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Abstract 

The Broadband Integrated Services Digital Network (B-ISDN) will be based 
on the Asynchronous Transfer Mode (ATM) that allows statistical multiplex
ing of variable bit rate (VBR) sources to make efficient use of the network 
resources. The ability of the network elements to apply statistical multiplexing 
while providing a guaranteed quality of service (QoS) to the users is depending 
on the statistical properties of the ATM traffic streams. Thus it is essential to 
investigate the multiplexing behaviour of different ATM traffic streams with 
respect to the ATM QoS parameters cell loss, cell delay and cell delay variation 
using realistic source models. Since compressed video data will have a major 
share in future broadband traffic and the MPEG coding algorithm up to now 
has achieved wide popularity, we will concentrate on VBR MPEG video data 
streams. The flexible hierarchical source model presented in (Enss 95], that is 
capable of modelling VBR MPEG video and other sources that exhibit long 
range dependence (LRD) and/or periodic properties, is used to investigate in 
detail the multiplexing behaviour of such sources. 
The focus of this paper is twofold. First, the consequences of the usage of 
LRD traffic streams in discrete event simulations in terms of the necessary 
simulation duration and the convergence to a steady state behaviour are in
vestigated. Therefore, we will investigate how the convergence rate of the 
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confidence interval size of the empirical mean value of discrete stochastic pro
cesses depends on the Hurst parameter. 
Second, it will be shown that both, the LRD and periodic traffic components 
have a significant impact on the multiplexer performance in terms of the cell 
loss probability and the cell delay but mainly act on different time scales. The 
actually noticeable influence on the quality of service (QoS), that the VBR 
MPEG video data streams perceive, depends on the multiplexer buffer size 
and the stochastic properties of the video data streams at the different time 
scales. 

1 INTRODUCTION 

The Broadband Integrated Services Digital Network (B-ISDN) will be based 
on the Asynchronous Transfer Mode (ATM) that uses packets with a constant 
length of 53 bytes called cells. It allows statistical multiplexing of variable bit 
rate (VBR) sources to make efficient use of the network resources. The abil
ity of the network elements to apply statistical multiplexing while providing 
a guaranteed quality of service (QoS) to the users is, besides the total load 
offered, decisively depending on the statistical properties of the ATM traffic 
streams. Thus it is essential to investigate the multiplexing behaviour of dif
ferent ATM traffic streams with respect to the ATM QoS parameters cell loss, 
cell delay and cell delay variation using realistic source models. 

Video data will have a major share in future broadband traffic due to 
the introduction of video on demand services, conferencing services and as 
a main constituent of multimedia applications. Since the beginning of the 
MPEG {Motion Pictures· Experts Group) standardization efforts [MPEG 1, 
MPEG 2], the MPEG coding technique has achieved wide popularity. There
fore, we will investigate the multiplexing behaviour of MPEG encoded video 
data streams. Due to the different structure and complexity of the consecu
tive pictures of a video, the compression of the video data inherently results 
in a VBR video data stream if a constant picture quality shall be attained. 
To investigate the impact of VBR MPEG encoded video data streams on the 
network elements, stochastic models are used to characterize the behaviour of 
the video sources and the associated ATM traffic streams. 

Generally, the behaviour of a video source and thus the stochastic charac
teristics of the associated ATM VBR video data stream depend on the coding 
technique, the application and the video contents itself. These influences act 
on different time scales. At least three levels can be distinguished, namely the 
cell level, the picture level and the scene level. The behaviour at the cell level 
is dominated by the ATM packetization process. The encoder algorithms and 
parameters essentially determine the picture level. Finally, the scene level is 
mainly governed by the fluctuations in the amount of information in consec
utive pictures. The amount of information depends on the contents and type 
of the video material and is independent of the coding algorithm. 
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Recent research results indicate that VBR video traffic exhibits a property 
called long range dependence (LRD) or persistence [Cox 84, Hurs 51] that can 
be characterized by the Hurst parameter H [Enss 95, GaWi 94, GFA 96]. Long 
range dependent traffic streams are highly correlated and in the case of video 
data even pictures a long time span apart cannot be considered independent 
of each other. The LRD property mainly results from the different complexity 
of consecutive pictures. Therefore, the Hurst parameter H is depending on 
the movie contents and varies over a broad range of values [Rose 95], but it 
is almost independent of the video coding algorithm. The offered traffic vol
ume per picture is characterized by highly asymmetrical empirical probability 
distribution functions (PDFs) that can be approximated by lognormal PDFs 
[HTL 94, KSH 95]. VBR MPEG video data streams additionally reveal peri
odic components due to the application of three different picture types with 
different compression ratios. The fact that VBR MPEG video data streams 
exhibit LRD and periodic properties has a significant impact on the ATM 
multiplexer performance, but also affects its evaluation using discrete event 
simulations. Thus, the focus of this paper is twofold to quantify these influ
ences. 

