CHAPTER 2

SELF-SIMILARITY AND LONG-RANGE DEPENDENCE

The traffic behavior in a network has serious implications for the design, control, and
andyss of the nework. By andyzing data collected, it was demondrated that the
Ethenet Locd Area Nework treffic is ddidicdly <df gmila. [LTWW]
Asynchronous Trander mode, high speed, cdl rday, networks, modly ae used as
backbones for the interconnection of enterprise networks composed of severd LAN'S,
thusleading to sef smilar behavior of thetrafficin ATM Networks. [PFO5]

Hf-amilaity is the propety we asociate with fractas - the object gppears the same
regardless of the scale & which it is viewed. It is manifested in the absence of a naturd
length of a "burs "; & eveary time scde ranging from a few millissconds to minutes and
hours, bursts consgting of bursty subperiods separated by less bursty subperiods.

A phenomenon that is sdf smilar looks the same or behaves the same when viewed a
different degrees of "megnifiction " or different scdes on a dimengon. This dimengon

may be space (length, width) or time.

The commonly assumed modds for network treffic, (e.g., the Poisson didribution, etc.)
did not fit the recorded traces, snce these modds were not able to capture the fractd
behavior of the treffic. [TG97]

Were treffic to follow a Poisson or Markovian arivad process it would have a
characteridic burg length which would tend to be smoothed by averaging over a long
enough time scde whereas measurements of red traffic indicate that dgnificant traffic
variance (burdiness) is present on awide range of time scales



The dfect of sdf-amilarity in network tréffic is shown in [LTWW95], which compares a
sf-gmilar sies with a compound Poisson saies with the same  digributiona
characteridics. The paper shows that Poisson modds for network treffic become
essentidly uniform when aggregaied by a factor of 1,000; while actud network traffic
shows no such decrease in variability over the same range of aggregation.

4.1 Definition: [S98]

The degree of sdf-amilaity, defined via the Hurst parameter, typicaly depends on the
utilization level of the network and can be used to meesure the "burdiness * of the traffic.
As H increasss the degree of sdf amilarity is increesng. 05 < H <1 .For H=05 ad
H>1, there is dmog no «f dmilaity. H is the messure of length of a long-range
dependence of a stochastic process.

Continuous Time definition :

Suppose we define the Hure parameter as H, then a stochadtic process X(t) is datigticaly
sf smilar with the parameter H, if for any red a0, the process &' X(a) hes the same
datidticd properties as X(t) .Thisis expressed as three conditions.

ieMen  EX()=E(X(a))a" (2.1)
Variance Var (X(t)) =Var (X (a) ) a®" (2.2)
and Auto Corrdation  r(t,s) = R(at ,as)/a*" (2.3

Discrete Time definition




A Hf-dmilar time saries has the property that when aggregated (leading to a shorter time
sries in which eech point is the sum of multiple origind points) the new series has the
same autocorrdation function asthe origingl.
That is, given a dationary timesries , X = (X ¢; t=0,1,2...) we define the maggregated
sies

X M =X ™ k=1,23...)

by summing the origind sries X over nonovelgoping blocks of 9ze m. Then if X is
sf-gmilar, it has the same autocorre ation function

r(k) =E[(X - m (Xt+k-m) ] astheseriesX m) fordl m.
This means tha the saies is didributiondly <df-amila: the didribution of the
aggregated series is the same (except for changes in scde) as that of the origind. [BY4,

LTWWOS5]

If in paticular we assume the autocorrdaion function of an exactly second order sdf
smilar processto ber (k) ~K ° L (K), ask > ¥ 0<b<1 ..(2.4)

ad L isdowy vaying a infinty , ie, limey L1 (tx)/ L) =1 for dl x>0
[LTWWHA]

The process X issad to be exactly sdf amilar with the parameter b (0<b<1) if for dl m

Var (X™M)=Var (X)/mP Vaiance
rx my(K) = rx(K) Autocorrdation

the Hurst parameter, can be depicted asH = 1-b/2 .



