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Worst-Case Traffic in a Tree Network
of ATM Multiplexers

José M. Barcel6, Jorge Garcia-Vidal, and Olga Cadaésnber, IEEE

Abstract—in this paper we study tree networks of discrete-time The models studied in this paper are of interest, for example,
queues loaded with periodic traffic sources. By using the so-called in the context of packet networks offering quality-of-service
Benes method, exact closed-form expressions are obtained for the (QoS) guarantees, as is the case of ATM networks. The con-

queue length distributions. The models developed can be used to - . . .
study the superposition of periodic sources emitting bursts of cells gestion control for real-time traffic in ATM networks is based

in ATM networks. The results obtained show the significant effect ON an open-loop mechanism. The steps taken for establishing a
that this kind of traffic can have on the performance of these sys- connection are (see [1]):

tems. 1) At the connection set-up stage the user and the network
Index Terms—ATM, Bene$ method, periodic traffic, tree net- negotiate a traffic contract. This contract specifies the
works, worst-case traffic. characteristics of the connection agreed on. At the public

user-network interface the traffic contract consists of the
selected ATM service categories (e.g., constant bit rate,
variable bit rate), the set of QoS parameters (e.g., cell
N THIS paper exact closed-form formulas are obtained for  transfer delay, cell loss ratio), the source traffic descriptor
the queue length distributions in a discrete-titestage (e.g., peak cell rate, sustainable cell rate), the cell delay
tree queueing network loaded with periodic traffic sources. This  y4riation tolerance, and the conformance definition.
kind of network is defined in the following way: We have a 2) The connection admission control (CAC) determines
number of discrete-time queues with service time equal to one  \yhether the new connection can be accepted in the net-
time-slot. These queues are grouped iffogroups or stages. work, given the load conditions and the QoS requested.
Each queue of a stage is fed &y the output traffic of any given  |f the new connection is accepted, it is policed by the user
number (which could be 0) of queues from the previous staggrameter control function in order to check whether the con-
as well as by a certain number (which could be 0) of externgéction is compliant with the traffic contract established at con-
traffic sourcesAll the input traffic in the network is routed to nection set-up.
the root queue, which occupies the first stage [see Fig. 2(a) fora \yell-known problem that arises with this congestion con-
an example of cass/ = 3]. _ _ trol scheme is caused by the tolerances to be introduced in the
Ref. [10] shows that only two configurations are relevant fQiser parameter control function. The simplest example is given
finding queue length distributions in this kind of network: casg the case of constant bit rate (CBR) connections: given a traffic
M = 1, which is for a single server queue with a constadyntract established for a CBR connection, there are different
service time, and cas®/ = 2, which is for a two-stage tree affic patterns which conform to the contract but which pro-
network. Once the solution for these cases is known, the soluti@ice different effects on network congestion. For instance, if
for the general cas#/ > 2 can be found solving systems withihe traffic contract declares particular values for peak cell rate
M =1landM = 2. (PCR) and cell delay variation tolerance (CDVT), the following

_ The traffic sources are periodic and independent. In one R different traffic patterns will comply with the traffic con-
riod the input traffic sources emit a burst of back-to-back clientgyct declared:

(cells in ATM terminology) of constant length equal to one time
slot. Burst lengths can be different for each traffic source, but
they all have a common peridg.

The results presented in this paper are in fact a generalizatio
of the results obtained in [13] for a case in which the periodic
input consists of bursts of back-to-back cells and for a case in
which the system consists of a tree network of queues.

. INTRODUCTION

1) A*“pure” CBR connection, i.e., atraffic pattern consisting
of a single ATM cell emitted periodically eactyPCR
time-slots.

n2) A worst-case traffic (WCT) pattern, i.e., a traffic pat-
tern consisting of periodic bursts bfcells emitted each
b/PCR slots, wheré is given by

CDVT x PCR
=1 [ 1—PCRW @
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effects on the queue length [12]. However, they are constructabability distribution function for the general case of a G/D/1
in a much more artificial way, and thus we consider that the agueueing system presented in [13].
verse network conditions which may arise due to tolerances inWe assume that we havé independent and periodic sources
the policing function can be studied better by using the prewif common period’. Sources can be classified imtgroups de-
ously defined WCT. pending on their burst length. Theith group hasV; sources
Another scenario which can lead to degraded network perfavith burst lengthb; and period?’. Using vector notatiolV =
mance will appear through the existence of correlations betwee¥, ..., Ny) andb = (by, ..., by). A stable system is as-
different connections. The models developed in this paper allewymed (i.e.(N - b/T) < 1).
the effect of these correlations to be studied in certain speciaFrom (25) in the Appendix the following expression for the
cases. More specifically, if certain sources emit periodic traffigueue length complementary probability distribution function
with the same period in different virtual channels (VCs) but syd€PDF) is obtained:
chronize the emission of these cells, there will again be periodic
traffic with arrivals in bursts. No2
Several articles have dealt with the case of multiplexing pe-Q(T’ N, b z) =P{Lo >z} = Z Z
riodic traffic in a single queue. Some of the techniques most =1 0smloN

