
On G-Networks and Resource Allocation in Multimedia SystemsErol Gelenbe � Hadas Shachnai yDepartment of Electrical Department of Computer Scienceand Computer Engineering The TechnionDuke University Haifa 32000, IsraelDurham, NC 27709-0291, USAAbstractMultimedia systems are gaining importance asnovel computer and communication system architec-tures, which are specialized to the storage and trans-fer of video documents. Consider a multimedia-on-demand server who transmits video documents througha high-speed network, to geographically distributedclients. The server accumulates requests for speci�cdocuments in separate queues. The queues need toshare the transmission medium in some fashion, typ-ically in Round-Robin mode. We describe the result-ing performance modeling problem, and develop an ap-proximate representation using queuing networks. Ouranalytic model enables the e�cient implementation ofa new scheduling scheme, that we call the Local Round-Robin (LRR). We show that LRR yields signi�cantimprovement in system performance, compared to theoriginal Round-Robin.1 Introduction1.1 The Multimedia Server SystemMultimedia servers are quite di�erent from thoseof conventional computer �le systems, due to theirstrict timing requirements: In the common applicationofMultimedia-On-Demand (MOD) service subscriberscan choose both the program they wish to view andthe time they wish to view it [18, 22]. A most chal-lenging aspect in the management of such systems isproviding service within a small latency and guaran-teeing a sustained and almost constant transfer rateof the multimedia information. Indeed, the high datarates for motion video [15] also imply the need of largestorage capacity in the multimedia server, however, inthis work we focus on the main bottleneck of disk band-width, measured as the number of video streams thatcan be simultaneously delivered by the server.In multimedia-on-demand systems a large databaseof video documents is stored in a centralized server.These documents are transferred through high-speedcommunication network to geographically distributedclients [5, 18, 17]; Modern communication networks,�e-mail: erol@ee.duke.eduye-mail: hadas@cs.technion.ac.il

such as ATM, are equipped with multicast facil-ity [13, 14, 23], i.e., the same data can be sent tomultiple clients without causing any extra overheadat the server. This feature is exploited to reducethe number of streams required by the server to sup-port a given number of clients: If two requests forthe same documents are separated by a small timeinterval, then by delaying the service of the �rst re-quest, a single stream can be used to satisfy both [1](see Figure 1). Thus, time-sharing of a given servercapacity is implemented by batching requests for thesame video documents in one queue, and by servingall of the waiting requests in the queue simultaneously.This mode of operation distinguishes multimedia sys-tems from the traditional computer/communicationsystems, that can sometimes be modeled as standardqueuing networks [6, 11, 7].In the present paper we develop a queuing modelthat enables to analyze and compare the performanceof multimedia servers under various batching schemes.The formal framework that we use is based on theG-network model that was introduced in [8]. The G-network captures some important features of multi-media systems and provides tools for analyzing theirperformance. Our analysis addresses the generalmultimedia-on-demand scenario, where waiting cus-tomers may lose patience and leave the system with-out being served, leading to a loss in potential revenuefor the system. In the sequel we also explore some op-timization problems that arise in the management ofa multimedia server with a given stream capacity. In
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Figure 1: Multimedia-on-demand server environment



