Poccuiickas akanemust nayk (PAH)
HNucTutyT npodJem ynpasjenuss um. B.A. Tpane3nukoBa
Poccuiickoit akagemuu Hayk (MITY PAH)

Poccuiickuii ynuBepcuteT Apy:k0b1 HapoaoB (PY/IH)
HNuctutyT nHGOPMAIMOHHBIX M TEJIEKOMMYHHKAIMOHHBIX TEXHOJIOT Uil
Bonrapckoii akagemun Hayk (Codwus, bonrapus)
HauuoHnanbHbIH HecIen0BaTeIbCKUI ToMCKHI rocy1apCcTBEeHHbIN
ynuBepcuter (HU TIT'Y)
Hayuno-npou3BoCcTBEHHOE 00BETMHEHNE
«AudopmanuonHbie u cereBbie TexHoJ0run» («KMHCETY)

PACIIPEAE/JIEHHBIE KOMIIbIOTEPHBIE U
TEJIEKOMMYHHUKAIIMOHHBIE CETH:
YIIPABJIEHME, BbIYUCJ/IEHHUE, CBA3b

AR
[
Y& X

DCCN
2021

MATEPHAJIBI XXIV MEXKJTYHAPOJHON HAYUYHOM
KOH®EPEHIIUHN
(20-24 CEHTSIBPA 2021 r., MOCKBA, POCCHS)

1100 obwerti peoakyueti 0.m.H. B.M. Buwnegckoeo, 0.m.n. K.E. Camyiinosa
HAYUYHOE DJIEKTPOHHOE N3/IAHUE
MockBa

HI1Y PAH
2021



Russian Academy of Sciences (RAS)

V.A. Trapeznikov Institute of Control Sciences of RAS (ICS RAS)
Peoples' Friendship University of Russia (RUDN University)
Institute of Information and Communication Technologies of Bulgarian
Academy of Sciences (Sofia, Bulgaria)

National Research Tomsk State University (NR TSU)
Research and development company
“Information and networking technologies”

DISTRIBUTED COMPUTER AND COMMUNICATION
NETWORKS: CONTROL, COMPUTATION,
COMMUNICATIONS

PROCEEDINGS OF THE XXIV INTERNATIONAL SCIENTIFIC
CONFERENCE
(September 20-24, 2021, Moscow, Russia)

Under the general editorship of D.Sc. V.M. Vishnevskiy,
D.Sc. K.E. Samouylov

MOSCOW
ISC RAS
2021



YAK 004.7:004.4].001:621.391:007
BBK 32.973.202:32.968
P24

PacnpeneneHHble KOMNbIOTEPHbIE M TeJ1eKOMMYHHUKAIIMOHHbIE CETU: yNpPaBJeHHeE,
BbIunciIeHne, cBa3b (DCCN-2021) = Distributed computer and communication networks:
control, computation, communications (DCCN-2021) : matepuanst XXIV MexayHap. Hay4H.
koH(ep, 20-24 cenr. 2021 r., Mocksa / mox o6u1. pen. B.M. Bumnesckoro, K.E. Camyiinosa;
Wu-T npobnem ymp. um. B.A. Tpane3nnkosa Poc. akan. Hayk MunoOpHayku P® — DnextpoH.
TekcToBble MaH. (1 dain: 24,9 M6). — M.: UITY PAH, 2021. — 1 snextpoH. ont. nauck (CD-R).
— Cuctem. TpeboBanwms: Pentium 4; 1,3 I'T'n u Beime; Acrobat Reader 4.0 wm Beime. — 3ari. ¢
skpaHa. — ISBN 978-5-91450-258-1. — Ne rocpeructpanun 0322103543. — Tekcr :

3JIEKTPOHHBIN.

B HayuHOM 31€KTPOHHOM U3JaHUU NpeAcTaBieHbl MaTepransl XXIV MexnyHapoaHoit
Hay4HOU KoH(epeHnH «PactpeneneHHble KOMITBIOTEPHBIE U TEJIEKOMMYHHKAIIMOHHbIE CETH:
yIpaBJ€HUE, BEIUUCIEHHUE, CBSA3b) MO CIEAYIOUINM HApaBICHUSIM:

