
Departure Process for Periodic Real-TimeTra�c of an ATM-SMX in the NCIHTung Ouyang and Arne A. NilssonCenter for Advanced Computing and CommunicationDepartment of Electrical and Computer EngineeringBox 7914North Carolina State UniversityRaleigh, NC 27695-7914April 18, 1996AbstractIn this paper, we analyze the departure process for periodic real-timeloss-insensitive tra�c of an ATM Service Multiplexer (ATM-SMX) in theNorth Carolina Information Highway (NCIH). The ATM-SMX is modeledas a discrete-time �nite-bu�er single-server queueing system, where twotypes of tra�c represent the inputs of the multiplexer: i) real-time loss-insensitive tra�c; and ii) nonreal-time loss-sensitive tra�c. The real-timeloss-insensitive tra�c is assumed to be a periodic batch arrival with a gen-eral distribution for the batch size, while the nonreal-time loss-sensitivetra�c consists of N identical Bernoulli processes. We adopt a schedulingpolicy which suits the characteristics of these two types of tra�c. All theslow-speed inputs of the ATM-SMX are multiplexed onto a single high-speed output link, and the service rate is constant. An exact analysis isdeveloped to obtain the steady-state queue length distribution and the in-terdeparture time distribution of the periodic real-time loss-insensitive traf-�c. The result in this paper enables the per-session performance evaluationof the NCIH. 1



1 IntroductionIn August of 1994, the �rst statewide information highway was initiated by the North Car-olina State Government. It is a high-speed wide area network (WAN) which utilizes Asyn-chronous Transfer Mode (ATM) technology and Synchronous Optical Network (SONET)transmission equipment. This network, the North Carolina Information Highway (NCIH),connects universities, community colleges, schools, hospitals, sheri�s' o�ces, and other gov-ernment agencies together into one ATM WAN [16]. The services provided by the NCIHare designed to support numerous emerging applications, and applications having di�erentquality of service (QOS) requirements, such as end-to-end packet delay, delay jitter, andcell loss probability. Hence, the performance evaluation of each individual application onthe NCIH becomes an issue. An important part of the performance modeling of a queueingnetwork is to obtain the departure process of each individual node, then characterize thedeparture process so it can be used as an arrival process of a downstream node. In thispaper, we obtain the exact interdeparture time distributions of an ATM Service Multiplexer(ATM-SMX) by using discrete-time queueing analysis.Previous related work was focused primarily on a queueing system with homogeneousspeed links between inputs and outputs. Murata et al. [11] adopted the technique developedin [5] to analyze a discrete-time GI +M [X]=D=1=K queue. An exact analysis of the waitingtime and cell loss probability is obtained for both new call and existing calls. In Ohba et al.[12], a discrete-timeGI +M [X]+N � IPP=D=1=K queue is presented. An exact analysis isdeveloped to derive the waiting time and interdeparture time distributions for the GI-streamcells at the �rst queue. An approximate end-to-end delay is also obtained for the designatedtra�c stream. Chang et al. [6] studied a multi-severs queueing system with two types ofinput tra�c: i) periodic and correlated real-time tra�c; and ii) batch Poisson nonreal-timetra�c. The system has two separate �nite bu�ers for each type of tra�c. They adopted2



the complete rejection strategy, i.e., when the message length of an arrival is larger thanthe available bu�er space, the whole message (all packets in the message) is rejected. Theblocking probabilities and mean delays are obtained by using a Markov analytical method.Wang et al. [21] derived the interdeparture time distribution of a discrete-time single-serverqueueing system which consists two priority queues. Their analysis is mainly devoted to thederivation of the interdeparture time distribution for nonreal-time tra�c.Several researchers have studied queueing models with heterogeneous speed links. In theearly years, Eckberg [7] studied the delay distribution of a continuous-time in�nite bu�ersingle server queue with N + 1 equivalent periodic arrivals. He introduced the idea of arecursive form solution. In [13], we studied the departure process of an ATM multiplexerby using the moment generating function and autocorrelation coe�cients. Recently, Balayand Nilsson analyzed an ATM multiplexer with discrete-time non-renewal arrival processes.They obtain the steady-state performance results of the session of interest, and the exactdeparture process of the session is also presented [2, 3]. However, no batch arrivals wereconsidered as the session of interest in their researches, and no scheduling policies wereimplemented.In this paper, we consider a queueing system which is denoted as a N � BP (L) +D[X](TL)=D=1=K system. The interest session is modeled as a periodic batch arrival, andthe cross-tra�c is represented by N sessions of identical Bernoulli process. We assumeheterogeneous speed input and output links. We also take a scheduling policy and partialrejection strategy into consideration in our queueing model.This paper is organized as follows. In section 2, we describe our analytical model. Insection 3, the steady-state queue length distribution and the departure process are obtained.In section 4, we present some numerical results of the analysis and simulation. Section 5concludes our paper. 3