particular, we show that using our queuing model, theproblem of allocating a �xed server capacity to indi-vidual queues so as to maximize the system through-put (or minimize the average wait time) can be solvede�ciently, in time that is polynomial in the server ca-pacity and the number of documents.1.2 Related WorkWe mention brie
y some of the past work in thisarea: In [2] a multimedia system is viewed as a specialcase of an on-line batching system, where no assump-tions are made on the arrival times of requests or thefrequency of viewing requests for the various docu-ments. The batching property implies that a singleserver gives simultaneous service to a batch of clients,with the length of this service independent of the sizeof the batch. The model was used for the investigationof various decision rules for adaptive video-on-demand,in which a batching scheme is combined with schedul-ing algorithms, that decide whether to accept or rejectclient requests in a movie vending environment.In [19] the problem of �nding an e�cient schedulefor a MOD system was formulated as a stochastic op-timization problem, and functional equations were de-rived, for de�ning the optimal scheme. It was shown,that the computational complexity as well as the spacerequired to solve these equations can be sizable, andthe authors proceed with experimental study of heuris-tic solutions.In [4] a Markovian model was used for represent-ing a multimedia system. The authors show that evenwhen simplifying assumptions are used, this conven-tional method is prohibitive, due to the large statespace of the corresponding Markov chain. In [20]a server of the walking type model was proposed forstudying the performance of multimedia applications;however, this model is valid only in the special casewhere the users patience interval is of in�nite length.1.3 Outline of the PaperThe rest of the paper is organized as follows:In Section 2.1 we present the system model and ourperformance measures. In Section 2.2 we introducethe G-Network formalism. Section 2.3 gives some def-initions and the notation used in our study of the dis-crete resource allocation problem, that arises in multi-media systems.In Section 3 we analyze the multimedia server perfor-mance under the Round-Robin (RR) scheme.In Section 4 we introduce the Local Round-Robin(LRR) scheme that assigns a �xed server capacity toeach of the queues based on the relative frequency ofrequests for the corresponding document. We showthat e�cient allocation of the server capacity to thequeues can be found using our analytic model and therelation of the LRR scheme to the discrete resourceallocation problem.Section 5 describes the results of a simulation studyof the Round-Robin and the LRR, and a comparisonto the results obtained using our analytic model. Wesummarize in Section 6 with a discussion of possibledirections for future work.

2 Modeling and Mathematical Prelim-inariesIn this section we �rst describe our system modeland the performance measures that are of interest.Then we introduce the G-network formalism and theresource allocation problem, that will be discussed inthe following sections.Consider a database of M video documents. Userrequests (to view speci�c documents) arrive as Poissonprocess with rate �; a user chooses to view documenti with probability pi, 0 < pi < 1, where PMi=1 pi = 1.The probabilities p1; : : : ; pM re
ect the relative pop-ularity of each document. A user request for a docu-ment must provoke a transmission of that documentthrough a multimedia server, whose output is thensent through a high-speed network to the user desti-nation; a document transmission is associated with adelivery of a data stream from the I/O subsystem atthe server to the user. Since the server can multicastthe document over the network, a single data streamcan be used to service viewing requests of multipleusers, that are all queued for that document. Thus,all users waiting to view document i, 1 � i � M ,will be serviced simultaneously. The system overheadfor such service is determined by the length of the ithdocument, denoted by Li.We assume a server capacity of N data streams,that is, at any given time at most N data streams canbe delivered by the server. In addition, users may losepatience and withdraw their requests if the server doesnot respond within a certain amount of time.The type of service provided to multimedia userscan be modeled as a queuing system that consists ofM queues; Customers arrive to the system by Poissonprocess with rate �; a customer joins queue i withprobability pi, 0 < pi < 1. Thus, the arrival rate toqueue i is �i = pi�. There are N identical serversin the system, that provide batch service, that is, anavailable server can choose any non-empty queue andservice simultaneously all the customers in this queue.The service time of queue i is some constant Li, thatdoes no depend on the length of queue i. We modelthe impatience property of the users in queue i by aPoisson departure process with rate �i, 1 � i � M .Our queuing model is depicted in Figure 2.2.1 Performance Measures and NotationWe use in our analysis of a given batching schemeS the following performance measures:� The System Throughput is the average number ofrequests the system completes handling per timeunit. We de�ne the turn-away probability as theratio between the number of reneging viewers andthe total number of arrivals in a given time inter-val. Thus, a scheduling strategy that maximizesthe system throughput minimizes the turn-awayprobability.� The wait time of a user request that is servicedby the system, is the time that elapses from thearrival of that request until the server starts thetransmission of the corresponding document to
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MFigure 2: Queuing System Model for the MultimediaServerthe user. Our objective is to minimize the aver-age wait time of the system.We now de�ne the random variables used in our anal-ysis:QS(i) { length of queue i.WS (i) { wait time of queue i, i.e., the time that a userrequest waits for service.TS (i) { throughput of queue i.TS { total throughput of the system.We are interested in the mean values of these randomvariables, denoted by QS(i), WS(i), TS (i) and TS re-spectively.2.2 The G-Network ModelThe G-Network model turns out to be a convenienttool for the analysis we need to carry out. We outlinebelow the principal properties of these networks thatwill be used for deriving our results.When viewed as a queueing network, the G-networkhas essentially two types of customers: positive andnegative. Positive customers have the same behavioras ordinary queueing network customers. If a posi-tive customer joins a queue it waits until it receivesservice or it can be destroyed or displaced by a nega-tive customer arriving to the queue. A negative cus-tomer joining a non-empty queue has the power todestroy one positive customer or a batch of positivecustomers [10], or it will vanish immediately if thequeue is empty. Thus, negative customers do not re-ceive service and their actions are assumed to be takeninstantaneously.External customer arrivals to queue i constitute in-dependent Poisson processes with rate �i for positivecustomers and rate �i for negative customers. Pos-itive customers have iid exponential service distribu-tion times with rate �i at queue i. A positive customerleaving a queue after the completion of service mayjoin another queue either as a negative or as a posi-tive customer. The movement of customers between