0<n; <N;
commonly used have been the Bémeethod [13] and the ballot P{A®t) =t +z, L_, = 0, B(t) = n}
theorem [6]. In [12] there is a full description of the B&ne ’ ’ )
method. In [3] and [11] the superposition of CBR sources in @

a single queue is also studied. Refs. [7], [8] and [2] address thﬁ the following definiti q
multiplexing of traffic sources that deliver packets periodicallyv ere the .0 owing definitions are. used. o
according to an arbitrary i.i.d batch arrival process, known as ) “A(?) is the number of cell arrivals during interv@at, 0]
non-deterministic periodic traffic. Note that WCT is a particular  @ndL— is the queue length at time slet.
case of this class of process. These models are of interest, for ex?) B(t) = (Bi(?), ..., Bi(#)); Bi(?) being the number of
ample, in the context of the statistical multiplexing of trafficthat ~ Purst arrivals produced by grodgsources during the in-
arrives over access lines that may have lower capacity than the terval (—t, 0].
trunk and are solved through the introduction of a discrete-time 3) n = (n1, e nr)andl = (1, e _1)'
Markov chain. In [2] a more complete reference list of papers onNOte thatA(#) includes the cells originated by bursts that
the topic is given. To our knowledge the case of several queii@rted during—(#+b;), —t]. Howeverifaburstis active during
in discrete-time with periodic traffic has not previously beefime slot—¢ the queue cannot be empty at time stot. Let
addressed. Ref. [9] gives an expression for the average qu§&lefineA(t) as the number of cell arrivals during an interval
length in a tree network loaded with Poisson traffic. (—t, 0] that are orlglngted by bursts that start during the same

When the sources do not have the same period it seems td§g"val It can be easily seen that the two eveput(t) = ¢ +
much more difficult to obtain an exact solution. For the case L—t =0, B(t) =n}and{A(#) =t+=, L, =0, B() =
of a single queue, [13] gives upper and lower bounds of the are identical, and thus
gueue length probability distribution function. The techniques
described in [7], [8] and [2] can be used to solve this case, al- Q(T, N, b, z)
though with an increasing numerical complexity. The general = P{Lo > =}
case of a network of queues in discrete time in which a tree N-b—
topology is notimposed also seems a much more difficult matter = Z Z At, t+x, n)L(t, n)B(t, n)
to approach. =1 0<n-1<N

The paper is organized as follows: Section Il gives exact Nebs Oiz”ém .
closed-form expressions for the queue length distribution of
a single queue system; Section Ill examines the two-stage Z Z A(t, t+x, n)L(t, n)B(t, n)
system and Section IV studies the extension to ifiestage =hom=0 =0

system; Section V provides some numerical examples, and last, (3)
Section VI gives the conclusions. where
1) A(t, m,n) = P{A(t) =m|L_+ =0, B(t) = n};
Il. MULTIPLEXING PERIODIC SOURCES INSINGLE QUEUE 2) L(t,n) = P{L_, = 0|B(t) = n};

3) B(t, n) = P{B(t) = n).

In this section the so-called Behenethod is used to obtain . . . . .
As explained in the Appendix, the previous formula is for an
an exact and closed-form formula for the queue length proba-

bility distribution function of a multiplexer with a service timeaUXIIIary queue system in which bursts that startfiot —7

) o .. “are switched off [this is the reason whi(t) is used instead
equal to one time slot loaded withi independent and periodic of A(#)]. Note that the queue length distributions for= 0

sources, Departures are considered to take precedence ovey dhe original system and in the auxiliary system are identical.

: . i T |
nvgls (|.e_., first comes_the service (if any}, then there are the Céh)wever, this imot the case for the queue length distributions
arrivals (if any), and finally the system is observed). To ma €t <0
the paper more complete, the Appendix includes the derivation, '

using the Ben& method, of the expression of the queue length!P{A(t) =t + 2} = 0ift > N . b — .
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Inthe remainder of this section exact expressions are obtainedfrom the above we obtain
for each of the terms appearing in the above formula. 4
When the period” and the number of source$ becomes i(t, m, n)
(1 o
oy (m)

larger the calculation complexity for evaluating the above for- fo<t<b,n<N

509

mula also increasesin this case the behavior of the system can ¢
be approximated by that of a multiplexer loaded with a source " (f = by 4+ 1)
which emits bursts of lengttis. The number of clas&h bursts > <1> ;n

which start during a particular time interval is given by Poisson

distribution of parameteX; (A = (A1, ..., A7), (N/T) — A).

