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Abstract

Introduction. When managing traffic at the packet level in modern telecommunication networks, it is proposed to use
methods that transform a self-similar stochastic packet flow into a quasi-deterministic one. To do this, it is required to
apply complex probabilistic laws of distribution of self-similar flows. From the literature, methods of balancing the
network load are known, which, with the problem indicated above, contribute to increasing the efficiency of
telecommunication systems. However, there is no strictly mathematical solution to find out the optimal probabilistic
characteristics of the output flow, based on the input flow. The presented research is intended to fill this gap. Its objective
is to create a method for determining the optimal probabilistic characteristics of the packet flow, using the minimum value
of the measure closeness of the self-similar input and quasi-deterministic output flows.

Materials and Methods. To solve the research problem, the parameters of the output flow distribution were selected so
that the approximation function was close to &-function. The Kullback-Leibler divergence was used as a measure
closeness of the input and output distributions of time intervals. Methods of set theory, metric spaces, multidimensional
optimization, and teletraffic were used. The solution algorithm included minimization of the Kullback-Leibler divergence
and the limit passage to 8-function.

Results. A probability distribution was shown — an approximation of 8-function, which maintained the equality of time
intervals of a quasi-deterministic output packet flow. A method for transforming a self-similar input flow into a quasi-
deterministic output flow was presented. The Kullback—Leibler divergence was used as a measure of their closeness. The
minimum of the Kullback-Leibler divergence between the input and output flows with a normal distribution was achieved
in the case of equality of the mathematical expectations of these flows. Using the passage to the limit, it was established
that time interval 7 between packets of the quasi-deterministic output flow should be equal to the mathematical
expectation of the time intervals between packets of the input self-similar flow. To obtain a quasi-deterministic flow, the
passage to the limit was performed for the found value of the mathematical expectation at ¢ — 0.

Discussion and Conclusion. The application of this method will reduce the negative impact of self-similarity of network
traffic on the efficiency of the telecommunication network. The use of quasi-deterministic flows makes it possible to
predict the load of network resources, which can be the basis for improving the quality of user service. Two difficulties
associated with calculations and practical implementation of the solution are eliminated. Firstly, it is difficult to use the
delta function as a function of the output flow distribution density. Secondly, there are no ideal deterministic flows in the
operation of telecommunication networks. The proposed method has great potential in the design and optimization of
communication networks.

Keywords: self-similar packet flow, quasi-deterministic packet flow, packet arrival time intervals, Kullback-Leibler
divergence
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AHHOTaNUs

Beeoenue. Ilpu ynpasnenun TpagukoM Ha ypOBHE ITAKETOB B COBPEMEHHBIX TEJIEKOMMYHUKAIIMOHHBIX CETSIX CBSI3H MPE/-
JaraeTcst 3aA€HCTBOBATh METO/IBI, TPE0OPa3yIOIINe CAMOIOIO0HbIH CTOXaCTHIECKUI OTOK MAKETOB B KBa3UAECTEPMUHH-
poBaHHBIN. J{J1 3TOr0 HY’KHO NPHUMEHHUTH CJIOXKHbIE BEPOSITHOCTHBIC 3aKOHBI PACIPEIEIICHNSI CaMONOI00HBIX TOTOKOB.
W3 nmurepatypbl H3BECTHBI METO/IBI OATaHCHPOBKH CETEBOM HArpy3KH, KOTOpbIE IPH 0003HaYEeHHOI BBIIIE TPOOIEeMe CIIo-
COOCTBYIOT MOBBINIECHUIO 3(D()EKTUBHOCTH TEIEKOMMYHHKAIIMOHHBIX CUCTEM cBsA3U. OIHAKO HET CTPOTO MaTeMaTHYECKOTO
peLIeHNS, TO3BOIISIONIETO Y3HATh ONTHMAJIbHBIE BEPOATHOCTHBIE XapaKTEPHUCTUKHI BBIXOTHOTO MIOTOKA, OPUEHTHPYSICh Ha
BxonHoil. [IpencraBnenHas HayuHast paboTa Ipr3BaHa BOCHOIHUTE TOT rpodelt. Ee 1ens — co3nark MeTo onpeieseHus
ONITHMAJIBHBIX BEPOSITHOCTHBIX XapaKTEPUCTHK ITOTOKA MTAKETOB, HCIIOJIB3Ys] MUHUMAIbHOE 3HaYeHUE MEPHI OJM30CTH ca-
MOIIOZOOHOTO BXOJHOTO M KBa3UAETEPMUHUPOBAHHOTO BEIXOJHOTO TIOTOKOB.

