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An investigation of correlation properties of MPEG VBR video based on three different 
video sequences is presented. It is found that the short range properties of these sources 
resemble those of uncorrelated sources. To investigate the relative importance of short and 
medium term correlation properties versus the longer term correlation properties of MPEG 
sources, analytical source models taking into account the periodic properties of the sources 
are used. Results from these models are compared with trace driven simulations in which 
long term properties are inherent. One conclusion of this investigation is that for the ATM 
cell loss probability, interesting regions in terms of buffer capacity and number of sources 
exist, where long term correlation properties will not influence multiplexer performance. For 
a number of 12 multiplexed sources, this region extended to buffer lengths of about 10 times 
the mean video frame size in high loss regions. In low loss regions, no effect of longer term 
correlation properties was seen at buffer lengths up to 15 times the mean frame lengths, with 
the same number of sources. 
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1 INTRODUCTION 

With the advent of multimedia services like teleconferencing and video distribution, it is 
expected that video can become a major traffic source in ATM networks. MPEG is the 
international ISOIITU standard for coding/decoding of digital video signals, and it is likely 
that a major part of the video information transmitted will be MPEG signals. In the process 
of engineering networks for the transmission of such signals, there will be a demand for 
robust, tractable and precise models for the MPEG VBR video sources. It is by now well 
established that many video sources display self-similar properties, and it may be seen that 
the MPEG sources are also autocorrelated over large time scales. The reduction of temporal 
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redundancy as performed by the MPEG algorithm will additionally induce periodic 
components in the produced information streams, invoking strong periodic correlations at the 
frame level. In the process of developing models for multiplexer loss behaviour of such 
sources, it is not evident which properties should be most precisely modelled: short, medium 
or long term correlations. This question may not be given a simple answer, as the parameters 
of buffer length and number of sources, and the considered loss probability region, will 
determine which properties of the source will dominate. 

The aim of this paper is to shed some light on the questions outlined above. To this end 
we perform an investigation of correlation properties of MPEG sources using three different 
approaches: autocorrelation functions, time-variance plots and leaky bucket loss contour 
diagrams. To determine which correlation properties dominate loss behaviour of multiplexed 
MPEG sources, we compare trace driven simulations, inherently containing long term 
correlation properties, with Markov models of MPEG sources. By using Markov models in 
the investigation, it will be possible to utilize certain source properties in a controlled manner. 
To aid our purpose, a Markov model is presented which makes possible the modelling of the 
periodic properties of multiplexed MPEG sources. 

Inspirations for the current paper are the results published in (Garret, 1993), (Garret, 1994) 
and (Beran, 1995) demonstrating the self-similar properties of video sequences, and the work 
documented in (Reininger, 1994) and (Huang, 1995) developing simulator models for MPEG 
sources taking into account source correlation properties. The Markov model presented in a 
later section is related to the ones found in (Hiibner, 1994), and (Landry, 1994). In the 
treatment of the periodic property of MPEG sources, a combinatorial approach is presented 
which may be employed both in the context of simulations and analytical models. Such an 
approach is, to the knowledge of the author, not documented by others. 

2 GENERATION OF VBR MPEG VIDEO TRAFFIC 

Three frametypes are defined in the MPEG algorithm: intra (I) frames, predicted (P) frames 
and interpolated (B) frames. A group of pictures (GOP) is composed of a regular pattern of 
frame types headed with an I frame succeeded by B and P frames. In the coding process, I 
and P frames may be used as references: I frames are coded with no reference to other 
frames, P frames are coded with reference to the previous reference frame and B-frames may 
be coded with references to both the previous and the succeeding reference frame. Hence the 
B-frames usually contain the least information, P frames somewhat more than B frames, and 
I frames more than both B and P frames. Typically the sizes of I versus P/B frames will 
differ by about a factor of 3 to 10, but the relative sizes of the frametypes may vary 
considerably between sequences. A source may keep its GOP phase during a connection, or 
it may change phase at scene boundaries in an effort to reduce information transmitted. Thus 
the phase constellations at a node in the network will vary in an arbitrary manner. The period 
and structure of the GOP cycle are coding parameters that may be chosen. 

