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Abstract

Due to a large number of bursty traffic sources that an ATM network is expected to support,
controlling network traffic becomes essential to provide a desirable level of network performance
with its users. Admission control and traffic smoothing are among the most promising control
techniques for an ATM network. To evaluate the performance of an ATM network when it is
subject to admission control or traffic smoothing, we build a discrete-time single-server queueing
model where a new call joins the existing calls.

In our model, it is assumed that the cell arrivals [rom a new call follow a general distribution.
[t is also assumed that the aggregatéd arrivals of cells from the existing calls form batch arrivals
with a general distribution for the batch size and a geometric distribution for the interarrival
times of batches. We consider both finite and infinite buffer cases, and analytically obtain
the waiting time distribution and cell loss probability for a new call and for existing calls.
Our analysis is an exact one. Through numerical examples, we investigate how the network
performance depends on the statistics of a new call (burstiness, time that a call stays in active

or inactive state, etc.). We also demonstrate the effectiveness of traffic smoothing to reduce

network congestion.

*This material is based upon work supported by the National Science Foundation under Grant No.DCI-

8602052. This research is also in part supported by University of California MICRO Program.




1 Introduction

Broadband packet switching networks offer an attractive way for exchanging multimedia infor-
mation such as voice, computer data, and images. Among various proposals for implementing
broadband networks, asynchronous transfer mode (ATM) seems promising because of its ability to
support a broad spectrum of traffic characteristics.

Many of the traffic sources that ATM is expected to support are bursty. For instance, interactive
data and compressed video images are considered as bursty. A bursty source may generate cells at
a near-peak rate for a while, and a second later, it may become inactive, generating no cells. Due
to the dynamic nature of bursty traffic, severe network congestion may occur. Thus, devices to
pr‘event n’etwork congestion such as admission control and traffic smoothing techniques are crucial
in ATM networks.

In admission control, upon arrival of a new call, a network predicts the performance degradation
based on the current network traffic load and traffic statistics of a new call, and accepts the call only
when its performance requirement is met. Traffic smoothing is a technique to reduce the burstiness
of input traffic to avoid network congestion. The smoo;ching function could either be performed by
an access control at a network-user interface or at a data source by buffering and .injecting cells
into a network at a slower speed. As in admission control, upon arrival of a new call, smoothing
mechanism may or may not be invoked based on the performance prediction.

In both admission control and traffic smoothing, an accurate prediction of network performance
becomes important. In most of the past research on the performance of conventional packet switch-
ing networks, it has been assumed that input traffic follows a Poisson distribution. This is because
most of the traffic found on the conventional packet switching networks is computer-to-computer
data, and such data are well-known to follow a Poisson process [1].

Since an ATM network is expected to support a large number of bursty sources with different

types of traffic, a Poisson process may no longer be able to describe network traffic accurately.




Therefore, in this paper, we assume an arbitrary arrival process to represent a newly arriving
call (along with geometric arrivals for the existing calls on a network), and develop a mathematical
model to investigate the eflect of input traffic characteristics on the performance of an ATM network.

This paper is organized as follows. In Section 2, we will develop a queueing model for an ATM
switch where a number of calls are multiplexed onto an output port of the switch. We will assume
that the switch is fast enough so that queueing of cells occurs only on the output. As for the
capacity of output buffer, we consider two cases: infinite and finite capacity.

In Section 3, we obtain the z-transform for the waiting time distribution of cells, assuming
infinite buffer capacity on the output. In Section 4, assuming finite buffer on the output, we obtain
the loss probability of cells and the distribution of queue length on an output.

In Section 5, numerical results are provided to discuss the effects of traffic characteristics on
the performance of a switch. We will use an Interrupted Poisson Process (IPP) (2] for the cell

generation process from a new call. Section 6 provides concluding remarks.

2 Analytic Model

In this paper, we assume a non-blocking switch fabric. We also assume that a switch is fast enough
to handle cells even when all the input ports inject the maximum number of cells into the switch.
Thus, buffering is only needed on the outputs (3, 4]. As for the capacity of the buffer at an output
port, we consider both infinite and finite cases. We further assume constant size cells. Channel time
is slotted, with slot size being equal to a cell transmission time. All the input lines are synchronized.
Cell arrivals are considered to occur at slot boundaries.

We focus on one output port of a switch, and consider the case of adding a new call to a
set of existing calls on the output port. We analyze the performance of a switch and investigate
how the switch performance depends on the traffic characteristics of a new call. We assume that

the interarrival time between cells from a new call forms a general distribution with its density




a(k) = Prob[interarrival time = k slots] and z-transform A(z). Generation of cells from a new
call is referred to as Gl-stream (cell arrival stream with generally and independently distributed
interarrival times).