The ATM multiplexer performance results that will be presented in this 
paper are based on discrete event simulations conducted using the hierarchi
cal VBR MPEG source model presented in [Enss 95]. It uses three lognormal 
distribution functions to model the size of the 1-, P- and B-pictures at the 
picture level. These distribution functions are derived from a fast fractional 
Gaussian noise (ffGn} random process via a transformation that takes the 
MPEG GOP (group of pictures) pattern into account. The ffGn random pro
cess models the long range dependent fluctuations of the picture information 
contents at the scene level. It is an approximation of the fractional Gaussian 
noise process suited very well for computer simulations. 

The remaining of the paper is organized as follows: First, we will briefly 
describe the main characteristics of the MPEG encoding algorithm that are 
reflected in the source model and restate the VBR MPEG source model as far 
as necessary for the following sections. Then, the impact of the use of LRD 
VBR traffic streams on the convergence of discrete event simulation results 
is investigated. Next, the performance of an ATM multiplexer, that is fed by 
a number of VBR MPEG video data streams, is evaluated. The main results 
will be presented and conclusions will be given. 

2 VBR MPEG VIDEO ENCODING 

The MPEG video coding standard uses a combination of intra- and interframe 
coding because of the conflicting requirements of random access and highly 
efficient compression. The use of motion compensation allows to exploit tem
poral redundancy in the video sequence. Spatial and perceptual redundancy 
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reduction is achieved via Discrete Cosine Transform {DCT) coding and quan
tization of the DCT coefficients. 

Figure 1 MPEG GOP pattern (N = 9, M = 3) 

Three main picture types are defined. Intra coded pictures {!-pictures) 
are coded without reference to other pictures. Predictive coded pictures {P
pictures) are coded more efficiently using motion compensated prediction from 
a past 1- or P-picture. Bidirectionally-predictive coded pictures (B-pictures) 
provide the highest degree of compression using past and future 1- or P
pictures as a reference for motion compensation. The three picture types are 
periodically organized in a so called group of pictures (GOP) defined by the 
distance N between !-pictures and the distance M between P-pictures. The 
basic parameters of the model that will be used throughout this paper are de
rived from the statistics of a sequence {82 minutes) of the movie "Star Wars", 
that was encoded using an MPEG 1 software encoder. The GOP pattern used 
for the statistics trace was IBBPBBPBB with N = 9 and M = 3 (Figure 1). 
The picture size was set to 640 x 480 pixel at a picture rate of 25 Hz. The 
sequence length of the statistics trace containing the number of bits neces
sary to encode the consecutive pictures encompasses 123574 pictures. Its basic 
statistical properties, that were used for the investigations presented in this 
paper are listed in Table 1. As can be seen, the use of different coding algo
rithms results in different compression ratios for the three picture types and 
the use of three lognormal PDFs is appropriate [Enss 94). 
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Table 1 Picture size statistics of the Star Wars sample trace 

Picture type Minimum [bit] Maximum [bit] Mean [bit] cov 
I 44520 387656 1.82 ·105 0.24 

p 14352 394920 1.03 ·105 0.33 

B 2720 144048 4.41 ·104 0.32 

All 2720 394920 7.25 ·104 0.72 

3 MODELLING 

3.1 VBR MPEG Video Source 

The picture sizes of the VBR MPEG video data streams are modelled by the 
hierarchical source model presented in [Enss 95] (see Figure 2) that is based on 
the GOP-periodic exponential transformation of the fast fractional Gaussian 
noise random process (ffGN) [Mand 71]. This model takes the first and second 
order statistical properties and the short and long term correlation charac
teristics of the VBR MPEG video data streams into account, including long 
range dependence (LRD) effects. The model can be adapted to represent any 
MPEG encoded video sequence by seven parameters, that can be derived e. g. 
from an empirical sequence. In the following, the basic equations necessary to 
implement the ffGn process for the scene activity generation and the trans
formantion to get the picture sizes will be presented. The ATM packetization 
process used for the simulations will be described shortly. 

