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Property Analysis of Heavy-tailed Traffic by Simulator
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The scale-invariant burstiness or self-similarity has been found in real network. Relation be-
tween self-similarity and network and/or system parameter is mainly discussed in the context
of end-to-end data transmission environment, and this self-similarity is mainly caused by the
file size of Web servers or the duration of user sessions On the other hand, the accesses to
Web servers are not uniformly distributed, but are confined to specific Web servers such as
search engine sites or portal sites; and other elements of network parameters are not clearly
described in the context of self-similarity. In this paper, we have investigated the property
of self-similar traffic varying the network environment using the network simulator. After
analyzing the simulated results, following properties were extracted. Firstly, heavy-tailed
distribution of file size induces self-similarity, especially in the case of small «. Secondly,
distribution with power law of data rate emphasize self-similarity. Finally, greater error rate
induces to activate the fluctuation of the throughput, and remains self-similar property.
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1 Introduction

Since the seminal study of Leland, et al. [1], the

scale-invariant burstiness or self-similarity has been found

in real network. Leland, et al. [1] demonstrated self-
similarity in a LAN environment, Paxson et al. [3]
showed self-similar burstiness in pre-WWW WAN IP
traffic, and Crovella et al. [2] showed self-similarity
for WWW traffic. Currently, self-similarity of network
traffic has been widely adopted in the modeling and
analysis of network performance.

Relation between self-similarity and network and/or
system parameter is mainly discussed in the context of
end-to-end data transmission environment. Crovella et
al. [2] indicate that this self-similarity is mainly caused
by the file size of Web servers or the duration of user
sessions, and ftp traffic has the heavy-tailed property
of Pareto distribution with 0.9 < o < 1.1[3]. Park et
al. [4] examined simulations with diverse conditions
using network simulator, and discussed the meaning of
effect of each element of simulating conditions.

Ifthe access to Web servers are uniformly distributed
to each Web server, then Internet traffic are composed
in same distribution. The access, however, tend to
concentrate to search engine sites or portal sites. The
healthy Internet maintain the low error rate under one
percentage. But some edge nodes of small provider
temporally rise the error rate under the heavy load con-
dition. These error-prone traffics are controlled by the
flow control mechanism of TCP. It is the ongoing topic
to investigate how this feedback mechanism works the
property of Internet traffic.

In this paper, we investigate the property of self-
similar traffic varying the network environment using
the network simulator (ns-2) [5]. First, the concen-
trated phenomena for the access to Web servers are
to be simulated followed by consideration of the error-
prone condition with 10% error rate. Lastly, the discus-
sion of data multiplexing will be presented. We have
referred to research by Park et al. [4] in related sec-
tions.

This paper is organized as follows. First, the back-
ground of heavy-tailed property and Hurst parameter
1s described in Section 2 followed by the environment of
network model and simulation in Section 3. With this
simulation, we discuss the effect of self-similar traffic
varying the network environment in Section 4. Section
5 is the summary and discussion for future work.

2 Background

First, a definition of heavy-tailed distribution will
be given, followed by the relation between shape pa-
rameter of Pareto distribution and Hurst parameter.

2.1 Heavy-tailed Distribution

A random variable X has a heavy-tailed distribution

if

P X >za]l~c™™, 0<a<?2 (1)

for some positive constant ¢, where a(z) ~ b(x)
means limy_.o, a(z)/b(x) = 1, and « is called the tail
index or shape parameter. Regardless of the behav-
ior of the distribution for small values of the random
variable, if the asymptotic shape of the distribution is
power law, it is heavy-tailed. If P[X > ] is heavy
tailed then X shows very high variability. X has infi-
nite variance, and, if « <1, X has infinite mean.

The simplest heavy-tailed distribution is the Pareto
distribution. The Pareto distribution is power law over
its entire range; its probability density function is

p(z) = ak®z=*"Y a k>0, 2>k

()

and its cumulative distribution function is given as

F(z) = P[X <] =1— (k/2). (3)

The parameter k represents the smallest possible
value of the random variable, and is called the loca-
tion parameter.

To assess the property of heavy-tailedness, we em-
ploy log — log plots of the complementary cumulative
distribution given as

F(z)=1-F(z) = P[X > 2] = (k/2)*  (4)

for the random variable X. Plotted in this way,
heavy-tailed distributions have the property that

dlog F'

I o, 2> g
for some @. To check the property of heavy-tailedness,

we form log — log plots, and look for approximately lin-

ear behavior with slope —« in the tail.
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2.2 Hurst Parameter

A quantitative measure of self-similarity is obtained
by using the Hurst parameter H, which expresses the
speed of decay of a time series’ autocorrelation func-
tion. A time series with long-range dependence has an
autocorrelation function of the form

r(k) ~ k=P as k — oo,

where 0 < # < 1. The Hurst parameter is related to
8 via

H:l—ﬁ.

