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Abstract,' In this contribution wefocus on the cell queueing 
delay on reference connections in an ATM network. Based 
on the definition of a background traffic the cell waiting 
time performances in the queues are considered. A method 
for estimating the statistical parameters of the transfer delay 
time is developed. This method combines simulation and 
analytical techniques. 

1. INTRODUCI10N 

Asynchronous Transfer Mode (A TM) is a switching 
mechanism which has been suggested for IBCN. The 
principle characteristics of Asynchronous Transfer Mode 
(A TM) networks are that they can absorb bit rate variations 
so that links are suited to cell traffic generated by variable 
rate sources and that they can offer a high efficiencies 
because numerous statistically independent, encoded, 
variable bit rate sources can statistically share network 
resources. One cell consists of 48 bytes information field 
and 5 bytes header field as proposed by CCITT . The 
header contains a Virtual Connection Identifier (VCI), a 
Virtual Path Identifier (VPI), service type indicator, some 
bits not assigned yet and control bits. Cells are transmitted 
in slots of 53 bytes. In A TM slots are either occupied by 
cells from a source, by signalling and maintenance cells or 
they are empty. It is assumed that the maximal traffic of 
signalling and maintenance cells together does not exceed 
10% of the total traffic. The total traffic on an ATM link is 
limited to a value well below 100% by performance 
constraints e.g. end-to-end delay and cell loss probability. 

An accurate prediction of cell arrival is essential for the 
modelling of the cell waiting time in the queues of the A TM 
exchange. The arrival process of cells in an meN is a 
complex mix of quite different services, where cells are 
correlated to each other. The well known approach of 
modelling arrivals with renewal processes will be 
disregarded since they cannot include correlations. Since in 
the future mCN a wide class of correlated services will be 
transported, e.g. video, HDTV a.s.o., it is required to pay 
attention to the description of the correlation of the cell 
arrival law. Traffic models which describe ATM sources 
and ~fic in general are presented in [1]. These models 
have the advantage that they are able to describe entirely the 
correlation of the cell stream. 

The queueing delays in two consecutive buffers are 
dependent to each other. This enables that the so called 
"convolution approach" (independence of these queueing 
delays) for the end-to-end delay is too restrictive. Hence the 
problem of the end-to-end delay is not resolved when 
knowing the probability density function of the number of 
cells in the queue. Nevertheless this 0/0/1 problem is 
obviously part of the "end-to-end problem". A lot of effort 
has been spent to solve queueing problems eg [2] and [3]. 

2. MODELLING ASSUMPTIONS 

In order to send cells tllmugh the A TM network, a logical 
connection will be established before any cells are sent. All 
cells of the same communication are transmitted in this 
virtual connection. Each connection in the A TM network 
consists of a chain of M buffers. Hence we will model the 
end-to-end delay as a chain of M queues. Each one has 
fixed service time (53 bytes 1 bit rate). It is commonly 
assumed that only queueing delay is relevant in an ATM 
node. In each switching element cells are stored and 
forwarded in a First Come First Served (FCFS) mode. The 
number of cells in the queue is proportional to the queueing 
delay in time in a node. Within this paper we consider 
throughout as random variable the number of cells stored in 
the queue. The schematic of the end-to-end queueing delay 
modelling is shown in figure 1. 

Figure 1 : Schematic of the end-to-end queueing 
delay modelling 

The traffic !:lA is the Traffic Under Test (TUT). Its 
queueing delay in the buffer chain will finally be calculated. 
The delay of the TUT depends on the Background Traffics 

(BT) AI'" AM . Each BT is a complex mix of quite 
different services. It consists of all services passing the 
buffer i except the TUT. That means it consists of the 
multiplex of traffics arriving on all the inlets. The modelling 
of the BT is a difficult task. Measurements on a Token 
Ring [4] give a first idea for the BT's characteristics. There 
it is shown that: 
(i) : he coefficient of variation of the interarrival 

times is far from unity 
(ii) : there are several types of interarrival times 
(ill) : the interarrival times are correlated 

