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Chaos and self-similarity are the state-of-the-art problems in various areas of modern science and technology, thus network systems
are not exception from this rule. Increasing number of various network protocols, applications and services leads to the fact that
network traffic becomes more complex and unpredictable. It has been shown that phenomenon of self-similarity is caused by the
properties of network traffic whose origin is the behavior of TCP protocol. And all this properties became more significant with
appearing of the high-speed data transmission technologies. Finally this behavior leads to congestion in network and packet losses as
the result of it. But even modern congestion control mechanisms handle such kind of situations quite unfair. For example, as shown
by W. Feng et al., TCP Reno loss rate exceeds 5% in a heavily congested network. So it’s easy to calculate that over a Gigabit
Ethernet link such loss rate translates into a loss of over 50 Mb/s. Obviously this level of loss rate is unacceptable. However models
that describe behavior of information systems sufficiently and give a possibility for scientists to apply all set of classical methods of
chaos theory and analyze particular nonlinear dynamical system have not been offered so far. Phase portraits of the studied system
were built and Lyapunov exponents for different values of the basic system parameters were calculated. In the present paper a new
approach in analysis of the packet switching networks behavior with TCP protocol is proposed. These networks are analyzed as
nonlinear dynamical systems that show chaotic properties at a certain value of parameters.
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BUBUYEHHS XAOTUYHOI MOBEATHKH BUCOKOINIBUJIKICHIUX MEPEX 3B’3KY IHOOPMAIIMTHUX
CUCTEM
O.B. Kapnyxin, .M. Kyapsisues, O.B. bBopucos, /I.I. I'puuis
Xapxiscvkuil Hayionanvruil yHieepcumem imeni B.H. Kapa3zina
M. Ceoboou 4, 61022 Xapxis, Yrpaina

[Ipobaema camomnonoOu B pi3HUX OOJACTSAX HAYKH Ta TEXHIKU IiKaBHWJa NOCTIJHHUKIB JaBHO. [1osBa Ta MIMPOKE PO3NOBCIOMKEHHS
KOMIT'IOTEpHHX MEPEeX, a TaKOX 3pIiCT KUTBKOCTI PI3HOMAHITHHX IOCIYT IMPHUBENO IO TOTO, IO MEPEeKEBHH Tpadik CTaB OUIbII
CKIanHUM 1 HemepenOadyBaHUM. OCOOIMBO CHIBHO IIi BIACTHBOCTI CTaNM NPOSIBISITHCS 3 IOSBOIO TEXHOJOTiH BHCOKOIIBHAKICHOT
nepenavi qanux. lle moB’s3aHO 3 THM, IO OJJHAM i3 OCHOBHHX MOKa3HHKIB sKOCTI (Q0S) poOOTH Mepexi 3 MaKeTHOK Mepenadcio
JaHUX € KUIbKICTh BTpayeHUX MakeTiB. BrTpara makeTiB Mpu3BOIWTH 10 JOAATKOBOTO HABAaHTAKEHHS Ha MEPEXy i 3PEIITO0 IO
«3atopiBy. Ilpy BeIMKMX HIBUAKOCTAX Iepenadi JaHWX BTpaTa MAKeTiB, IO BUPAKAETHCA B JONSIX BIJCOTKA CIPHSIE 3HAYHUM
crparaM iHpopmaii. B 6araTouncieHHnx poboTax, IPHCBIUCHUX TOCIIKEHHIO MepexeHoro Tpadika Oysio mokaszaHo, 10 BKa3aHi
BUILE SIBUILA IOB’sI3aHi 3 BIACTHBOCTSAMHU CaMOMOIIOHOTO Tpadika, OCHOBHOI MPHYHMHOIO SIKOTO € moBeAiHka mpotokony TCP.
[Ipote no cix mip He OyJH 3amPONOHOBaHI MOETI, sIKi O aJeKBaTHO ONMUCYBAIX MOBEIIHKY CHCTEM 3B’SI3KYy 1H)OPMALIHHUX CHCTEM,
10 JJO3BOJIMIIK O 3aCTOCYBAaTH BECh apCEHAN KIIACHYHUX METOIB aHaNi3y HENHIMHUX TUHAMIYHUX CHCTEM. B po0OoTi nmponoHyeTbes
HOBUH MiAXiJ IIOJ0 aHANI3y IOBEIHKH Mepex 3B’SKy iHpopManiifHux cucteM 3 mpotokosnoM TCP — posrman ix sk HemiHIHHEX
JUHAMIYHUX CHCTEM, IO MPOSBIIOTH XaOTHYHI BIACTUBOCTI 32 HAsSBHOCTI BH3HAUCHUX 3Ha4deHb mapametpis. [loOynoBaHi ¢a3oBi
MOPTPETH JOCITIPKYBaHOI CHCTEMH, PO3paxoBaHi INOKa3HUKH JIAIyHOBa Ui pI3HMX 3HAYeHb OCHOBHHUX IIapaMeTpiB CHUCTEMH.
3anporoHOBaHi PEKOMEH AT 010 POSKTYBAaHHS Ta eKCIUTyaTallil BACOKOUIBUAKICHUX ONTHYHHUX MEpPEekK 3B’ 3Ky iH(popMariiHmx
CHCTEM.