Mamepuanst u memoost. J11s1 pellieHust 331241 HUCCIIEIOBaHMS TApaMETPhl paclpeieieH s BBIXOIHOTO [TOTOKA BHIOMpa-
JIUCh TaK, 4TOObI (DYHKIHS anmpoKcuManuy Obuia 6iin3ka K §-pyHkiunu. B kauecTBe Mepbl OJIM30CTH BXOAHBIX U BBIXOJI-
HBIX paclpesieeHnii BpEeMEHHBIX HHTEPBAJIOB HCTIONIb30BATH AnBeprenimo Kynsoaka — Jleibnepa. 3aaelicTBoBany me-
TOJBI TEOPUI MHOXECTB, METPHUECKHUX IPOCTPAHCTB, MHOTOMEPHON ONTUMHU3AIMHU U Tenerpaduka. B anropurm pemre-
HUsI BKIIFOUWIIM MUHUMU3aLuMIo nuBepreHunu Kyns0aka — JleiiOnepa u npenenbHblii nepexoi K §-QyHKIHH.
Pesynomamot uccnedosanus. IlokazaHo BepOsSTHOCTHOE pacipeaeieHie — npuonmkenue 8-pyHkuum, odecrneunBaro-
11eil paBeHCTBO BPEMEHHBIX HHTEPBAJIOB KBAa3UAETEPMEHHPOBAHHOTO BEIXOJHOTO ITIOTOKA MakeToB. [IpencTaBnen meron
peoOpa3oBaHKsl CAMOIIOJOOHOTO BXOJHOTO TIOTOKA B KBa3HIeTEPMUHUPOBAHHBIN BEIXOAHOW. B KauecTBe MephI X OJH-
30CTH HCTIONB30BAIM JuBepreHunio KympbOaka — Jlelionepa. Munanmym nuBeprenimn KymnpOaka — JleiiOnepa mexmy
BXOZHBIM M BBIXOJHBIM ITOTOKAMH C HOPMAaJIBHBIM PacTpeeICHUEM JOCTUTACTCS B CIIydae PaBEHCTBA MATEMAaTHIECKUX
OXKHMJIaHUH 3TUX MOTOKOB. C MOMOIIBIO TPEIENIFHOTO IEPEX0/1a yCTAHOBIICHO, YTO MHTEPBAJI BpeMeHU T Mex 1y IakeTaMu
KBa3HUIETEPMHUHHUPOBAHHOTO BBIXOIHOTO MOTOKA JIOJDKEH OBITh paBEH MaTeMaTHUECKOMY OXXHIAAHHIO WHTEPBAIOB Bpe-
MEHH MEXKAy MaKeTaMH BXOIHOTO CaMoINoJ00HOro moroka. C menpio MOoMydeHHs] KBa3UAETEPMUHUPOBAHHOTO MOTOKA
BBITIOJIHSETCS TIPEIENIbHBIA TIepexo/] ISl HailICHHOTO 3HAYeHUs] MaTEeMaTHYeCKOro OXUAaHus mpu 6—0.