Point (i) yields that the BT is not a Poisson Process (for the 
discrete case not a Bernoulli Process). Point (ill) yields that 
renewal processes should be disregarded since they cannot 
include correlation. In [1] a 'method using digital filter 
theory is developed which allows the characterisation of the 
BT taking into account points (i), (ii) and (ill). A method of 
how to fit measurement data to this model is developed in 
[9]. Knowing the characteristic of the BT the queueing 
delay in one buffer for BT cells can be calculated or 
simulated. Standard statistic values for this delay cannot be 
given since the delay performances depend strongly on the 
A.utocorrelation Function (ACF) of the BT. The ACF 
characterizes the cell arrival time series. This function 
shows the relationship of an element of a time series, say ~, 
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with a previous element, say lj _ k' The covariance between 
lj and lj _ k normalized by the variance of t gives the ACF at 
lag k. The ACF always lies between -1 and +1. A negative 
ACF implies an inverse relationship, i.e. when lj _ k goes 
up, lj is expected to go down, and when lj _ k goes down, 
lj is expected to go up. A positive ACF implies a direct 
relationship, i.e., if lj _ k is high, lj is also expected to be 
high. A zero ACF indicates no relationship, or statistical 
independence. 
In a "real world network" the different BTs (Ai and Aj 
i ~ j) are correlated to each other (cross correlation). An 
adequate change of the each BT generator presents a BT 
traffic to the queue such that the BT generator takes into 
account even the cross correlation. Hence without loss of 
generality we consider the BTs as uncorrelated to each 
other. 

To show the effects mentioned under (i), (ii) and (Hi), 
end-to-end simulations in a queueing network have been 
conducted. The results show the phenomenon of end-to
end delay. They are presented and commented in the next 
section. 

3. TIlE END-TO-END CHARACfERISTICS 

A flexible software has been developed in order to simulate 
end-to-end performances. The basic element consists of n x 
n switching blocks (n inlets and n outlets). Each output of 
the switching block is connected to a buffer (output 
buffering). The switching block is considered to be 
transparent in time. With these switching blocks it becomes 
possible to built a whole network. A statistic module allows 
the interpretation of the simulated end-to-end delay. A more 
detailed description of this software is given in [5]. 
In the following we treat the end-to-end queueing delay 
phenomenon for M=2. Each BT (A 1 and A 2) is a 
superposition of seven A TM traffic streams. Both BTs are 

TUT BT A EN1 
exp.1 1geomJ 
p=O p = 0.085 
Q=l Q = 0.915 0.595 0.364 
exp.2 Tcorr.} 
p=O p = 0.03 
0= 1 a = 0.32 0.6 1.821 

EN2 

0.376 

1.811 

chosen equal. Each of them is modelled by a two state 
Markov chain with transition probabilities p and q between 
the states 0 and 1. The 0 indicates slot not assigned (empty 
cell) and 1 indicates slot assigned (an ATM cell is 
transported within this slot). The TUT AA is modelled as 
well by a two state Markov chain with parameters P and Q. 
An overview on the two state Markov chain is presented in 
the Appendix of this contribution. In table I the results of 
the conducted simulations are shown. 
In the following the number of cells in the queue i is 
abbreviated by : 
Ni if only BT is applied to the ith queue. 
Ni if BT and TUT are applied to the ith queue. 

Interpretation of these two experiments exp.I and exp2. 

Experiment I : It shows that the TUT is zero and the BTs 
are geometrically distributed (p+q=I). Hence the queueing 
processes in the two buffers are independent of each other. 
Apart from statistical fluctuations during the simulation the 
results E[Nl+N2] and Var[Nl+N2] are coherent with 
what we expected, namely ENl + EN2= E[Nl+N2] and 
YarN 1 + VarN2 = Var[N 1 +N2]' 
Experiment 2 : The TUT is zero. In comparison to 
experiment 1 each input of the BT is charged by a 
correlated (bursty) traffic, therefore the number of cells in 
the queue is much higher than for geometrical BT. Apart 
from statistical fluctuations during the simulation the results 
E[N 1 +N2] and Var[N 1 +N2] are coherent with what we 
expected, namely ENl + EN2 = E[Nl+N2] and 
VarNl+VarN2 = Var[Nl+N2]' 
For the following experiments 3 - 7 the TUT consists of an 
offered traffic 6.A > O. In most of the cases the relation is 
fulfilled 6.A « A. The BT is throughout (except expo 6) 
chosen as in experiment 1 or 2. 
The results of the conducted simulations are presented in 
table n. 