2 Model DescriptionRecently, discrete-time queueing models have been studied extensively because of the in-creasing attention on ATM networks where each data unit is a �xed size cell (53 bytes).Lots of tra�c models have been proposed for the tra�c in ATM networks [18]. InterruptedBernoulli Process (IBP), Markov Modulated Bernoulli Process (MMBP), and Discrete-timeBatch Markovian Arrival Process (D-BMAP) are among the most famous ones (see Park[14] for IBP and MMBP, and Blondia et al. [4] for D-BMAP.) The latest research by Le-land et al. [10] suggests that data tra�c is self-similar or fractal, and the paper shows thatthe burstiness (degree of self-similarity) of LAN tra�c typically intensi�es as the number ofactive tra�c sources increases. As does Partridge [15], we believe the self-similar analysis isyet another reminder that we still do not really understand how data communications tra�cbehaves. It has been a long struggle for researchers to develop accurate tra�c models, andthere is a serious need for further research in this area.Due to lack of real measurements on the NCIH, the distribution of the arrival process ofeach application is not known exactly. Without loss of the generality, it is still reasonable toassume renewal processes as the arrival processes of the ATM-SMX in our model, since oneof the main function of the ATM-SMX is to provide ATM cell assembly and disassembly forthe provision of services [1], so the tra�c before the ATM-SMX is not ATM tra�c.Initially, the NCIH supports Switched Multimegabit Data Service (SMDS) and CircuitEmulation Service (CES) [8]. A very important characteristic of SMDS is its compatibilitywith ATM [17]. Since both SMDS and ATM use 53-octet cells for transport, a discrete-timecell scale model would best characterize the nature of input and output tra�c of the ATM-SMX. Hence, we model each SMDS session as a Bernoulli Process (BP ) with parameter �.Furthermore, due to the fact that the input link speed of CES is faster than that of SMDS4



[8] and the periodic nature of video frames, we assume the arrival process of a CES session(the session of interest) as a batch arrival and the interarrival time between each batch isa constant. In what follows, we will refer to SMDS as M-stream (cell arrival streams witha discrete-time Markovian interarrival time distribution) and CES as P-stream (periodicarrival.)The queueing model analyzed in this paper is denoted as N�BP (L)+D[X](TL)=D=1=Kqueue, where there are N sessions of SMDS (M-stream) and one session of CES (P-stream.)We de�ne the time to transmit an SMDS cell on an SMDS input link as a big slot and thetime to transmit an ATM cell on the output link as a small slot. We also assume the ratio ofthe output link speed to the SMDS input line speed is L, i.e., 1 big slot = L small slot; henceN � BP (L) denotes there are at most N M-stream arrivals for every L small slots (i.e., 1big slot) and D[X](TL) represents a periodic arrival (P-stream) with batch size X for everyT � L small slots, where T and L are constants. We also assume that all the input linesare synchronized and cell arrivals are considered to occur at slot boundaries. The protocolprocessing time is assumed to be negligible in our model.Moreover, we assume M-stream cells are loss-sensitive and P-stream cells are delay-sensitive. Under this assumption, the scheduling policy of the queue acts as follows:� The queue is a �rst-come-�rst-serve (FCFS) queue for cells arriving at di�erent timeslots.� If M-stream cells and P-stream cells arrive at the same time, i.e., for every T �L smallslots:1. The ATM-SMX will accept M-stream cells �rst;2. if there is bu�er space available after all M-stream cells being accepted, then theATM-SMX will accept P-stream cells;5



