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ABSTRACT

The objective of this paper isto introduce self-similarity asafun-
damental property exhibited by the bursty traffic behavior
between different on-chip modules in typical MPEG-2 video
applications. Statistical tests performed on relevant traces
extracted from common video clips establish unequivocally the
existence of self-similarity in on-chip video traffic. Using a
generic on-chip communication architecture, we discuss the
implications of our findings on on-chip buffer space alocation.
We also describe a synthetic trace generation procedure for
speeding up the buffer ssimulation process.

1. INTRODUCTION AND OBJECTIVES

Nowadays, people see the need for portable embedded multime-
dia appliances capable of handling advanced algorithms required
in al forms of communication (text, speech and video). Asacon-
sequence, it is important to determine a common design “plat-
form”, consisting of both hardware and software resources, that
could be shared across multiple multimedia applications.

The system-level view of such a generic design “platform”
is shown in Fig.1. It consists of both fixed processing resources
(e.g. ASICs) and programmable resources (e.g. processors) that
co-operate to run the target application (e.g. MPEG-2 audio/video
decoder, web, etc.). The overall goal of the system-level designis
then to find the best mapping of the target application onto the set
of architectural resources while satisfying the imposed design
constraints (e.g. minimum area, minimum power dissipation, best
performance, etc.). Most notably, the transition from desktop
multimedia to portable multimedia based on heterogeneous
design platforms brings concurrency and communication as
prime candidates for system-level analysis and optimization [4].
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Fig. 1 A generic portable embedded multimedia system

In this paper we address the fundamental issue of selecting
the optimal communication resources between different on-chip
modules. For complex systems composed of many heterogeneous
components, the on-chip traffic produced among different mod-
ules has very diverse characteristics. Since the traffic patterns
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depend so much on the target application, it is necessary to judi-
ciously allocate the on-chip communication resources, especially
since the on-chip buffer spaceis usually very limited compared to
real data networks.

In order to exploit the regularity in large SOC design, Dally
and Towles [1] proposed anovel on-chip interconnection network
(Fig.2(a)) which can be used instead of the classica ad-hoc glo-
bal wiring structure. What makes this generic architecture very
attractive is that it can offer well-controlled electrical parameters
which enables high-performance circuits to reduce latency and
increase bandwidth for on-chip networks.

As shown in Fig.2(a), a chip employing such a communica
tion architecture consists of several network clients (e.g. proces-
sors, memories, and custom logic) which are connected to a
network that routes packets between them. Each client is placed
on atile and communicates with other clients (not only its neigh-
bors) viathe on-chip network. A router is needed for each tile and
it consists of several input-output controllers and their associated
buffers (Fig.2(b)).
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Fig. 2(a) Die module tiles and network logic, Fig.2(b) A generic
input controller and its buffers

Since the area of the router is heavily dominated by the
space occupied by the on-chip buffers, the problem of optimal
buffer sizing becomes an issue of critical importance. Indeed,
dropping or misrouting packets because of inappropriate buffer
sizing reduce the overall performance and significantly increase
the on-chip power dissipation. This makes the on-chip network
design problem quite challenging and especially relevant to the
large class of portable embedded multimedia systems where the
QoS requirements vary considerably from one media to another
and buffer space is very limited. As we will show later in this
paper, making use of the knowledge of the traffic pattern for
achieving a certain QoS with optimal resources turns out to be
extremely helpful.
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1.1. Contributions of the paper

The contributions of this paper are twofold:

* First, we provide evidence about the presence of self-similar
phenomena in on-chip traffic generated by multimedia applica-
tions. This has very important consequences on queueing proper-
ties of on-chip networks because self-similar processes have



properties which are completely different from traditional short-
range dependent autoregressive (ARMA) or Markovian pro-
cesses traditionally used in system-level analysis [3][5][6].

* Second, knowing the Hurst parameter [9] which characterizes
the traffic pattern for a particular application can be used to gen-
erate synthetic traces with statistical properties similar to the
original ones. These synthetic traces can be used to speed up the
simulation process for multimedia applications where tens of
hours of simulation is typically required to get useful information
for on-chip network design.

Taken together, our proposed technique allows media sys-
tems designer implementing on-chip communication networks to
choose the appropriate buffer sizes and use large multimedia data
benchmarks more effectively. Ultimately, this will enable systems
designersto optimally trade-off performance and media quality.

1.2. Organization of the paper

Section 2 defines the self-similarity and describes a statistica
method used to establish the presence of long-range-dependence
(denoted as LRD). In Section 3, we present a detailed analysis of
traffic for the MPEG-2 video decoder and show the results for
four very different video clips. In Section 4, we illustrate the
implications of the LRD on the on-chip network design process.
Finally, we conclude by summarizing our main contribution.

2. WHAT ISSELF-SIMILARITY?

Sdf-similarity and fractals are concepts pioneered by Mandelbrot
[8]. They describe the phenomenon where a certain property of
an image or a time series is preserved with respect to scaling in
space and/or time. If an object is self-similar then its parts, when
magnified, resemble - in a suitable sense - the shape of the whole.