Aggregated arrivals of cells from the existing calls form a Bernoulli process with batch arrivals.
In other words, cells arrive in batches, and the batch size (the number of arrivals in a slot) follows
a general distribution with the z-transform B(z). Cell arrivals in different slots are independent.
This cell arrival process is referred to as M-stream (cell arrival stream with a Markovian interarrival
time distribution).

Our traffic model for the existing calls is farely general. For instance, if we assume that each
of the existing N calls follows a geometric arrival process with the probabilities p for having an
arrival in a slot and 1 — p for not having an arrival, the sum of these N calls becomes a Bernoulli

process with batch arrivals, where the z-transform for the batch size distribution is given by

B(z) = (1 -Ey %)N. (1)

Using Kendall’s notation, our analytical model is denoted as a discrete-time GI+ MX1/D/1/K
(K < oo or K = 00) queue system. Analytical results on this queueing system. are not known to
date. The closest model so far investigated is a continuous-time queueing system with exponential
service time and aggregated arrivals of GI and Poisson processes (GI + M /M /1/00) [5, 6]. In the

following section, we analyze infinite buffer case. The finite buffer case is analyzed in Section 4.

3 Infinite Buffer System

In this section, we consider the infinite buffer case and obtain the z-transform for the waiting time

distribution for each of the GI- and M-streams.




3.1 Derivation of Queue Length DistributioAnv

We will observe an output buffer at arrival instances of cells from GIl-stream, and relate the queue
length distribution at one observation point (say, at (n + 1)-st arrival from Gl-stream) to that of
the previous observation point (at n-th arrival from GI-stream). For this purpose, we first obtain
the queue length distribution in & slots following the n-th arrival from GI-stream.

Let CF be the random variable representing the queue length immediately before the n-th arrival
of a cell from Gl-stream, and C} be the random variable representing the queue length at the end
of the k-th slot following the n-th arrival of a cell from GI-stream. (See Fig.1.) Assume B is the
random variable for the batch size, i.e., the number of cells arriving in a slot from M-stream, and
let b(i) be its density, i.e., b(¢) = Prob[B = 1].

At the end of the slot where the n-th arrival from GI-stream happens, there are C§ + B+1 -1
cells in the buffer. (C§ number of cells were in the buffer immediately before the arrival from
Gl-stream, B cells from M-stream a,nd one cell from GI-stream join the queue, and one cell is taken

for service from a queue.) Thus, we have
CP =Cp + B. | (2)

Here, we have assumed the come right in strategy (7], i.e., a cell finding the buffer empty is
immediately served and removed from the buffer.
Noting that there are no arrivals from Gl-stream in the k-th (k£ > 2) slot following the arrival

from GI-stream, we have the following recurrence equation for the number of cells (C}) in the

buffer:
CP=max(CP_, +B-1,0), k=23, (3)
We assume that the steady state exist for C} and C§. Namely,

lim Cp=Ck, k=12, (4)




lim Cg = Co. (5)

We define Ci(z) and Co(2) as the z-transforms for Cy and Co, respectively.

By letting n go to infinity in eqs.(2) and (3), we can obtain the z-transforms for the queue

length distributions as follows:
C1(z) = Co(z) B(z), (6)
o= o)+ 2 @ BO), k=23, ™

Note that B(z) has been previously defined as the z-transform for B.
Applying eq.(7) recursively, and finally using eq.(6), we obtain Ck(z) as a function of the initial

queue length distribution Cp(,) as follows.

k-1 k=1 m-1 _
e =B B+ ¥ (A o B0), k=12 @)

m=1

Co(z) in the above equation is easily determined in the following way. With the probability a(k),
an arrival of a new cell from GI-stream occurs in k slots following the last arrival from GI-stream.

Upon arrival, the new cell finds the queue length distribution Ci(2z). Therefore, Co(2) is given by

Co(z2) =ia k) Cx(z). (9)

k=1

Substituting eq.(8) into eq.(9), Co(z) becomes

C'o(z)zzCO(z)A(Bf:))\ e )B(O pol B(z)) a(m), | (10)

where A(z) has been previously defined as the z-transform for the interarrival times of GIl-stream

cells, and the unknown constants, z(m), are defined as

o0

z(m) 2 S a(m+k)Cr(0), m21. | (11)
k=0

Noting that the z-transform for the sequence z(m) is given by

(e}

X(z)= Z z(m)z™, (12)

m=1




it is easy to see that the term ) o—; (ﬂz-z—l)m:c(m) in eq.(10) becomes X(%ﬁ). Therefore, eq.(10)

becomes

Cotz) = = Coz) A2y + 222 oy x (22 (13)
By solving eq.(13), we finally have

Colz) = DB X(ED ”

C{1-z A2 B(2)

To obtain the unknown function X (+) in the above equation, we follow the method described in [8].

