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Abstract 
The broadband bandwidth of A TM networks allows to develop new video 
services. To reduce the resource allocation in these networks, the video services 
employ compression techniques. The most common used technique is the MPEG 
algorithm. In order to maintain the image quality the MPEG coders generate a 
variable bit rate. Usually, a smoothing system is inserted between the video coder 
and the user network interface. The purpose of this system is to improve the 
performance of ATM networks. In this way, the traffic delivered to the network 
maximize the multiplexing gain. 

To evaluate and design A TM networks a characterization of the supported video 
traffic is needed. In this sense, this paper presents an analysis of the smoothed 
MPEG video traffic. Likewise, a new procedure to adjust a binomial Markov 
Modulated Fluid Process (MMFP) is presented. The goodness-fit-tests reveal some 
deficiencies on the autocovariance and probability density functions on the model. 
In order to correct these failures a new bidimensional MMFP model is elaborated. 
This new model is basically the aggregated process of two ON/OFF minisources 
types. For this point of view, the model can be dimensioned using each minisource 
type to capture the short and long range dependencies of the video traffic. The 
results show a well fit of the above mentioned functions. 
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1 INTRODUCTION 

Broadband Networks based on the Asynchronous Transfer Mode (ATM) will 
support, among others, traffic coming from variable bit rate video (VBR) coders, 
which are capable of maintaining a constant picture quality of the decoded image. 
The characterization of such VBR video sources becomes important in the analysis 
and design of Broadband Integrated Services Digital Networks (B-ISON). The 
network architecture and its characteristics, such as cell-loss probabilities, 
transmission delay, statistical multiplexing gain, buffering, etc., are strongly 
related to the statistical properties of the sources and the coding schemes involved. 
Therefore, source models are useful to analyze and to dimension the network 
components (Nikolaidis, 1992)(Mata, 1996)(Mata, 1996). 

The MPEG coding algorithm was developed to achieve a high compression ratio 
with a good picture quality (Le Gall, 1991). MPEG can be used to transmit real
time variable bit rate broadcast video and it is suitable for video-on-demand in 
ATM networks (Verbiest, 1988)(Pancha, 1994). 

A MPEG video sequence of pictures (SoP) is divided into groups of N pictures 
(GoP). A GoP consists of subgroups of M pictures where the first is a reference 
picture, intra (I) or predicted (P), and the rest are bidirectionally-predicted (B). The 
image quality depends on the values M, Nand the selected quantizer step size (q). 
MPEG coder can be set in an open-loop mode to maintain the subjective quality 
with a fixed q. In this case, the output bit rate is variable. A suitable choice of q, 
M, N parameters is important to minimize the traffic bit rate for a fixed subjective 
quality or for a constant signal-to-noise ratio (SNR) (Mata, 1994)(Mata, 1996). 

The variations of the bit rate generated in the codification are produced by 
intrinsic and extrinsic reasons. The intrinsic reasons are related, fundamentally, to 
the codification modes applied on the frames. Thus, the I frames need a higher 
number of bits than the frames P or B because the I frames only exploit the spatial 
redundancy using the DCT transform technique. In addition, the P frames tend to 
generate greater number of bits than B ones, since only motion compensation is 
applied respect to the previous reference image. Within the codification of the 
frames, another factor that give rise to the bit rate variations is the exploitation of 
the entropy using run-length codes. The extrinsic reasons that produce fluctuations 
in the bit rate depend on the content of the frames to code. The frames with high 
grade of detail or complex texture reduce the efficiency of the spatial redundancy 
exploitation. The high activity scenes with fast camera movements, zooms and 
plane changes difficult the use of predictive compression techniques. Therefore, 
the output bit rate suffers an important increment in both cases. 

In general, the coders do not deliver directly the traffic to the user interface 
because, usually, a smoothing system is enabled to reduce the resource allocation 
on the A TM networks. The smoothing is achieved inserting a small storage buffer 
between the coder and the user network interface. The storage process introduces 
an additional delay on the cells delivered to the network. This system allows to 
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maintain the bit rate approximately constant during a time interval. In this way, the 
variability and the peak rate of the traffic is decreased. Another basic function of 
the VBR MPEG traffic smoothing is to remove the intrinsic periodic fluctuations 
produced by the coding algorithm. These fluctuations reduce the performance of 
multiplexers and switch fabrics. This reduction appears when , at their input ports, 
there are several video sequences whose coding modes are in phase. Therefore, the 
main advantage of the VBR MPEG traffic shaping is the improvement achieved on 
the statistical multiplexing gain. Recent studies propose the best time interval to 
smooth the VBR MPEG video traffic is the GoP interval (De Ia Cruz, 1997). 