AJNTOPHUTMBI X TIPOTOKOJIBI TEIEKOMMYHHKAIIMOHHBIX CETEH

YnpasiieHre B KOMIBIOTEPHBIX 1 HH(OOKOMMYHHKAIIHOHHBIX CHCTEMAax

AHanms npousBoauTensHOCTH, oneHKa QoS / QoE u addextuBHOCTS ceteit
AHanUTHYECKOe ¥ IMUTAIMOHHOE MOJEITMPOBAHNE KOMMYHHKAI[HOHHBIX CHCTEM
[OCJIEAYIOIINX TOKOJIEHUH

DBoumo1us 0ECPOBOHBIX ceTell B HanpasieHnu SG;

TexHONOruu CaHTUMETPOBOTO ¥ MUJUIMMETPOBOT'O JMana30Ha PaaloBOJIH;
RFID-TexHOMOrMM U UX MPUIIOKEHUS;

WnTepHeT Belel 1 TyMaHHbIE BBIYMCICHUS

Cucrembl 001a4HOTO BBIYHCIICHHUS, pacIpe/IeIEHHbIE U MTapalIeIbHbIE CUCTEMbI
AHanu3 OONBIINX JaHHBIX

BeposiTHOCTHBIE M CTATUCTUYECKHE MOJIENN B HHPOPMAIIMOHHBIX CHCTEMaX
Teopust MaccoBOro 00CITyKMBaHHMS, TEOPHS HATAEKHOCTH U UX ITPUIIOKCHUS
BricoTHbIe OecTTitOTHBIE IUTATGOPMBI U JIETaTEIBHBIC alllapaThl: YIpaBlICHUE, Iepeiada
JaHHBIX, TIPHII0KECHHS

B matepuanax nHayynoit konpepenmm DCCN-2021, moAroTOBIEHHBIX K BEITYCKY K.().-M.H.
Kozsipessm J[.B., 06cykIeHbI TepCIIEKTUBBI PA3BUTHS M COTPYIHUYECTBA B 3TOH cdepe.
COopHUK MaTepHanoB KOH(EpeHIINY peJHa3HaueH A1l HAYYHBIX PaOOTHUKOB 1
CHELHATIICTOB B 00JIACTH YIIPaBICHHU KPYITHOMACIITAOHBIMU CHCTEMaMH.

Texcm HAY4YHO2O I1EKMPOHHO20 U30aHUs1
6001’1])0“36001/11’)’!0}2 6 Mmom 61/{06, 6 Komopom npedcmaeﬂeﬁ asmopamu

Yr1Bep:kaeno k uznanuio [IporpaMMHBIM KOMUTETOM KOH(pepeHIuun

ISBN 978-5-91450-258-1 © UIY PAH, 2021



10.

11.

12.

13.

14.

Conepxxanue / Contents

Nazarov A.A., Samorodova M.V.

WAITING TIME ASYMPTOTIC ANALYSIS OF A M/GI/1 RETRIAL QUEUE

SY ST M. ..o e 1
dynun A.H., Jynun C.A., Ayauna O.C.

CHUCTEMA BMAP/P H/1 C HATPEBOM U1 OXJIAJKAEHUEM ITIPUBOPA ....... 7

Qyaun AH., Aynun C.A., Aynuna O.C.
CHUCTEMA MAP/PH/1 C ABTOHOMHBIM OI' PAHMYEHHBIM

OBCJIIYXXKNBAHUWEM BE3 TTIPEPBIBAHUS ..o, 15
Sztrik J., Szilagyi Z., Kélcse Cs.
SOFTWARE PACKAGES FOR TEACHING QUEUEING THEORY ............... 21

Namiot D., llyushin E., Chizov I., Gamayunov D.
ON THE APPLICABILITY AND LIMITATIONS OF FORMAL VERIFICATION
OF MACHINE LEARNING SYSTEMS ..ottt 26

Melikov A., Shahmaliyev M., Sztrik J.
ALGORITHMIC APPROACH TO STUDY THE MODEL OF PERISHABLE
INVENTORY SYSTEM WITH REPEATED CUSTOMERS..........cccoiviveeinnnne. 35

Shchetinin E.Yu., Sevastianov L.A., Demidova A.V., Blinkov Yu. A.
DETECTION OF CARDIAC ARRHYTHMIA BASED ON THE ANALYSIS OF
ELECTROCARDIOGRAM USING DEEP LEARNING MODELS .................. 41

Moaun E.I1., Mouceena C.II., Moucees A.H.