Appendix summarizes this method.

3.2 Derivation of Waiting Time Distributions for M-Stream and GI-Stream

In this section, we obtain the waiting time distribution for both M-stream and GI-stream. As a
rule, in order to select a cell for service from the buffer, we assume random selection among the
cells arriving in the same slot, while FCFS is assumed among the cells arriving in different slots.

We first obtain the waiting time distribution for GI-stream. The waiting time for GI-stream
cell, say a test Gl-cell, consists of two elements; the time to serve all the cells found in the buffer
upon arrival of a test Gl-cell, and the time to serve the M-stream cells which arrive with a test
Gl-cell and are served before the test GI-cell. The first element is easily obtained, since we know
that the queue length distribution immediately before an arrival of a Gl-stream cell is given by
Co(z) [see eq.(14)]. Noting that the service time of a cell is unit time, Cy(z) for the queue length
also gives the z-transform for the time to serve all the cells found in the buffer upon arrival of a
test Gl-cell.

The second element, the time spent in serving M-stream cells before a test GI-cell, is obtained
in the following way. With the probability 6(i — 1), a total of ¢ cells (¢ — 1 M-stream cells and a
test GI-cell) arrive in a slot. Among these 7 cells, a test GI-cell is placed at the j-th position with
the probability 1/¢ (z > 7). Therefore, the probability that j — 1 M-stream cells are éerved prior to

a test Gl-cell is given by




dGl(j)=iM» j=1721"" (15)

— ?
t=j

The z-transform for dgy(j) becomes

Dgi(z) = 3 dai(j)#
_ b=
_ = b(i—-1) i
§{1=1 ; }
o= b(i-1)2(1-2Y)
- ; 1 1-=2
= = [ Bes (16)

Since the service time of a cell is unit time, Dgr(z) for the number of cells served prior to the test
GI-cell gives the z-transform for the time to serve the M-stream cells which arrive at the same time
as the test GI-cell and are served before the test GI-cell.

Using Co(2) and Dg(z), we find the z-transform for the waiting time distribution of the GI-

stream cells, Wgs(2), becomes
Wai(z) = Co(2) Dai(2). : (17)

Note that the waiting time for a test GI-cell includes its own service time. The mean waiting time
is then obtained as
BWar = WE(1), (18)
where Wg,) is the first derivative of Wg(2).
Next, we derive the waiting time distribution for M-stream. Let us assume that a test cell from
M-stream (a test M-cell) arrives in the k-th slot following the last arrival of a GI-stream cell. The
waiting time for a test M-cell consists of two elements. The first element, the time to serve the cells

in the queue found upon arrival of a test M-cell, is obtained from Ck-;(z), the z-transform for the

queue length distribution immediately before the arrival of a test M-cell.




The second element of the waiting time for a test M-cell is the amount of time it takes before it
is selected for service out of the cells arrived with it. First, assume that a test M-cell arrives with
the Gl-stream cell (i.e., Kk = 1). Let bo(7) be the conditional probability of having ¢ cell arrivals
from M-stream in a slot, given that one or more M-stream cells arrive. Note that bg(¢) is given by
b(1)/(1 = b(0)). Then, bo(i — 1) gives the probability of having a total of i cell arrivals in a slot
(i — 1 M-stream cells and a GI-stream cell). Among these i cells, a test M-cell is placed at the j-th
position with the probability 1/i (¢ > j). Noting that there are (‘:1) possible ways to choose a test
M-cell from 7 — 1 M-stream cells, and following the similar discussion to obtain eq.(15), the density
for the waiting times of M-stream cells is obtained as

baal) = 5 3 - 2=

1=J

; (19)

i
where G is a normalizing constant and is equal to the mean of bg(i), EBg = Y 72, tbo(t). We also
considered the fact that the service time is unit time to obtain eq.(19). After some manipulation,
the z-transform for dar1(7), Dam,1(2), is obtained as

Dara(z) = -E%O 1 - 2Bo(2) - / " Bo(z)da]. (20)

Next, assume that the arrival of a test M-cell occurs in the k-th slot (k > 2) following the last
arrival of a GI-stream cell. Note that, in this case, there are no arrivals of a GI-stream cell in that
slot. Using the result in [9], the z-transform for the time until a test M-cell is selected becomes

1 z
EBO 1-=2

Da(2). (21)

Dux(z) = (1= Bo(2)), k=2,3,--,

e

Using the probability s(k) that the arrival of a test M-cell falls in the k-th slot following the last

arrival of a Gl-stream cell, we have the z-transform for the waiting time distribution of M-stream

cells as follows:

Wn(z) = i s(k) Ck-1(2) Dak(2), , (22)

k=1




where s(k) is given by

s(k) = ‘jg(/’l) k=12, (23)

Note that EA £ %2, ka(k) is the average interarrival time of Gl-stream cells.