E[Nl+N21 VarN1 VarN2 Var[N1+N21 

0.740 0.589 0.614 1.208 

3.632 13.333 13.255 26.227 

Table I : End-to-end simulation results with two queues in cascade for BT traffic. 

nIT m A+M EN1 EN2 E[Nl+N21 VarN1 VarN2 Var[JIl1+N21 

expo 3 
p = 0.01 p = 0.085 
Q=O.99 q = 0.915 0.605 0.401 0.399 0.801 0.674 0.657 1.329 
exp. 4 

P Q 0.005 P = 0.085 
=0.5 a = 0.915 0.605 0.425 0.411 0.836 0.804 0.739 1.609 

expo 5 
P = 0.01 P = 0.03 
0=0.99 a = 0.32 0.61 1.858 1.976 3.834 14.142 16.205 30.326 

expo 6 
POO.0153 P = 0.08 

=0.1 Q = 0.92 0.7 2.642 1.876 4.518 31.366 14.406 72.745 
expo 7 

P= 0.055 p = 0.03 
0=0.5 Cl = 0.32 0.7 3.161 3.286 6.448 30.114 32.584 64.519 

Table 11 : End-to-end simulation results with two queues in cascade for BT and TUT traffic. 



Interpretation of the experiments 3 - 7 

Experiment 3: A geometrical distributed TUT of 
M = 0.01 is added to the geometrical BTs of experiment 
1. Obviously the queueing delay increases slightly. 
Experiment 4 : The TUT is replaced by an autocorrelated 
(more bursty one) which shows a slight increase for the 
queueing performances (for the same BT as in experiment 
3). The expected number of cells in the second buffer is 
smaller than in the first one, since the bursts of the TUT 
have been smoothed (reduction of burstiness) by the ftrst 
buffer. 
Experiment 5: A geometrical trafftc of 0.01 has been added 
to the bursty BT of experiment 2. The number of cells in 
second buffer becomes higher since the first one 
transformed the geometrical TUT to a bursty TUT. This is 
due to the multiplexing of the TUT to a bursty BT at the 
entrance of the ftrst buffers. 
Experiment 6 : A very bursty TUT with an offered traffic 
AA = 0.133 has been presented to the ftrst buffer together 
with a geometrical BT. The expected number of cells in the 
second buffer is considerably smaller than in the first one, 
since it smoothed the TU'ts burst. Nevertheless a high 
correlation between NI and N2 can be verifted since: 

coefficient of correlation cov(N loN2) 0.634 
...JVarNl...JVarN2 

Experiment 7 : In comparison with experiment 6 the TUT is 
less bursty, but the BT has been chosen bursty as well. The 
results show that the frrst buffer transforms the TUT in a 
more bursty TUT (increase_of expe£ted number of cells) 
The correlation between NI and N2 becomes smaller 
namely: 

coefficient of correlation cov(N 1,N2) 0.03 
...JvarNt...JvarN2 

A synthesis of these experimenta results shows that the 
autocovariance (burstiness) of the arrivals to a buffer is 
decisive for the queueing delay. Changing the ACF of the 
TUT and applying equal BTs to both buffers show that the 
TUT's ACF is changed by the frrst buffer such, that the 
expected number of cells in the second buffer may be 
considerably different to that of the first one. The higher the 
TUT the stronger appears this effect. For a TUT of 0.1 
(15 Mbit/s mean bit rate on a 150Mbit/s link) the number of 
cells in the buffers become strongly co~lated. _ 
Hence in the general case the process (Ni(t)}, where Ni(t) 
indicates the number of cells in buffer i at time t, fulfl1s no 
stationarity conditions in i, as strict sense stationarity, wide 
sense stationarity or martingal. This means the process 
cannot be described analytically with known methods. In 
the next section an engineering approach is given to solve 
the end-to-end problem. 