Sochastic self-similarity admits the infusion of probabilistic
behavior. Unlike the deterministic fractals, the objects do not
possess the exact resemblance of their parts at finer levels of
detail. If wethink, for instance, in terms of time series which may
characterize some real data traces and relax a little bit the
measure of resemblance, say, by focusing on certain statistics of
rescaled time series, then it may be possible to expect an
approximate similarity with respect to these relaxed measures.
Second-order (or temporal) statistics are the statistical properties
that capture burstiness (or variability) in time series which
characterize, for instance, traffic patterns in real networks [7][2].
In particular, the autocorrelation function, as a function of the
time lag, decreases polynomially rather than exponentially. The
existence of such non-trivial correlation “at distance” is referred
toasLRD and it isformally defined in next section.

2.1. LRD: Definition and properties

In this section we give a brief description of the concept of LRD
and outline statistical method for analyzing LRD data.

Let X=(X;:t=0,1,...) be awide-sense stationary stochastic

process with mean m, variance 02 and autocorrelation function
r(k), k=0. According to [2] X is said to exhibit long-range
dependence if

r(k) Ok PLy(1) ask - oo, ®

where0< B <1, L,(t) isslowly varying function and ~ denotes

the "*asymptotically close” condition: lim L,(tx)/L,(t) =1, for
t -

all x> 0. From eguation (1), we see that LRD is characterized by
an autocorrelation function that decays hyperbolically rather than
exponentially fast. There are several ways to test the presence of
LRD [9]. In what follows, we describe the variance-time method
for testing LRD in atime series.

2.2. Variance-time analysis
Let X be a wide-sense stationary time series. For each m =

1,23,...let X™ = X" k= 1,2, 3,... denote the new wide sense

stationary time series obtained by averaging the origina time
series X over non-overlapping blocks of size m. That is, for m =

12, X" isgivenby X' = Z(Xyn g+ o+ Xir) K0,

The variances of X", m = 1,223.. for short-range
dependent (SRD) processes (e.g. Markov processes) will
eventually decrease linearly in log-log plots against m with a
slope equd to -1. On the other hand, for processes with LRD, the

variances of the aggregated processes X", decrease linearly (for

large m) in log-log plots against m with slopes arbitrarily flatter
than -1. For a constant ¢, we have

var X" oem™® asm - o, )

with 0 < B < 1. Actualy, the value of B isrelated to the rate at
which autocorrelations decay for large values of the lag. The
relation between Hurst parameter H and the rate at which the
autocorrelation decaysisgivenby H = 1-3/2 [9].

3. TRAFFIC ANALYSISFOR MPEG-2 VIDEO DECODER

Since on-chip buffer space is very limited, it is very important to
use the appropriate traffic model to optimally alocate available
communication resources. Our main observation is that, the traf-
fic pattern between different modules for a MPEG-2 decoder
exhibits LRD. This is explained subsequently through the exam-
ple of aMPEG-2 video decoder (Fig.3a) [10].

3.1. Modelling and measurement setup

The decoder consists of the VLD (Variable Length Decoder), 1Q
(Inverse Quantization), IDCT (Inverse Discrete Cosine Trans-
form), Motion Compensator (MC), and the associated buffers.
We model the MPEG-2 Video decoder using the Stateflow com-
ponent of Matlab which uses the semantics of Statecharts, for-
mally proposed by Harel [11].
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Fig.3a The block diagram of the MPEG-2 decoder

To create the Stateflow model of the MPEG-2 video
decoder, the sequential C-code of the decoder was split into sev-
eral processes and the communication among processes made
explicit by using synchronization signals. We assume that all
computing processes are mapped onto the architecture discussed
in Section 1 as shown in Fig.3b. The remaining unused tiles can
be used to map other applications (e.g. audio, encryption, €tc.).
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Using the Mpegstat tool developed at Berkeley [12], we ana-
lyze MPEG-2 video streams and find detailed information about
the macroblocks in the frames of the video. Depending upon the
type of amacraoblock (I, P or B), they follow different pathsin the
block diagram and then take different times to process. The sizes
of the macroblocks in terms of the number of bits also vary; this
results in various on-chip traffic patterns.

We monitored the arrival processes at the IDCT and MC
modules recording their corresponding traces (Trace 1 and Trace
2inFig.3a). The corresponding traces obtained were further eval-
uated using the analytical procedure discussed in Section 2.
Using this method, we were able to obtain the variance-time plots
for the traces. The results are discussed in the following section.

3.2. Results and discussion

Our approach to traffic modeling is *“ data driven”. We rely upon
four video sequences (Fish, Smpsons, Disc_ir, Hawaii) of
different video screen sizes ranging from 27 seconds (110000
macroblocks) to 1 second (43000 macroblocks). We focus on
sequences (X: i = 1,2,..., N) where X; represents the number of
bits which contain the compressed and coded information for a
macroblock of MPEG coded video.