ACUMIITOTUYECKUI AHAJIN3 HEOJITHOPOJIHOM CMO M|Gl|e,
®VYHKLMOHUPYIOIIEA B MAPKOBCKOM CJIYYATHOU CPEJIE, B
VCJIOBUU SKBUBAJIEHTHOI'O POCTA BPEMEHU OBCJIYXKUBAHMS HA
TIPTIBOPAX ... e 48

Sztrik J., Téth A., Pintér A., Bacs Z.

THE SIMULATION OF FINITE-SOURCE RETRIAL QUEUEING SYSTEMS
WITH TWO-WAY COMMUNICATIONS TO THE ORBIT AND IMPATIENT
CUSTOMERS ..ot 58

Toth A., Sztrik J., Bérczes T., Kuki A.
SIMULATION OF TWO-WAY COMMUNICATION RETRIAL QUEUING
SYSTEMS WITH NON-RELIABLE SERVER, IMPATIENT CUSTOMERS TO

THE ORBIT AND BLOCKING .....oiiiiiiitii e e e 66
Rusilko T.V.

ASYMPTOTIC ANALYSIS OF A CLOSED EXPONENTIAL QUEUEING
NETWORK WITH UNRELIABLE NODES......cootiiittii e 74

Nekrasova R. S.
STABILITY CONDITIONS FOR A MULTI-ORBIT RETRIAL SYSTEM WITH
GENERAL RETRIALS UNDER CLASSICAL RETRIAL POLICY...................80

Mondal M., Shidlovskiy S.V., Shashev D.V., Okunsky M.V.
AUTONOMOUS INFRARED GUIDED UAV PRECISION LANDING

SY ST M. .ottt 86
Zverkina G.A.

ON POLYNOMIAL CONVERGENCE RATE FOR RELIABILITY SYSTEM
WITH WARM STANDBY ...ttt 94



15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Shatravin V., Shashev D.V., Shidlovskiy S.V.

DEVELOPING OF MODELS OF DYNAMICALLY RECONFIGURABLE
NEURAL NETWORK ACCELERATORS BASED ON HOMOGENEOUS
COMPUTING ENVIRONMENTS .....oiiiiiiiiiiiiiiieieceneviee e een e e 102

Kosarava K.U., Kopats D.Y.

APPLICATION OF A QUEUING NETWORK WITH POSITIVE AND NEGATIVE
ARRIVALS FOR MODELING A COMPUTER NETWORK WITH ANTIVIRUS
SOFTWARE . ... e 108

Kaumenox B.W., lynun A.H., CemenoBa O.B.

HEHAJZIEXKHASI CUCTEMA MACCOBOI'O OBCIIY KMBAHUS C
ITOBTOPHBIMU BBI3OBAMMU U PE3EPBHBIM ITPUBOPOM.................... 114
Efimov V.V.

TARGETED MASSIVE INCIDENT NOTIFICATION SYSTEM FOR A
GLOBALLY DISTRIBUTED COMPUTATION NETWORK ............cc..e.... 120

Borevich E.V.
INFLUENCE OF INFORMATIONAL CONTENT ON FILM FRAME

Grebeshkov A.Y.
ONTOLOGY-BASED MODEL FOR SENSOR NETWORK FAULT
MANAGEMENT L. s 138

Nazarov A.A., Moiseev A.N., Lapatin I.L., Paul S.V., Lizyura O.D., Pristupa
P.V., Peng Xi, Chen Li, Bai Bo
ANALYSIS OF THE AMOUNT OF INFORMATION IN SEMI-MARKOV

Kuki A., Bérczes T., Toth A., Sztrik J.
MODELING OF NON-RELIABLE RETRIAL QUEUEING SYSTEMS WITH
COLLISIONS AND CATASTROPHIC BREAKDOWNS ... 148

Astafiev S., Rumyantsev A.

DISTRIBUTED COMPUTING OF EMBARRASSINGLY PARALLEL

R APPLICATIONS USING RBOINC PACKAGE.........ccooiviiiiiiiiiniiiee, 155
Bondarchuk A. S., Shashev D.V., Shidlovskiy S.V.

BINARY GRADIENT COMPUTATION AND IMPLEMENTATION IN
RECONFIGURABLE COMPUTING ENVIRONMENTS .........coooviiiiininnn, 161
Bulinskaya E.V.

RISKS ORDERING AND RELIABILITY OF SOME APPLIED PROBABILITY

SY ST EMS Lo 167
Daneshmand B.