queues is represented by a Markov chain. A positivecustomer leaving queue i (upon service completion)joins queue j as a positive customer with probabilityP+i;j, or as a negative customer with probability P�i;j.Then Pi;j = P+i;j +P�i;j represents the transition prob-ability of a Markov chain modeling the movement ofcustomers between queues. The customer may leavethe network with probability di. Thus, in a system ofM queues we have the following relation:MXj=1P+i;j + MXj=1P�i;j + di = 1 1 � i � MIn our multimedia system model, each queue is aspecial case of a G-network queue with positive andnegative customers and batch removals. As each singleservice of queue i empties the queue (i.e. all waitingrequests are serviced simultaneously), a service maybe viewed as(i) service of the �rst customer in the queue, followedby (ii) an instantaneous return of that customer tothe queue as a negative customer (with P�i;i = 1), thatremoves all the remaining customers (i.e. a batch ofcustomers of unlimited size) from the queue.The withdrawal of a user request from queue i canbe modeled as arrival of a negative customer, thatremoves a single positive customer from queue i.2.3 The Discrete Resource AllocationProblemIn Section 4 we discuss a scheduling approach thatis based on a partition of a given server capacity to Msubsets of data streams. Each subset is allocated to asingle queue. For �nding the desired partition, we usean optimal solution for the discrete resource allocationproblem, de�ned as follows:DRA: Given N resources, M objects and a non-decreasing function fi(Ni), �nd an allocation vec-tor ~N = (N1; : : : ; NM )that maximizes MXi=1fi(Ni)Subject to MXi=1Ni = Nsuch that Ni 2 f0; 1; : : :; Ng;i = 1; 2; : : : ;M .Ibaraki and Katoh discuss in [12] several algorithmsfor solving the DRA, and conclude with the followingresult:Theorem 1: Given the values of fi(Ni), 8 1 � i �M , 1 � Ni � N , an optimal solution for the DRA canbe found in O(MN2) steps.The solution is obtained by an algorithm called DP,that employs standard dynamic programming tech-niques (see Ch. 3.3 in [12]).



3 Round-Robin Scheduling of the Mul-timedia ServerConsider the implementation of the Round-Robinscheme in the queuing system of Figure 2. Let Li = Ldenote the length of a service of queue i, 1 � i � M1, and denote by D = L=N the inspection frequencyparameter of the system. The queues are inspected attime instances that are integral multiples of D. (Bytuning D, the exhaustive service property of the sys-tem can be better utilized. That is,D can be increasedto guarantee, that the scheduled batches of requestswill not be too small).Assume that initially all servers are idle. Since ourN servers represent N data streams that are operatedby a single multimedia server, in the correspondingqueuing system we assume a sequential schedule ofthe servers. Thus, at time rD, r � 0, a single servercan start giving service to one of the queues.The Round-Robin scheme maintains a list of avail-able servers, and a pointer to queue i, that was sched-uled latest for service. At any time instance t = rD,� The next available server inspects the queues inthe order i+ 1; : : : ;M; 1; : : : ; i� 1; i, until it �ndsthe �rst non-empty queue2.� If all queues are empty, then the server remainsidle and starts another circular inspection of thequeues at time t = (r + 1)D.A pseudocode of Round-Robin is given in Figure 3.Let qj denote the stationary probability that thej-th queue is non-empty. Then the expected delaybetween visits to queue i is given by DPj 6= i qj, andthe total average service time perceived at the i-thqueue is given by�i = D(1 + Xj 6= i qj) ; (1)and the service rate is �i = [�i]�1.We now turn to the calculation of the queue lengthdistribution for each document. Our queuing systemis a special case of a product form G-network (seein [8, 9, 10]). In particular, when there are ni requestsin queue i, the queue length can either� increase (with rate �i) to (ni + 1), due to arrivalof a positive customer.� decrease (with rate �i) to (ni�1), due to arrival ofa negative customers that `kills' a single positivecustomer.� decrease to zero (with rate �i), due to arrival ofa negative customer that `kills' all the positivecustomers in the queue.1We simplify the calculations by assuming that all docu-ments are of the same length. In Section 4 we consider thegeneral case, where each document has distinct length.2The inspection time of a single queue is some small con-stant B � D, therefore services will not be delayed due toinspections.