=0

This systemis referred to as a “Poisson approximation.” The ex- _ i

pression for the CDPF function of the queue length is now

Q(A, b, ) =P{Ly > x}

:Z Z Z Alt, t+z, n)

t=1 n1=0 ny=0

- L(t, n)B(t, n). 4

A. TermA(t, t + z, n)
With independent sources we can expraés ¢ + z, n) as

Alt,t+z,n) =

T

mi+---4+mr=t+z =1

whereA,(t, m, n) is defined as

Ai(t, m, n) = P{A;(t) =m|L_y =0, By(t) =n}. (6)

Let us defineq,;(y, t) as the probability of aingle class:
source which begins its active period during intergak, 0]
emittingj cells during this intervall{ < ¢ < 7"and0 < j < b;).
The expression af; (j, t) can readily be obtained as

1) If j < b; andt > j thena;(j, t) = (1/1).

2) |fJ = b, andt > b; thenai(bi, t) = (t —b; + 1)/t

3) a;(4, t) = 0 otherwise.

To obtain an expression for the tee#y(t, m, »n) two regions
depending on the value ¢fare considered, as follows:

SLNN (£ — b+ 1)
Z n t]\‘rg

S\ J

T m = by T b <t<T,n=N;

L 0 otherwise

()

where functionu.(y) = 1 in the interval[l, ¢] andu.(y) = 0
otherwisez.™ (y) denotes the fold discrete-time convolution
of u.(y) . A simple expression fonz((;")(y) is (see [4], [5])

L(y=n/e)] N
> ()

if n>0andy=mn, ...

w™ (y) =

®)

uff”)(y) = 0 for other values ofy. Forn = 0 we define
ul” (y) = 6(y — ¢), whereéd(y) is the unitary discrete-time
Dirac function.

In the case of Poisson approximation, the above expression
continues to be valid, although in this case only the first two
conditions can be fulfilled.

, NC

B. TermL(¢, n)

To obtain an expression fak(t, n) arguments similar to
those used to solve th& - D/D/1 queueing system [12],
[13] are applied: evenfl._, = 0|B(t) = n} is for a situation
in which an auxiliary queue loaded witteriodic arrivals of
period7—t is empty at time—¢. The arrivals at the aforemen-
tioned auxiliary queue consist df; — n; independent bursts
of b; cells fori = 1, ..., I evenly distributed over the period

1) Region I:If ¢ < b;, all the bursts will partly contribute (—(7" — t), 0].
to the next period. The probability distribution for the When(N —n) - b > 1" — t this auxiliary queue is unstable,

number of cells produced by class: sources con-

tributing in (—¢, 0] is given by then fold convolution of
function a;(j, t), al™ (4, t).

and thus the probability of having an empty queue is 0. On the
other hand, if the auxiliary queue is stable, and sin¢ds an
arbitrary instant with respect to the periodic arrival process of

2) Region Il If b; < ¢ < T, bursts that become activethe auxiliary queueL(t, n) can be found using the familiat -

in (=T, —(b; — 1)] will contribute with all their cells,

whereas bursts that become activé (b, — 1), 0] will
contribute only partially.

Note that if 7" — b, < t < T, the arrival of a burst
during (=7, —t] would not produce a zero queue length Note that termd
at time —¢. Every source must therefore initiate its bur

during (—¢, 0].

p" expression for the probability of an empty queue, arriving to

(N—mn)-b

L(t,n):{l_ o (N —m)-b< Tt
0

otherwise.
(t, t+x, n)isnonzeroonlyifn-b> t+=x

9)

Shind that this condition implie€V —n) - b < T — ¢. Hence,

productA(¢, ¢t + x, n)L(¢, n) vanishes ifn - b < ¢ + x.

2For example, using an 02 Silicon Graphics computer with OS IRIX Release IN the case of the Poisson approximation

G.3 IP32 the computation time f@ = 1000,b = 8 and N = 50 the CPU
time is well below 30 s. If we také&" = 100, CPU time is around 500 s.