KJIFOUYOBI CJIOBA: camormionoba, MmepexeHuii Tpadik, Xxaoc, BTpata HakeTiB, skicTh o0ciayroByBanus, TCP/IP

N3YYEHUE XAOTHYECKOI'O MMOBEJEHWS BBICOKOCKOPOCTHBIX CETEM CBSI3M H®OPMAIIMOHHBIX
CUCTEM
A.B. Kapnyxun, U.H. KynpsiBues, A.B. bopucos, /I.U. I'punus
Xapvroeckuil Hayuonanvhwviil ynusepcumem umenu B.H. Kapasuna
nn. Ceob00wt 4, 61022, Xapvkos, Ykpauna
IIpoGnema camMorno00us B pa3iuyHbIX 00JIACTsIX HAYKH W TEXHHKH HHTEpecoBaia HMccienoBartenell naBHO. [losBieHre U MIMPOKOoe
pacmpocTpaHeHHne KOMITBIOTEPHBIX CETeH, a Takke YBeIHYCHHE KOJIMYECTBA Pa3HOOOPA3HBIX CETEBBIX YCIYT MPUBEIO K TOMY, YTO
ceTeBoil TpaduK cTan Goiee CIOXKHBIM M HerpeackazyeMbiM. OCOOEHHO CHIIBHO 3TH CBOWMCTBA CTANIM MPOSIBISITBCS C MOSIBICHHEM
TEXHOJIOTUH BBICOKOCKOPOCTHOM Mepenad JaHHBIX. JTO CBSI3aHO C TEM, 4TO OJHHMM W3 OCHOBHBIX MOKa3areneil kauectBa (QoS)
paboTHI ceTeii ¢ MAKETHOU mepenadeil sIBISIETCS KOJUYECTBO MOTEPSHHBIX MakeToB. [1oTepsi MAKETOB MPUBOAUT K JOMOJHUTEIBHON
Harpy3Ke Ha CeTh 1, B KOHEYHOM CUeTe, K «3aropamy. [Ipy OOIBIINX CKOPOCTSAX MEpeIavn JaHHBIX TOTEPH MAKETOB, BHIPAKAFOIIHECS
B JIOJISIX TIPOICHTA, IPUBOJAT K 3HAYUTEIBHBIM TOTEPSM HHPOPMAIK. B MHOTOUHCICHHBIX paboTaX, MOCBSIICHHBIX HCCIICIOBAHUIO
CeTeBOro Tpaduka, ObLIO MOKA3aHO, YTO yKa3aHHbBIC BBINIC SBJICHUS CBA3aHBI CO CBOWCTBAMHU CaMOION00Hs Tpaduka, OCHOBHOM
MIPUYUHON KOTOPOTO sBisgeTcss moBeaeHue mporokosna TCP. OpHako [0 cuX mop He ObUIM NPEIIOKEHBI MOJENH, aIeKBATHO
OIHUCHIBAIOIINE MOBEICHUE CHCTEM CBS3UM HH(GOPMALMOHHBIX CHCTEM, MO3BOJIIONIME MPHMEHUTh BECh apCceHal KIACCHYECKHX
METOJOB aHajIn3a HeJIMHEWHBIX JUHAMHUYECKUX cucTeM. B paboTe mpeasaraercsi HOBBIM MOAXOM K aHAIM3Y MOBEICHUS CETel CBA3U
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nHGOPMAIIMOHHBIX cUcTeM ¢ Tpotokosiom TCP — paccMoTpeHHMe WX KaK HETHHEHHBIX JUHAMHYECKHX CHCTEM, MPOSBIISIONINX
Xa0THYECKUE CBOWCTBA MpPU OMNPEICNCHHBIX 3HAa4YeHHsX mnapamerpoB. IlocTpoeHbl (a3oBble MOPTPETHI HCCIIEAYEMO CHCTEMBI,
paccuuTaHbl mokaszatenu JIAmyHOBa AJsI pa3IMYHBIX 3HAUYSHUI OCHOBHBIX MapaMETPOB CHCTEMBI. [IpeaiokeHbl PeKOMEHIAINH 10
MTPOEKTHPOBAHUIO U HKCIUTYaTAlUH BBICOKOCKOPOCTHBIX ONTHYECKUX CeTeil CBsI3H MH()OPMAIIMOHHBIX CHCTEM.