SURVEY OF LOAD BALANCING MECHANISMS BASED ON SDN IN 5G/IMT-

2020 e 173
Aymun A.H., M»ii JIo

MHOI'OJIMHEMHASI CUCTEMA C PABHOTUITHBIMH HEHA JIEXXHBIMU
ITPUBOPAMMU 1 TIOBTOPHBIMU BBIBOBAMM .......ccovvvviiiiiiiiiiiieienn, 185

Kim C., Dudin A.N., Dudin S.A., Dudina O.S.
MULTI-SERVER LOSS QUEUEING SYSTEM WITH THE BMMAP ARRIVAL
PROCE S S .o 191

Yudin A.V., Grosheva P.Yu.
INTELLIGENT SYSTEM FOR FORECASTING THE EFFECTIVENESS OF
SPACE SERVICES IN SOLVING ECONOMIC PROBLEMS .........evvvvine.n. 197

v



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Tyulin A.E., Chursin A.A., Yudin A.V., Grosheva P.Yu.
BASIS FOR THE FORMATION OF A DIGITAL ECOSYSTEM OF AN
INDUSTRIAL HOLDING ...ttt e e et e e e e ee e e 207

T'onoBunos E.J., Amunes /I.A., Ko3sipes JI.B., Kyabirun B.H.
OITPEJIEJIEHUE TTOKA3ATEJIEN JOJITOBEYHOCTU PACIIPEIEJIEHHON
KOMMYHUKALIMOHHOM CETY METEOCTAHLIMIT MUHUMAJIBHOM
KOHDUTYPALIM . ..., 212

Markovich N.M., Ryzhov M.S.
INFORMATION SPREADING IN NON-HOMOGENEOUS EVOLVING
NETWORKS ..ot 220

Hilquias V.C.C., Zaryadov 1.S., Milovanova T. A.
SINGLE-SERVER QUEUING SYSTEMS WITH EXPONENTIAL SERVICE
TIMES AND THRESHOLD-BASED RENOVATION .....c.ooviiiiiiiiiiiiiniiian, 229

Razumchik R.V.

JOINT STATIONARY DISTRIBUTION IN THE TWO-CHANNEL QUEUEING
SYSTEM WITH ORDERED ENTRY, GOVERNED BY ONE QUEUE SKIPPING
POLICY oottt 237

Stepanov M.S., Stepanov S.N., Andrabi U., Petrov D.S., Ndayikunda J.
ENHANCING THE RESOURCE SHARING CAPABILITIES OF A NETWORK
BY DEPLOYING NETWORK SLICING PROCEDURE ............c.ccvvviieenenns 243

Mxnennunk M.A., MouceeB A.H, 3agupanosa JL.A.

METOJ MAPKOBCKOI'O CYMMUWPOBAHUNS IJI1 UCCIIEJOBAHU A
[IOTOKA TIOBTOPHbBIX OBPAIL[EHUI B IBYX®A3HOU CUCTEME
IMAP|GI[00. ettt e e 252

Borisovskaya A.
LINUX NETWORK DEVICE DRIVERS: NAPI POLLING IN KERNEL
THREADS ..ottt e 259

Kapxos ML.JL., Kazakos A.JL., Jlemnept A.JL.

K BOITPOCY O ITPUMEHEHNU TEOPUU MACCOBOTI'O OBCIIY>XKMBAHU A
TP MOAEJIMPOBAHNU PABOTHI XKEJIE3HO/IOPOXHBIX

CTAHIII . ..o e e, 263

Krishtalev N., Lisovskaya E., Moiseev A.
RESOURCE QUEUEING SYSTEM M/M/e0 IN RANDOM ENVIRONMENT ...269

Kartashevskiy V.G., Buranova M.A.
OPENFLOW-BASED SOFTWARE-DEFINED NETWORKING QUEUE
MODEL ..ot 275

Zatuliveter Yu.S., Fishchenko E.A.
THE AUTOMATA-BASED APPROACH TO LARGE SYSTEMS CONTROL IN
THE GLOBAL COMPUTER ENVIRONMENT ..., 281

Grusho A.A., Grusho N.A., Zabezhailo M.I., Timonina E.E.
STATISTICAL METHOD FOR SUPPORT OF RESPONSIBLE DECISION .....287

Sabbagh A.A., Shcherbakov M.V.
EVALUATION OF REACTIVE ROUTING PROTOCOLS PERFORMANCE
UNDER MALICIOUS ATTACKS IN VANET ......oooiiiiiiiiiiiiiicis 292

Danilyuk E.Yu., Moiseeva S.P., Nazarov A.A.
ASYMPTOTIC DIFFUSION ANALYSIS OF AN RETRIAL QUEUEING SYSTEM
M/M/1 WITH IMPATIENT CALLS ..ot 298



45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

Borisov A.V., Mukharlyamov R.G., Kaspirovich I.E.