Oobcyxcoenue u 3axnouenue. IIpuMeHEHUE JAHHOTO METOJIa YMCHBIIUT HETATUBHOE BIMSHUC CAMOIOJO0MS CETEBOTO
Tpaduka Ha 3PPEKTUBHOCTH TEICKOMMYHHKAIIMOHHON ceTH. Mcronp30BaHne KBa3HICTEPMUHUPOBAHHBIX TOTOKOB JacT
BO3MOKHOCTh POTHO3UPOBATh HATPY3KY CETEBBIX PECYPCOB, UTO MOXKET OBITH 0a30¥ IIIsl OBBIIIEHHS KayecTBa 00CITy-
JKMBaHUS MOJIb30BaTENEH. Y CTPaHIIOTCS JIBE CIIOKHOCTH, CBSI3aHHBIE C pacdeTaMt M IIPaKTHYECKOH peanu3anueii pemnie-
HUsl. Bo-TiepBBIX, 3aTpyIHUTEIHHO HCIOI30BaTh AEIbTa-(DYyHKIUIO B KadyecTBe (DYHKIMU IUIOTHOCTH PACHPEIEIICHHS
BBIXOZIHOTO TOTOKA. BO-BTOPBIX, MpU 3KCILTyaTalllK TEIEKOMMYHHUKAIMOHHBIX CEeTel HE ObIBAET UCANIbHBIX JETEPMHU-
HHPOBAHHBIX NOTOKOB. [IpeioxeHHbIi MeTo1 001a1aeT OOIBIINM ITOTEHIIMAIOM IIPH IIPOSKTHPOBAHUH U ONITHMHU3AIINN
CEeTel CBS3U.

KaroueBble cji0Ba: caMOIOI00HBII MOTOK MAKETOB, KBA3UICTEPMHHUPOBAHHBIH TOTOK AKETOB, BPEMEHHBIC HHTCPBAIbI
MOCTYTUICHUS NTAKETOB, nuBeprennus Kynnoaka — Jlelionepa

BnarouapﬂocTn. ABTOpI:I BbIpaKaroT 6J'Ial"0[[apHOCTI> pCaAakun U peuCH3CHTAM 3a BHUMATCJIIbHOC OTHOLICHUC K CTAaThE
1 3aM€YaHnsl, KOTOPBIC ITO3BOJIUIIA ITOBBICUTH €€ Ka4€CTBO.

Jas uurupoBanusi. Jlunen ['M., Boponkun PA., Cmocapes ['B., ToBoposa C.B. OntumuzanmonHas 3ajada Jyis
BEPOSITHOCTHBIX BPEMEHHBIX HMHTEPBAIOB KBA3WJICTEPMHUHUPOBAHHOTO BBIXOJAHOTO M CAMOIOJOOHOTO BXOJHOIO IIOTOKA
TTAKETOB JTAHHBIX B TEJICKOMMYHHUKAIMOHHBIX CeTsIX. Advanced Engineering Research (Rostov-on-Don). 2024;24(4):424-432.
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Introduction. Telecommunication networks operate under conditions of increasing loads and traffic growth, which
is subject to complex probabilistic distribution laws and cannot be accurately predicted. Self-similarity of the packet
flow creates stable dependences, which limits the volume of information exchange between users [1]. In [2], methods
were proposed that met the requirements of quality of service (QoS) of the communication. The authors of the
mentioned work believed that it was necessary to focus on the priority traffic of new generation networks. However,
their solution did not eliminate the problem of self-similarity of packet flows. Millan G. and Lefranc G. proposed a
model for managing network flows taking into account the channel capacity, without considering the fractal
characteristics of traffic [3]. In [4], techniques for load balancing taking into account the multifractal properties of
traffic were developed. However, they did not solve the problem of self-similarity and structural optimization of output
flows. Ushanev K.V. and Makarenko S.I. [5], having analyzed methods for increasing the stability of networks taking
into account complex traffic characteristics, proposed models for transforming self-similar input flows [6]. In this case,
strict mathematical analysis allowed minimizing the differences between the distributions of input and output flows
and, consequently, eliminating self-similarity. However, in [6], this solution is absent.

High-quality regular data transmission involves the use of a constant bitrate (CBR) traffic source model [4]. In this model,
a node transmits fixed-size packets at equal time intervals 7. If the time between sending packets is significantly greater than
the transmission time of one packet, then the packet size may be insignificant. As noted in [4], under conditions of the limited
bandwidth, this model can be used to maintain traffic stationarity and minimize delays. Paper [7] shows the advantages of CBR
for networks with strict requirements for transmission time characteristics, and [8] emphasizes its effectiveness under conditions
of high sensor density. According to [9], the predictability of traffic in this model makes it more effective in terms of energy
savings, which is critical for energy-constrained devices.