KJIFOYEBBIE CJIOBA: camononobue, ceTeBoit Tpaduk, Xaoc, MOTEpH MakeToB, kKauecTBO obcmyxkusanusi, TCP/IP

For a long time the problem of self-similarity was interesting for researchers in different fields of science and
engineering (hydrology, geophysics, biophysics, biology, financial economics) (an extensive enough bibliography is
contained in [1]). Network traffic has become more complex and unpredictable because of appearance and wide
propagation of computer networks and growth of different network services. Especially with appearance of high-speed
data transmission technologies these qualities have shown up themselves strongly. It is connected with one of the major
network work characteristics (QoS) with packet transmission is a number of lost packets. The loss of packets leads to
additional load on any network and congestions in the final analysis. The high-speed data transmission loss of packets
expressed in percentage leads to considerable loss of data. And even the bandwidth increasing of network affects on the
improvement of its work poorly.

For the first time applying the conception of self-similarity for telecommunication systems was proposed by
B. Malderbrot [2].

In the following numerous studies dedicated to the network traffic research has been shown all the above
mentioned phenomena are connected with self-similarity traffic properties.

For the last 10-15 years a great amount of studies has been dedicated to the self-similarity network traffic problem.
They can be divided into two large groups symbolically. The first group and the most extensive one includes the studies
which the authors analyze the network traffic and define its statistic characteristics. The data analyzing source is either a
full-scale experiment (for instance [3]) or modeling by means of application software (for instance ns [4], OPNET [5]).

To the second group related the studies (unfortunately they are not numerous) in which the data system is
considered to be the dynamic one where self-similarity is an inner property of the system itself [6].

The goal of the given article is to consider the data communication networks with TCP protocol as non-linear
dynamic systems which show some chaotic properties under certain parameter values and a new approach to behavior
analysis of such systems is proposed.

THE CAUSES OF THE NETWORK TRAFFIC SELF-SIMILARITY

Most researchers believe that TCP is the main reason of traffic self-similarity (the basic transport Internet
protocol). To understand the influence of TCP protocol on the network traffic self-similarity is to describe the TCP
operation algorithm in general terms [7,8,9].

TCP is a service directed to the connection which ensures reliable (in accurate sequence) delivery of byte flow.
Releasing applications from necessity “to worry” about missed or reordered data. It includes the control mechanism
which ensures that a sender doesn’t overfill the recipient buffer and the congestion control mechanism tries to prevent
the oversized data volume injection in network (which leads to the loss of packets). While the window size of the data
flow control is static, the congestion window size is changing during long time in compliance with the network status.
There are several modifications of the TCP protocol implementation (Reno, Vegas, Tahoe). Obviously, the most
widespread is TCP Reno [10].