L{t,n)=1-A-b. (10)
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N We will have
Queue 1
{L°, =0, A°(t) =t +x}
N — Qﬁ _ 70 _ 1 O ¢ _
Queneo =L =0 Loy =00y Loy =0,
(Root queue) Ao(t) =t+4+ a:}
: — Defining
Quene K 1) B(t) = (B(t), ..., BY(t)) whereB?(t) is the number
of burst arrivals produced by the classources that di-
NK —— Qf rectly feed the root queue during an interyak, 0;
2) B¥(t) = (B¥(1), ..., BY(t)) whereB! (t) is the number
Fig. 1. Two-stage tree network. of burst arrivals produced by the classources that di-
rectly feed queué: (¢ = 1, ..., K) during an interval
C. TermB(t, n) (=(+1), -1];

3) A(t,m,n°, ..., nK) = P{A°(t) = m|L°,

Since the sources are independent, té(h n) can be cal- 0, B°(t) = n9, L’i(tﬂ) — 0, B*t) = n*, k =

culated as

o K
4)L(t nl ..., )—P{L_t_OL(tH)_O k=
T Iy N, —n, k k
AWEAY ARG KB()I  k=0,..., K},
B(t, n) = H <n) <T) : <1 - T) O B(t n, ... .nK) = P{B%t) = n%, ..., BX(t) =
=1 ,an}’
The Poisson approximation would lead to the expression for the queue length CPDF at the root queue will
be
; ZkK— N*b—=»
—A; t =0
= t=1 0<n®1<N®  g<pkqon
0<nf <N 0<nf <N
[ll. TwoO-STAGE TREE NETWORK At t+ 2,0 e L a0, L ek
In this section the multiplexing of periodic sources in two- -B(t,n%, ..., nk). (13)

stage tree networks (i.84 = 2) is studied. (See Fig. 1.) As in

the subsection above, each source is periodic and emits a corln the rest of the section the expressions for each of these
stant number of back-to-back cells, remaining silent for the réstms will be determined. The calculation complexity of the
of the period. We consider poolirfg buffers into a single queue, above formula is considerable. This can be reduced if we re-
the root queue, numbered as queue 0. Each queue has a constegt ourselves to the case in which the sources which directly

service time of one time slot. feed one same queue of the network have the same burst length,
The kth queue § = 0...K) receives traffic fromN* though the burst lengths for sources which feed different queues
sources. Each of theseV¥ belongs to one of thd source may be different. In this case we do not need to use a vector
classes. We defin&* = (NF, ..., NK), whereN* denotes notation, since for théith queue the terms of vectav® =
the number of classsources that directly feed tfigh queue. (N, ..., N}) will all be zero except, possibly, for one single
Stability is assumed at each queue of the tree N&.b < T value ofi. The above formula would therefore be simplified as
fork=0,..., KandY ., N* . b < T. follows:
We can apply (25) for the root queue, taking into account that Kk
A°(#) includes cells that arrive directly to the root queue and Doy N2 0 NE
cells that come from the second-stage queues. For the condmgr{Lo > )= Z Z Z
L%, = 0 to be true, bursts that directly feed the root queue nO—O n¥=0 ’
cannot be active at timet. Also the second-stage queues have 'A(t, t+x,n’ ., n )Lt 0% )
to be empty at time-(¢ + 1) (i.e. L’i(tﬂ) =0k > 0)4 CB(t, 1% ..., %) (14)

This last condition also implies that bursts that feed the second-

stage queues cannot be active at tin{e+ 1). Let A°(¢) be the In any event, like the case for a single queue, the calculation
number of cell arrivals to the root queue during interfrat, 0] ~ complexity involved with largel” periods can be reduced by
that are originated by either: 1) bursts that directly feed rousing a Poisson approximation, defined similarly to the one in
queue and become active durifigt, 0]; or 2) bursts that feed section above.

second-stage queues and become active dgrig+ 1), —1].

A. TermA(t, t +z, n°, ..., nK)
3We use superscript for the queue number and subscript for the source class.

4A nonempty second stage queue at tise + 1) would imply a cell depar- I Order to obtain an expression for this term the following
ture from this queue at time+ and then necessariy® , > 0. notation is introduced:
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1) A*(¢) is the number of cells that arrive at the rootind at whichN batches of lengtld arrive during the interval
queue from thekth queue during the interval—¢, 0] (-7, 0]. The expression fo@gatc’L(T N,b z)is