r := 1;D := L=N ;pointer := 0;t :=Current Time();Insert the Servers f1; : : : ; Ng to idle list.repeatwhile (Current Time � t) < rD do;if (idle list non-empty) thenk := header(idle list);i := (pointer mod M ) + 1;while ((queue(i) is empty) and (i 6= pointer))i := (i mod M ) + 1;if (queue(i) is non-empty) thenpointer := i;Mark server(k) as busy;Delete server(k) from idle list;r := r + 1;until false;Figure 3: Algorithm Round-Robin:Let p(ni) denote the steady state probability for nirequests in queue i. For ni > 0 the global balanceequation for p(ni) isp(ni)[�i + �i + �i] = �ip(ni � 1) + �ip(ni + 1): (2)For ni = 0 we havep(0)�i = �ip(1) + �iXk�1p(k): (3)The solution to this system of equations can be writtenas p(ni) = qnii (1� qi); (4)where qi has the formqi = �i�i + �i1�qi : (5)From (1) we haveqi = �i�i + 1=((1� qi)(D(1 +Pj 6=i qj))) ; (6)which yields a system of M non-linear equations forthe qi's. For a given M a close approximation of theqi's can be obtained using numerical iterative methodsfor solving such system of equations (e.g., Newton-Raphson [16]). This gives the steady state distribu-tion, from which we can calculate the average waittime of queue i under Round-Robin:WRR(i) = QRR(i)�i = Xni�0nip(ni)�i : (7)



The system average wait time is given byWRR = MXi=1 piWRR(i) : (8)The throughput of queue i isTRR(i) = QRR�i ; (9)and, the throughput of the system isTRR = MXi=1 TRR(i) : (10)4 Multimedia Scheduling and the Re-source Allocation ProblemIn this section we study a scheduling approach thatis based on the assignment of a �xed portion of servercapacity to each of the queues. Thus, the ith queuehas a set of I/O streams that are used only for servingviewing requests for the ith document. The resultingqueuing system is depicted in Figure 4.
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.Figure 4: Queuing System Model of the LRR SchemeFor a server capacity of N streams, the LocalRound-Robin (LRR) scheme allocates Ni streams todocument i, 1 � i � M . The LRR schedules each ofthe queues by the Round-Robin algorithm, as givenin Figure 3, with M = 1, and N = Ni for queue i,1 � i � M .Thus, the implementation of LRR consists of twophases:(i) Preprocessing phase: Find an e�cient allocationof server capacity to the M queues (i.e., de�nethe allocation vector (N1; : : : ; NM )).(ii) Scheduling phase: For i = 1; : : : ;M let Li denotethe length of document i: Schedule queue i attime instances rDi, r � 0, where Di = Li=Ni, bythe algorithm Round-Robin.