The TCP Reno congestion control mechanism is composed of two phases: (1) slow start and (2) congestion
avoidance. At the slow start phase the congestion window size increases exponentially (i.e. it doubles every time when
the sender transmits the amount of bytes successfully which is equal to the current congestion window size in network)
until doesn’t emerge the timeout which means the loss of packets. At that moment the Threshold value is set in an
amount of a half the window. TCP Reno restarts the congestion window size to one packet and returns at the slow start
phase increasing the congestion window exponentially to the value of Threshold. When threshold reached TCP Reno
enters the avoidance congestion phase in which the congestion window is increased by one packet each time as the
sender transmits content of window successfully in network. When a packet is lost during the avoidance congestion
phase TCP Reno attempts the same actions as when a packet is lost during slow start phase.

Here and now TCP Reno implements fast retransmit as well and it carries out the fast recovery mechanism for
both the congestion avoidance phase and the slow start phase. If the sender receives three double ACK (an indication
that some packet had been lost but subsequent packets were received) then the sender will retransmit a lost packet
immediately (fast retransmit) instead of carrying out a timeout situation waiting acknowledgement (ACK) of the lost
packet. Since subsequent packets were received the network congestion is considered to be less serious than if all
packets were lost. And the sender just decreases its congestion window by half and returns at the avoidance congestion
phase repeatedly evading the slow start phase again.

TCP Vegas introduces the new congestion control mechanism which tries to prevent them and it doesn’t react to
appeared congestions. When the congestion window size increases then expected transmission rate (ER) increases as
well. But if actual transmission rate (AR) remains the same it will mean that the available bandwidth is poor to provide
transmission rate ER. Hence any extension of the congestion window size will result in overfilling the router buffer in
the bottleneck gateway. TCP Vegas tries to detect this phenomenon and avoid congestion in the router bottleneck
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gateway adjusting the congestion window size and consequently ER adapting for the available bandwidth. TCP Vegas
defines two threshold values @ and f for the congestion avoidance phase to regulate the congestion window in a

proper way. The third threshold value y is defined for crossing between the congestion avoidance phase and the slow

start phase. Conceptually, & =1 means that TCP Vegas tries to keep at least one packet from each flow located in a
queue of the router while B =3 keeps three packets maximum. In consideration of Diff = ER — AR Vegas increases

the congestion window linearly during the next RTT (Round Trip Time) if Diff <« . When Diff > then Vegas

decreases the congestion window linearly during the next RTT otherwise the congestion window stays invariable. The
parameter ¥ can be considered as “initial” value when TCP Vegas enters its congestion avoidance phase. To improve

more TCP characteristics Floyd and the others proposed to use RED routers (Random Early Detection) [12] to detect
incipient congestion. The RED routers support weighed mean lengths of a queue. While the weighed mean length of a
queue stays below minimum threshold (min %), all packets remain in a queue. When the weighed mean length of a
queue exceeds (min ¢k ) packets will be skipped (lost) with probability P. And when the weighed mean length of a
queue exceeds maximum threshold ( max ¢4 ), still arriving packets will be lost.

In recent years several new modifications of TCP protocol have been proposed. There are Binary Increase Control
TCP (BIC-TCP), CUBIC TCP, Westwood TCP (TCPW), Parallel TCP Reno (P-TCP), Scalable TCP (S-TCP), Fast
TCP, HighSpeed TCP(HS-TCP), HighSpeed TCP Low Priority (HSTCP-LP), Hamilton TCP (H-TCP), Yet Another
Highspeed TCP(YeAH-TCP), Africa TCP, Compound TCP etc.

Almost all of them are based on well-known old TCP versions and they differ from each other various congestion
avoidance means. To be more precise they are based on different ways of detecting the packets loss occurrence fact
which means appearance of congestion. Various formulas for cwnd (congestion window) calculation are used in
different modifications.

ESSENCE AND RELEVANCE OF THE PROBLEM

To study congestions arising in computer networks and avoidance methods is the very topical question at modern
stage of the computer network development. New technologies such as GRID and distributed calculations are appearing
and they transmit quite great amount of data via network. Videoconferences and applications for transferring voice
represent more and more tough quality of service (QoS) requirements. The Internet network is developing and at the
same time an amount of users is increasing as well. Hence growth of the transfer traffic capacity which compounds
about 7500-1200 PBytes per month at the end of 2009. All these factors are precondition for appearing congestions in
computer networks.