VBR MPEG ATM video source 
I 

X(t) 
I I Xt(t,H) I 

Picture size 
I I Scene activity Packetization generation I generation I I 

I I I 

Scene level Picture level Cell level 

Figure 2 VBR MPEG ATM video source model 

At the scene level, an ffGn process is used to approximate the LRD be
haviour of video sources at that time scale. The ffGn process X1(t, H), t E JN, 
H E [0.5, 1[ generates a sequence of N(O,l)-distributed random variables with 
an autocorrelation function that approximates the autocorrelation function 

{1) 
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of the discrete fractional Gaussian noise random process AB H, that is exactly 
second order self-similar. The ffGn process is constructed as the sum of a low 
frequency term 

N(nffGn) 
Xl(t,H) = L wk XMa(t,rk) (2) 

k=l 

and a high frequency term Xh(t, H). The Markov Gauss processes XMa(t, rk) 
are defined as 

X (t ) { Gk(1) for t = 1 
MG 'rk = rk XMa(t- 1, rk) + .JI=11 Gk(t) for t > 1 ' (3) 

where Gk(t), k = 1, ... , N(nrran), t E IN denote sequences of independent 
standard normally distributed random variables. The lag-1 covariance rk is 
defined as 

(4) 

and the weight factors Wk are determined by 

W2 - H(2H- 1) (Bl-H - BH-l) B-2k(l-H) 
k- r(3- 2H) . (5) 

The number N(nrron) of Markov-Gauss processes depends on the number 
nrron of consecutive random numbers that shall exhibit the LRD property. It 
is defined by 

N(nrran) = rm(Q · nffan)/ln(B)l (6) 

The ffGn process is, besides the time t and the Hurst parameter H, de
pending on two additional parameters, the base B and the quality Q. These 
parameters define the accuracy of the approximation of the dfGn random 
process and its autocorrelation function that is achieved by the ffGn random 
process. As B -+ 1 and Q -+ oo the approximation will improve. Reason
able ranges for the parameters Band Q are BE [1.1, 2.0] and Q E [10, 20] to 
achieve accurate LRD behaviour [Schu 95]. The high frequency term Xh(t, H) 
is necessary to correct the variance of the low frequency term so that the ran
dom variables of the ffGn random process are N(0,1)-distributed. It has to be 
chosen according to 

X (t H) 1 _ H(2H- 1)BH-l G(t) 
h ' = r(3- 2H) (7) 
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Table 2 LRD accuracy of the ffGn random process (B = 2, Q = 10, nrrGN = 
300000) 

Desired H 0.6 0.7 0.8 0.95 

Measured HRs 0.58 0.68 0.79 0.91 

where again G(t) is a sequence of independent standard normally distributed 
random variables. Table 2 shows the resulting Hurst parameter HRs that is 
measured using the RS-analysis [Ma Wa 69a, Ma Wa 69b] in comparison with 
the desired H that was used as an input parameter for the ffGn process. 

Based on the ffGn process Xt(t, H), the picture sizes X(t) are generated 
using the transformation 

X(t) = 
r--------

exp [ In (1 + Var[X;J) Xt(t,H) + lnE[Xk]- -2
1 In (1 + Var[X;J)].(8) 

E[Xk] E[Xk] 

The random variables Xk, k E {J, P, B} denote the I, P and B picture sizes. 
For the picture size of the picture with number t, t E IN the parameter 
k is chosen according to the MPEG GOP pattern. The probability density 
function fx(x) of the picture sizes X(t) is given by 

fx(x) = L Pkfxk(x), 
kE{J,P,B} 

(9) 

where fxk (x), k E {J, P, B} denote the lognormal probability density func
tions of the three picture types and Pk is the probability of finding a picture 
of type k within the GOP pattern. 

The pictures are packetized separately into ATM cells, that are assumed to 
have a payload of 47 byte. All the cells of a picture have to be transmitted 
within 40 ms, to achieve a picture rate of 25 Hz. They may be transmitted 
in a burst at a specified burst bit rate Rz,on (the burst bit rate is increased 
for a single picture if it is too large for the specified rate) or equally spaced 
over the available 40 ms (in the following this is the default case if no burst 
bit rate is specified). 