By expanding eq.(22), we have

Wy (z) = s(1) Co(z) Daa(z) + 8(2) Ci(2) Da(2) + Dm( )Zs(k ) Cr-1(2). (24)
k=3

The only unknown terms in the above equation are Ck(2)s in the term Y723 s(k)Ck-1(2). This

term 3 525 s(k)Ck-1(2) becomes

o

S s(k) C-1(2)

k=3

- { (B9) o8+ 3 (Z2) " Gsont® B<0>}

k=3 m=1
2
_ Z BC(Z()") s(B(Z) _ s(1) 2 Co(2) — 5(2) B() Co(2)
+z§(;)}) B(0) ,,gz (B(z ) Z Cr(0) s(m + k), (25)
where 5(z) & 522, s(k) 2* is the z-transform for the sequence, s(k), and is 7
- A

5()= g7 2 (26)

We define the last summation term in eq.(25) as g(m), i.e.,

g(m) ZCk(O)S(m-f-k), m= 1’27' (27)
k=1

Then,

3
+
=

M8

g(m) = Ck(0) s(
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To obtain the last equation, we used eq.(11). The 2-transform for the sequence g(m), G(z), then

becomes
G(z) = Y, g(m)z"
m=1
1 o0 o m
- E(i mz=11§n$ Z)z
1 P
= =TS (X(1) = X(2)). (29)

From eqs.(27) and (29), the term 3>, (Egﬁyn Sreq Ck(0)s(m + k) in the eq.(25) can be repre-

sented by
3 (B S corsmen = mi( )mg<m>

L 1B {X(l)—X(B(z)n

1 B(z2)
EA z- B(z2) EA z

EA 2 (30)

Substituting eqs.(26) and (30) into eq.(25), and then using eq.(22), we finally obtain

Wu(z) = Co(z) (Dma(2) — 2z Dm(2))

EZ{ B()

z(z-1) B(z)
80 = smEm KW - X (=7 )J} (31)

4 Finite Buffer System

In this section, we analyze a finite buffer system and obtain the distribution for queue length and
loss probability of cells for each of the M-stream and Gl-stream. It is assumed that the buffer can
hold a maximum of K cells. Throughout this sectioﬁ, we assume a general distribution for cell
arrivals from Gl-stream with the restriction that the maximum interarrival time is finite. We also
assume that the number of cells arriving in a slot from M-stream (batch size) follows a general

distribution and has the finite maximum value,

11




4.1 Derivation of Queue Length Distribution

First, we define the following operators [10, 11]:

y(7) j<m

™ (y(7)) = o yi) j=m , (32)
0 i>m
0 j<0

mo(y(J)) = O Lyl j=0 (33)
y(4) i>0

A convolution operator for two discrete distributions is denoted by a symbol * as

nG)r() 2 Y nG - ) (34)

t=—=00

Let C} be a random variable representing the system length (i.e., the number of cells in the

buffer plus a cell being served at a server) observed at the beginning of the k-th slot following the

~ n-th arrival of a cell from Gl-stream. (For instance, C is the system length immediately after the

n-th arrivél of GI-stream cell; C; is the system length at the beginning of the second slot; and so
on. See Fig.1.)

The C7 cells in the system (the buffer and the server combined) at the beginning of the first
slot, which followed the arrival of a GI-stream cell, are those present at the buffer before the arrival
of the GI-stream cell (CF cells), a newly arrived GI-stream cell (1 cell), and newly arrived M-stream
cells (B cells). Note that the cell being served in the previous slot leaves the system immediately

before the arrival of a GI-stream cell, and thus, need not to be counted. Thus, we have
C7 = min(Cy+1+B,K +1). (35)

Since C7 (system length) is equal to CT (queue length) plus one, if there is a cell being served, we

have

12




CP = max(Cy - 1,0). (36)

From the similar discussion above, we have the following recurrence relations for k = 2,3,--«

Cy=min(Cf_, +B, K +1), k=23, (37)
CP =max(Cy - 1,0), k=2,3,--, (38)

Let c}(j) and T}(j) be the density function for C} and Ch, respectively. Namely, cf(j) =
Prob[C} = j] (k = 0,1,:++) and E}}(]) = Prob[C} = j] (k = 1,2,-++). b(4) is the density of B,
batch size of M-stream arrivals. (See Section 3.1 for the definition of 5(¢).) Using m-operations on

eqs.(35) through (38), we have

TG =R (BG -0 - 1), 1<i<K+1, (39)
Ctn(]) = WO(E?(J + 1)), 0 .<.. .7 S I(s 7‘ = 1a 21 Y (40)
() = 7Bt ()% b(5), O0<SF<SK+1, =23, (41)

From the similar discussion to derive eq.(9), {cg**(4),0< j < K}, the queue length distribution

immediately before the (n + 1)-st arrival of a GI-stream cell, is given as a function of ¢}(j) by

o0

gtl(s) = kZ_,: a(k) }(j), 0<j<K. (42)

We can calculate the values of ¢§*1(5)(0 € j < K) from eqs.(39) through (42) by following the

computational diagram illustrated in Fig.2.