Well studied and tested methods of the theory of chances are suitable for describing and preventing network
congestions. Also the Internet architecture of protocols places certain limitations. For example competitive TCP flows
and all plurality of transport protocols used in computer networks don’t know anything about each other but various
models of the congestion control in TCP and other protocols should coexist in harmony. If one of implementations turns
out to be more aggressive than the others then it will use a major part of the bandwidth which can prevent from the data
transmission in “adjacent” connections. At the same time unnecessary conservatism of an algorithm will have a
negative impact on the general protocol performance.

THE TEST BED

It has been used the discretely temporal simulator with source code NS-3
(Network Simulator 3) in the present work for investigating TCP flows. NS-3
gives a researcher the class set which can be used and modified. Thus it is
possible to simulate the wide range of protocols and processes occurring in
computer networks. Also the simulator makes possible to model processes in real
time and integrate it with the test bed making this a part of modeling network etc.
The NS-3 simulator includes the great amount of tests for all components which
SRR guarantees veracity obtained results. The model of TCP/IP network has been
a bottleneck created by means of the given simulator where all hosts connected with a router
by the point-to-point connection type (Fig. 1). The work of the application has
been simulated in sender hosts sending data with permanent bitrate to the host
recipient where the application worked and received data from the both type of
hosts. The data generation rate of senders (Cy), the delay (dp) and the bandwidth of
a recipient pipes in the bottleneck and also the delay and the bandwidth of pipes in host
senders were varied specifying particular parameters for each numerical
4 experiment. The type Drop Tail Queue (Q;) queue size also was varied in the

Fig. 1. The model network topology  royter network interface connected with the recipient.
The receiving host window (rwnd) was made very large deliberately to make limiting factor the only value of the

congestion window (cwnd).

Obviously in such network the congestion state will be occurred when total rate sending data from the sender host

a sender a sender
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exceeds the bandwidth of the recipient channel. Therewith the key parameters affecting on congestion appearance are
Cs, dy, Cp, and Q; because sender hosts have sufficient bandwidth and low delay and it won’t affect on the congestion
control algorithm by TCP protocol. There will be shown the values only these parameters in the further description of
numerical experiments.

THE BEHAVIOR STUDYING METHODOLOGY OF TCP PROTOCOL

The variables number characterizing state of the given system is very large even in such simple system with two
TCP connections. But it can be chosen a suitable section of the phase space by force of proper selection these variables.
The magnitude of congestion window has been chosen because it affects on the data transmission rate directly.

It was tracking an alteration of each TCP flow cwnd values from the sender to the recipient during the work
simulation process of two TCP-connections. A new value and a time moment were recorded into the file for each cnwd
value variation when this alteration happened. Finally two time sequences specifying the step-type function which
contains cwnd dependence of time have been obtained for two hosts (as cwnd value is stored in memory all the time
and it changes at fixed time moments).

But there is not enough cwnd dependence of time for studying given process in details. The problem lies in the
fact that the congestion window value is just a projection of the full set of system variables. Therewith the cwnd(t)
function is not continuous. The second problem is that the congestion window value doesn’t make possible to draw a
conclusion about system status in details starting from the certain time moment.

In this work it has been proposed to use averaging over N values of the time sequence [x,,xt,a.,,xt,w_t,...] as

easy measured characteristic of complex systems and showed that it can be used for recovery of the hidden
multidimentional trajectories. The given method applied to the congestion window values (cwnd) leads to the relations

[6]:
1 N
x[i]z—chndx[i—j],
Nj=1
o )
il=—) cwnd [i- ]
il N/_Z:; Ji= )1

Two TCP flows are indicated as x and y here. The N quantity is responsible for a scale of averaging and the more
N the more hidden dimensions of the system can be recovered.

In this case cwnd(t) functions are different for hosts and only moments of changing values this function are fixed.
Therefore to apply mentioned above method and to plot a phase portrait means to get the congestion window values at
the same moments of time.