3. for those accepted M-stream and P-stream cells which arrived at the same timeslot, the P-stream batch will be served before those M-stream cells.� A cell is discarded when it arrives to a full bu�er.3 Analysis of the N �BP (L) +D[X](TL)=D=1=K Queue3.1 Derivation of Queue Length DistributionWe consider the P-stream arrival instants as the embedded (or observation) points in oursystem. We observe the queue length distribution at (n + 1)st embedded point and relateto that of the previous embedded point (i.e., the nth embedded point). Hence, we need toobtain the queue length distribution in each small slot following the nth P-stream arrival,but before the (n+ 1)st arrival from the P-stream.Let M be a random variable representing the number of cells arriving from M-streamduring each big slot and m(k) be the probability density function (p.d.f.) of M , i.e., m(k)= ProbfM = kg. Since cell arrivals from the P-stream occur in batches, let X be a randomvariable representing the size of a batch. The batch size follows a general distribution withthe p.d.f. x(k), and we assume that there is at least one cell in each batch, i.e., X � 1.Let C(n)i;j be a random variable denoting the queue length at the end of the jth small slotwhich belongs to the ith big slot following the nth arrival of a batch from the P-stream. C(n)i;jis obtained before any arrivals in that small slot, but after the departure of a cell, if there isany, in that small slot. C(n)0;0 is de�ned as the queue length immediately before the nth batcharrival from the P-stream and associated M-stream arrivals. This subsection's purpose is toderive the distribution of C(n)0;0 . Furthermore, we introduce another random variable, C(n)i ,which represents the queue length observed at the beginning of the ith big slot following6
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Figure 1: Relative order of events at the embedded point.the nth arrival of a batch from the P-stream. The relative order of events at the embeddedpoint is shown in Figure 1. Figure 2 illustrated the sample path of these random variables.As shown in Figure 2, C(n)1 represents the number of cells in the queue at the beginning ofthe �rst big slot following the nth batch of P-stream arrivals. We know that C(n)1 is the sumof: i) the cells which have been present in the bu�er before the arrival of the P-stream andassociated M-stream cells; ii) newly arrived M-stream cells; and iii) newly arrived P-streamcells, or C(n)1 is the queue capacity K if the sum of i)|iii) exceeds K. Hence, we haveC(n)1 = min�C(n)0;0 +M +X; K� : (1)Next, we consider the relationships between C(n)i and C(n)i;j , we haveC(n)i;1 = max�C(n)i � 1; 0� ; 1 � i � T; (2)C(n)i;j = max�C(n)i;j�1 � 1; 0� ; 1 � i � T; 2 � j � L; (3)and C(n)i = min�C(n)i�1;L +M; K� ; 2 � i � T: (4)7
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Now, let c(n)i;j (k) and c(n)i (k) be the probability density functions for C(n)i;j and C(n)i , respec-tively. By using convolutions for discrete distributions and the above operators on equations(1){(5), we have c(n)1 (k) = �K �c(n)0;0(k) �m(k) � x(k)� ; 1 � k � K; (6)c(n)i;1 (k) = �0 �c(n)i (k + 1)� ; 0 � k � K � 1; 1 � i � T; (7)c(n)i;j (k) = �0 �c(n)i;j�1(k + 1)� ; 0 � k � K � j; 1 � i � T; 2 � j � L; (8)c(n)i (k) = �K �c(n)i�1;L(k) �m(k)� ; 0 � k � K; 2 � i � T; (9)c(n+1)0;0 (k) = c(n)T;L(k); 0 � k � K: (10)Note that equations (6){(10) show the analysis of the transient behavior of the queue. Thesteady-state probability that there are k cells in the queue before a P-stream and associatedM-stream arrivals is given byc0;0(k) = limn!1 c(n)0;0(k); 0 � k � K:Hence, it requires an iterative calculation and we need to start with arbitrary initial valuesc(1)0;0(k), 0 � k � K, with the condition PKk=0 c(1)0;0(k) = 1. We repeat the iterative steps untilthe di�erence of the queue length distribution at two consecutive embedded points is lessthan a pre-de�ned value, i.e.,���c(n+1)0;0 (k)� c(n)0;0(k)��� < �; 8k:Note that at each small slot, convolution operations are required and it may take lots ofcomputations to get steady-state results. Thus, as indicated in [20], e�cient algorithms likeFFT could be employed to save computing costs.9