As shown in [10], the CBR model is traditionally associated with wireless sensor networks, but it can also be useful
in general purpose networks [11]. It is useful for solving load balancing problems in telecommunication systems [12].

Thus, to ensure predictability and stability of network operation, it is important to consider quasi-deterministic packet
flows. They need to be integrated into applications with high quality of service and performance requirements [13].

Researchers have repeatedly addressed the problem of limiting the impact of fractal characteristics of network load [14]. It
is known, for example, that it is possible to control traffic at the packet level. This reduces the number of retransmissions of
packets and structural similarities between them [15].

The necessity of determining the optimal time intervals between packet downloads is worth mentioning separately.
This is of particular importance for traffic management and involves transforming a self-similar stochastic packet flow
into a quasi-deterministic one.

The approach described in [16] provides the transformation of the input packet flow with a gamma distribution into a
quasi-deterministic output flow based on the solution to the Lindley equation system. However, [16] does not provide
recommendations for reducing the impact of long-term dependences on QoS for other self-similar distributions.

The objective of the presented research is to create a method for obtaining optimal probabilistic characteristics of the
output packet flow. The solution is based on the use of the minimum value of the measure of closeness of two flows: self-
similar input and quasi-deterministic output.

Materials and Methods. Parameters of the output flow distribution were selected so that the approximation function
was close to §-function (the Dirac delta function, also known as the distribution function of the quasi-deterministic output
flow). The measure of closeness of the input and output distributions of the time intervals of packet flows is the Kullback—
Leibler divergence. Methods of the set theory, metric spaces, multidimensional optimization and teletraffic were used.
The algorithm for solving the problem included a passage to the limit of §-function, which allows restoring the quasi-
deterministic flow, as well as minimization of the Kullback-Leibler divergence. To do this, partial derivatives were found
and equated to zero.

We assume that the characteristics of the probability distribution of intervals between input traffic packets
A 01,0, ..., 0,) are known. Here, 01, 05, ..., 0, — distribution parameters; T — time distance between packets. Hurst
exponent 0.5 < H< 1, 0,(H) [17]; g(t; M1, M2, ..., Nn) — probability distribution of the values of intervals between packets
in the output flow without self-similarity with parameters ni, 12, ..., M.

The conditions for using premetrics are known from [17]:

1) p(f, )2 0;

2)p(f,g) >0 f=g.

It is necessary to determine:

1. probability distribution g(t; 11, M2, ..., Nw) based on its approximation to §-function (Dirac function), providing the
equality of time intervals of the quasi-deterministic output packet flow;
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2. method that provides obtaining optimal probabilistic characteristics of the output packet flow.

The decision is based on the minimum value of the measure of closeness of the self-similar input and quasi-
deterministic output flows.

We take into account three restrictions:

1. minimal value of premetrics p(f, g) — min;

2. functions f{t; 01, 6>, ..., 6,) and g(t; N1, M2, ..., Mm) — piecewise continuous;

3. function p(f, g) — differentiable with respect to variables 1, M2, ..., N in the entire domain of definition:

ap(f.2)

vn;
on;

i < oo, where:j =1,2,...,m.

Research Results. We assume that the probability distribution of the quasi-deterministic output flow is described by
the Dirac function [18]:

g(vnima....m,)=8(t-T).
There are two reasons why we use this same function (or §-function) as the probability distribution function.
1. It takes non-negative values:
8(t-T)=0.
2. The integral over the entire number axis is determined by the expression:

J‘mS(r—T)dr:O.

Note that when calculating the premetric value p(f, ), it is difficult to use the delta function as the output flow distribution
density function. In addition, ideal deterministic flows do not exist under the operating conditions of telecommunication
networks. Therefore, it makes sense to use a quasi-deterministic flow instead of a deterministic one. In this case, when
changing one parameter of the distribution density function, it tends to the Dirac delta function in the limit.

Let us consider a uniform distribution with a mathematical expectation equal to 7, and a range of values equal to AT.
The distribution density function in this case will have the form:

L oirr Al AT
p(t)=1AT 2 2.
0, otherwise

At AT — 0, the distribution density of this flow p(z) — o (1 — 7).