In previous works, several models are proposed to capture the behavior of the 
traffic generated for the VBR MPEG coders (Maglaris, 1988)(Sen, 1989)(Heyman, 
1992)(Grunenfelder, 1991)(Melamed, 1992). These models try to fit the main 
statistical descriptors of the actual traffic. Usually, the mean, the standard 
deviation, the peak rate, the autocorrelation function and the probability 
distribution function are fitted for different temporal series generated at slice, 
frame or GoP time intervals. 

This work is focused on the characterization of the VBR MPEG traffic delivered 
to the network. To accomplish this study, the GoP traces of a long MPEG video 
sequence has been employed. This sequence is a recorded concert of the America 
music band. The sequence is composed by several scene whose contents are 
different in their textures and activity levels. The MPEG coder parameters are 
chosen to the values N=6, M=2 and q=9. Therefore, the defined GoP pattern is 
IBPBPB. The spatial resolution of the frames is 352x288 pixels per frame for 
luminance and 176x144 for the chroma components, with a frequency of 25 
frames per second. The sequence is 41695 frames (6950 GoPs) long, that 
correspond to approximately 30 minutes of video. The image quality achieved on 
the coding process is 37.8 dB. 

The actual data analysis has allowed to propose two models. In section 2 a 
binomial Markov Modulated Fluid Process (MMFP) is fitted to synthesize the 
statistical behavior of the real VBR MPEG traffic. The results show an inaccurate 
capture of the autocovariance function for high lags. In addition, this model do not 
fit well the probability density function for high generation levels. Observing these 
deficiencies, a new bidimensional MMFP is introduced in section 3 to improve the 
goodness fit. This model presents a perfect adjustment of the short and long terms 
of the autocovariance function and also fit well the real data histogram. Finally, the 
conclusions of this work are presented in section 4. 

2 BINOMIAL FLUID MODEL FOR VBR MPEG TRAFFIC 
SOURCES AT GOP LEVEL 

In this section, a simple fluid model based on a monodimensional Markov Chain is 
analyzed (Mata, 1994)(Maglaris, 1988). The objective is to elaborate a new 
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method to adjust the model to capture the statistical behavior of the real video 
traffic. In addition, the deficiencies of this type of models will be clearly stated. 

The Markov Modulated Fluid Processes (MMFP) presented in Figure 1 are 
characterized by means of an exponential autocovarianze function and a binomial 
probability distribution function. The study and adjustment of this model is 
achieved through the analysis of the MIM/oo//S queuing system. In this process, the 
state probabilities follow a binomial distribution (Maglaris, 1988). 

Sa (S-1)a (S-2)a a 

C A min ::>.11 min+ D.<tmin + 2D; • ·:<£min+ S}) 
State 0 b State 1 2b State 2 3b Sb StateS 

Figure 1.- Binomial MMFP. 

Characterizing the process as a fluid model, each state in the Markov Chain 
represents a constant bit rate. These models are useful when the number of basic 
units generated during the reference interval is very large. In this cases, the unit 
generation is not a relevant event and the analysis can be focused on the global 
volume of transferred information. In our case, the reference interval is as the 
needed time to transmit a GoP. In this period the number of bits or cells to transmit 
is very high. Therefore, the performance evaluation of A TM networks supporting 
VBR MPEG traffic is suitable via fluid models. 

The presented binomial MMFP model is composed by S+ 1 states. Since the real 
data never reach the null bit rate, in this model a minimum bit rate (Ami.) is set at 
state 0. The difference between the generated bit rate for consecutive states has 
been fixed to a constant value (A). Regarding this difference, the bit rate is 
discretized in a set of S+ 1 states. Thus, on state iE [O,S] the output bit rate is 
Ami•+iA bits per GoP. The transition rates are exponentially distributed and their 
values proportional to the state number. In this way, on the state iE [O,S] the birth 
rate is (S-i)a and the death rate is tb. 