3.2 Derivation of Interdeparture Time Distribution of P-StreamCellsIn this subsection, we derive the P-stream cells' interdeparture time distribution by using thequeue length distribution, c0;0(k), which we obtained in the previous subsection. In order todo so, we observe a P-stream arriving at the non-saturated steady-state point, i.e., at leastone cell from the P-stream's will be accepted by the queue. First, we condition the previousde�ned random variables C(n)i;j and C(n)i by:1. q, the number of cells found in the bu�er when the M-stream and P-stream cells arrive;2. l, (0 � l � N), the number of cells from the M-stream's arriving together with theP-stream cells;3. xa, (1 � xa � x), the number of cells from the P-stream's which will be accepted bythe queue, where x is the number of cells from the P-stream's.As mentioned earlier, we assume that the queue is not saturated before the P-streamarrives, i.e., q + l < K, and this is our given condition throughout this subsection. Therandom variables Ci;j;fq+l<Kg and Ci;fq+l<Kg will be used in replacement of limn!1 C(n)i;j andlimn!1 C(n)i , respectively. Since q and l are given, xa can be described asxa = min (K � (q + l) ; x) ; 0 � q < K; 0 � l < min (N; K � q) ; 1 � x � Xmax:By a similar discussion in deriving equations (1){(5), we haveC1;fq+l<Kg = q + l + xa; (11)Ci;1;fq+l<Kg = max�C1;fq+l<Kg � 1; 0� ; 1 � i � T; (12)Ci;j;fq+l<Kg = max�Ci;j�1;fq+l<Kg � 1; 0� ; 1 � i � T; 2 � j � L; (13)10



Ci;fq+l<Kg = min�Ci�1;L;fq+l<Kg +M; K� ; 2 � i � T: (14)The corresponding probability densities ci;j;fq+l<Kg(k) and ci;fq+l<Kg(k) are obtained asc1;fq+l<Kg(k) = 8><>: 1 if k = q + l + xa0 otherwise, (15)ci;1;fq+l<Kg(k) = �0 �ci;fq+l<Kg(k + 1)� ; 0 � k � K � 1; 1 � i � T; (16)ci;j;fq+l<Kg(k) = �0 �ci;j�1;fq+l<Kg(k + 1)� ; 0 � k � K � j; 1 � i � T; 2 � j � L; (17)ci;fq+l<Kg(k) = �K �ci�1;L;fq+l<Kg(k) �m(k)� ; 0 � k � K; 2 � i � T: (18)Let SIDfq;l;xag be a random variable which represents the interdeparture time of theobserved P-stream cells in terms of small slots, given the condition that there are q cellsin the queue when the M-stream and P-stream cells arrive, and l cells from the M-stream'sarriving together with the P-stream cells, where q + l < K, and there are xa cells from theP-stream's which are accepted. Furthermore, we de�ne another random variable XA to bethe number of P-stream cells being accepted by the queue. Since C0;0, M , and XA are alldiscrete random variables, it is convenient to de�ne the joint p.d.f. of C0;0, M , and XA byf(q; l; xa) = ProbfC0;0 = q;M = l;XA = xag;and f(q; l; xa) = 8>>>>>>>>><>>>>>>>>>: XmaxXi=xa c0;0(q)m(l)x(i) if q + l + xa = Kc0;0(q)m(l)x(xa) if q + l + xa < K0 otherwise:11
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and SID�fq;l;xag denotes the interdeparture time between the last cell of the P-stream andthe �rst cell of the next accepted P-stream. To derive SID�fq;l;xag, we further introduce thefollowing two random variables. The random variable C 0i;j;fKg denotes the queue length atthe end of the jth small slot which belongs to the ith big slot following a P-stream arrivesto a saturated queue, i.e., all cells from the P-stream's are discarded. The other randomvariable C 0i;fKg represents the queue length at the beginning of the ith big slot following aP-stream arrives to a saturated queue. We haveC 01;fKg = K;and the derivation of C 0i;j;fKg is similar to equations (12){(14). The corresponding probabilitydensities c0i;j;fKg(k) and c0i;fKg(k) can be obtained asc01;fKg(k) = 8><>: 1 if k = K0 otherwise,c0i;1;fKg(k) = �0 �c0i;fKg(k + 1)� ; 0 � k � K � 1; 1 � i � T;c0i;j;fKg(k) = �0 �c0i;j�1;fKg(k + 1)� ; 0 � k � K � j; 1 � i � T; 2 � j � L;c0i;fKg(k) = �K �c0i�1;L;fKg(k) �m(k)� ; 0 � k � K; 2 � i � T:Now, we can express SID�fq;l;xag as (see Figure 3)SID�fq;l;xag = 8><>: TL+ CT;L;fq+l<Kg + 1� (q + xa) w.p. ps1(1 +R) TL+ C 0T;L;fKg+ 1 � (q + xa) w.p. 1 � ps1 ;where ps1 = K�1Xk=0 �cT;L;fq+l<Kg(k) �m(k)� ;13