(k = 1,---, K) and were originated by bursts that T 1 N +
became active during—(t 4 1), —1]. Plly>ab=3 Y - Z <1 B ) b)
2) A(t) is the number of cells that arrive at the root queue o1 o

from the sources that directly feed this queue during the

i e tn-l(T _ t)(l\'—n) 1 1 N
interval(—t, 0] and were originated by bursts that became S(t+z—mn-b) I H < z)_
active during the same time period. ™ im0 \T%
3) Ako(}iv m, nk)k = P{Ako(t) = m|L’i(t+l) = (17)
0, B¥(t) = n"}. = ; P :
’ or the case of Poisson approximation the expressions for
4) Aoi(t’ m, n?) = P{A®(t) = m|L2, = 0, B°(t) = A%(t, m, n®) and A*(t, m, n*) would not change.
n .
TermA(t, t+z, n°, ..., n®) will be obtained by means of B. TermL(z, n?, ..., nf)
the convolution of the terma*®(¢, m, n*) (k =0, ..., K): The eventL?, = 0 implies the eventd* , = 0,k =
0 X , K. Hence
At t
Gttt nt,.m ) L(t,no,...,nK):P{L(it:O|Bk(t):nk,k:O,...,K}
= Z H Ako(t, mk, nk) (15) . . . (18)

To obtain an expression for this term, a property proved in
[10] is used. According to this property, the busy and idle pe-
riods of the root queue are the same as those of an equivalent
queue loaded directly with the traffic sources of the network
(see next section). Note that thanks to this key property, we do
not need to know the exact output process of the second-stage
queues to solve the system. Consequently, we consider an equiv-
alent single-queue and use the same reasoning as was applied in
the above section, to obtain

mOo+--+mE=t+z k=0

Terms  A%(t, m,n®) and  A*(t, m, nF): Term
A%t m, n%) is defined in the same way as terat, m, n)
in the section above. The expression for the teit¥(t, m, n®)
is thus given by (5), substitutiny® for N.

To calculate termi*°(¢, m, n¥) we take into account the fact
that, since the conditioning event forces t#th second-stage
gueue to be empty at time(z + 1), the number of cells that ar-

rive to the root queue frorhth queue is the same as the numbdir(t, n°, ..., n¥)
of cell departures during the time intenat (¢ + 1), —1] in a K
queue which is empty at time (¢ + 1) and at whichn? in- Z(Nk —nF) b
dependent cell batches of sigg uniformly distributed, arrive ~ _ } ; _ k=0 if Z ko
during this time interval. Note that in this equivalent queueing
system we haveatcharrivals and noburstarrivals. However,
in both cases the output process of the queue is the same. Note 0 otherwise.
also that we have a transient system which can be potentially (19)
unstable. However, as explained in the Appendix, this systemNote that termA(t, t + x, n°, ..., n¥) is nonzero only
can be studied by using the Bé&nfermulation with only slight if Zl‘ . b* < t + z and that this condition implies
variations. E (N’“ —nk). < T — ¢
If in this equivalent systerm* - b cells arrive andn cells are Hence producﬂ(t t+az, 0, .. nfOLEt 00, ... nk)
emitted, at time instant = —1 there will be either a queue of yanishes ntzk o nF bE st + .
lengthn® -b—m + 1 (in casen® - b > m), or a queue of length  The Poisson approximation will be
0 or 1 (in case* - b = m). Hence X
0 K k
Ry Lit,n®, ... n ):1—Z_:A -b. (20)
(1 if m=0andnk =0
0 ifm=0andn*#0 C. TermB(t, n°, ..., nX)
0 it m > 0andn®-b<m Since the sources are independent, tét, n°, ..., nK)
1— Qb (t, n* b, 1) can be calculated as
= if m > 0andn®.-b=m (16) n¥ ; Nk _nk
B(t —) |1-= .
Qb (t, nk b, n¥ - b—m) G kl_IO 71_[1 < ) < ) < T)
(21)
—Qbath(t mF b, k- b—m+1) For the case of Poisson approximation we would have
\ if m > 0andn®*.-b>m K T Baynk
B(t, n° nk) = H e_)‘h—()\i 2l (22)
whereQ4*“*(T’, N, b, ) is the queue length CPDF at time O oy Pabriester nkt -

of a single queue that starts with a zero queue length at-iffie
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IV. M-STAGE TREE NETWORK N°

Queue 3 N
Once the two-stage system is solved, the results can be gene 3 Quene 1
alized for anM -stage tree network. We make use of a property — Q_L. Queue 0
of rooted tree networks with discrete-time single-server queue: Quene 4

with unit service time proved by Morrison in [10]. Morrison ~¢
showed that such networks may be replaced by a single queu — Q Queue 2
N2 —»

(Root queue)

with prescribed input, which has the same output as the queu
at the root of the tree. The input traffic of this equivalent system
consists of the traffic sources of the network delayed by a con
stant number of time slots equal to the number of stages the @
have to cross in order to arrive at the root queue. N?