The quantization parameter (q), controls the lossy part of the coding algorithm, in effect 
regulating the coarseness of the decoded picture. Active use of the q-parameter during 
encoding may be employed as a flow regulation mechanism. In the sequences used here, 
fixed quality video is investigated, and the q-parameter is set at a constant value for each 
frame type. 

We shall use statistics obtained from three film sequences, each consisting of 40 000 
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frames, corresponding to about half an hour of realtime video. One is an action film (James 
Bond), referred to as Bond, another is a 'psycho thriller' (The silence of the Lambs), referred 
to as Lambs, and the last contains episodes from a cartoon series (Simpsons), referred to as 
Simpsons. All sequences are coded with a GOP size of 12 frames, following the pattern of 
IDBPBBPBBPBB. Further documentation concerning production of the traces may be found 
in (Rose, 1995). In table 1 we display maximum (amax) and expected number of cells (E(a)) 
in frames, where indices /, P and B refer to the frame types 

Table 1 Trace statistics 

Trace a max E(a) E(a1) E(ap) E(aB) 
Bond 694 69.1 236.6 117.7 29.9 
Simpsons 682 52.8 210A 61.2 29.9 
Lambs 381 20.8 108.0 21.1 9.7 

Here and in all subsequent numeric computations, a cell payload of 44 bytes is assumed. 

3 CORRELATION PROPERTIES OF VBR MPEG VIDEO 

Temporal redundancies in frame contents and temporal correlation of frame sizes in a 
sequence of frames are related quantities: If 100% removal of temporal redundancy was 
achieved, only 'new' information should be transmitted in each frame. The number of bits 
required to code this 'new' information should be unpredictable, otherwise the information 
would not be 'new'. So, a perfect (in this respect) coding scheme will result in an 
uncorrelated sequence of frames. On the other hand, a completely redundant stream, such as 
repeating the same frame, will obviously result in perfect correlation. It then seems 
reasonable to expect that in reducing temporal redundancy, the temporal correlation 
properties should also be weakened in a manner reflecting the properties of the redundancy 
removing mechanism. We shall in the following perform a qualitative investigation of 
temporal properties of MPEG sequences by three different methods, to see if some 
compliance with the above informal argument may be observed. 

Firstly, we will consider the autocorrelation functions. In Figure 1, autocorrelation at the 
frame and group levels are displayed for the different traces, restricting the lag range to 
10 000 frame periods as to cut off noise effects which may be observed at longer ranges. Lag 
scale for group level curves is adjusted so as to match the frame level curves. The periodic 
property of the sources is reflected in the autocorrelation functions, and the correlation 
amplitudes at different lags are related to the relative mean sizes of frames in the GOP 
structure. This can be observed by comparing the graphs with the numbers in Table 1. In a 
deterministic periodic sequence with the above group structure, the amplitude at lags 
corresponding to distances between B-frames and reference frames (lag values i+3j, i=l,2 , 
j=0,1,2, ... ) would be negative. A strong positive relative correlation between neighbouring 
frames of different types will tend to raise the above correlation values, and may explain the 
lack of negative amplitude as can be observed in two of the sequences. Group 
autocorrelations fall off very slowly with increasing lags, indicating the contents of GOPs to 
be strongly correlated over large time scales. As redundancy reduction is confined to groups, 
this behaviour is as expected considering the results in (Garret, 1994) and (Beran, 1995). 
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As another way of investigating temporal properties of MPEG sources, we shall employ 
the method of time-variance plots. Following (Garret, 1993), sequences of lengths S may be 

partitioned into a number of blocks T = L S/M j for some block size M. Defining the block 

mean stochastic variable Yk = ~L~~(k-l)M+lai, where a; denotes frame sizes, one 

may form the general expression s~ = M-~ s~, where s~ , s~ denotes the sample variances. 