3.2 Multiplexer 

In order to investigate the feasibility and efficiency of the transmission of 
VBR video traffic in future ATM systems, understanding the behavior of a 
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multiplexer and its performance is essential. The ATM statistical multiplexer 
is modelled as a queue with deterministic service time D corresponding to a 
link bit rate of RL Mbitfs and a maximum queue size of S cells. It is fed by 
NMux VBR MPEG ATM video sources (Figure 3). 

1 
MPEG 
ATM • • video • 
sources 

NMux 

Figure 3 ATM multiplexer model 

4 CONVERGENCE OF SIMULATION RESULTS 

For the stationary evaluation of a technical system via discrete event simu
lation, it is essential to assess the convergence of the system behaviour to a 
steady state. The convergence rate is depending on the system architecture 
and the correlation structure of the stochastic processes used to model ran
domly performing system components. In the case of an ATM multiplexer 
with deterministic service time, the convergence rate is decisively determined 
by the random processes used to model the sources. 

The level of convergence can be described by confidence intervals, that give 
the interval in that the real value of a variable is located with probability 'Y 
(e. g. 95% or 99%), based on the measurements taken during the simulation 
runs. For a discrete time stochastic process (sequence of random variables) 
{Xt}, t E JN, the convergence of its mean 

(10) 

is of basic interest. Thus, in the following the convergence of the mean X;* 
of a sequence of standard normally distributed random variables {Xt} with 
zero mean and unit variance with different correlation structures will be eval
uated in terms of its confidence interval size, since this type of process is used 
to model the scene level within the VBR MPEG video source model. The 
confidence interval 

[-z~,z~] (11) 
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is delimited by the !.:p'--quantile z !.!='- with 

1 (1 + "Y) Z!f!- =~- -2- (12) 

where ~(x) denotes the distribution function of the standard normal distri
bution. 

If {Xt} is a sequence of independent identically N(0,1)-distributed random 
variables, X;* is distributed according to N(0,1/t) and the confidence interval 
is given by 

(13) 

For an exactly second order self-similar standard normally distributed ran
dom process, the variance ofits mean X;* is given by [Cox 84] as VAR[Xt*] = 
t-2<1-H) and so its resulting confidence interval is 

(14) 

The mean Xj*(t, H) of a standard normally distributed ffGn-process is 
calculated according to 

(15) 

The random variables of the Markov Gauss process XMo(t,rk) (see equa
tion 3) can be restated as a moving average process 

for t=1 

for t > 1 
(16) 

Therefore, their sum can be written as 

t t t-1 t-; 

L XMa(i,rk) = L r~- 1 Gk(1) + J1- r~ L L r~- 1 Gk(j + 1). (17) 
i=1 i=1 ]=1 i=1 

Since the random variables Gk(t) are mutually independent and N{0,1)-distri-
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buted, the random variable t 'E!=1 XMa(i,rk) is N(O,a~a(t,rk))-distributed 
with 

1 t-1 t . 
2 """" - t aMa(t,rk) =- + 2 LJ - 2-rl,. 

t i=1 t 
(18) 

Consequently, the weighed sum of all Markov Gauss processes is normally 
distributed with zero mean and variance a~a(t) with 

nffGn 

a~a(t) = I: Wfa~a(t,rk). (19) 
k=1 

The high frequency term Xh(t, H) is a sequence of independent identically 
standard normally distributed random variables with zero mean and variance 

2 1 H(2H- 1)BH-1 

ah = - r(3 - 2H) ' (20) 

hence t 'E!=1 Xh(i,H) is N(O,aVt)-distributed. Finally, Xj*(t,H) is nor
mally distributed with 

E[Xj*(t, H)] = 0 and 
2 

VAR[Xj*(t,H)] = a~a(t) + ~h 

and its confidence interval to the confidence level 'Y results in 

(21) 

(22) 

(23) 

In Figure 4, the 95% confidence interval sizes for standard normally dis
tributed exactly second order self-similar stochastic processes with different 
Hurst parameters Hare depicted according to equation 14. With increasing 
H the confidence interval size decreases much slower compared with a se
quence of uncorrelated random variables (H = 0.5). Consequently, to achieve 
a desired confidence interval size for the simulation results, the simulation 
program has to run considerably longer. E. g. to achieve a confidence interval 
size of 10-1 the simulation takes more than four orders of magnitude longer 
for H = 0.8 compared to H = 0.5. For H -+ 1 the confidence interval size 
even stays constant, independent of the simulation duration. This is an indi
cation for the fact, that the boundary of the stationarity region of the random 
process is reached. 
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Figure 4 Confidence interval size of X!* of second order self-similar stochas
tic processes for varying H 
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Figure 5 Confidence interval size of the ffGn mean value process Xj*(t, H) 
(H = 0.8, B = 1.1, Q = 20) 