4. PERTURBATION MODEL OF TIIE 
QUEUEING DELAY 

The cell queueing delay of a TUT in a queue i depends 
strongly on the BT which is presented to this queue. We 
assume M I Ai « 1. It is shown in the previous 
experiments that when presenting a TUT to the buffer that 
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the queueing delay increases slightly. To build a model of 
this change we define the sequences 
(Ni(t)} and (Ni(t)} = (Ni(t) + ANi(t)}. The function Ni(t) 
signifies the number of cells waiting in the buffer i at time t, 
if only BT is presented to it and Ni(t) = Ni(t) + ANi(t) if the 
arriving traffic consists of TUT and BT. Hence the 
additional queueing delay can be considered as a 
perturbation. In [6] a perturbation analysis is developed 
which allows the direct estimation of the expected value of 
the perturbed sample path (process { Ni ( 0+ ANi (O) from 
the nominal sample path (process (Ni(O}) if the ACF of the 

arrival law is zero for the lags t ~ O. In the following we 
develop a perturbation method which is valid even for 
correlated arrival processes. 
The assumption AA I Ai « 1 allows a linear approximation 

of Ni(t)+ ANi(t), namely: 

Ni(t)+ ANi(t) = <Xi Ni(t) 
(1) 
Hence: 

at E[Ni('t) + l1Ni('t)] ENi('t) + L1ENi('t) 

ENi('t) ENi('t) 

It is obvious to consider the stationary case where 
ENi(t) = ENi(t) = ENi for all t ~ t. Since no approved 
standard models for BT exist, ENi cannot be given in a 
table and has therefore to be estimated by calculation or 
simulation. In the following we suppose that its value is 
given. For uncorrelated BT arrivals fast calculation 
methods are treated in [7]. For correlated arrival laws a 
Monte Carlo Simulation method is presented in [1]. 
With (1) the variance of the perturbed sample path can 
easily be expressed by the nominal one, namely: 
Var[Ni(t) + ANi(t)] = a? VarNi(t) = ~2 VarNi (2) 

The variable t is omitted since we assume the queue to be 
stationary. With the aid of the results of the experiments 
3 - 7 we test the model assumption (1) with formula (2). 
Table ill shows the goodness of the model assumption (1). 
There, we obtained <Xi from tables I and IT by the simulated 
expected values of queue 1. 
Expression (2) allows the estimation of the variance of the 
perturbed sample path from the variance of the nominal 
sample path. 

1UI' BTA al VarNI 

!lA 
exp.3 sim. 0.01 0.595 1.102 0.674 

ca1c. 0.115 
exp.4 sim. 0.01 0.595 1.168 0.804 

ca1c. 0.804 
expo 5 sim. 0.01 0.60 1.020 14.142 

calc. 13.880 
exp.6 sim. 0.133 0.56 7.254 31.366 

calc. 31.030 
expo 7 sim. 0.10 0.6 1.736 30.114 

ca1c. 40.182 

Table ill : Test of the model assumption (formula 1). 



62 

Table ITI shows that the model assumption fits well the 
reality (simulation) for TUTs of 0.01. The higher the TUT 
the worse become the results of the model assumption 
when the BT is correlated (experiment 7). Hence under the 
imposed condition M / Ai « 1 the model assumption is 
valid. 
The key variable for obtaining the perturbed sample path 

from the nominal one is evidently l1ENi' Once it can be 
expressed generally. the perturbed sample path is given by 
the knowledge of ENi' (1) and (2). Hence we proof the 
following proposition. 

Proposition: Given a TUT M « Ai (BT) and the expected 

number of cells in the queue ENi (l1A = 0 (only BT is 
applied to the queue». the expected number of cells in the 
ith queue changes approximately as follows. 

