologies, and so on. The simulation results are shown in Table 2 12, andthey are consistent with the results and analysis from topologies that all links arelossy.12The number of requests per loss in the topologies with one lossy link is less than one, becausesome of the requests are queued in the network when the simulation terminates.
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Table 2: Simulation results : 18 of the randomly-selected links are with uniformly-distributed error rate6.3 DiscussionBased on the simulation results, the delay interpreter appears to be a better choicefor our dynamic timer adjustment mechanism than the duplicate interpreter. Firstof all, the duplicate interpreter probes for the optimal neighborhood size if there isno duplicate. Reducing the estimated neighborhood size by a factor of � may not bethe right decision in some cases. As we have seen in the simulations, reducing theestimated neighborhood size causes aggressive action in sending the requests andreplies. Secondly, with the duplicate interpreter, the tradeo� between the numberof duplicates per loss and the recovery delay is de�ned by the linear functions (pa-rameter C and c) and the value of �, which makes the tuning more complicated andthe performance less predictable.Finally, as we have identi�ed in Equation 1, the number of duplicates per loss isa�ected by not only the neighborhood size (N), but also the neighborhood radius(tN ); In other words, the distribution of neighbors. Our revised timer schedulingmechanism can eliminate the in
uence of the neighborhood size, but it is unable tocontrol for the neighborhood radius. One could propose the use of a non-zero A (anda) to control the neighborhood radius. For example, from Section 3.1, the ratio ofBA has to be �xed in order to control the requester neighborhood radius. However,it is impractical to adjust A and B at the same pace in terms of the recovery delay.We think the best solution to control for the neighborhood radius is to localize theerror recovery scope [6, 7]. Thus, the neighborhood radius is constrained by thescope of requests or replies. More research is required.7 Related WorkMost of the error recovery mechanisms in the proposed reliable multicast protocolsfocus on the avoidance of message implosion. Generally speaking, they can be cate-gorized into structure-based and timer-based approaches [8]. In the structure-basedapproach, a subset of members are selected either to organize the error recoveryactivities or to process error recovery messages. In the timer-based approach, allmembers sun the error recovery algorithm and they rely on the randomization of24



timers to suppress duplicate error recovery messages. A few examples are discussedbelow.7.1 Structure-Based ApproachesRBP [9] is a token-based reliable multicast protocol. A token circulates among mem-bers in a round-robin fashion to distribute the workload. The member possessingthe token becomes the current token site. RBP adopts a sender-based error controlmechanism between senders and token sites, and a receiver-initiated error recoverymechanism between token sites and receivers. The current token site is responsiblefor acknowledging each data reception. It is also responsible for recovering lossesfor other members and replies to the retransmission requests.In MTP [10], time is divided into slots, called heartbeats, for data transmission.A �xed number of messages are sent in each time slot, including both the newdata and the replies. A master is elected from among all sources for the purposeof granting tokens. A member must obtain the token to become the sender ofthe current slot. At any point in time, only one data source can send data. Theretransmission requests are unicast to sources and the replies are multicast to thewhole group.Holbrook et al. [11] suggested a hierarchic logging server structure to distributethe error recovery workload. Logging servers acknowledge each data reception fromthe source and they are responsible for recovering losses for other receivers. Receiverscontact their local secondary server for retransmission instead of the remote primaryservers to avoid NAK implosion, and to minimize recovery latency and bandwidth.A server either unicasts or multicasts a reply based on the number of requests itreceives.In RMTP [12, 13], data are explicitly acknowledged by the receivers. To avoidACK implosion, members are grouped into local regions and local regions are con-structed into a tree hierarchy. A designated receiver (DR) is selected in each region,it is responsible for processing ACKs from its local region and acknowledging thedata reception to its parent DR. DRs cache received data and respond to retrans-mission requests in their local regions. A reply is either unicast or multicast basedon the number of requests per loss.TMTP [14] has a similar 
avor to RMTP in terms of the hierarchic error recoverystructure. It groups members into domains and organizes domains into a hierarchiccontrol tree. Members in a domain request the domain manager for retransmission.A domain manager is also responsible for error recovery of its children managers inthe control tree. The scope of retransmission is restricted by limiting the TTL.7.2 Timer-Based ApproachesGrossglauser presents DTRM [15] to compute deterministic timer values based onthe multicast tree topology and source-to-receiver propagation delays. For a singleloss, the deterministic timers ensure that one member sends a request fast enough sothe reply triggered by the request will arrive at other members before their requesttimers expire. 25



Floyd et al. [1] proposed an adaptive adjustment mechanism of the randomtimer. A threshold of the number of duplicates per loss and a threshold of the re-covery delay are prede�ned. Timer parameters are increased if the average numberof duplicates per loss is greater than the duplicate threshold. Otherwise, the param-eters are decreased if the average recovery delay is greater than the delay threshold.Therefore, the mechanism satis�es the duplicate threshold �rst and then the delaythreshold.8 ConclusionWe investigated the relationship between the timer setting parameters and errorrecovery performance in SRM. Both analysis and simulations suggest that the de-terministic wait from the random timer can be removed to reduce the recovery delayand the probabilistic waiting period should be proportional to the member's neigh-borhood size to facilitate duplicate suppression. In fact, by computing the timerparameters using linear functions from the neighborhood sizes, the number of re-quests (and replies) per loss and the recovery delay are not signi�cantly a�ected bythe session size.We revised the current timer scheduling scheme in SRM which eliminates the de-terministic waiting periods of the request and reply timers, minimizes the overheadof premature requests and prevents duplicate replies in response to unsuppressedrequests. We also compared two feedback interpretation mechanisms in our dy-namic timer parameter adjustment. Members estimate their requester and replierneighborhood sizes from the network feedback independently to adjust their timerparameters. From the simulation results, we found that the mechanism of interpret-ing neighborhood size from recovery delay performs better than the mechanism ofinterpreting neighborhood size from duplicates.References[1] Sally Floyd, Van Jacobson, Ching-Gung Liu, Steve McCanne and Lixia Zhang.\A Reliable Multicast Framework for Lightweight Session and ApplicationLayer Framing". IEEE/ACM Transactions on Networking. 1997.[2] Sridhar Pingali, Don Towsley and James Kurose. \A Comparison of sender-initiated and Receiver-Initiated Reliable Multicast Protocols. Proceedings ofACM SIGMETRICS '94, Pages 221-230. 1994.[3] D. Clark and D.Tennenhouse. \Architectural Considerations for a New Gen-eration of Protocols". Proceedings of ACM SIGCOMM '90, Pages 201-208.September 1990.[4] D. Clark, M. Lambert and L. Zhang. \NETBLT: A High Throughput TransportProtocol". Proceedings of ACM SIGCOMM '87, Pages 353-359. August 1987.26
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