The steady state probability that there are j cells in the buffer immediately before an arrival

of a GIl-stream cell is given by
co(d) = 71li_.r{.lec{,‘(j), 0<j< K. © (43)
If distributions for the interarrival times of GIl-stream and for the batch size of M-stream are

identically and independently distributed, we can apply the computational procedure in Fig.2

repeatedly to obtain the steady state probabilities co(7)(0 < j < K).

13




4.2 Derivation of Loss Probabilities for M-Stream and GI-Stream

We first consider Pg(J), the conditional cell loss probability for GI-stream given that the queue
length (Cp) immediately before an arrival of a Gl-stream cell is j. Assume that ¢ cells arrive from
M-stream along with a GI-stream cell and find j cells in the buffer, i.e., Co = j. if i+ 14+ > K +1,
i+ j — K cells are lost due to buffer overflow. Thus, the probability that a GI-stream cell is among
the lost cells is given by (i+7—A")/(¢+1). Since the probability of having ¢ arrivals from M-stream

is b(3), the conditional probability, Pgr(j), then becomes

) > i+j-K .
Par(j)= ) —T]-IT_ b(3). (44)
1=K-j+1

By unconditioning Pgr(j) on the values of co = j, the cell loss probability for GI-stream becomes

K
Pgr = Y co(s) Per(s)
7=0
K o e s
. i+ -K
= ZCO(J) Z z']+1 b(4). (45)
j=0 i=K—j41

In the following, we will obtain the cell loss probability for an M-stream. First, we assume that
i cells arrive from M-stream along with a GI-stream cell and find j cells in the buffer. We focus on
one of the 1 M-stream cells, a test M-cell, and obtain the probability that a test M-cell is lost. If
i+145 > K41, i+5~K cells are lost due to buffer overflow, and (i+1)=(i+j—K) = 1-j+K cells
are accepted into the buffer. If a GI-stream cell is one of the i — j + K accepted cells (probability
of this is (1 — j + K')/(i + 1)), the probability that a test M-cell is lost becomes (i + j — K)/i.
If a Gl-stream cell is one of the ¢ + j — K lost cells (probability of this is (i + j — K)/(¢ + 1)),
the probability that a test M-cell is lost becomes (i + j — K" — 1)/i. Since the probability that a
test M-cell is contained in a batch of size i is ibo(7)/EBg [9], the cell loss probability Pas1(7) for

M-stream in the first slot following the arrival of a GI-stream cell is given by

, > ibo(i){l—j+lx"z'+j—1( z'+j—Ki+j—K—l}
P, = . . + — -
m1(7) Vi=1:2—j+1 EBy 1+ 1 1 i+ 1 )
i ibo(t) i4+j—- K
iz Zjp1 FBo 1l

14




Next, we consider the case where ¢ cells arrive from M-stream in the k-th slot (k > 2) following
an arrival of a GI-stream cell and find & cells in the buffer. In this case, there are no arrivals from
Gl-stream. If 1+ 7 > K +1,¢+ j — K — 1 cells are lost due to buffer overflow. The probability
that a test M-cell is lost is (i + j — I — 1)/¢.

Therefore, Py (7), the cell loss probability at k-th slot (k > 2) following an arrival of a GI-

stream cell given that there are j cells in the buffer upon arrival of a test M-cell, becomes

, ©  j+i-K-1, o
Py i(d) = Z J——ET'bo(l), 0<Jj<K, k=2,3,---. (46)
i=K—j+2

Since the probability that the queue length is j upon arrival of a test M-cell is cx(j), and that
the probability that the arrival of a test M-cell falls in the k-th slot following the last arrival of a

Gl-stream cell is s(k) [see eq.(23)], the cell loss probability for M-stream becomes

=) K .
Prr=) s(k) D er(s) Pui(d)- ' (47)

k=1 Jj=0
5 Numerical Discussions

5.1 Traffic Model for ATM Networks

Although our analyéis allows arbitrary arrival distributions for GI-stream, in the following numerical
examples, we assume a discrete-time Interrupted Poisson Process (IPP) for GI-stream. While IPP
in the continuous-time domain was originally introduced by Kuczura[2] for an overflow process, it
has been recently considered to be suitable to describe bursty traffic in ATM networks (see, for
example, [12]). A discrete-time IPP is a process with the following features: (1) IPP is a process
with two states, ON and OFF, which appear in turn, (2) IPP changes from ON to OFF with
probability 1 — v per slot, from OFF to ON with probability 1 — w per slot. The IPP stays in ON
state (OFF state) for geometrically distributed length of time with the average 1/(1—+v)[1/(1-w)].
(3) IPP generates a cell with the rate A per slot only when it is in ON state, and does not generate

any cells when in OFF state. (See Fig.3.)