El1Nj .. 1 + 2ENj (3) 

l1A 2(1 - Ai) 

Proof: 
The number of cells in the ith queue at an arbitrary time k is 
given by the Lindley process. where we agree that the 
server's holding time is the time unit This yield: 

for the nominal sample path 
Ni(k+ 1) + Xi(k) = Ni(k) + Ui(k) (4) 
with Ui(k) = ni(k) - 1 
where ni(k) : the number of arriving BT cells to the 
buffer i during the kth time interval. 
for the perturbed sample path 

(Ni + l1Ni)(k+l) + (Xi -l1Xi)(k) = 

(Ni + l1Ni)(k) + (Ui +l1Ui)(k) 

with l1Ui(k) = l1ni(k) 

where l1ni(k) : is 1 if a TIlT cell arrives to the ith buffer 

during the time k. else l1ni(k) becomes O. 

Square both sides of (4). note that N(k+ I)X(k) = O. taking 
expectation yields : 

EN'(k) = EXi(k)2 - EUi(k)2 _ cov(Nj(k) • Ui(k» 
J 2 EUi(k) EUi(k) 

The result for the perturbed sample path is straightforward. 
We assume that BT and TUT, which are presented to the 
buffer i. are independent of each other.this yields: 

cov(Ni(k)+l1Ni(k).Ui(k)+l1Ui(k» = cov(Ni(k),Ui(k» + 

cov(l1Ni(k).l1Ui(k» 

Since M/Ai « 1. cov(l1Ni(k).l1Ui(k» becomes neglicible 
in comparison to cov(Ni(k),Ui(k». 
Considering throughout the steady state. the argument k 
will be omitted. Some small algebraic manipulations show 
that: 

2 
El1N ... _ E(l1Ui) + 2ENjEl1Uj 

1 2EUi 
(EXi = EUi and El1Xi = - E6Ui) 

Remark : 

E(l1UJ=E(6nJ=limN -+_ fpro~(l1ni(k)=I)Xl1ni(k)f 
It-I 

= lillltJ -+ _ f prob«l1nj(k) = 1» (l1nj(k» 
It-I 

With El1Uk = l1A and EUk = A-I formula (3) follows 
immediately and the proposition is shown. 

Formula (3) shows very well the sensitivity of the queueing 
delay due to small changes of the offered traffic. The 
gradient increases with increasing BT. The expected 
number of cells in the queue is a function of the arrival 
process. In the proof of (V.3) (appendix I) no assumption 
about independence etc. are made. hence the influence of 
correlation of the arrival law to the expected number of cells 
in the queue is fully included. 
Estimation of the expected value of the perturbed sample 
path from the expected value of the nominal sample path 
shows (table V.5) that the method fits well with the 
simulation results for small TUTs. If the condition 
6A I Ai « 1 is not fulfilled the presented perturbation 
approach generally under estimates the number of cells in 
the queue. 

expo 

expo 

expo 

expo 

expo 

Table IV : Comparison of simulated and calculated expected 
value of the perturbed sample path. 

5. END-TO-END DELAY 

The end-to-end queueing delay in the A TM network for a 
given TUT is the sum of the queueing delays of each 
perturbed sample path. Within the RACE 1022 project 
end-to-end delay has to be investigated ori a reference 
connection via an ATM network (after 2010) the following 
definitions according to CCI1T recommendations for 
N-ISDN have been made [LEH90]. 
- 2 LEX (Local EXchanges) and 13 TEX (Transit 
EXchanges) for a long distance connection. 
- 2 LEX and 4 TEX for an "average" distance connection. 
The TX (Transit queueing delay time) is dermed as the sum 
of the queueing delays of a test cell. 