This may be expressed as ln(s~)lln(s~) = I- ~ln(M)/ln(s~) . Plotting the empirical left 

hand side of this equation against ln(M)Iln(s~) should result in a linear curve with unity 

negative slope in the case of an independent time series. i.e. ~ = l. For an exactly self-similar 
sequence, ~ should remain constant in the range of [O,l> over all time scales, whereas for an 
asymptotically self-similar process, ~ will converge towards a constant value in the same 
range as the sample sizes increase. In Figure 2 are plotted the time-variance graphs for the 
sequences (denoted 'Original'). In the same diagrams are plotted the ~ = I line (denoted 
'Independent'), and the time-variance curve for an artificial sequence (denoted 'Group') 
obtained by subsequently drawing independently the size of the 12 frames of the GOP 
structure from their respective marginal distributions. The following properties of these 
diagrams may be noted: The first few points up to M "' 10 follow the independent-curve 
more or less closely. In this region, the periodic property will also influence the time-variance 
graph, which can be noted by comparing the 'Group' curve and the 'Original' curve. This 
effect is strongest in the Bond sequence. As block levels increase, the two curves depart due 
to the lack of correlations above frame level in the 'Group' sequences. In many sequences 
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Figure 2 Time variance plots 

we have investigated, the rest of the graph will be partitioned in two fairly distinct regions, a 
middle region with very low ~-value, and a region comprising the larger blocks showing a 
somewhat higher ~-value. This behaviour is most clearly seen in the Simpsons sequence. 

The last investigation in this section will be devoted to leaky bucket loss contour diagrams. 
Such diagrams have been proposed in (Lucantoni, 1994) and (Garret, 1993) as an alternative 
way of characterizing the statistical properties of data sources, and will give an operational 
picture of source properties. The points of the curves in the diagram were obtained by fixing 
leaky bucket sizes, then adjusting the load of a trace driven simulator until a specified loss 
probability was achieved. In each diagram in Figure 2, curves are shown for the real source 
(denoted 'Original') and an artificial sequence generated by independently drawing frame 
sizes from the marginal distributions (denoted 'Independent'). In all diagrams can be 
observed a region in which the two traces show a similar behaviour. As buffer lengths 
increase, low and medium loss iso-lines of real sequences depart abruptly from the loss iso
lines of the independent sequences, indicating the effect of correlations at the group level. 
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Figure 3 Leaky bucket loss contour diagrams 
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We draw the following conclusions from these investigations: At time scales smaller than 
the GOP period, the single MPEG sources investigated display behaviour resembling that of 
uncorrelated sources. This agrees very well with the operational principles of the MPEG 
algorithm: removing temporal redundancy within each GOP, but not across OOPs. 

4 SOURCE MODELS 

4.1 Single source 

This system consists of one source generating frames at a fixed rate into a buffer served with 
constant output. Frames are segmented into cells when fed into the buffer. We shall consider 
the case where cells are spaced evenly through the inter frame period ('frame stretching'). 
The number of cells in subsequent frames follows the marginal distribution of cells per frame 
from a real source. The following definitions will be needed: 

nk r.v. for the number of cells in the buffer immediately before arrival of 

the first cell of the kth frame at time tk 

ak r.v. for the number of cells in the kth frame. 

d The number of cells that may be serviced in the inter frame period. 
When cell period is set at unity, d denotes the inter frame period. 

b Buffer limit 

It is assumed that the time intervals tk - tk-I are integral cell periods, which may be justified 

by observing that the frame period is much longer than the cell period. As frames are 
stretched, and assuming service before arrival, the system may reach the state of b-1 at the 
end of the frame period. This situation will happen if the system overflows, or the cell flow 
into the buffer exactly fills it up during the frame period. At instants tk> the following 

recursion relation will then apply: 

( 1) 

It may be noted that this way of modelling the arrival process will correctly handle short 
term autocorrelation in the cell interarrival times caused by the frame stretching mechanism. 
An interesting feature of the above relation is a certain scaling property. If, by performing the 
necessary multiplications with the cell payload, the problem is recast using information 
content rather than cell numbers, we get the relation: 

(2) 

Where the obvious identifications of symbols for information content rather than cell 
numbers may be performed. Going to the fluid limit by letting payload size P diminish 

towards zero, keeping 11 = n · P constant, it may be seen that the resulting problem is 

completely scalable insofar that for the information loss ratio function A, we have that 

A(o, ~) = A'(o', P') if o' = so, P' = s~. a.'k = sa.r An important implication of this 

observation is the invariance of the solution to the relation ~/ E(a.), i.e. the ratio between 
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buffer size and expected frame size. The discrete cell case is not accurately scalable as a 
scaling of cell size will change the granularity of the involved stochastic variables. The above 
result will nevertheless give the natural scaling when results from different sources are 
compared, and as no assumptions about the nature of the sources other than the frame 
stretching mechanism is made, will have a broad range of application. 