15




Interarrival times of cells from Gl-stream form IPP. The z-transform and its moments for IPP
can be easily obtained in a similar approach used to develop for a continuous time IPP [2], and
given by the following. The z-transform, A;pp(z), is

M-y -w)2? + 72}

= , 48
Arpp(2) 1—(T1-MN+w)z—(1-N)(1—-7-w)? (48)
and the first and second moments, denoted by MI(;’)P and M}Qp,respectively, are given by
1/1-7)+1/(1-w) '
MY = , , 49
IPP /\/(1 -7) ( )
2AM1l-w)(l=7-w)=-2(-A7y-(2-7~-w)
v +2AM1-w))(2-7-w)
Car(2) (1)
MI(P)P = /\2(1 _ w)? + MIPP' (50)
The variance of IPP, VA;pp, then becomes
M(z) _ M(l) 2
VApp = \/ 1pp — [M;pp] ‘ (51)

(1)
M;pp
As for M-stream, we assume geometric arrivals of cells in batches with a Poisson distribution

for the batch size. The z-transform for the batch size is given by
B(z) = e~ ?m(1=2) (52)

where Aps is the average batch size. Since we take the transmission time of a cell as unit time, A\ps

is same as the traffic load (ppr).

5.2 Effects of Burstiness of Traffic on Performance

In Figs.4.1, 4.2 and 4.3, the value of A is assumed to be 1.0; namely, GI-stream generates a cell in
each and every slot during ON-state (see Fig.3). We will change the values of ¥ and w, keeping the

ratio of the average ON length [1/(1 — )] and the average OFF length [1/(1 — w)] constant 1/10.

In this case, the traffic load of GI-stream pg; = 1/M1(}10)p = ﬁﬁm becomes 1/11. In the

following, we examine the effects of different ON and OFF lengths on the performance.
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Fig.4.1 shows the mean waiting times of cells as a function of pas (the traffic load of M-stream)
for the cases of (y = 0.9, w = 0.99) and (v = 0.99, w = 0.999). The average ON and OFF
lengths are 10 slots and 100 slots, when v = 0.9 and w = 0.99, and 100 slots and 1000 slots, when
v = 0.99 and w = 0.999. Infinite buffer capacity is assumed in Fig.4.1. Real lines illustrate the
mean waiting times for GI-stream. Whereas, the dotted lines represent waiting times for M-stream.
For comparison purposes, we also included the mean waiting time for the case where there is only
M-stream (this case is indicated by “M-stream only” in the figure.) This figure shows that the mean
waiting times for GI-stream and M-stream in the case of (ON length, OFF length) = (100, 1000)
are much larger than those in the case of (ON length, OFF length) = (100, 1000). By comparing
the mean waiting times for M-stream for different cases, it is apparent that, if the average ON and
OFF lengths of Gl-stream are longer, an increase in the M-stream waiting time is greater for the
same value of ppr.

For the infinite buffer system, we analytically obtained the waiting time distributions for GI-
stream and M-stream in Section 3. Fig.4.2 shows, as a function of pps, the 99.9% cumulative waiting
time, i.e., the value of the minimum integer T which satisfies Prob[waiting time < T| > 0.999. We
have assumed the same parameter values as in Fig.4.1. This figure confirms the observation made
in Fig.4.1: the performance diminishes proportionally to the length of the ON and OFF lengths of
Gl-stream. Thus, the longer the ON and OFF lengths of él-stream are, the worse the performance
becomes.

Figs.4.3 and 4.4 are for the finite buffer system, and show the cell loss probability as a function
of ppr (traffic load of M-stream). Buffer size K is the parameter in both figures. In Fig.4.3, the
average ON and OFF lengths are 10 and 100 slots, respectively, and in Fig.4.4, the average ON and
OFF lengths are 100 and 1000 slots, respectively. From these two figures, we observe that the cell
loss probabilities are larger, when the ON and OFF lex{gths of GI-stream are longer. For instance,

compare the cell loss probabilities for GI-stream for &' = 50 in Fig.4.3 and in Fig.4.4. If the cell
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loss of less than 10~8 should be satisﬁ.ed, pnm has to be less than approximately 0.4 in Fig.4.3, while
this cell loss requirement cannot be satisfied at all in Fig.4.4.