In practice, jitter makes it impossible to maintain uniform intervals between packets. Most often, mathematical models
of telecommunication processes are built on the assumption that the jitter value obeys the normal distribution law [19].
For a deterministic packet flow, the time intervals between them are distributed normally with mathematical expectation
p = T and standard deviation that must satisfy the three-sigma rule [20]: 0 < 36 < Jy, where Jy — normative value of jitter.

In [18], it is established that a jitter-induced quasi-deterministic flow with a normal distribution converges weakly to
d(z—T)atd—0.

This means that the best approximation to a deterministic flow is a quasi-deterministic packet flow with a normal
distribution. Its mathematical expectation coincides with a constant time interval between packets 1= 7 and standard
deviation o, limited by jitter level Jo:

%ﬂf

1 2

g(umma...m,)=g(tpo)= e ° .
oV2n

To achieve the research objective, we use the Kullback-Leibler divergence as premetrics [17] Dx.(f]lg). Taking into
account its properties and the adopted assumptions, we formulate the lemma.
Lemma. Let f{1; 01, 0>, ..., 8,) be piecewise continuous function:

f(r; 91,92,...,9;1):{(P(T; 61,92,...,9”),r2t,
0,t<t.

)

Here, t>0— some threshold value, and ¢(z; 01, 0, ..., 8,) > 0 — continuous function on interval (t, +oo).

Output flow g(t; 1, 6) obeys the normal distribution of time intervals between packets without self-similarity with
parameters p and ¢ > 0.

It is required to prove that Dk;(f'|| g) reaches a minimum when the mathematical expectations f'and g are equal.
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Proof. We use the approach described in [17].
Cross entropy H(f, g) can be defined in two ways.

The first:
+00
H(f):—jf(r;61,62,...,6n) In[ £(1,0,.,0,,....0,) |dt =
ey i
Ift—u
; A
= :0,,0,,..., 0,)l
I f(’[.' 1,Y2 )I’l G\/Ee
max{t,O}
The second:

+o0

H(f,g)z—J. (p(r;el,ez,...,en)|:ln((5 2n)—%(f;uj2:|d‘c=

t
+00 +00

t t

For the density function of the input packet flow:
+00
J 0¢(1:6,.0,,....0, )dT=1.
t

Hence:

H(f.g) =ln(0 2n)+ﬁI(r—u)z¢(r,~61,62,...,6n)dr:

:ln(c 2n)+$j(12 —21u+p?)¢(7:0,,0,,...,0, )dt =
t

| +o0 Mz +00
:ln(c 2n)+g-‘-(12—2m)(p(t;91,62 ..... Gn)dt+gj@(t,’@l,ez,...,en)dr:
t t

2 +00

)
= ln(c 2n)+u—+LJ‘rch(r;el,Gz,...,Gn)dt—M—zJr(p(r;el,ez,...,ﬁ,,)dt.
c
t

2 202
t

20

It is also known:

Iup(r,-el,ez,...,e,,)dwE(el,ez,...,e,,),
t

+00

t

where £ — function that provides determining the mathematical expectation of an input self-similar packet stream.

Thus,
2

H(fg)=in(o 2n)+“—+L2vz(el,ez,...,en)—%E(el,e2 .....

26% 20 o

Then:
D (fllg)=H(f.g)-H(f)=

Let us solve the problem of multidimensional optimization:

D
Dy (f11g) H L E0,0,....0,).
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2
1
=in(o 2n)+;7+gv2(el,ez,...,en)—G—“ZE(el,ez,...,en)—H(el,ez,...,

2

3

“

(&)

(6)

(7
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It means:
p= E(OI,GZ,...,O,,).
For normal distribution:
E(g)=mn,
consequently,

E(g)=E(0,8,.....9,).
E(f)=E(g)-

Let us use Sylvester's criterion:

0*Dy; (f llg ) 1
e ®
ou c
A necessary and sufficient condition for the minimum Dx;(f|| ) is the equality of the mathematical expectations of
the input and output packet flows.