We now embed a Markov chain at instants tk letting nk denote the states of the Markov 
model. To satisfy the Markov condition, arrivals ak must then be assumed to be independent 

and identically distributed. Omitting sequence indexes, the stationary state probabilities 1tj 

may be expressed as: 

Where 

l - (F * 1t) (b -1) + d- 1 

(A • 1t) j+d 

(F • 1t) d 

Aj = Pr (a=j) Fj = Pr (a Sj) 

j=b-1 

O<j<b-1 

j=O 

1t. = Pr(n=j) 
1 

(3) 

And the operator denotes the discrete convolution operation consistent with the ranges 
of the operands. If the steady state equation (3) is written out in matrix form as 1t = 1tP , 
the transition probability matrix will be of order b, the buffer length. 

Generating function approaches exist both for infinite buffer length (Lin, 1990) and finite 
buffer lengths (0sterb!!l, 1995). We have however chosen a numeric solution method iterating 
on the probability transition matrix. This method turned out to be very fast. 

Cell loss probability R can be determined from the ratio between overflowed cells and 
arrived cells: 

amax-d 

R(p,b) =Eta) .L j· (A*1t)(b-I)+d+j 
1 =I 

(4) 

The load p is given by p = E(a)/d. 
A generalisation of this model to a Markov model consisting of a group of N frames with 

independent but different framesize distributions is possible. Embedding the Markov chain at 
the group level rather than at the frame level, the resulting equilibrium equation may be 
expressed as 

1t (k+N) = 1t(k)p p p 
0 J··· N-I (5) 

Where the P k matrixes are obtained in a similar manner as previously, but with the use of 
the structural arrival probabilities. The total loss probability is then given by 

(6) 

where the individual loss ratios may be found by equation (4). 
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4.2 Multiplexed sources 

Two logical multiplexing models will be considered, one in which the periodic GOP property 
of sources is taken into account, and a simpler one neglecting this property. In the simpler 
model (denoted 'Frame' in figures), all sources are aligned at frame boundaries and send 
uncorrelated sequences of frames following the marginal frame size distribution of the 
original source. The resulting queuing problem is as for the single source, replacing the frame 
size distribution with the K-fold convolution of the same. The assumption of frame aligned 
sources greatly simplifies the resulting queuing problem, as the general case implies the 
treatment of a telescoping recursion relation. In a previous paper (Andreassen, 1995) the 
consequences of the frame alignment assumption are investigated. For the number of sources 
and buffer lengths considered here, we have experienced that a model based on frame 
alignment will upper bound loss probabilities of free running sources by approximately an 

order of magnitude in the low loss regions ( -10-10 - -10-6), less in high loss regions. 
In the other logical multiplexing model that is considered (denoted 'Periodic' in figures) 

each of the K sources occupies one of N distinct phase values relative to the GOP cycle. 
Phase constellations change on a single source basis, and the duration of a constellation of 
phases is assumed to be long enough such that steady state behaviour will dominate over 
phase change transients. Thus, the treatment of different constellations may be decoupled. A 
symmetrical phase change model is assumed, such that the probability for a single source to 
be in a specific state is uniformly distributed over the phases. Each source sends frames 
according to a periodic pattern of marginal distributions. This model will take into account 
the periodic correlation property of the sources, but neglecting other correlation properties. 