Note that the interarrival times of GI-stream cells must be bounded in order for our analysis of a
finite buffer system to be applicable. On the other hand, in this numerical example section, we have
assumed that the Gl-stream arrival process follows an IPP, where infinitely loﬁg interarrival times
are possible. To obtain figures for the finite buffer system in this section, as an approximation, we
truncate the tail of the IPP distribution at far distance and sweep the probability in the truncated
tail onto the truncated point.

It is often difficult for a network to acquire complete statistics of input traffic, and therefore,
a network may be forced to make a decision based on incomplete information.‘ For instance,
the statistics of the arrival process of a new call may-be unknown to a network except for its
average interarrival time, and the network may have to decide if it can accommodate a new call
without causing severe network congestion. In such a case, a network may assume some well-known
processes (such as a geometric process) as an arrival process and may make performance prediction.
The following question immediately arises: how accurate is the prediction based on incomplete
information on input traffic? To answer this question, we have calculated various performance
measures assuming that GI-stream follows a geometric process, and examined how accurately (or
inaccurately) this predicts the performance of the system where, in fact, GI-stream follows IPP.
Curves indicated as “GIM-stream” in Fig.4.1 through Fig.4.4 (and in Fig.5.1 through Fig.5.4) show
the performance measures for the case that GI-stream follows a geometric arrival process. The
average interarrival time of a geometric process is set to be the same as that of the IPP arrival
process in these figures.

By comparing the mean waiting time for the geometric arrival case (indicated as “GIM-stream”)
against to those for the IPP arrival case (indicated as “Gl-stream” and “M-stream”) in Fig.4.1,

we can see that the differences in the waiting times for these cases are rather large. Furthermore,

18




the longer the ON and OFF lengths of Gl-stream are, the greater the differences are. This same
trend is also found in Figs.4.2, 4.3 and 4.4. Note that, even when the traffic load of M-stream (pas)
is small, the performance for the geometric arrival case is far from that for the IPP arrival case.
(This is clearly shown in Figs.4.3 and 4.4.) Assuming a geometric arrival process does not provide

a good performance estimate, if the arrival process, in fact, is IPP.

5.3 Effects of Traffic Smoothing on Performance

In the following four figures (Fig.5.1 through Fig.5.4), we assume traffic smoothing on GI-stream
and examine the effects of traffic smoothing on the performance of a network. The purpose of
traffic smoothing! is to throttle cell inputs into a network in order to avoid burst cell transmissions.
The smoothing function could either be performed by an access control at a network-user interface
or at a data source by buffering and injecting cells into a network at a slower speed. When a
network is congested by momentary bursts of traffic, traffic smoothing reduces network congestion
by suppressing inputs to the network. As a result, a network with traffic smoothing may be able
to support a greater number of calls than a network without one.

In the following, to model traffic smoothing, we change the average ON length [1/(1 — 7))
of Gl-stream, keeping the traffic load pg; = ; 1_17 i'l'”’ 7=y of Gl-stream constant. When the
average ON length is longer, cell arrivals are spread over a longer time period, giving smoother
(less bursty) GI-stream traffic. We further assume that the sum of the average ON and OFF leng;chs
[1/(1 = v)+ 1/(1 = w)] of Gl-stream is constant (¢). The value of ¢ is assumed to be 100 slots
in Figs.5.1, 5.2 and 5.3, and 1000 slots in Fig.5.4, pgr (traffic load of GI-stream) is 0.1 in all the
figures.

In Figs.5.1 and 5.2, we illustrate the effects of smoothing GI-stream traffic on the waiting times

of M-stream. Fig.5.1 shows the mean waiting times, and Fig.5.2 shows 99.9% cumulative waiting

'Traffic smoothing is sometimes referred to as shaping.
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times. Buffer size (K) is assumed to be infinite. In these figures, the horizontal line represents the
average ON length [1/(1 — )] of GI-stream. Both the arrival rate per slot A and the average ON
length are changed to keep the traffic load pg; = 0.1. Two levels of the traffic load of M-stream
are considered: pas = 0.5 and pps = 0.8. In both figures, it is clearly shown that traffic smoothing
achieves better performance for M-stream. As the GI-stream traffic becomes smoother (i.e., as the
value of 1/(1 — ) becomes larger), both the mean waiting time (in Fig.5.1) and 99.9% cumulative
waiting time (in Fig.5.2) for M-stream become smaller.

Figs.5.1 and 5.2 also show that both the mean waiting time and cumulative waiting time for
Gl-stream become smaller as the average ON length increases. Tlis is because GI-stream becomes
less bursty as the average ON length becomes longer.

Fig.5.3 assumes finite buffer capacity and shows the cell loss probability as a function of the
average ON length. The sum of the average ON and OI'F length of GI-stream is assumed to be
100 slots. Fig.5.4 shows the mean waiting times for the case where ¢ = 1000 and A/(1 — v) = 100.
In Fig.5.4, buffer capacity (XA') is assumed to be infinite. As we have seen in Figs.5.1 and 5.2,
as the GI-stream traffic becomes smoother, the waiting times of M-stream become smaller. From
our observation, it may be concluded that smoothing GI-stream traffic has a significant effect on

improving M-stream performance.