For a deterministic flow, time interval 7 between packets can be determined by the limit transition as ¢ — 0, that is:
T=limE(el,ez,...,e,,)=E(el,ez,...,e,,). ©)
c—0

The last equality is possible because expression E(6,, 0,, ..., 0,) does not explicitly contain . Therefore, within the
framework of this method, for a quasi-deterministic output flow, the time interval between packets is equal to the
mathematical expectation of the time intervals of a self-similar stochastic flow.

The sequence of implementation of the developed method is given below.

1. The normal law with the standard deviation limited by jitter value Jy should be used as the law of distribution of
time intervals between packets of the output flow.

2. It is necessary to find the mathematical expectation of the input self-similar packet flow E(01, 0, ..., 6,) and
determine the value of mathematical expectation p of the output flow, which has a normal distribution. For this, the
statement of the previously proven lemma is used.

3. For the found value p, time interval p = T of the quasi-deterministic output packet flow is determined.

As an example, consider a self-similar flow with the Pareto distribution:

o

O 5o
flvost, )=t " (10)
0,t<t,.
It is required to determine value pu = y(a, T,) that minimizes Dgz(f|| ).
For the Pareto distribution:
o0
H(f(x))= —j T2 (b41)log (v 2l (b+1)) dx. (1)
The cross entropy of the laws under study is equal to:
M(f(t) g(r :—J.ow‘“’lrf; In dr. (12)
(o)) = e
We reason in the same way as when proving the lemma. We obtain:
ot
o= (13)
a—1

This expression corresponds to the mathematical expectation of the Pareto distribution.

Let us find the second derivative, and then value p minimizes value Dx.(f || £).

To obtain a quasi-deterministic flow, we perform the limit transition for the found value of the mathematical
expectation at ¢ — 0:

T = limp = lim 2&m = %o (14)
60 o0 —1 a-—1
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Thus, when transforming a self-similar input packet stream into a quasi-deterministic output stream, the value of the
time intervals of the quasi-deterministic flow 7 coincides with the mathematical expectation of the input flow [21].

Discussion and Conclusion. The conducted research opens up new possibilities for providing telecommunications
under conditions of limited network resources. The authors used mathematical methods and obtained optimal probabilistic
characteristics of the output packet flow using the minimum value of the measure of closeness of the self-similar input
and quasi-deterministic output flows. According to the lemma proved in this paper, for a normal distribution for the output
flow, the minimum value of the Kullback-Leibler divergence is achieved if the mathematical expectations of the input
and output flows are equal. The solution to the multidimensional optimization problem verified the adequacy of the
proposed method. Its capabilities should be taken into account when working with telecommunication networks. The use
of this approach can limit the negative impact of flow self-similarity and thus improve the quality of user service while
maintaining the volume of information exchange.

In the future, the authors plan to develop methods for reducing the self-similarity of network traffic. Such an approach
will presumably be based on the Jensen-Shannon divergence. This measure of closeness differs from the Kullback-Leibler
distribution in that it is a complete metric and is bounded from above [22].

References

1. Hausdorff F. Set Theory. Moscow: Lenand; 2023. 304 p. (In Russ.)

2. Karmeshu Shachi Sharma. Long Tail Behavior of Queue Lengths in Broadband Networks: Tsallis Entropy
Framework. URL: https://arxiv.org/abs/1012.2464 (accessed: 16.09.2024).

3. Millan G, Lefranc G. 4 Simplified Multifractal Model for Self-Similar Traffic Flows in High-Speed Computer
Networks Revisited. URL: https://arxiv.org/abs/2103.05183 (accessed: 16.09.2024).

4. Astakhova T, Verzun N, Kasatkin V, Kolbanev M, Shamin AA. Sensor Network Connectivity Models. Information
and Control Systems. 2019;(5):38-50. https://doi.org/10.31799/1684-8853-2019-5-38-50

5. Ushanev KV, Makarenko SI. Analytical-Simulation Model of Functional Conversion of Complex Traffic. Systems
of Control, Communication and Security. 2015;(2):26—44.

6. Ushanev KV, Makarenko SI. Traffic Structure Conversion with Requirements for the Traffic Service Quality. Radio
Engineering and Telecommunications Systems. 2015;(2):74-84.