We now consider the distribution of sources in the N discrete phases of the GOP cycle. A 
specific constellation of sources in the phase space may be identified by a stochastic 
constellation vector K, where the elements Ki denote the number of sources in state 

i, i = 0, 1, ... , N-1. As there are N possible phase values, and K = L~=-~ Ki independent 

sources, the probability of a specific phase constellation is given by the multinomial 
distribution: 

(7) 

Where Pi = Pr(A single source being in phase state i) 

With the uniformity assumptions made above, we have that Pi = liN. As arrival rates do 

not change between constellations, a mean cell loss probability may in principle be found by 
taking the expectation of the loss function R(A b, k) under the multivariate density fl.k). In 
practise, such computations will not be possible, and further simplifications are necessary. To 
this end, the concept of nearly equivalent phase constellations will be defined. 

This is a simplification based on the intuitive idea that the number of in-phase sources in a 
constellation is more important than the actual phases of the constituent sources in the 
constellation. Thus, we approximate R(A b, k) "' R(A b, perm(k)), where perm(k) denotes an 
arbitrary permutation of the vector k, and note that fl.k) = f(perm(k)). A set of all vectors that 
can be permuted into each other form a permutation group A, formally defined as 
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A = { k,Jl k,j E A ~ k = pe rm(J)} . All different permutation groups given the GOP length 
N and the number of sources K make up the set E, which is the set to be traversed using the 
above simplification. To clarify the above concepts, consider the simple example of K = 3 
sources with N = 2 different phases. Possible constellation vectors are (3,0), (2,1), (1,2) and 
(0,3), so A1 = {(3,0), (0,3)}, A2 = {(2,1), (1,2)}, E = {A1, A2}. 

To determine the number of members in each permutation group, let the constraint on the 

vectors be that L~=-d ki = K, which may be written as L~= 0 i · mi = K, where an order 
summation is performed instead of the element summation. The order corresponds to a 
number of in-phase sources, whereas the factors mi denote the multiplicity of the ith order in 

the summation, i.e. how many times a number of in-phase sources are repeated in the 
constellation vector. An ordered set of m,-values will uniquely identify a permutation group 
and vice versa. The mi factors may take values in the range 0,1, ... , K, with the restriction that 

L~= 0mi = N. It may then be seen that the sought number can be expressed by the 

multinomial weight in the m;'s. To compare with throwing dice, K would be the number of 

faces of the die, mi would be the number of dice showing face value i, and N would be the 
number of dice. The complete expression for the loss probability will be: 

(8) 

The composite source used in the above computation may generally be expressed by the N 
different marginal densities in the MPEG cycle. As we do not want to use any information 
from the constellation other than whether sources are in phase or not, a natural approach will 
be to use only two different densities for frame types, one for 1-frames and another for P/B
frames. For a given constellation this will give: 

k-A(k;) A(K-k;) 
I - I • PB i = 0, 1, ... , N- 1 (9) 

Where A(k) denotes the k-fold convolution of the A distribution. The above distributions may 
then be used in the relations (5) and (6) giving solutions for the periodic group. For each 
permutation group upper and lower bound on loss probabilities may be computed, assuming 
that the two cases will occur for the respective maximum concentration and maximum 
dispersion of the I-frames of the constellations in the permutation group over the GOP period. 

To complete the analysis, it will be necessary to find the members of the set E. The 
problem can be described as the number of ways to form the sum K out of N natural 
numbers without using more than one member of each permutation group. This problem 
lends itself to solution by a recursive algorithm, noting that forming subconstellations in a 
constellation may be done in an invariant manner. 

4.3 Simulation model 

To compare model results with those from real sources, a trace driven simulator is employed. 
As the frame alignment assumption is used to get comparable results, the recursion relation 
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(1) applies in the calculation of buffer occupancy and cell losses. The simulator uses the 
same algorithm as outlined in the previous section. This will allow estimates of low loss 
probabilities as compared to a more direct approach. To determine confidence, a loss 
estimator based on equation (8) is used: Each estimate is based on a weighted mean of 
simulation results from all permutation groups, where constellations inside a permutation 
group are chosen at random. To avoid correlation between sources, each source is unifonnly 
offset over the sequence while preserving group constellation. 