Heavy-tailed property causes the long-range depen-
dence that is one of the properties of self-similarity.
Park[6] presented that heavy tails lead to predictabil-
ity, and in relation, they lead to long-range dependence
in network traffic. Hurst parameter is related to the tail
index by H = (3 —«)/2, which can be predicted by the
on/off model in an idealized case corresponding to a
fractal Gaussian noise process.

3 Network Model and Simulation

3.1 Network Model

C1 S1
C2 G1 G2
C32 S2

Figure 1. Network Configuration

The network is constructed by nodes and links, both
having a buffer, bandwidth, and latency. Server node
si(i = 1,---,n) have a probability density function
pi(X), where X > 0 is a random variable denoting
file size. In our previous work [7], we measured file size
of top page on diverse Web servers and observed heavy-
tailed distribution of file sizes. We assume that these
actual file sizes are mapped to the probability density
function p;(X), which is called as file size distribution
in this paper.

Figure 1 shows 2-server, 32-client network configu-
ration. The link between gateway 1 and G5 is shaped
as a bottleneck link. We will refer to the traffic from

G5 to GG as downstream traffic and traffic from G4
to G5 as upstream traffic. Downstream traffic denotes
multiplexed file transmission from servers.

3.2 Simulation Setup

We used the LBNL network simulator (ns) [5] to
evaluate the effect of different network parameters. The
ns is a very popular software for simulating advanced
TCP/IP algorithms and protocols. In this paper, we
focus on the file size distribution in conjunction with
data rate and effect of different flow control algorithms,
different TCP modules, with varying error rate.

The topology of our simulation is limited to the
2-server 32-client bottleneck configuration in Figure
1. The bottleneck link, however, was varied from 1.5
Mbps to 10 Mbps. Non-bottleneck links were set at 10
Mbps and the latency of each link was set to 15 ms
presenting domestic links. The maximum segment size
was fixed at 1 kb. We measured the downstream traffic
from G5 to Gy.

4 Results of Simulation
4.1 Self-similar Traffic

Firstly, we examine that transfer of files with Pareto
distribution, i.e. heavy-tailed distribution, generate
self-similar traffic. The run of this experiment was ex-
ecuted for 1000 simulated seconds with fixed data rate
(200kbps) and 10 Mbps bottleneck link. Data source
was limited only to S; from which 32 data connec-
tions were established to 32 clients with TCP/Reno
agent. Figure 2 and 3 show that the throughput of
traffics generated by Pareto and Exponential distribu-
tion are fluctuating over all time series independently.
The process with Pareto distribution reveals the self-
similar process, which has the heavy-tailed property,
and the random process has the exponential distribu-
tion. The throughput ranges of both Figures is 500 to
2000 kbps.

Two aggregation levels are plotted in both Figures,
(a),(c) in Figure 2 and (a) in Figure 3 - all of three to
exhibit 100 ms aggregation time unit - and (b),(d) in
Figure 2 and (b) in Figure 3, all having 10 s time unit.
Two different location parameter « values, « = 1.05
and o = 1.95, are shown in (a),(b) and (¢),(d) in Figure
2 respectively. In the case that « is close to 2, which is
(d), fluctuation changes smoothly at large time scales.
It indicates that weak dependency structure appears in
time series.
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Figure 2. Pareto Distribution of File Size
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Figure 3. Exponential Distribution of File Size

On the other hand, in the case that « is close to 1,
which is (b), burstiness is still preserved at large time
scales, indicating that self-similarity is observed at «
closing to 1. Figure 3 illustrates the throughput gen-
erated by Exponential file distribution. We observed
that the aggregation time series between exponential
and Pareto with a = 1.95 are qualitatively indistin-
guishable.

Examinations were carried out under the condition
that the bottleneck link is constrained for the band-
width with 1.5 Mbps. Park et al. [4] illustrated that
resource limitations led to no significant variations for
self-similarity. On the other hand, the results of o =
1.05 in our experiments, which is not shown, illustrates
that the time scale-invariant property disappeared and
converged to flat fluctuation in 10 seconds aggregation
as well as the case of exponential distribution. This re-
sults indicates that bandwidth-constrained bottleneck
link reduces the property of self-similarity. Our simu-

00

00

00

lations under a few conditions showed some difference
from those reported by Park et al. [4]. We should
confirm the effect of differency. Park et al. also re-
ported that selfsimilar property decay in proportion to
the strictness of limitation.