CONSTRUCTION OF DIFFERENTIAL EQUATIONS OF A NONHOLONOMIC
MECHANICAL SYSTEM AND PERSPECTIVES OF MOTION CONTROL
USING ARTIFICIAL INTELLIGENCE METHODS .......coooviiiiiiiiiieeeean, 306

Nazarov A.A., Paul S.V., Phung-Duc T., Morozova M.A.
SCALING LIMITS OF A TANDEM RETRIAL QUEUE WITH COMMON ORBIT

AND POISSON ARRIVAL PROCESS ..ot 315
Rogozin S.S.

A GENERALIZED LOSS PRIORITY SYSTEM, WITH APPLICATION TO
BANDWIDTH SHARING ..ottt e 322

Mikhaylov K.I., Abramov A.G.

AN INNOVATIVE SOLUTION FOR ANALYZING THE DYNAMICS OF
SLOWLY DEVELOPING PROCESSES OF CHANGING THE GEOMETRY OF
ENGINEERING STRUCTURES USING THE EXAMPLE OF A SYSTEM FOR
STRENGTHENING A ROCKY SLOPE ...t 328
®enoroB U.A., Jlapuonos A.A., MuxaiisioB E.A.

DOOEKTUBHOCTD PAJJMOYACTOTHOM UEHTUDHUKALIMU
TPAHCITIOPTHBIX CPEJICTB C MCIIOJIb30BAHUEM AHAJIMTUYECKOM
AMITPOKCUMAIIMEN 1 UMUTALIMOHHOI'O MOJIEJIMPOBAHHUS .........336

Kochetkov D.M, Birukou A.A., Ermolayeva A.M.

THE IMPORTANCE OF CONFERENCE PROCEEDINGS IN RESEARCH
EVALUATION: A METHODOLOGY FOR ASSESSING CONFERENCE
IMPACT oo e 343
Poslavskiy S., Shashev D.V., Shidlovskiy S.V.

OBJECT CLASSIFICATION USING NEURAL NETWORKS WITH BINARY
INPUT AND BINARY FEATURE EXTRACTION .....cccviiiiiiiiiiiiiinieenn, 350

Bumnesckuii B.M., Ceménona O.B., Tan 3.T.

HCITOJIb30OBAHUE MAIIIMHHOI'O OBYYEHU A JIJ1A1 UCCJIEJJOBAHU S
CHUCTEM IIOJUIMHI'A C KOPPEJIMPOBAHHBIMU BXO/HbIMU
TIOTOKAMIU ..ottt e e e 357
Blaginin A.L., Lapatin I.L.

THE TWO-DIMENSIONAL OUTPUT PROCESS OF RETRIAL QUEUE WITH
TWO-WAY COMMUNICATION AND MMPP INPUT .......coovvviiiiiiiee, 369

Sabbagh A.A., Shcherbakov M.V.

AN EFFICIENT CLUSTER ROUTING PROTOCOL FOR VEHICULAR AD-HOC
NETWORK USING BIO-METAHEURISTIC ALGORITHM ........................ 376
Ageev K.A,, Sopin E.S.

ON THE CONVERGENCE OF AN ITERATIVE METHOD FOR APPROXIMATE
ANALYSIS OF A RESOURCE QUEUING SYSTEM WITH SIGNALS ..........384
Dagaev A.V., Pham V.D., Kirichek R.V., Afanaseva O.V., Yakovleva E.A.
AVAILABILITY FACTOR ANALYSIS OF A NETWORK IN MESH
STRUCTURE ...t e e e e e e e 390
Pham V.D., Do P.H., Le D.T., Kirichek R.V.

A METHOD FOR LINK QUALITY ESTIMATION IN LORA NETWORK BASED
ON SUPPORT VECTOR MACHINE .....cciiiiiiiiiiiiii e, 401
Moskaleva F., Lisovskaya E., Lapshenkova L., Shorgin S., Gaidamaka Yu.
DEVELOPMENT OF RADIO ADMISSION SCHEME MODEL FOR 5G
NETWORK SLICING FRAMEWORK AS A RETRIAL QUEUE ................... 409

VII



59.