Since the ffGn random process is approximately self-similar, the degree 
of self-similarity and thus the convergence rate of its mean random process 
depends on the choice of its parameters B, Q and nrrGn· Figure 5 shows the 
confidence interval sizes for an ffGn process with H = 0.8 in comparison 
with those of an exactly second order self-similar stochastic process and a 
sequence of uncorrelated N(O,l)-distributed random variables. The larger the 
number of desired samples nrrGn is chosen, the better is the ability of the 



The impact ofVBR MPEG video traffic 93 

ffGn process to model the self-similar behaviour. Therefore, for larger values 
of nrrGn the confidence interval size follows longer the slope of the exactly 
self-similar random process before it starts to decay as fast as the confidence 
interval size of the uncorrelated random variables. 

5 ATM MULTIPLEXER PERFORMANCE 
EVALUATION 

The performance of an ATM statistical multiplexer is evaluated at the cell, 
picture and scene level to demonstrate the impact of the source parameters at 
the different time scales on the multiplexer behaviour and the QoS perceived 
by the video data streams. 

5.1 Cell Level 

At the cell level, the way in that the ATM cells of the consecutive pictures are 
sent determines the short term characteristics of the cell stream. Thus, the 
packetization process has a strong impact on the performance of a multiplexer 
with a small buffer. Figure 6 illustrates the influence of the burst bit rate 
Rz,on on the cell loss probability Vz of a multiplexer with a buffer capacity 
of 50 ATM cells. It clearly shows the increase in the cell loss rate due to the 
increase of the on-off characteristic of the source cell streams when most of 
the frames are sent with a burst bit rate larger than the bit rate necessary for 
an equally spaced play-out. 

10" 
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~ 
:0 as .c 

10"2 e 
c. 
Ul 
Ul 

..Q 

15 10-3 
(.) 

10"" 
0 3 6 9 12 15 

Burst bit rate Rz,on [Mbit/s] 

Figure 6 Cell loss probability Vz depending on burst bit rate Rz,on (A = 
0.82, 8 =50, NMux = 40, RL = 100 Mbit/s) 
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5.2 Picture Level 

Since the MPEG encoding algorithm uses three different picture types in a 
periodic GOP pattern, the resulting ATM cell stream reflects the periodic bit 
rate variations. Therefore, the phase relations of the VBR MPEG ATM cell 
streams with each other influence the characteristics of the overall input cell 
stream to the multiplexer and thus its performance. The worst case is that 
all sources are in phase (identical phase relation), i.e. the start of the GOP 
patterns of all sources are aligned. The smoothest aggregated cell stream 
results from a cyclic starting pattern for the GOPs of the different sources 
(cyclic phase relation). 

10"' ~============~ 

~ 
r------------------------------------
.L 
I 
I 
I 
I 

:'E--'3:-----:E----------------
r 
,.----,ld-::-e-.nti""'cal,...p7hase,..,..,....re""'la:-:-bon=: I 
----- Random phase relation 
--- Cvcllc phase relatiOn 

10 .. t.===:E=::s:==..~-~-..J 
0 50 100 150 200 250 

Buffer size S [Cells) 

(a) Offered load A = 0.82 

I ldenllcal phase relation I 
L~~--=--=-~9P=I=ic~~==·~~~~=·on~--~_J 10"7 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Offered load A 

(b) Buffer size S = 100 cells 

Figure 7 Cell loss probability Vz depending on the phase relation of the 
VBR MPEG video data streams (RL = 100 Mbitfs, H = 0.5) 

Figure 7 (a) shows the dependence of the cell loss probability Vz on the 
buffer size S for different phase relations. If it is possible to choose a cyclic 
phase relation, e. g. by a video on demand system, it is possible to lower the 
cell loss ratio at the picture level by more than four decades. Even compared 
with the case of a random phase selection the cyclic phase relation achieves 
a gain of two decades. To achieve a certain cell loss probability the cyclic 
phase relation increases the admissible load of the multiplexer by a factor of 
about 2.4 compared with the worst case relation (Figure 7 (b)). The Hurst 
parameter H has no effect on the cell loss ratio for buffer sizes up to several 
hundred cells (compare Figure 9). Figure 8 further emphasizes that the Hurst 
parameter H does not influence the multiplexer behaviour when moderate 
buffer sizes are used. The probability density functions !sA (s) of the number 
of cells SA that are already waiting in the buffer when a new cell arrives 
have a pot-like shape and are almost indistinguishable for a Hurst parameter 
H E [0.5 , 1.0[. Therefore, the mean cell delay and the cell delay variation as 
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Figure 8 Buffer size probability density function (PDF) !sA (s) at cell ar
rivals (A = 0.93) 

well as the cell loss ratio are independent of the Hurst parameter for medium 
buffer sizes. 