4.2 Effect of Data Rate

The experiment described previously was examined
with fixed data rate. The accesses to Web servers, how-
ever, are not uniformly distributed, but are confined to
specific Web servers such as search engine sites or por-
tal sites. We represent this mal-distribution of access
to Web server as the data rate distribution with power
law. Figure 4 shows the data distribution for each traf-

fic.
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Figure 4. Data Distribution for Each Traffic

Figure 5 illustrates the effect of variant data rate.
Two aggregation levels, 100 milliseconds and 10 sec-
onds, and two different « values, o« = 1.05 and o =
1.95, are shown in this Figure 5. Direct comparison
of the throughput between Figure 2 and 5 1s not ap-
propriate due to the different data rate, but with a
different scale, mal-distribution of data rate emphasize
self-similarity in small o(= 1.05). In the real network,
if the file size distribution has small «, then the self-
similarity will be emphasized.

4.3 Effect of Error Rate

In this experiment, we changed the error rate to 10
% on the bottleneck link and examined in 10000 simu-
lated seconds. Figre 6 illustrates the 100 milliseconds
and 10 seconds aggregation to compare, and the data
of 100 seconds aggregation are shown in Figure 7. Fig-
ure 6 and 7 are illustrated in same horizontal scale of
Figure 2.
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Figure 5. Effect of Data Rate

These figures indicate that the higher the error rate
increases, the larger the range of fluctuation becomes
to make fluctuation eventually converged to the same
level at coarser aggregation, i.e. 100 seconds. These oc-
currence of error activate the flow-control mechanism,
then the throughput fluctuates in larger range. The
self-similarity remains still despite occurrence of the
error. On the other hand, UDP traffics with same er-
ror rate remain the the same fluctuations under the
condition of no error rate.
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Figure 6. Effect of Error Rate with 10%
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Figure 7. 100 Seconds Aggregation of Error
Rate with 10%

Figure 8 shows the effects of 5% error rate, and the
two aggregation levels, i.e. 100 milliseconds and 100
seconds. (a),(b) and (c),(d) in Figure 8 illustrate the
value of & = 1.05 and v = 1.95 respectively. Compared
to Figure 2 and 6, this Figure illustrates the middle
level fluctuations in both Figure 2 and 6. This indi-
cates that error rates steadily affect the all time scale
invariance and larger error rate generates larger fluctu-
ation level for the throughput.
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Figure 8. Effect of Error Rate with 5%

4.4 Effect of Other Elements

Firstly, we examined the effect of traffic multiplexing
to generate the new traffic from server S; to 32 clients
with the same fixed data rate (200 kbps). The result
indicated no clear difference between the one traffic
flow from 57 and two traffic flows from 57 and S5. This
means the property of self-similarity remain existed in
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terms of traffic multiplexing.

Second experiment is to check how a type of TCP
agent effects differently to self-similarity. Then we ex-
amined the agent of Tahoe, NewReno and Vegas with
the same error rate (10%). Results show that every
TCP agent worked the same way, and did not clearly
affect the fluctuation. This also means that different
flow-control mechanisms maintain the property of self-
similarity.

5 Conclusion

In this paper, we have investigated the property of
self-similar traffic varying the network environment us-
ing the network simulator. After analyzing the simu-
lated results, following properties were extracted. Firstly,

heavy-tailed distribution of file size induces self-similarity,

especially in the case of small «v. On the other hand,

constrained bottleneck link reduced the time scale-invariant

property. Secondly, distribution with power law of data
rate emphasize self-similarity. When the access traf-
fics were tend to distribute under the power law, self-
similarity, were emphasized. Thirdly, greater error rate
induces to activate the fluctuation of the throughput,
and remains self-similar property. The fluctuation level
of 10 % error rate was similar to the fluctuation at ten
times aggregation level with no error rate. Finally, the
effect of traffic multiplexing with two servers, and dif-
ferent TCP agents did not clearly affect the self-similar
property.

These experiments were evaluated by the fluctua-
tion pattern on different time scale aggregations. To
evaluate the property of self-similarity qualitatively, es-
timation of Hurst parameter is required. In the next
step, we will conduct to estimate Hurst parameter us-
ing variance-time plot or R/S estimation.

In the future, the real network experiment is to be
conducted followed by the discussion of the precision of
the network simulator to find the new metrics for the
self-similarity.
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