THE PHASE PORTRAIT
Such system seems to be easy enough and it shows quite difficult behaviour under certain parameters of the test bed.

Specifically the graphics of cwnd(t) dependence if Cy =5Mbps, d,=10ms, C,=5Mbps, Q=20 packets' and more hard
mode under Qs=2 packets are mentioned below. Regular beating can be noticed in the both plots. And each TCP flow
takes an advantage one over another by turns at the particular time intervals.

60000 T T T T T T 60000 T T T T T
50000 4 50000 |- .
o H
£ 40000 - & 40000 .
0 s
= 30000 4 g o000 .
€ 20000 4§ 2000, ]
|
“ 10000 { 47 10000 .
o I | i 1 (I 1 0 I 1 I I I 1 amiin 1
100 150 200 250 300 350 400 450 500 550 0 50 100 150 200 250 300 350 400 450 500 550
time, s time, s
a) b)

Fig. 2. The congestion window dependence of time
a) the first TCP-flow under Cy=5Mbps, d,=10ms, C,=5Mbps, Q=20,
b) the second TCP-flow under Cy=5Mbps, d,=10ms, C,=5Mbps, Q=20

According to described algorithm in the previous section the associating phase portraits are obtained by data
processing and displayed respectively in the Fig. 2-3. In case of N=2000 and d=10 ms the phase portraits are shown in
the Fig. 4-5.

' packet =536 bytes, in all conducted numerical experiments
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Fig. 3. The congestion window dependence of time
a) the first TCP-flow under Cy=5Mbps, dp=10ms, C,=5Mbps, Q=2
b) the second TCP-flow under C;=5Mbps, d,=10ms, C,=5Mbps, Q=2
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(the regime initialization transient process was removed)
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Fig. 4. The phase portrait
under Cy=5Mbps, d,=10ms, C,=5Mbps, Q=20

2650 2700 2750 2800 2850 2900
cwnd_x, bytes
Fig. 5. The phase portrait

under C;=5Mbps, d,=10ms, C,=5Mbps, Q=2

The cycle section was scaled up to make possible to see its

complex structure.

As can be seen the phase trajectories shape the limit cycle which has a quite delicate structure. And this trajectory
is pretty steady because an image point after little “roaming” begins to describe the same closed trajectory in process of
TCP flows start time changing relatively one another. For comparison data and the phase portrait are stated below when
senders don’t overfill the recipient pipe. In other words there is no congestion (Fig. 6 and Fig. 7). In this case the cwnd
value of both hosts increases indefinitely as expected and there is no any anomalies in the phase portrait.

120000

100000

80000

60000

cwnd, bytes

40000

20000

0

110000

— 100000
L ~ 90000
/ g 80000
B3
-
£ 70000
‘ g
60000
|‘ 50000
I hostl ——
! host 2 - 40000

0 10 20

30 40 50 60 70 80 90
time, s

30000

100 110

Fig. 6. The congestion window dependence of time

under C;=2Mbps, d,=10ms, C,=5Mbps, Q=100 (there is no

congestion)

40000 50000 60000 70000 80000 S0000 100000 1100C
cwnd, bytes

Fig. 7. The phase portrait

under Cy=2Mbps, dy,=10ms, C,=5Mbps, Q=100

THE MAXIMUM LYAPUNOV EXPONENT

Phase portraits are useful not only to show the dynamic system status. If you have a phase portrait you will be able
to calculate a maximum Lyapunov ” exponent A. It’s the quantity which is able to characterize the recession rate of close
trajectories and usually its positive value is considered to be an indicator of the system chaotic behaviour.

However to graph the system phase portrait is possible only in a few cases. When one adds a new sender into the
simulated network then the analyzed phase space dimensionality will increase by one and to analyze obtained data will

% For example using Benettin’s algorithm [15]



143

physical series «Nuclei, Particles, Fields», issue 3 /55/ High-speed communication...

be more complicated. Apart from the phase space visualization is possible if its dimensionality is fewer than 4.