5 RESULTS AND DISCUSSION 

In the following, some results from analytical and simulation models will be compared. All 
figures display the behaviour of 12 sources, a number which is chosen so as to give a 
nontrivial situation, tractable computations and simulations, and not to strain the frame 
alignment assumption too hard. For each source, three scenarios are displayed, each 
comprising buffer lengths of 5, lO and 15 times the expected frame lengths of the sources. 
For the simulation curves, errorbars indicate the 95% confidence interval obtained by 
performing I 00 independent simulations. For the periodic model, an errorbar indicates the 
upper and lower bound on losses, the line being the mean value of these. 

To evaluate results, the following properties of the different models should be kept in 
mind: The 'Frame' source model is memoryless at the frame level, the 'Periodic' model takes 
into account the periodic property of the sources, but is otherwise memoryless. The 
'Simulation' model contains the naturally occuring correlation properties of the sources, and 
accounts also for the way different phase constellations are formed. 

Results from the Bond, Sirnpsons and Lambs sources are displayed in Figure 4. In the low 
loss region, the simulation and model curves fit reasonably well for all buffer lengths 
displayed. It seems that loss in this region is not related to correlation properties above the 
frame level of the MPEG sources. Rather the losses are due to the rare situations in which 
several sources send large frames simultaneously, the scenario which is explicitly modelled 
both by the constellation simulation model and the Markov models. 

The Bond source features a negative-correlation property, easily discernible in the 
autocorrelation and time variance graphs of Figures 1 and 2. In the latter figure, blocks of 
sizes two and three frames have a low variance in their sample means as the frames 
constituting the blocks are negatively correlated. In the loss contour diagram, this property 
will manifest itself by showing smaller losses for the original source than for the independent 
source in the upper left regions of that diagram. A similar effect is seen in the case of 
multiplexed sources. At buffer lengths of 347 and 695 (i.e. five and ten frame lengths), loss 
probabilities of the real source are less or equals those of the models. Only in the case of 
buffer length corresponding to 15 frame lengths (b=1043), will the effect of correlations 
beyond the frame level dominate behaviour in the high loss region, giving higher loss than 
the Markov models. 

The Lambs source is the one most precisely modelled by Markov models in terms of 
relative buffer lengths. This property is not easily deducible from the autocorrelation and 
time-variance plots, as these diagrams seem very similar for the Simpsons and the Lambs 
sources at the short ranges. Considering however the loss contour diagrams, a closer match 
between an independent and the original source for the Lambs sequence can be observed. 
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Figure 4 Multiplexer loss probabilities R as function of load p for various buffer sizes b 

For a number of 12 sources and buffer lengths considered, the periodic property of the 
sources does not dominate multiplexer behaviour. For all sequences, the simple 'Frame' 
model gives results well within the uncertainty bounds of the 'Periodic' model. It is our 
experience that difference in results between these models may be large when only a few 
sources are multiplexed. This effect seems to diminish as the number of sources increases. 

6 CONCLUSIONS AND FURTHER WORK 

We have in this paper investigated correlation properties of MPEG VBR video sources, and 
what impact these properties will have on cell loss probabilities of multiplexed sources. Such 
sources exhibit properties at short time scales which in some respects resemble those of 
uncorrelated sources, a phenomenon which is found consistent with the nature of the MPEG 
coding algorithm. At larger time scales, the sources were however seen to exhibit strong 
autocorrelation properties. By employing Markov models utilizing only certain periodic 
properties of the sources, an investigation of which properties would dominate with respect to 
loss probability of multiplexed frame aligned sources was made possible. It was found that 
for a number of 12 sources, the short term properties were dominant for buffer lengths up to 
about I 0 times the expected frame lengths of the video sources considered. In low loss 
regions, no effect of longer term correlation properties was seen at buffer lengths up to 15 
times the mean frame lengths, with the same number of sources. Concluding that the longer 
range properties of the sources are not important in the above considered regions, may 
however be a hasty conclusion. The cell loss probability measure, even though widely 
applied, is not the best performance measure of the multiplexer. In order to determine the 
effect on services, the time distribution of cell losses will be significant, and correlation 
properties may certainly influence these distributions. An investigation of these questions will 
be an interesting topic for further research. 
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