The binomial MMFP have the property to be decomposed through an 
aggregation of ON/OFF elemental processes, called minisources. For these 
minisources, a non null minimum bit rate (A) and a maximum bit rate (A ) have 

I m 

been set to OFF and ON states respectively. The difference between A and A is 
I m 

the step value A. For these minisources, the exponential birth and death rate are a 
and b respectively. With this construction, the binomial MMFP is equivalent to the 
aggregation of the S independent minisources, where: Amin = SA, ; Am = A+A, and 
A=Am- A,> 0. 

To relate the model parameters S, A,, Am, a and b to the real data, it is necessary 
to derive a new equations set. Let be Z a random variable associated to the number 
of people in the system M/M/oo//S and let be X a random variable connected to Z 
byX=AZ. 
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Since temporal series of real data do not reach null generation values, an offset 
value Amin must be considered on the synthesized temporal series. This effect is 
captured by a new binomial random variable Y, linked to X as : Y =X + Am;n· 
Under these definitions, the Y random variable follows the specified binomial 
MMFP. Therefore, the Y random variable will have to fit well the statistical 
behavior of real data. The binomial MMFP behavior is obtained by the addition of 
the S independent random variables associated to the S minisources. Thus, the 
mean rate, the variance and the covariance function are: 

my =S11=S(Am1toN +A 11toFF) 

(j~ = s (Am -A I )21toN 1toFF =sA 21toN1tOFF 

Cyy(t) =S(Am -AI)21toN1toFFe-(a+b)t 

(1) 

where rc and rc are the steady-state probabilities to find the minisource in states 
OFF ON 

OFF and ON respectively. 
The procedure explained in (Mata, 1994) to determine the model parameters is 

based on the random variables Y and X. The former has to match the real process 
characteristics and the X random variable will be auxiliary used. The statistical 
properties of both random variables are the same, but their means are SA units 

I 

different. To fit the model, the sequence "Live in Central Park" has been used. 
Applying this technique, the resulting parameters are: S=9 minisources; 
A=7619.38 bits/GoP; A=34890.51 bits/GoP; a =0.0338 s·1; b=0.0903 s·1• 

I 

To evaluate the goodness fit of the model, the real data and the model 
autocovariance functions are compared in Figure 2(a). The calculated function for 
the real series presents, approximately, an exponential decay only for lags lower 
than a few tens of frames. This interval is well fitted by the model. Nevertheless, 
this behavior is inaccurate for higher lag values because the real traffic function 
presents a slower decay in that region. The slow decay of the real data 
autocovariance function is related to the long range dependence of the video traffic 
(Garret, 1993). 
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Figure 2.- (a) Data and model autocovariance functions (b) Histograms 
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In Figure 2(b ), the probability density functions are compared using the 
histogram bars. The shape presented by the real temporal series can be approached 
by a binomial distribution. The main difference between the model and the real 
data appears on the highest values. In this border area, the model do not reach the 
suitable probability values. 

3 VBR MPEG VIDEO MODELING USING A BIDIMENSIONAL 
MMFP 

In order to improve the model proposed in the last section a bidimensional MMFP 
is introduced. The structure of the model is presented in Figure 3. This two
dimensional structure is interpretable as the aggregation of two basic minisources 
types. Let be S, and S2 the number of minisources of each type respectively. 

The discussed bidimensional MMFP model has been denoted M/M/oo//S,+S2 

model. This model was proposed in (Sen, 1989) The technique presented in this 
pioneering paper are not applicable in the present work since new characteristics of 
the VBR video traffic are considered. 

To develop the M/M/oo//S,+S2 model, the bit rate for the minisources of type 2 

has been set to a null value in OFF state, that is J,=O. This implies J = Jm-J1 = Jm. 