Hence: TX(t) = 53.x 8 bit t Nj(t) (5) 
bitrate . 1 

1= 

where Ni(t) is the number of waiting cells (perturbed 
sample path) in the buffer) at time J: 
The covariance between Ni(t) and Nlt) i ~ j is bounded by: 

cov(Nj(t).Nj(t» S '" varNi(t) '" varNj(t) (6) 
A method which allows the modelling of the end-to-end cell 
queueing delay in a buffer chain (figure 1) has been 
presented in [10]. There it is assumed that all the BTs 
Al ..... AM are equal. that means traffic equilibrium in the 
network. Then it can be shown [10]. that: 

ENtot = MEN l 
(7) 

VarNtot =r VarN l (8) 

r=M+~(M-I-Mv+vM) v=M/(!lA+A) (9) 
(1- v)2 

Since v « 1. r is approximately r .. (1 + 2v) M 
This yields that the expected value and variance of the 
end-to-end queueing delay TX are given by: 

ETX = L. (EN + 1 + 2EN !lA) (10) 
r 2(1- A) 

VarTX = (L.f (1 + 2AA ) (AA (l + 2EN»)2 M YarN (11) 
r A+AA 2EN(I-A) 

where L is the number of bits per cell and r the link bit rate. 
Matching mean and variance of a Weibull distribution with 
ETX and VarTX allows the estimation of percentiles. We 
chose the Weibull distribution. since a stable calculation of 
the percentiles can be given analytically. 
The Weibull density and distribution are given by : 
f(t) = cA{A-tf - 1 e- ()..t)C F(t) = 1 - e- ('AJ.)C t ~ 0 

with the shape parameter c>O and the scale parameter A.>O. 
The mean and the squared coefficient of variation crof the 
Weibull pdf are given by : 

EX = ~ r( 1 +!-) and cx: r(1 + 2/c) I 
A- (r(1 + l/cf 

A unique Weibull distribution can be fitted to each positive 
RV with given two moments. For that purpose a non-linear 
equation in c must be solved numerically. Hence the cell 
queueing delay percentiles are given in function of pas: 

t=~(-ln(l-p»l/c (12) 
A-

In the following tables V - VII the abbreviation GM means : 
BT arrival law is characterized by a Poisson distribution 
and the ACF of the cells is p(k) = e-1kl. Expectation and 
variance of the video transit queueing delay time in table V 
are directly derived from the results presented in [1]. In the 
tables VI and vrr we present end-to-end queueing delay 
percentiles for different offered BTs. The cell queueing 
delay TX is throughout fitted to a Weibull distribution. 
These end-to-end cell queueing delay results show 
explicitly that queueing delay becomes quite important with 
high traffics. For a long distance reference connection the 
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probability prob (TX S Tp) SI - 10-9 varies between about 
0.3 and 0.4 ms for exponential BT. whereas for 
autocorrelated BT this probability varies from 1.0 to 
3.3 ms. 
The total end-to-end delay in an A TM network is the sum 
of the propagation delay in the fibers (velocity 
200'OOOkm/s). the switching delay (expected to be 
constant) and the end-to-end cell queueing delay. As the 
propagation delay in the fibers and the switching delay are 
constant. the variation of the total end-to-end delay is 
directly characterized by the end-to-end cell queueing delay. 
Hence the end-to-end queueing delay percentiles are the 
only parameters which allow to dimension the delay related 
QOS. 
This variation of the total end-to-end delay (mostly called 
delay jitter) of a communication is equal to the variation of 
the end-to-end cell queueing delay of this communication. 
Hence we define the delay jitter by an end-to-end queueing 
delay percentile. Delay jitters on ATM reference 
connections are presented in tables VI and VII. 

6. APPENDIX : The two state Markoy Chain 

The random variable Xi indicates the ith time slot's value. 
I-p p 

~--~ q l-q 
Eexpected burst length ENB, expectation value EX and 
autocovariance function cov(Xi, Xi+Ic) of (Xi) are: 

ENB= l/q , EX = L COV(Xi,Xi+t} = ~(I-p-qf 
p+q (p+qf 

The process is geometric for p+q = 1. Obviously the term 
1-p-q characterizes the burstiness of the traffic. 