For a gationary, ergodic process b=1 and the variance of the time average decays to zero
at the rate of 1/m For a sdf amilar process the variance of the time average decays more
dowly.

The process X is sad to be asymptoticaly sdf smilar, if for dl k large enough,

Var (X ™) =Var (X)/ mP Variance
rx m((K)=rx(k) asm->¥ Autocorrdation

Thus the autocorrdation of the aggregated process hes the same form as the origind
process.

4.2 Properties.

L ong Range Dependence:

The exigence of long range dependence was seen from the heuidic plots such as
Vaiance Time plot and Autocorrdation plot. If a sdf-amilar process has obsarvable
burds on dl time scdes it is sad to exhibit long-range dependence; vaues a any indant
aretypicdly corrdaed with value at dl future indants. [LTWW]

A dochadic process satisying relaion (24) is sad to exhibit long range dependence.
Processes with long range dependence are characterized by an autocorrdaion function
that decays hyperbolicaly (as compared to the exponentid decay exhibited by traditiond
traffic modes). Hyperbalic decay is much dower than exponentid decay, and snce b<1,
the sum of the autocorrdation vdues of such saries goproaches infinity.  The implication
of this nonsummeble autocorrdation is thet, if we condder n samples from the saries,
then the variance does not decrease as afunction of 'n' but by avaueof n .



This importance of this long range dependence was seen in sudies conducted, which
showed that the packet loss and dday behavior was very different in amulations usng
red traffic data rather that traditiona network models. [CW91]

Long Range Dependence dso has a srious impact on cdl loss in Wide Area ATM
Networks. From gudies conducted [VMG9] the following results were obtained:

La {X i i = 12...} be a covariance dationary process (eg: the sequence of cdl

interarrival times) with mean m, and variance's 2 and the aLitocorrelation function
r(i-j)=E[(Xi-m)(Xj-m)]/s?
The long-range dependant process can be defined as[VMG9):

{Xi } is cdled long range dependent , if there exigs ared number a1 (01) and a
constant ¢ >0 suchtha

Lim r(K)/[cik ¥ =1
k>¥

If weusetheparameter H=1- a /2ingead of a, long range dependence occurs for

0.5<H <1. Thehigher the vdue of H is, the sronger the long range dependence.

The aove is an asymptatic definition, it determines the only the rate of convergence as
the lag tends to infinity, but it does not goecify the corrdaions for any fixed finite lags.
This definition cannot be applied in practice.

Queuing properties when LRD traffic is used as input: In case of LRD input, the tall of
the complementary queue length ditribution decays dower than exponentidly. [VMG]



Impact of LRD on buffer dimengoning: LRD characterisic plays a sgnificant role in
queuing peformance as wdl as in Buffer Dimendoning of packet networks [ENW96,
LTGO5, N95]. The effect of LRD trafficin ATM Network was studied in the paper [LS].

In this the input process condged of infinite number of indegpendent and identicd ON /
OFF mini sources where the ON and OFF follow the respective generd didributions
This input was able to express long range dependent property and yet mathematicaly
tractable [PM97]. Although other long range dependent traffic models (such as Fractiond
Brownian Motion [LTWWH4, N95 and fractiond autoregressive integrated moving
average process [LTWWHM] do exid, they are too computaiondly intendve to be
tractable in generd.

Spectrd Density [S93]:

The power spectrum of such a saries is dso hyperbolic. It obeys a power lav near the
orgn:

Sw~1/|w]|?® asw>0, 0<g<1

As it is known the power spectra dengty for a discrete time stochadtic process is defined

asfollows
- ¥ -¥
S(w) =Sr(K) eI S(0) = Sr(k)
k=¥ k=¥

ltcanbeshownthatg=1-b=2H-1

In contrast short range dependent processes are characterised by a spectrd densty that
remansfiniteas

w > 0.