S,a (S,-1)a 

a 

~I ~· 
c:::> (d;) 

c 

~I : s2 
c 

~ 
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Figure 3.- Bidimensional MMFP model and its break down in two types of 
minisources 

This consideration does not produce loss of generality, since the minimal 
constant value can be concentrated in a type of minisources or can be distributed 
between the two types. In both case, the resulting model is the same MMFP. The 
analysis of the model M/M/oo/ IS 1 +S2 can be carried out using the results obtained 
for the binomial M/M/oo//S model. To develop the model, two binomial random 
variables, called M/M/oo//S, and M/M/oo//S2, are associated to the minisources of 



544 Part B Traffic Control, Modelling and Analysis 

type 1 and 2 respectively. These random variables are independent mutually. In 
this way, the behavior of the model M/MJoo//S1+S2 is related to the random variable 
composed by the addition of the corresponding random variables to each set of 
mini sources. 

Let be the following random variables: 

then: 

X= bit rate generated in the M/MJoo//S 1+S2 model 
Y = bit rate generated in the M/MJoo//S1 model 
Z = bit rate generated in the M/MJoo//S2 model 

X=Y+Z and mx=my+mz 
2 2 2 

crx=<ry+<rz and cxx<t)=cyy(t)+czz('t) 
(2) 

Let be p and q the steady-state probability in ON state for each minisource type 
respectively. Using the previously obtained results for the bit rate generated by the 
binomial MMFP, the mean, variance and autocovariance can be expressed as: 

mx = S1pA +~qJ 

cri =S1p(l-p)A2 +S2q(l-q)p 

cxx('t) = S1p(l- p)A 2e-'YJ't + S2q(l-q)J2 e-Yz't. (3) 

Since the generated values for the coder are associated to the random variable X, 
the values of "(1 and "(2 are deduced by means of the real data autocovariance 
function. In this way, the relation between the variances of the random variables Y 
and Z must be determined. 

In the adjustment of the binomial M/MJoo/IS model at GoP level a correct capture 
of the autocovariance function was achieved for the first lags. However, the long 
range dependence was practically ignored. Therefore, a separate analysis of the 
short and long terms seems suitable. In this way, each sources types can be 
synthesized to capture both temporal behaviors. Thus, the sources of type 2 will be 
employed to fit the long range dependence and the sources of type 1 for the short 
range of the autocovariance function. This implies that the relation of the 
correlation coefficients is: 

(4) 

Since for lags of more than 100 GoP intervals the influence of the short term is 
negligible, it can be considered: 

(5) 
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The least square estimation technique has been applied to determine the value of 
the autocovariance function for lags between 100 and 250 GOP intervals. In Figure 
4(a) the resulting adjustment is shown for the value y2 = 0.02541 rad/seg. 

In order to obtain the short term dependence of the autocovariance function, it is 
necessary to extract the long term dependence of the real data autocovariance 
function. According to the expression (5), the variance of the Z random variable 
can be approximate: 

and, therefore: 
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Figure 4.- (a) Autocovariance for the data series and for the long term of 
MIM/oo//S 1 +S2 model (b) Autocovariance for the data series and for the short 
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bidimensional MMFP 
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Applying the same estimation technique as the long range term, the obtained 
autocovariance index is y1 = 0.5929 radlseg, with a. 2=1.217·109• 

These values allows to verify the previous hypothesis Y1 >> y 2 > 0. The 
goodness-fit-test is showed in figure 4(b). Finally, the variance of the Y random 
variable is derived as: 

2 2 2 8 
<Jy=<Jx-CJZ"'9.6310. (8) 

The results of the discussed break down technique are presented in Figure 5. In 
this figure, the accurate capture of the temporal data is observed for the different 
time scales. Likewise, the unfitted behavior of the binomial MMFP is shown. 

The analysis of real traffic allows to state the set of equations to find the model 
parameters. This equations determine a finite number of solutions. In this case, 
using the measured values of the actual time series: 

min(X) = 67527 

mx =E[X]= 154072.07 

max( X)= 382589 

(J~ = 2.17 109 
(9) 

and the derived variances using the break down of the autocovariance function: 

2 8 
a y = 9.63 10 

2 9 a z = l. 217 10 
(10) 

the MMFP bidimensional model can be fitted. 
The synthesized MMFP model attempts to capture the smoothing traffic 

properties of the VBR MPEG video sources. In this synthesis, the probability to 
surpassed the peak rate of the real traffic has been considered very low. Thus, the 
resulting model can be modified to reach a higher peak rate increasing the number 
of minisources S1• Another possibility is to fix on the equations set the maximum 
rate ("'ax) to a higher value than the real data maximum. 