7. CONCLUSIONS 

The specific focus of this study has been on the cell 
queueing delay on reference connections in an A TM 
network. Based on the definition of a background traffic 
(BT) the waiting time performances in the queues are 
considered (nominal sample path). The autocovariance of 
this traffic is fully taken into account. A so called traffic 
under test (TUT) is multiplexed to the BT and afterwards 
applied to a queue (perturbation sample path). Theoretical 
considerations on the queueing process were used to build 
a model. which allows to estimate directly the queueing 
performances of the perturbed sample path from the 
nominal one. The results obtained by the so called 
"perturbation model of the queueing delay" fit quite well 
with simulated results. 
The end-to-end delay depends strongly on the 
autocovariance of the BT. The comparison between 
geometric and correlated BT shows that the cell delay jitter 
becomes significantly higher for correlated BTs. Hence in 
order to obtain reliable end-to-end performances for a 
reference connection in an A TM network, more realistic 
background traffic models have been used (e.g. video), 
since the geometric model seems to be too wrong. 
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M BTarrival ETX ULs] .Jv arTX[}a ] 
law A=0.6 A=0.6 

2 exp 4.9 5.2 
GM 19.2 18.3 
video 34.5 18.2 

4 exp 9.8 7.5 
GM 38.5 26.5 
video 69.0 26.3 

6 exp 14.8 9.2 
GM 57.7 32.6 
video 103.5 32.4 

15 exp 36.8 14.7 
GM 144.2 52.0 
video 258.8 51.7 
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ETX ULs] .JVarTX[J.1.SJ ETX ULs] .JVarTX[J.1.SJ 
A =0.75 A=0.75 A=0.9 A=0.9 

10.4 6.8 38.7 30.1 
32.1 25.1 89.6 66.7 
59.3 56.0 
20.8 9.8 77.4 43.1 
64.2 36.0 179.3 95.6 
118.6 80.5 
31.2 12.1 116.1 53.1 
96.4 44.4 268.9 117.6 
177.9 99.1 
77.9 19.2 290.3 84.4 
240.9 70.6 672.3 187.0 
444.7 157.7 

Table V : Expected value and standard deviation of the end-to-end cell queueing delay for a traffic 
under tests TUT with AA ~ 0.05 in a buffer chain of M buffers. All the background 
traffics BT in the queue are equal. The link bit rate is fixed to r = 150 Mbit/s. 

BT' A-06 . -
M BT T2 ULs] TS ULs] T7 ULs] T9 ULs] 

2 exp 23.3 58.3 81.6 104.9 
GM 85.9 214.7 300.6 386.5 
video 90.5 226.3 316.9 407.4 

4 exp 37.2 92.9 130.1 167.2 
GM 132.6 331.6 464.2 596.9 
video 125.4 313.4 438.8 564.1 

6 exp 46.2 115.4 161.5 207.7 
GM 163.0 407.5 570.5 733.5 
video 149.4 373.6 523.1 672.5 

15 exp 70.6 176.5 247.1 317.6 
GM 245.6 614.1 859.7 1105.3 
video 221.7 554.3 776.0 997.8 

ble VI : ] ercentiles of the end-to-end cell ueuem ( Ta q g elay 

for a traffic under test TUT with AA ~ 0.05 for a buffer 
chain of M buffers, with background traffics BT = 0.6. 
The link bit rate is fixed to r = 150Mbit/s. 

BT' A-075 . - . 
M BT T2 ULs] T5 (J.Ls] T7 (J.Ls] T9 (J.Ls] 

2 exp 34.1 85.3 119.4 153.5 
GM 124.0 309.9 433.8 557.8 
video 263.7 659.2 922.9 1186.6 

4 exp 48.2 120.4 168.6 216.8 
GM 179.9 449.8 629.7 809.6 
video 403.2 1008.1 1411.3 1814.5 

6 exp 57.8 144.6 202.4 260.3 
GM 217.6 544.0 761.6 979.2 
video 495.0 1237.6 1732.6 2227.7 

15 exp 85.1 212.7 297.8 382.9 
GM 322.0 805.0 1127.1 1449.1 
video 742.9 1857.2 2600.0 3342.9 

Table VII : Percentiles of the end-to-end cell queueing delay 
for a traffic under test TUT with AA ~ 0.05 for a buffer 
chain of M buffers, with background traffics BT A = 0.75. 
The link bit nlte is fixed to r = 150Mbit/s. 
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