Heavy Taled Didributions :

It is possble to define sdf-amilar sochadtic processes with didributions that are heavy
taled. Heavy taled digributions can be used to characterize the probability dendties thet
describe traffic processes such as packet interarriva times and burg lengths The
digribution of the random varigble X issad to be heavy taled if

1-F(x)=P[X3=x] ~x®asx>¥ ,0<a <2.

Tha is regardless of the behavior of the didribution for smdl vaues of the random
vaiadle if the asymptotic shgpe of the didribution is hyperbolic, it is heavy-taled. A
random variable with heavy tailed digtribution exhibits an infinite variance.

4.3Modding:

If we consder modding the sdf-amilar traffic, this could be done by an asymptaticaly
second order, heavy tailed digribution. Consder a large number of concurrent processes
that are each ether ON or OFF. At any point in time, the value of the time series is the
number of processes in the ON date. If the didribution of ON and OFF times for each
process is heavy-taled, then the time saries will be sdf-amilar. Such a modd could
correspond to a nework of workdaions, each of which is ether Slent or trandferring
data at a congtant rate.

According to the various properties of saf amilar traffic, many models were proposad to
represent the saf smilar treffic.

Based on the continuous time definition, the Fractiond Brownian Motion process was
congdered. An FBM process By (t) can be defined asfollows:
B () =X tH (t>0;05£H<1)



where X is a normdly digributed random variable with mean 0 and variance 1 and H is
the parameter of the process . Thus By (t) is a normdly didributed random variable with
zero mean. For H=0.5 it reduces to an ordinary Brownian motion. The probability dengty
of aBrownian moation process has the form:

(X% 2t 21
Feru(x, )= (U 2P t?)%%e

To provethe FBM processis self-amilar we have to prove three conditions.

Congder B 4 (at), where B  (t) isthe FBM process dready defined.

ThenB y (at) =X (@) .

Weeadly ssetha E [B  (at)] = 0, satidying the firgt condition (2.1).

Also it can be proven that Var (B 1 (t)) = Var (B w (a)) / &", saisfying the second
condition (2.2)

The third condition listed (2.3) isdso satisfied: r g 1 (at, as) =a? rgn (¢, 9).

Thus the process is sdf-amilar, but for H > 0.5, in this process, for large vaues of t, the
drength of the corrdation increeses between past and future increments. This
phenomenon is caled persgence and is in conflict with what is normally assumed about
sochadtic phenomenon. Thus we turn to other models.

Heavy taled didributions can be usad to characterize sdf-amilar traffic. The Implest
heavy tailed digtribution is the Pareto didtribution with the parametersk and a
(k,a >0), with dendty and digribution functions as

f(x) =0 F(x)=0 XE£k)

f(x) = (alk) (k/ix)a* F(x)=1- (k/x)? x>k, a>0)

and amean vdue E[X]=a k/a -1 (a >1)



k gpedifies the minimum vaue that the random vaigble can téke . The paramee a
determines the mean and vaiance of the random variable If a £ 2, then the digribution
hesinfinite variance, and if a £ 1, it hasinfinite mean and variance,

4.4 Examples of occurrence of saf-amilarity:

Ethernet:

The theory of sdf-amilaity of the treffic darted with the andyss of the data collected
on the Ethernet [LTWWO94]. This report shattered the illuson that draightforward
gueuing andyds udng the Poisson traffic assumption is adequate to modd dl network
traffic. The paper reports the results of a detalled high-resolution (time accurecy of 20
microseconds) collection of Ethernet traffic messurements conducted between 1989 and
1992. The data condgted of 4 sats of traffic measurements, each representing between 20
and 40 consecutive hours of Ethernet traffic and congding of totd of wel over 100
million packets. The daia was collected from various Ethernet LAN's & Belcore. From
the plots comparing the actud measurements and the synthetic Poisson modd we see
that, for the Poisson modd, as the data was aggregated, the traffic pattern smoothed out.
Wheress this was not S0 for the actud messurements. It remained burdty a al scdes with
no naturd length for the burg.