60.

61.

62.

63.

Houankpo H.G.K., Kozyrev D.V., Nibasumba E., Mouale M.N.B.
RELIABILITY MODEL OF A HOMOGENEOUS HOT-STANDBY K-OUT-OF-N
S Y ST EM et e 415
Efrosinin D., Stepanova N., Sztrik J.

FULL VERSION FOR ALGORITHMIC ANALYSIS OF FINITE-SOURCE
MULTI-SERVER HETEROGENEOUS QUEUES ..o 424
PrixoB B.B., Ko3nipes /I.B., UBanosa H.M.

[MPUMEHEHUWE TEOPHMU PA3JIOXXUMBIX TTOJIYPEI'EHEPUPYIOLINX
ITPOIIECCOB K UCCJIEJOBAHWIO CUCTEMBI K-1U3-N:F C YACTUYHbBIM
PEMOHTOM. ...ttt e et ee et e e eaee e 454
Pomogalova A.V., Sazonov D.D., Donskov E.A., Borodin A.S. , Kirichek R.V.
IDENTIFICATION OF NARROWBAND WIRELESS COMMUNICATION
NETWORKS SYSTEMS AND INTERNET OF THINGS DEVICES USING
BLOCKCHAIN TECHNOLOGY ...ttt 461
Le D.T., Nguyen T.D., Le L.B., Pham V.D.,, Kirichek R.V.

ANALYSIS OF NETWORK SECURITY ISSUES IN THE JOIN PROCEDURE OF
LORAWAN . e e et 468

VIII



DCCN 2021
Analysis of the Amount of Information in Semi-Markov Flow 20-24 September 2021

UDC: 519.872

Analysis of the Amount of Information in
Semi-Markov Flow

A.A. Nazarov!, A.N. Moiseev!, I.L. Lapatin!, S.V. Paul!, O.D. Lizyura', P.V.
Pristupa!, Xi Peng?, Li Chen?, Bo Bai?

I'National Research Tomsk State University, 36 Lenina ave., 634050, Tomsk, Russia

2Theory Lab, Central Research Center, 2012Labs, Huawei Tech. Investment Co., Ltd

8/F, Bio-informatics Center, No. 2 Science Park West Avenue, Hong Kong Science
Park, Pak Shek Kok, Shatin, N.T., Hong Kong

Abstract

In this paper, we consider semi-Markov flow as a model of bit-level traffic.
Each request of the flow brings some arbitrary distributed amount of information.
The current paper aims to investigate the amount of information received in semi-
Markov flow. We use the asymptotic analysis method under the limit condition
of growing time of observation to derive the limiting probability distribution of
the amount of information received in the flow and build its approrimation.

Keywords: semi-Markov flow, asymptotic analysis, Gaussian approximation

1. Introduction

In telecommunication systems, the models of arrivals usually capture the structure
of traffic from a packet-level point of view. Despite the interest in traffic models, few
studies take into account packet length. Traffic modeling is focused on capturing such
properties of telecommunication flows as burstiness, self-similarity and long-range
dependence [1, 2, 3].

The idea of modeling arrivals together with the size of packets described in paper
[4]. Authors use batch Markovian arrival process (BMAP) to model packet size
as a size of the batch. In paper [5], authors build the model of traffic based on
discrete-time BMAP model using two counting processes: the number of arriving
packets and the number of bytes in those packets. Both processes in the model are
affected by the state of the underlying Markov chain. More ideas of using packet
size in traffic modeling are described in [6].

We propose semi-Markov flow as a model of bit-level traffic, which allows us to
take into account the length of packets in telecommunication systems. In our model,
packets arrivals are driven by the semi-Markov process and the lengths of packets
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follow the arbitrary distribution. To research the model, we use the asymptotic
analysis method under the limit condition of the growing time of the flow observation.
We build a Gaussian approximation of the cumulative distribution function of the
amount of information received in the flow.

We have organized the paper as follows. In section 2, we present a mathematical
model of semi-Markov flow. Section 3 is devoted to the derivation of the balance
equation for the probability distribution of the process describing the amount of
information received in the flow. In section 4, we investigate the model using the
asymptotic analysis method under the limit condition of growing time and build a
Gaussian approximation. Section 5 is dedicated to the concluding remarks.