7. Tchuitcheu WC, Bobda C, Pantho MJ. H. Internet of Smart-Cameras for Traffic Lights Optimization in Smart Cities.
Internet of Things. 2020:11;100207. https://doi.org/10.1016/j.i10t.2020.100207

8. Dutta H, Bhuyan AK, Biswas S. Reinforcement Learning for Protocol Synthesis in Resource-Constrained Wireless
Sensor and loT Networks. URL: https://arxiv.org/abs/2302.05300 (accessed: 16.09.2024).

9. Pasandi HB, Haqiqat A, Moradbeikie A, Keshavarz A, Rostami H, Paiva S, et al. Low-Cost Traffic Sensing System
Based on LoRaWAN for Urban Areas. In: Proc. Ist International Workshop on Emerging Topics in Wireless. New York,
NY: Association for Computing Machinery; 2022. P. 6-11. URL: https://dl.acm.org/doi/10.1145/3565474.3569069
(accessed: 16.09.2024).

10. Qiong Liu, Chehao Wang, Ce Zheng. Distributed Decisions on Optimal Load Balancing in Loss Networks. URL:
https://arxiv.org/abs/2307.04506 (accessed: 16.09.2024).

11. Shenoy N. A Deterministic Quantised Rate Based Flow Control Scheme for ABR Type Traffic in ATM Networks.
In: Proc. Second IEEE Symposium on Computer and Communications. New York City: IEEE; 1997. P. 73-79. URL:
https://ieeexplore.ieee.org/document/615974 (accessed: 16.09.2024).

12. Miiller-Clostermann B. Employing Deterministic and Stochastic Petri Nets for the Analysis of Usage Parameter
Control in ATM-Networks. In: Workshop on High Performance Computing and Gigabit Local Area Networks. Springer:
Berlin, Heidelberg; 2006. P. 101-121. URL: https:/link.springer.com/chapter/10.1007/3540761691 8 (accessed:
16.09.2024).

13. Daryalal M, Bodur M. Stochastic RWA and Lightpath Rerouting in WDM Networks. Informs Journal on
Computing. 2022;34(5):2383-2865. https://doi.org/10.1287/ijoc.2022.1179

14. Shelukhin OI, Tenyakshev AM, Osin AV. Fractal Processes in Telecommunications. Moscow: Radiotekhnika;
2003. 479 p. (In Russ.)

15. Millan G, Lefranc G, Osorio-Comparan R. The Associative Multifractal Process: A Novel Model for Computer
Network Traffic Flows. URL: https://arxiv.org/abs/2106.14666 (accessed: 16.09.2024).

16. Kartashevsky IV. Processing of Correlated Traffic in Infocommunication Networks. Moscow: Goryachaya
liniya — Telekom; 2023. 200 p. (In Russ.)



https://vestnik-donstu.ru/
https://arxiv.org/abs/1012.2464
https://arxiv.org/abs/2103.05183
https://doi.org/10.31799/1684-8853-2019-5-38-50
https://doi.org/10.1016/j.iot.2020.100207
https://arxiv.org/abs/2302.05300
https://dl.acm.org/doi/10.1145/3565474.3569069
https://arxiv.org/abs/2307.04506
https://ieeexplore.ieee.org/document/615974
https://doi.org/10.1287/ijoc.2022.1179
https://arxiv.org/abs/2106.14666

Linets GI, et al. Optimization Problem for Probabilistic Time Intervals of Quasi-Deterministic Output and Self-Similar ...

17. Linets GI, Voronkin RA, Govorova SV. Functional Transformation of the Self-Similar Network Teletraffic Based
on the Multidimensional Measure of Similarity between Probability Parameters of Input and Output Packet Flows.
Systems of Control, Communication and Security. 2022;(4):38—63.

18. Chakraborty S. Some Applications of Dirac’s Delta Function in Statistics for More Than One Random Variable.
Applications and Applied Mathematics. 2008;3(1):42-54.