For the �rst phase, we can �nd e�cient partitionof the server capacity to the queues, e.g., by using thealgorithm DP [12]. In order to �nd such a partition,we need to compute fi(Ni) 8 1 � i � M and for any1 � Ni � N . Typically, the functions f1; : : : ; fM areunknown. Indeed, fi(Ni) can be estimated by runninga simulation of M sub-systems, each consisting of asingle queue, with Ni servers. Then we can measurethe system performance. However, since we need tocalculate for sub-system i fi(Ni), 8 1 � Ni � N ,running a simulation becomes impractical for largervalues of M and N .In the following we propose to use our analyticmodel for the estimation of the functions f1; : : : ; fM .Since fi(Ni) depends on the performance measure ofinterest, we exemplify by taking one of the measuresdiscussed in Section 3. In particular, suppose thequeues are scheduled by the LRR, and we look foran allocation vector (N1; : : : ; NM ) that maximizes thesystem throughput. Let TLRR(i) denote the expectedthroughput of queue i. We de�nefi(Ni) = TLRR(i) :The results in Section 3 can be applied as follows.Taking M = 1 and N = Ni, we have Di = Li=Ni.From (5) we can writefi(Ni) = qi(1� qi)�i (11)where qi = B �pB2 � 4�i=�i2 (12)and B = 1 + 1�iDi + �i�i : (13)5 Numerical ResultsWe give below the numerical results obtained ina simulation study of the multimedia server system.Our results validate the mathematical model used inSection 3 and evaluate its relative e�ciency in the im-plementation of the LRR scheme. We simulated amultimedia system with a database of M = 100 docu-ments; user requests arrived by Poisson process. Therpv �p formed a Zipf's distribution, i.e., pi = 1=(iHM),where HM , the M th Harmonic number, is the normal-ization constant. The Zipf's distribution often re
ectsthe relative frequencies of accesses to multimedia ob-jects, e.g., in a movie vending environment [21]. Weused a server capacity of N = 800 streams.We assumed the following reneging pattern of userrequests: After waiting an amount of time given bythe wait threshold T , the user's remaining time untildeparture is given by the random variable R, which isdetermined by an Exponential distribution. That is,R � exp(�), where 1=� is the mean time that elapsesafter T until the viewer leaves the system. Thus theviewer's overall wait time is given by W = T +R. Weused T = 5; 10minutes and � = 0:15; 0:33 respectively.In our analytic model we assumed arrival of negative



customers to queue i, with rate �i = �i(1 � (T +1=�)=�i), where �i is given in (1).In Figures 5 and 6 we compare the performance ofthe RR as predicted by the G-Network model withthe results obtained in our simulation. Figure 5 shows
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Figure 5: Average Wait Time - Comparison of Simulationand Analytical Modelsystem's average wait time under RR. We used �xedserver capacity and increasing loads, taking requestarrival rates in the range 10 to 100 per minute. Wenote, that the estimated wait time is closer to the av-erage wait time measured in the simulated system asT grows larger, and for both values of T the discrep-ancy between the two is bounded by 15%. In Fig-ure 6 we present similar results in the comparison ofthe estimated throughput with the throughput of oursimulation.
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Figure 6: System Throughput - Comparison of Simulationand Analytical ModelIn Figure 7 we compare the system throughput ob-tained by the LRR scheme, when the allocation ofstreams to queues is done by our analytic model orby running a simulation for every queue and each al-location vector (N1; : : : ; NM ). We �rst note, that theLRR scheme improves signi�cantly the performance
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Figure 7: LRR - Throughput vs. Arrival Rateof Round-Robin, especially for higher loads (e.g., for� = 100 and T = 5 the ratio TLRR=TRR approaches1:5). Figure 7 shows that our estimated implementa-tion of the LRR, which reduces signi�cantly the run-time of the allocation algorithm, provides a 1:14 ap-proximation to the optimal throughput (computed viasimulation).6 DiscussionWe have studied the performance of two serviceschemes for multimedia systems, based on a Round-Robin schedule, namely, the original RR and a newscheme called LRR. The usage of the G-Networkformalism enabled to derive analytic results for thesteady state distribution of such systems under theseschemes, and to obtain e�cient partition of the servercapacity to queues, for the implementation of theLRR. Our numerical study showed that LRR canimprove signi�cantly the performance of the system,compared to the commonly used RR.Indeed, our analytic model can be used also in con-�guration planning for multimedia systems, e.g., for�nding the minimal server capacity that guarantees adesired average wait time or throughput under a givenbatching scheme. Alternatively, for a �xed server ca-pacity, our results provide a bound on the maximalamount of documents that enable to achieve a desiredquality of service.While the RR requires no extra knowledge of sys-tem parameters, the LRR uses the relative frequen-cies of requests for documents. Therefore, a given al-location vector ~N is optimal as long as the requestprobability vector (p1; : : : ; pM) is �xed. It would beof interest to devise a dynamic version of the LRRscheme, that adapts the partition of server capacityto the queues to the changes in the statistical behav-ior of the system.Finally, we discussed allocation vectors that wereoptimal with respect to a single criterion. In the con-text of multimedia systems, it is sometimes desirableto combine several performance measures; e.g., for�nding an allocation vector ~N that minimizes the sys-tem average wait time, subject to the constraint that
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