In this case, the solved equations force the maximum generation state of the 
model to the maximum value of the actual series. Therefore, the model parameters 
can be determined through the set of equations: 

J = Amax -S1A-Amjn 

~ 
SIPA + Szql = m -A min 

Slp(l-p)A2 =a; 
Szq(l- q)J 2 =ai (11) 
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Note that the system is undetermined. In this case, all the solutions have been 
found for the different integer values that verify S1>0 and S2>0 . Using numerical 
methods, the system only presents solution for values which satisfy S1+S2S";13. The 
obtained values from p and q (with p>q) are very insensitive to the increment of Sr 
Hence, the increment of the number of minisources of type 2 produce a set of 
states with a extraordinarily low probability of visit when S2 is greater than 2. To 
synthesize a non overconfigured model only the cases S2= 1 and S2=2 has been 
considered. 

Analyzing the solutions for S2=1, the results are unsuitable. In Figure 6(a) the 
relative minimum of the probability distribution function of the bidimensional 
MMFP model is observed for S2=1 and S1=7. This minimum reflects the strong 
transition between the maximum bit rate when the minisource of type 2 is inactive 
and the minimum bit rate when this minisource is in ON state. This model 
underestimates the probability of the intermediate generation bit rates. Therefore, 
the appropriated value of S is 2 to capture the real traffic characteristics. 

2 

Table 1 Minisource parameters of the bidimensional MMFP 

Model A, (bits/GoP) A( bits/GoP) a (sec·') b (sec·') 

S1=5 13710 27757 0.3 0.2929 

S2=2 0 87614 0.0022 0.02321 

S1=6 11500 25468.6 0.2663 0.3266 

S2=2 0 80601.47 0.00266 0.002275 

The next step in the model synthesis is to establish the number of type 1 
minisources. In order to avoid an overconfigured model, the probability of a lot 
number of type 1 minisources are in the active state can not be very low. 
Analyzing the results, the values of S1 higher than 6 present a very reduced sojourn 
probabilities to higher states. In order to reduce the effects of the discretized bit 
rate generated by the model, the highest significant value of S must be set. In this 

I 

way, the suitable choices are S =5 or S =6. 
1 I 

For the accurate adjustment of the MMFP model, the study of the minimum 
value generated by the model is necessary. In order to fit well the probability 
density function of the real data a small correction in this bit rate can be applied. 
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After this consideration, the obtained result is presented in table I and the 
goodness-fit-test of the probability density function is shown in figure 6(b}. 

4 CONCLUSIONS 

This paper is focused on the characterization of the video traffic generated by a 
VBR MPEG coder at GoP level. Regarding a smoothing system allocated between 
the MPEG coder and the user network interface, a long real video traffic is 
analyzed at this level. To capture the statistical behavior of the actual data two 
MMFP models are proposed. This type of model has been selected by its analytical 
tractability on A TM networks. 
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Figure 6.- Histogram of the real traffic and the bidimensional MMFP for (a) S1=7, 
S2=1 and (b) Sl=S, S2=2 

The first model considered is the binomial MMFP. In order to adjust this model a 
new technique is introduced. The goodness-fit-tests applied to validate the model 
has been the autocovariance and the probability density functions. The results 
exhibit some deficiencies on both functions. On the autocovariance function a 
faster decay is noticed and on the probability density function the high activity 
levels of the model do not reach the actual values. 

Starting from these effects a new bidimensional MMFP is introduced. This fluid 
model can be obtained through the aggregation of two types of independent 
minisources. This composition give rise to a two-dimensional structure of the 
MMFP model. The model synthesis has been developed by means of the 
autocovariance function. This function can be decomposed in a short term and a 
long term of decay. The long term shows the long range dependence or self
similarity of the video traffic. Assigning each type of minisources to both decay 
terms the model fits well the autocovariance function. A detailed study of the 
number of minisources of each type allows to adjust the probability density 
function too. In this way, this work demonstrate the heterogeneous MMFP are 
suitable to characterize the VBR MPEG traffic. 
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