5.3 Scene Level 
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Figure 9 Cell loss probability Vz depending on the multiplexer buffer size S 
and the Hurst parameter H (A = 0.93, NMux = 40) 

The behaviour of VBR MPEG video data streams at the scene level is char
acterized by the Hurst parameter H, that is mainly depending on the video 
contents. Figure 9 displays the influence of video data streams with identi
cal probability distribution functions for the picture sizes but different Hurst 
parameters H on the cell loss probability Vz. For Figure 9 (a) three different 
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Figure 10 Multiplexer buffer size PDF !sA (s) depending on the maximum 
multiplexer buffer sizeS for the picture types I, P and B (A= 0.93, NMux = 
40) 
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Figure 11 Multiplexer buffer size PDF !sA (s) depending on the maximum 
multiplexer buffer sizeS for pictures with identical PDFs (A= 0.93, NMux = 
40) 

picture types are used whereas in Figure 9 (b) a single lognormal PDF is used 
with the parameters of all pictures from Table 1. At large buffer sizes the 
impact of the Hurst parameter is clearly visible. Video data streams with a 
high Hurst parameter will cause a cell loss ratio that is orders of magnitude 
higher than that of streams with a Hurst parameter close to 0.5. Figure 9 also 
shows that the use of I, P and B pictures gives an additional drop in the cell 
loss ratio and the slope of its decay is steeper compared to case (b). 

The corresponding buffer size PDFs fsA (s) are depicted in the Figures 10 
and 11 for H = 0.5 and H = 0.95. They have basically the same pot-like 
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shape, but the decay of the probabilities towards larger buffer sizes heavily 
depends on the Hurst parameter and the picture types used. 

6 CONCLUSIONS 

Generally, there are the two alternatives, analysis and simulation, to deter
mine the statistical behaviour of a technical system. Analytical techniques are 
difficult to apply to complex systems or source models. Thus, many perfor
mance evaluation studies are conducted using discrete event simulation. In 
this paper we studied the impact of complex stochastic processes, that are 
necessary to realistically characterize VBR MPEG video data streams, on the 
behaviour of an ATM multiplexer and its evaluation via discrete event sim
ulation. A hierarchical VBR MPEG source model was used to capture the 
behaviour of such sources at the scene, picture and cell level. 

The LRD correlation structures of the stochastic processes used to model 
the scene level of the video data streams have a significant influence on the 
simulation duration. In the case of second order self-similar random processes 
the convergence rate of the mean is directly related to the Hurst parameter. 
The higher the Hurst parameter H of a stochastic process is, the slower is 
the decay of the confidence interval size of its mean. For the approximately 
self-similar ffGn random process, the convergence rate additionally depends 
on the time span for that the approximation is intended, i. e. the parameter 
nrron· 

The multiplexer behaviour in terms of the QoS perceived by the video data 
streams mirrors the three levels of the video source model. The cell loss rate 
decreases at three distinct slopes with increasing buffer size according to the 
fluctuation of the interarrival time introduced by the packetization process, 
the picture size variation and the long term scene level activity fluctuations. 
With small buffers, the cell loss rate increases drastically when the ATM 
segmentation process clusters the cells of individual pictures in bursts instead 
of smoothing their transfer as good as possible over the picture duration. 
At mediuin buffer sizes, the phase relation of the multiplexed VBR MPEG 
video data streams is essential, since the picture sizes vary periodically in the 
manner of the GOP structure. If it is possible to influence the mutual phase 
relations (e. g. by a video server), the cell loss rate can be lowered by several 
orders of magnitude. Finally, when using large buffers, the degree of long 
range dependence present in the VBR MPEG video data streams determines 
the cell loss rate. In any cases the cell delay PDFs have a pot-like shape and 
their asymmetry is depending on the choice of the source model parameters 
and the multiplexer buffer size. 
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