Thus it is necessary to have the instrument which allows obtained data to be tested aside from a number of
available TCP sessions. For this purpose the utility package TISEAN has been chosen [16]. It is intended for analysis of
time series and based on the theory of nonlinear deterministic dynamic systems or the chaos theory. TISEAN is
represented to be an implementation of the theory chaos algorithms. However these algorithms don’t give “simple”
answers to questions taking into account the research field newness where hasty utilization of algorithms can bring to
incorrect, unclear or false results. Therefore for instance asking the question about attractor dimensionality it can’t be
given the finite numerical answer. Instead of this it will be computed the correlated sum which can be analyzed by other
utility package. A researcher is responsible for correct interpretation of work results.

The utility lyap_k from TISEAN package has been used for calculating the maximum Lyapunov exponent. The
result of its work is the data set which represents the logarithm coefficient of trajectories recession dependence of time

S(&,m,An)[17], it is computed in the following way:

2
S(e,m,An) = Z In @

X Z (Sno +An Sn+An( 4
s,2U (s,)

where ¢ is neighbourhood of Sno point, m is dimensionality of the phase space, An is time, and U (S no) -

‘U(s )

neighbourhood of the point S "o with diameter &.

In the given algorithm the point o is chosen in the phase space and its “neighbours” remote from S o within ¢

distance are marked. Then average distance to all the “neighbours” is calculated as a function of passed An time. Thus
at the time moment n, + An (plus a logarithm of the initial state) a logarithm of average distance is some effective
rapidity of trajectories recession during An time. All fluctuations have been averaged out under repetition described
steps for quite large amount n, values. If § (8, m, An) quantity shows linear increase with the same slope in the

reasonable range of € values then slope ratio approximating this part of the line can be considered to be roughly equal to
the maximum Lyapunov exponent.

-3

!
@
2]

-4

Stratching factor S${e,n,t)

Linear fit: a=-4.57, b=0.0293—

a 18 28 38 48 58
t, data samples

Fig. 8. The Lyapunov exponent calculation
(Qs=20: 1~ 0.029)

The results obtained after processing and visualization cwnd(t) time series are represented here and they have been
brought into accordance with Fig. 4,5 and 7 (take a look at Fig. 8 — 10) with the aid of lyap k utility. The curves
S (8, m, An) for five different & values and the line y=a+ bx approximating linear section of these curves are
pictured in the figures. Thus b value equals to the maximum Lyapunov exponent numerically.

The data obtained in process of the network work simulation in the absence of congestion have been analyzed. In

this case as expected if A < 0 such system doesn’t show chaotic behaviour proceeding from experiment definition as can
be seen in the graph.
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Fig. 9. The Lyapunov exponent calculation
(Q/2: 1 ~0.113)

=4.5 T T T

!
a
T
1

1

a

o
T
1

!
L]
T
I

1

e

o
T
I

Stratching factor S(e,n,t)
1
-
Il

=7.5 . B

"hl.cwnd.lyap'

. ; Linear fit: a=-4.95, b=-6.22e-05—-
a 18 28 38 48 58
t, data samples

Fig. 10. The Lyapunov exponent calculation
C;=2Mbps, d,=10ms, Cy,=5Mbps, Q,=100:
A ~-0.00006 means absence of chaos

THE CONCLUSIONS AND FURTHER RESEARCH DIRECTIONS

The carried out research makes possible to conclude that the router buffer size is one of the key parameters
influencing on TCP protocol work.

According to our reckoning the further way consists of describing communication networks of data systems using
the TCP protocol as nonlinear dynamic systems. In this case there is a possibility to apply all the classical methods set
of behavior analysis such systems developed by Poincare, Lyapunov, Birkhoff. It concerns with qualitative analysis of
the dynamic system behavior in the phase space which gives an opportunity to define all possible system motion (work)
modes and to detect parameter values that cause undesirable chaotic phenomena (the loss of packets, performance
decreasing) In the first place these questions are topical for the ISP (Internet providers) who unfortunately don’t pay
proper attention to them. Obviously to solve the problem of congestions and the loss of packets is not possible on a
global scale the whole of Internet network in connection with inability to redesign the whole network in virtue of
technical and economical reasons.

However it is possible to give some recommendations to design (and further exploitation) for the limited in scale
networks (even large enough) that allows negative phenomena of chaotization to be minimized.
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