6 Concluding Remarks

In this paper, we have provided an exact analysis for a discrete-time single-server queueing system
where two different arrival processes are assumed: (1) arrivals of cells with a general interarrival
time distribution, and (2) geometric arrivals of cells in batches with a general batch size distribution.
We have considered both infinite and finite buffer capacity cases. Our model clearly describes a
switch in an ATM network, when it is subject to call admission control.

Through numerical examples, we investigated how the network performance depends on the
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degree of burstiness of the input traffic. We have also observed that smoothing input traffic reduces
network congestion.

Our analytical approach for the finite buffer system in Section 4 follows a technique widely
used in a signal processing area, and requires iterations and, at each iteration, the convolution
operations are used. The computational cost may be large in some cases. We believe, however,
that the following may save computational costs: (1) Efficient algorithms like FFT [13] may be
employed to save computing costs of calculating convolution. (2) The queue length distribution,
co(7), for the infinite buffer system may be used as the initial values in iterations. This achieves a

quick convergence.
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Appendix: Determination of X (z)

To determine the unknown function X(z), we first examine the relationship between X(z) and

A(z), the z-transform for the interarrival time distribution of GI-stream cells. If A(2) is a rational

function of z, it is written as
A(z) = Ar(z) + Aa(2),

where A;(z) is a polynomial function:

M .
Ay(z) = Zm; 2,
=1

and Ay(z) is the ratio of two polynomial functions:

L {
imz
A2(z) = [-[z:l_1 l wh?
nh:l (1 - ahZ)
where
H
th = L.
h=1 :

(A.1)

(A.2)

(A.3)

(A4)

The quantities 1/ay are the zeros of denominator in eq.(A.3) and wy, are the corresponding mul-

tiplicities. a(n), the density for the interarrival times of GI-stream cells, can be also divided into

two terms, a1(n) and az(n), where

where 7;; can be obtained by inverting A(2).

X(z) = 0_; a(m)z™ is also written as a sum of two functions X1(z) and X3(2).

X(2) = Xa(2) + Xa(2).
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The unknown sequence, z(m)(m > 1), in X(z) can be also written as a sum of two terms, z1(m)

and zz(m), where

z(m) = ial(m+k)6'k(0)
k=1

= Y Cr(0) M4k
k=1
a z*(m), 1<m<M-1, (A.8)

and

zo(m) = iag(m-}-k)ck(o)
- ick(O)Z' rin(m + k)™ itk

H wi-1l > wi—=1
= Z [Z Ce(0)af > (‘Z) k"‘”] mta*, m> 1. (A.9)

k=1 h=n

The z-transforms for z1(m) and z2(m) can be written as

M .
Xi(2) = Z z*(1) 2, (A.10)

i=1

_ Themr() |
Xy(2) = T (e (A.11)

X,(z) was derived by comparing eq.(A.9) and eq.(A.6). We now introduce the following functions:

M

P(z) =Y m; 2™ B(2)', (A.12)
=1
L

Q(z) = Y m 247 B(2), | (A.13)
=1
o ,4

I(z) = H (z — ap B(z))“", (A.14)
h=1
M-~-1 i )

X*(z)= Y *(i) B(z)' 2™, (A.15)

=1
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L
X*(z) =Y a™() B(z) 2. (A.16)
1=1

Using the above functions on eq.(A.1) and eq.(A.7), we can obtain the following equations:

2 M
FLENE CLOPEC B i
* zM—l % '
X(Biz)) = T=)X (jv)fj-ln(z) ad (Z) (A.18)

Substituting eqs.(A.17) and (A.18) into eq.(14), we finally obtain Cy(z) in terms of X*(z) and
X**(z) as

(z = 1)B(0) + I(2)X*(2) + 2M-1X**(z)
B(z)[2M-I(2) - TI(2)P(2) + 2MQ(2)]

Co(2) = (A.19)

The denominator in the above equation has M+ L~1 zeroes inside the unit disk of the complex plane
whenever the stochastic equilibrium condition is fulfilled. However, since Co(2) is a z-transform, it
cannot have any poles inside the unit disk. This implies that the A+ N —1 zeroes of the denominator
must be zeroes‘of the numerator of Eq.(A.19). Then, the unknown parameters z;(m)(1 < m <
M — 1) and z3(m)(1 £ m < L) can be determined with M + L — 2 linear equations with the
normalizing condition Co(1) = 1. This enables us to obtain Co(z) in Eq.(A.19) and Wp(2) in

Eq.(22).
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