and the p.d.f. of R is given byProbfR = rg = (1� ps2)r�1 ps2 ; r � 1;where ps2 = K�1Xk=0 �c0T;L;fKg(k) �m(k)� :Then, the corresponding p.d.f. of SID�fq;l;xag can be obtained assid�fq;l;xag(k) = cT;L;fq+l<Kg (k � TL� 1 + q + xa) ps1 +( 1Xr=1 c0T;L;fKg [k � (1 + r)TL� 1 + q + xa] (1� ps2)r�1 ps2) (1� ps1) :Furthermore, we have the indicator function [19]1(k = i) = 8><>: 1 if k = i0 otherwise:Then, we can obtain the p.d.f. sidfq;l;xag(k) for the random variable SIDfq;l;xag, equation(19), as sidfq;l;xag(k) = 1m1ffq+l<Kg(q; l; xa) h(xa � 1) 1(k = 1) + sid�fq;l;xag(k)i :Finally, by unconditioning the above equation, the probability density sid(k) is given assid(k) = KXq=0 NXl=0 XmaxXxa=1 1m1ffq+l<Kg(q; l; xa) h(xa � 1) 1(k = 1) + sid�fq;l;xag(k)i :4 Numerical ResultsIn this section, we present some numerical results of the queue length distributions and P-stream's interdeparture time distributions by using the approach presented above. Although14



our analysis allows a general distribution for the P-stream's batch size, we assume a truncatedgeometric distribution for the batch size X which followsx(k) = (1 � g)Xmax�kg; if 2 � k � Xmax;and x(1) = 1� Xmax�2Xk=0 (1� g)kg;where g is the parameter of the truncated geometric distribution. We set K = 50, N = 10,L = 4, T = 15, Xmax = 30, g = 0:5, and � = 10�12 throughout this section.Figure 4 and 5 show the queue length distribution seen by P-stream. Figure 4 illustratesthe case that there is no cell loss (� = 0:2) and Figure 5 shows an unstable system (� = 0:5), i.e., the queue is saturated most of the time. Notice that there is almost no di�erencebetween the analytical and simulation results except for some points where the probabilitydensities are less than 10�5.Figure 6 shows the interdeparture time p.d.f. of P-stream when � = 0:2. Since N� isrelatively small in this case, we have SID < TL = 60 all the time. In Figure 7, 8, and 9, weplot the interdeparture time p.d.f. of P-stream when � = 0:5. The reason for this is becausewhen the total tra�c load becomes larger, the tail of the departure process becomes longer.In order to get a better view of the comparison between the analytical and simulation results,we separate the �rst three portions of the p.d.f. into these three �gures. Again, we noticethat the analytical results are consistent with the simulation results.5 ConclusionIn this paper, we have analyzed the P-stream's departure process of a discrete-time N �BP (L) + D[X](TL)=D=1=K queueing system. We considered the session of interest (P-15
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Figure 4: Queue length distributions.
analysis                            
simulation (95% confidence interval)

0 5 10 15 20 25 30 35 40 45 50
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

buffer occupancy, K = 50, N = 10, L = 4, T = 15, X_max = 30, g = 0.5, lambda = 0.5

buffer occupancy

pr
ob

ab
ili

ty

Figure 5: Queue length distributions.16
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Figure 6: Interdeparture time distributions for P-stream.
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Figure 7: Interdeparture time distributions for P-stream.17
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Figure 8: Interdeparture time distributions for P-stream.
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Figure 9: Interdeparture time distributions for P-stream.18
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