World Wide Web:

[CROV9%] reports on a sudy of Web traffic that involved over hdf a million requedts for
Web documents. This study showed that the traffic pattern generated by the browsers was
sf-amilar. The andysts moddled each browser as an ON / OFF source and found that
the datafit very wdl to a Pareto didribution with ranging from 1.16 to 1.5.

Sgndling Sysem Number 7 Traffic:

The gudy reported in [MRW94] looked a the control dgnding traffic generated on
digitd Teecommunication networks. The control Sgnd protocol is SS7, used on ISDN
and other digitd networks .The studies showed that the Poisson modd for the traffic was
inadequate and sdf amilar traffic modds provided a better fit. Usng the control sgnd



data avalable the actud cdls could be sudied. The cdl duration was best characterized
by aheavy tailed digribution.

Performance Implications of Seif Smilaity:

From the study conducted in the paper [LTWW4], an important discovery was thet, the
higher the load on the Ethernet, the higher the edimated Hurst parameter H or, higher the
degree of sdf-gmilarity. This result became vitd because a high load performance
issues were more vitd. Another important result yielded from this sudy was that the cdll
losses in the red traffic were more than the expected amount in the Poisson Modd. This
resulted in the redesign of switches and the increase of the buffer Sze.

Edimaion of SAf Smilar Traffic;

A number of gpproaches have been adopted to determine if a time series of actud data is
sf-gmilar, and if 0 to edimate the saf-gmilarity parameter H.

Vaiance TimeFot:

We know from previous assumptions, the aggregated time series is X (™ and its variance

is
Var [X M]~Var[X]/mP
Where the sdf amilarity parameter isH = 1- bb /2
The above can berewritten as: log [Var (X (™)] ~log [Var (X)] - b log (m)
Because log [Var (X)] is a constant independent of m, if we plot Var (X (™) versus m on

alog - log grgph, the result should be adraight line with the dope of -b.
Sope vaues between -1 and O indicate sAif-amilaity.



The other methods are the R/S plot and periodogram periodogram plot. The fourth, more
accurate method being the Whittles ESimetor.

Condudon:

Underdanding the nature of traffic in high speed, high bandwidth communication

sysdems such as B-ISDN (and therefore ATM Networks), is essentid for engineering,

operaions and performance evauation of these networks. The findings thet

a) The Ethernet LAN Traffic and Traffic in ATM Neworks is ddidicdly sdf smilar ,
and thet,

b) The degree of «df gamilaity can be messured in tems of Hurd Paameter "H"
whichistypicaly afunction of the overal utilization of the network ,

affected many aspects of network design and network component desgns.

Theefore the implications of sdf-dmila nature of packet treffic for  engineering,

operations and performance evauation of high-speed networks were ample:

(1) source modds for individud Ethernet usars are expected to show extreme vaiaility
interms of interarrival of packets (i.e the infinite variance syndrome),

(2) commonly used meesures for burdiness such as index of disperson (for counts), the
pesk to mean ratio, or the coefficient of variaion (for interarrivd times) are no longer
meaningful for sdf amilar traffic but can be replaced by the Hurst parameter , and,

(3) the nature of congegion produced by the sdf amilar network traffic modes differs
dradticaly from those predicted by standard forma models.

SHf-gmilar processes could be modded as dther exactly or asymptoticaly second order
sf-gmilar processes Modds were given ATM cdl traffic and sufficient conditions for
exact and asymptatic sdf-amilaity were derived. Mogly it was found that sdf-amilar
processes could be modded by heavy taled digributions, a very common one being the
Pareto didtribution.



Properties of the sdf amilar traffic were observed for example, if number of sources
increased the sdf amilar nature incressed, the long range dependence of the traffic
increased as the Hurg parameter increased, and the buffer Szes used for norma Poisson
modes could not be used for sAf amilar traffic eic. This particular property of long range
dependence of self-amilar traffic could affect cdl lossratio and Buffer dimengoning.

Even now ressarch continues on the sdf-amilar nature of Network traffic and the effect
of it on various parameterslike, cdl loss, buffer 9ze, peak rate enforcement etc.
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