In a tree network withd/ stages, the second-stage queues
are also root queues of tree sub-networks (@ith- 1 stages).
We can apply the property proved by Morrison and replace the N —»
sub-networks which have second-stage queues as roots with N T
their equivalent single-queue systems. Hence, in order to ana-
lyze the queue length distribution at the root queue, we can build Quene 2
an equivalent network with two stages. Note that in the case of
periodic and independent sources the constant delay introduced
in the sources of the equivalent two-stage network does not af-
fect the final result.

For instance, let us consider the three-stage network showrrif) 2. (a) Example of a three-stage tree network. (b) Equivalent network.
Fig. 2(a). Queue number 1 is the root queue of a two-stage tfsgrcesV?® andN* are delayed by 1 time-slot.
network which consists of queues 1, 3, and 4. We can replare

Queue 1

Queue 0
(Root queue)

@

N2 —»

(b)

Queue 1
this two-stage sub-network with a single queue which has tN — I I Q Queued
same output process. This single queue is felWby N® 4+ N* N — (Root queue)
sources, [see Fig. 2(b)]. TheV® and N* sources that feed .

O

(@) :

gueues 3and 4 are, in the single queue system, delayed by 11
slot. This equivalent two-stage network can be used to obt:

ey

the queue length distribution at the root queue of the three-st: N
network. ®)
In conclusion, the analysis of a discrete-time tree network Quenez N ouene1 ™ (R%:f‘;flgue)
with M stages can be reduced to the analysis of equivalent sys- 2 T,
tems withA/ = 1 andM = 2. - I Q—’ I Q—’
V. NUMERICAL RESULTS ©

In this ;ectlon the m_od_els developed_a_bove are used to AS 3. (a) Single queue system. (b) Two-stage multiqueue system. (c)
sess the impact of periodic sources emitting bursts of cells fAree-queue tandem system.
the context of ATM network congestion control. Three different

scenarios are studied: a single queue system, a two-stage midkigth distribution are almost linear with. This can be seen
queue system and a tandem queueing system (see Fig. 3). more clearly in Fig. 5, which shows the~¢, 10~8, and10~1°

guantiles of queue length CPDF for the previous experiment.
A. Single Queue System The maximum queue length values are also given.

The first of these scenarios to be studied consists of a singld™19- 6 shows a related effect of the existence of WCT on the
queue system loaded with CBR and WCT sources with ngtwork performance, indicating the maximum load values en-
common period’’.s We are mainly concerned with the impac@Pling a10=° quantile of the queue length CPDF of 14 cells
that WCT traffic has on queue length distributions. to be obtained. The multiplexer is loaded with WCT sources

Fig. 4 shows the queue length distribution for a single quelf$f different values ob. Two curves were obtained, one for the
loaded withV = 8 sources of the same class for different valug&se in whictl” = b x 50 and another fof” = b x 100. We can
of burstlengtb. In all the case<]” = b x 10 time-slots, meaning Cléarly see how the admissible load quickly drops as the value
that the load is constant and equal to 0.8. The curves confifth? rises.

an important fact observed in [11fhe quantiles for the queue tiS interesting to compare these results with the ones shown
in [7], [8] and [2]. In the case of WCT, when the peridd
v15Vector notation is used here. For examplé means that queue 1 is fed by jg increased, the gqueue Iength tail also increases (Fig. 4)_ For
NN sources of class 1, etc. , , o _the more general case of non-deterministic periodic traffic
6Recall that a CBR source was defined as one which periodically emits_a diff be disti ished. Wh h
single cell, whereas a WCT is one which periodically emitsick-to-back cells sources, two difierent cases can be distinguishea. en the

in a burst. offered traffic in a period” is always smaller thafi’ the same
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Fig. 5. 10=5,10—% and10—1° quantiles of the CPDF. The maximum queueFig. 7. CPDF for a single queue: heterogeneous traffic gase0.8, . 7' =
length is also shown. Same traffic conditions as in Fig. 4. 100,b, = 10 andb; = 1.

100 T T

behavior is observed (WCT is a particular example of this clas
of process). However, when the offered load during a perio
can be greater thdh, the queue length tail can be reduced a % i
the period?l” increases.