2. Mathematical Model of Semi-Markov Flow

Semi-Markov flow is determined by semi-Markov matrix A(z). Elements Ag, (x)
of the matrix has the following from:

Apy(x) = P{E(n+1) = v, 7(n+1) < zl¢(n) = k}. (1)

We also take into account that
P = A(c0), (2)

where P is the transition matrix of embedded Markov chain £(n) at the moments of
state changes of the semi-Markov process. Moments t,, of arrivals in semi-Markov
flow we determine as follows:

tn+1 =ty + T(?’L + 1)
Further, we use semi-Markov process k(t), which is defined by equality
k(t)=E&m+1),if t, <t <tpy1 =t, +7(n+1). (3)

Each request of the flow brings some random amount of information with arbitrary
distribution given by cumulative distribution function B(x).

We denote S(t) as the amount of information received in semi-Markov flow during
time ¢. The problem is to derive the probability distribution of process S(t).

We also denote z(t) as the residual time of next arrival in the flow and consider
three-dimensional process {k(t), S(t), z(t)}.

3. Balance Equation for the Probability Distribution of the Flow
State

Three-dimensional process {k(t), S(t),z(t)} is Markovian. Thus, we consider the
function

Pi(s,z,t) = P{k(t) = k,S(t) < s,2(t) < z}
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and derive balance equation

OPy(s,z,t) _ OPy(s,z,t)  0P(s,0,1) +§:/S 0Py (s — x,0,t)
ot B 0z 0z 0z

where 0Py (s,0,t) _ 0Py (s, z,t)

. z . 0z 2=0 .
We introduce partial characteristic functions

(e o]

Hy(u,z,t) = /ejusdst(s,z,t)
0

and denote vector characteristic function
H(u,z,t) = {H1(u, 2,t), Hy(u, z,t), ..., Hx (u, 2, 1) },

identity matrix I and vector of ones e. After that, we rewrite equation (4) together
with additional equation obtained taking the limit by z — oo

OH(u,z,t)  OH(u,z,t) 0H(u,0,t) .
wal) R ORWOD o AG)s (),

OH(u,t)  OH(u,0,t)
Era P {B*(u) — 1}e, (5)

o0
where B*(u) = [ e/“*dB(z) is the characteristic function of the amount of information
0

in one request of semi-Markov flow and H(u,t) = H(u, 0o, t).

4. Asymptotic Probability Distribution of the Amount of
Information Received in Semi-Markov Flow under the Limit
Condition of Growing Time

We introduce the equality ¢ = 771, where 7 > 0 and 7' is an infinite parameter,
as the limit condition of growing time. Solving system (5) in the limit by 7" — oo,
we formulate the following theorem.

Theorem 1. For characteristic function H(u,t) = Ee/*®) = H(u, t)e in the limit
condition of growing time the following equality holds:

t—o00

lim {H(u, t) — exp (jumt LU ;)2 m) } =0, (6)
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where 5
1
K1 = 7
1 I‘Ale’ ( )
Ko = b2 + 2b1g'(0)e. (8)
rAie

Here b; and by are the first and second raw moments of distribution function B(x),
matrices A1 and Ao, are determined by formulas

[e.o]

A= [ (P—A(z))d,
/
A.2 = $2dA(33)
/

Vector g’(0) is the solution of inhomogeneous system of equations
g'(0)I-P)=ri(r—R),

bl rA1e
2 (rAge)?
Vector r is the steady state probability distribution of embedded Markov chain £(n),
which is the solution of the system

g’ (0)Aie = —by.

r=rP, re=1.

Vector R is the steady state probability distribution of semi-Markov process k(t),
which is given by formula
. I‘A1
N rAle '
As we can see, the distribution of the amount of information received in semi-
Markov flow is asymptotically Gaussian with mean k1t and variance kot.
We note that by setting by = 1 and by = 1, we obtain the case when the amount
of information in a packet is deterministic and equal to one. Thus, the obtained
result is valid for the number of packet arrivals in the flow.
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5. Conclusion

We have considered the bit-level traffic model in form of semi-Markov flow.
For the amount of information received in the flow, we have obtained the limiting
probability distribution under the limit condition of growing time of observation. We
have derived the explicit formula for the mean and variance of Gaussian distribution.
Since the distribution of the packet length in the model is arbitrary, the results are
applicable for the number of packets arrivals when we set the size of each packet is
equal to one.
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