To compute the H parameter, we use the variance-time
analysis of the time series X. As an illustration, Fig.4 shows the
plot corresponding to the video clip Hawaii. As we can see, the
value of H is 0.72 (which is greater than 0.5) clearly indicating
the presence of LRD.
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Fig.4: Variance-time plot for Hawaii at the IDCT module
(trace 1 in Fig.3a) in the MPEG-2 decoder

We aso test the presence of LRD using the rescaled
adjusted range statistics method (R/S method) of analysis of the
time series. Details about this R/S analysis method can be found
in[9]. For convenience, asummary of the estimated Hurst param-
eters for all four clips using both the testsis given in Table 1. As
we can see, the values of H obtained from both the methods are
sufficiently close to each other to support the claim about the
presence of LRD.

Table 1. Hurst parameter values for different clips estimated by
two methods

Tracel Trace 1 Trace 2 Trace2
Video |H by Variance- H by H by Variance- H by

Clip time method R/S plot time method R/Splot
method method

Hawaii 0.7238 0.7453 0.5455 0.6839

Fish 0.7251 0.7147 0.6308 0.7136

Smpsons| 0.6874 0.7432 0.7407 0.7943

Disc_ir 0.8108 0.8180 0.8421 0.8131

4. IMPLICATIONSIN DESIGNING ON-CHIP NET-
WORKS

Beyond its statistical significance, LRD has a considerable
impact on queueing performance of on-chip network. Norros in
[13] uses Fractional Brownian Motion (FBM) model to parsimo-
niously capture the LRD effects. Using this model, one can find
out the lower bound for the probability that the queue length Q
exceeds a certain buffer size x, under the assumption of having an
infinite buffer. Mathematically:

2-2H

P(Q>x) Oexp[—cX ] (©)]
2H-1

m 1_p 2H 1—H H H 1-H-2
o= T () (58]
2a p H 1-H
where m is the mean input rate, p is the utilization factor (the
ratio of average service time to average interarrival time); H and

a are the Hurst parameter and the *‘ peakedness’ values obtained
from variance-time plot in Fig.4.
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Fig.5 Complementary queue length distribution plots predicted
by equation (3) and obtained by simulation of the Hawaii clip

4.1. Buffer length prediction

To assess the accuracy and impact of our predictions on the per-
formance of the on-chip network, the complementary queue

length distributions for all video clipsin Table 1 were simulated®

and plotted. A representative plot is shown in Fig.5. We can draw
afew conclusions from this plot:

« Firgt, the curves predicted by the formulain equation (3) and the
curves obtained by simulation show a very good agreement as a
function of buffer length.

» Second, the dash-dot lines (for H = 0.5) correspond to Mark-
ovian (that is, SRD) models. From Fig.5, we can see that SRD

1. Similar plots were obtained for all the other video clips.



models significantly underestimate the buffer overflow probabili-
ties which may cause severe performance degradation at chip-
level.

4.2. Simulation speedup using synthetic trace generation

In this section we describe a method of generating synthetic
traces with statistical properties similar to the original traces
obtained from real clips. These synthetic traces can be used to
dramatically speed up the simulation process for calculating the
buffer loss probability. The main steps in the procedure are:

1. Congtruct { fy, ..., f,,,}where f; represent the sam-

pled values of the approximated expression of the
power spectrum [14], and f; lie equally spaced between

(O, m).

2. Multiply each f; by an independent exponential
random variable with mean 1.

3. Construct a sequence of complex vaues
{2125, ...,2,,}such that 7| = ff; and the phase is
uniformly distributed in (0, 271).

4. Expand the sequence from n/2 values to n values by
taking complex conjugates of the z sequence.

5. Inverse Fourier transform of the full length z
sequence now gives the LRD sample path.

6. Transform the distribution function from the gauss-
ian distribution to the empirically observed distribution.

In order to evaluate how good is our synthetic trace genera-
tion procedure, we perform the following simulations. We look at
three real MPEG clips and obtain their macroblock level traces
using the Mpegstat tool [12]. From one particular video clip, each
macroblock is assumed to be arriving at a constant time interval
to the buffer at the VLD, but different clips start sending macrob-
locks at different time that are uniformly distributed. These three
sources are statistically multiplexed into a common buffer as
shown in Fig.6.
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Fig.6 Experimental setup for evaluating buffer loss probability

In Fig.6, the server at the buffer is assumed to be serving the
macroblocks at constant drain rate in terms of the number of bits
processed per second. Using the same setup, we then replace each
video source by a synthetically generated trace, which is half the
length of the origina full length trace, (but has the same Hurst
parameter as that of the origina video) and perform the simula
tions for buffer loss probability. The results of our simulations are
shown in the Fig.7. One can see from the plots that the loss prob-
ability curves for the real trace and the synthetic trace are practi-
cally the same for high levels of utilization.
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Fig.7 Buffer loss probability curve for real and synthetic traces

5. CONCLUSION

We have presented a technique for on-chip traffic analysis using
self-similar processes. For a recently proposed communication
architecture based on packet switching, we have shown that the
arrival process at different nodes, in an MPEG-2 video applica
tion, exhibits self-similar phenomena. Characterizing the degree
of self-similarity via Hurst parameter helped in finding the opti-
mal buffer length which is the critical issue for routers at each
node in the on-chip communication network. Finaly, a synthetic
trace generation procedure can be used to significantly reduce the
simulation time for calculating the buffer loss probability.
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