In the above examples, homogeneous traffic conditions a
assumed, i.e., there afé identical traffic sources. However, it
is useful to study the situation in which not every source in thz
network behaves like a WCT source. Fig. 7 shows the influen
of the percentage of WCT sources on the network performanc
We show the queue length CPDF when we multipexWCT
sources, with a burst length éf = 10 cells, with No CBR
sources withby, = 1. Every source is considered to have the )
same periodl’ = 100 time slots, and the queue load is kept 1 2 3 4 5 6 7 8
equal to 0.8]t is once more seen that the quantiles of queuc Ny (number of WCTs sources)
length CPDF increase linearly with the proportion of WCT. Fig. 8. 10—° quantiles of the CPDF for different values f. Same traffic

This linear increase in the queue length quantiles as a functi@aditions as in Fig. 7, except for the fact that several values,oéndb, are
of b, and the percentage of WCT in the input traffic is furtheysed for the WCT.

illustrated in Fig. 8. This figure shows tHé—¢ quantiles of the

queue length. The load conditions are the same as in the previouShe models developed in this paper enable the effect of cor-
figure, except for the fact that this time several valueg,cdre relations between traffic sources to be studied in certain spe-
used for the WCT. Note that the curve slopes are dependentizl cases. For example, we may assume a statistical multiplexer
the value ofp;. which receives traffic fromV CBR sources of period’. If the

(cells)

Size
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Fig. 10. 10~1° quantiles of the queue length CPDF in the root queue versus
b. Two stagesp = 0.8 andT = b x 15. 10~ 1° quantiles of the queue length
CPDF for a single queue loaded with twelve sources is also shown.

Fig. 9. Effect of synchronized sources on the queue length.

sources are independent the buffer occupation can be obtained 100
by using anN - D/D/1 model. Nevertheless, iV, sources
synchronize the emission of cells (form example, a termini
emits—whether intentionally or not—in a synchronized way ir 80
Ny VCs) the multiplexer would receive the traffic froM —
N, independent CBR sources, superimposed with the periocg
emission ofV; cells arriving in a burst.
In Fig. 9 we can observe the effect of this synchronization fc*
N = 40,7 = 50 and N = 80 and?Z’ = 100, and different
values of ;. The quantiles fod0=¢, 10=% and 10~1° of the
gueue length CPDF are shown, as well as the maximum valu 20
of said queue length. The existence of these correlations can
seen to have a great impact on the quantiles of queue leng
In this example a maximum for a value &% roughly equal to | 2 3 4 5 6 7 8 9 10
N/8 is reached. b

(AN ENS IS
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27227z

size (cells)
Z2z227Z

Buffer
£

) Fig. 11. Sum of thel0—1° quantiles of the queue length CPDF of the two
B. Two-Stage Multiqgueue System queues of the second-stage versuSame traffic conditions as in Fig. 10.

The second scenario to be studied is a two-stage multiqueue
system loaded with a single class traffic sources [see Fig. 3(§jyeues 1 and 2 gives, ,, + L3, = (N' + N? =2) xb+2 =

First, we will suppose that the second stage has two queue¥,— 2) X b+2, i.e., we can approximate the sum of maximum
which receive traffic fromV! and N2 WCT sources of burst dueue lengths by the maximum queue length of a single queue
length b cells and period’ = b x 15. The root queue doesWhich multiplex the aggregate traffic.
not receive direct traffic from external sources. Fig. 10 shows Fig. 12 shows the queue length CPDF in the root queue when
the 10~0 quantiles of the CPDF of the root queue length astBe second stage has = 2, 3, 4, 12 queues. The total load is
function of b for different values ofV! and N2. We maintain ¢ = 0.8 andb = 6. The period of the sourcess= 90 and the
N' 4+ N? = 12. For comparison purposes, the buffer size for @ad is balanced over thg queues (i.e., we ha* = (12/K)
single queue loaded with twelve WCT sources is also shownsources in each queue= 1, ..., K). As would be expected,

It is seen that the greatest quantiles are obtained for the §i¢ quantiles become greater as fkievalue rises. The worst
uation of balanced loads (e.gV! = N?2). A possible expla- results are obtained fdk' = 12, equivalent to the situation in
nation for this is the fo”owing: the |arger gueue |ength will apWthh the 12 sources feed the root queue directly. However, itis
pear when we have two simultaneous large busy periods in petpserved that as soon &Sexceeds 3 there are few differences
second-stage queues. Balanced configurations make more likBl{he results obtained.
this situation to happen. Fig. 11 shows the sum of the quan- _
tiles of queue length for both queues in the second stage. e Tandem Queueing System
can see an interesting fact: This sum remains almost constanthe third and last scenario consists of a tandem queueing
for any pair of V! and N? values and is almost the same asystem with several stages [see Fig. 3(c)]. The queue for the
the buffer size obtained for a single queue loaded with tweltleird stage, numbered as queue 2, receives direct traffic from
sources (see Fig. 10). Note that the maximum queue length fa¥3 sources. The queue of the second stage, numbered as queue
single queue loaded witN sources of burst lengthis given by 1, receives traffic fromV! sources, in addition to the output
Lyax = (N —1) xb+1. The sum of maximum queue length fortraffic from queue 2. The root queue receives direct traffic from
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b0 ' ' ' k= N~ —— ] the results obtained in this paper constitute a possible channel
le-01 [ E:i gi;‘ T for allowing approximate results to be obtained for these more
te.02 b K=12 N's[ = 1 general situations.
] The models developed were of use for studying several
- 1e-03 F 7 phenomena which may arise in packet networks which support
LAT le-04 | ] real-time services, as is the case of ATM networks. The results
T jeosh ] clearly show the adverse effects that the presence of WCT
= I ] may have on network performance, even when only a limited
le-06 £ 1  proportion of the traffic presents this anomalous behavior.
1e-07 F 1 In addition, they reveal the adverse effects that appear when
Je08 L 1 several traffic sources are synchronized. In both cases, these
L | effects are considerable not only when we have a single
le-09 " ” o w0 o o ~»  Multiplexing stage but also (although mitigated to some extent)

in multistage configurations.

Several mechanisms (e.g., shapers) have been proposed that
Fig. 12.  Queue length distribution for 2, 3, 4, 12 queues in the second staggre able to solve these potential problems. Logically, these
mechanisms involve an additional cost. We believe that the
results given here may be useful for assessing the suitability or
R oo S— otherwise of introducing these mechanisms into ATM traffic
g0 | Quewe) 4 control.

1 (cell slots)

100 T T T T T T T T

APPENDIX
BENESMETHOD APPLIED TO THETIME-SLOTTED G/D/1 QUEUE

Buffer Size

Let us consider a discrete-time multiplexer with a service time
equal to one time-slot. Slot 0 is taken as being an arbitrary time
slot. The Beng formula is based on the observation that event
{Ly > z} can be partitioned into disjoint evenfsi(¢) = ¢ +
z, L, = 0} fort > 1 (see [13] for a proof of this):

40 b -

1 ’ ’ ) Burs51 Length6 (b) ’ ’ ’ : U{A(t) = t + .’L’, L_t = 0} = {LO > .T}
t=1 (23)
Fig. 13. Bulffer size in queues 0, 1, and 2 as a functioh &uffer size in the {A(t) =t+az, L= 0}0

case of a single multiplexer loaded directly with the WCT sources is also shown. {AtY =t +z, L.y =0} =0fort £ ¢

By applying the total probability formula the following ex-

N° sources in addition to the output traffic from queue 1. Aly!)ression forP{Lo > =} can be obtained:

the sources have the same period

First of all we shall study the case in which all the sources >
emit with the same burst length N2 = 2, N1 = 3 andN° = P{Lo >z} = Z P{A{t) =t+=z, L =0}  (24)
3. Fig. 13 shows the quantile for the CPDF queue length in the t=1
three queues for different values &fin all the cases we kept  |f the system is periodic and stable [12], [13], the queue is
T = b x 10. Fig. 13 also shows the)~* quantiles for the case empty at least in some slot in every period and switching off
of a single multiplexer loaded directly with 8 sources of similathe cell arrivals forr < —7° does not modify the queue length
characteristics (i.elN' = N? = 0 and N = 8). The effect of at timet = 0 [Fig. 14(a) and (b)]. For this modified system
the WCT in the multi-stage system can be seen to be mitigatqu(t +a)=t+x L ,=0}=0fort > T and hence the
to a certain extent for the root queue. sum in (24) can be truncated, which leads to

T
VI. CONCLUSIONS P{Lo>z} = Z PLA(t) =t + 2, L_, = 0} (25)
t=1

In this article the Berfemethod has been applied to studying

the multiplexing of periodic sources in statistical multiplexers In the particular model considered in this paper, in which we

connected in a tree network. Exact closed-form expressiqrgs : : O
were obtained ave burst arrivals, we can also switch off the cells arriving in

There are two possible generalizations to the models studi HT’ 0] but that are originated by bursts that start af —T

The first consists in eliminating the restriction that all th >ee Fig. 14(c)l. The reason is that the first empty slot in the

: eriod necessarily comes only after these bursts have ended, and

sources should share the same period. The second more )

; : L . . consequently they do not have influence on the queue length

interesting one consists in not imposing a tree topology for .. ) . . ;
. : : . at timet = 0. Throughout this paper we consider this arrival

connecting multiplexers. In both cases it seems difficult to be

able to obtain exact solutions. Nevertheless, our opinion is thatA(t) and L, are defined in Section I1.
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