19. Blagov A. Modeling a Jitter in Telecommunication Data Networks for Studying Adequacy of Traffic Patterns. Modern
Applied Science. 2015;9(4):254-263. https://pdfs.semanticscholar.org/7ef0/611d69tb4fcfd467b7d909b74de8eabd 7f55.pdf

20. Slyusar VI, Bondarenko M. Methods for Estimating the ADC lJitter in Noncoherent Systems. Journal of the
Russian Universities. Radioelectronics. 2011;54(10):19-28.

21. Linets GI. Methods of Structural-Parametric Synthesis, Identification and Management of Transport

Telecommunication Networks to Achieve Maximum Performance. Stavropol: Fabula; 2014. 384 p. (In Russ.)
22. Nielsen F. On the Jensen—Shannon Symmetrization of Distances Relying on Abstract Means. Entropy.
2019;21(5):485.

About the Authors:

Gennady I. Linets, Dr.Sci. (Eng.), Professor of the Digital, Robotic Systems and Electronics Department, Institute of
Engineering, North-Caucasus Federal University (2, Kulakova Ave., Stavropol, 355000, Russian Federation), SPIN-code,
ORCID, ScopusID, kbytw(@mail.ru

Roman A. Voronkin, Cand.Sci. (Eng.), Associate Professor of the Department of Digital, Robotic Systems and
Electronics, Institute of Engineering, North-Caucasus Federal University (2, Kulakova Ave., Stavropol, 355000, Russian
Federation), SPIN-code, ORCID, ScopusID, roman.voronkin@gmail.com

Gennadii V. Slyusarev, Dr.Sci. (Eng.), Professor of the Civil Engineering and Prototyping Department, Institute of
Engineering, North-Caucasus Federal University (2, Kulakova Ave., Stavropol, 355000, Russian Federation), SPIN-code,
ORCID, gsliusarev@ncfu.ru

Svetlana V. Govorova, Senior Lecturer of the Department of Digital, Robotic Systems and Electronics, Institute of
Engineering, North-Caucasus Federal University (2, Kulakova Ave., Stavropol, 355000, Russian Federation), SPIN-code,

ORCID, ScopusID, mitnik2@yandex.ru

Claimed Contributorship:

GI Linets: conceptualization, supervision.

RA Voronkin: formal analysis, investigation, writing — review and editing.
GV Slyusarev: validation.

SV Govorova: writing — original draft preparation.

Conflict of Interest Statement: the authors declare no conflict of interest.
All the authors have read and approved the final version of the manuscript.

06 asmopax:

I'ennagnii UBanoBuu Jlunen, JOKTOp TEXHMYECKHX HayK, mpodeccop, npodeccop lemnaprameHTa IH(POBBIX,
pOOOTOTEXHUYECKHAX CHCTEM M JJeKTpoHWKH, MHCTUTYT mepcnextuBHON mmkeHeprn, CKOY (355000, Poccuiickas
®enepanus, 1. CraBpomnods, np. Kynakosa, 2, kopr. 9), SPIN-kon, ORCID, ScopusID, kbytw(@mail.ru

Poman AnexcanapoBnd BOpPOHKHWH, KaHIWIAT TEXHHYECKMX HAYK, AOLEHT, JOLEHT JAeNapTaMeHTa IH(POBBIX,
POOOTOTEXHMYECKHX CHUCTEM U 3JIEKTPOHMKH, WHCTUTYTa IepcreKTuBHON nHxeHepuu, CKOY (355000, Poccuiickas
Oenepars, T. CraBporons, np. Kymakosa, 2, kopir. 9), SPIN-kox, ORCID, ScopusID, roman.voronkin@gmail.com

I'ennagnii BacuiabeBuu CoiocapeB, JOKTOp TEXHUUYECKHX HayK, mpodeccop, mnpodeccop HenapraMeHTa
CTPOUTENHHON WHXKEHEPUH U MIPOTOTHITMPOBAHUS WHCTUTYTA NepcrnekTuBHON nHxxeHepun, CKOY (355000, Poccutickas
®deneparus, T. CraBporons, np. Kymakosa, 2, kopi. 9), SPIN-kon, ORCID, gsliusarev@ncfu.ru

Caeriiana Baagumuposna ['oBopoBa, crapmmii npenonaBarels AenapTraMeHTa IUQPOBBIX, POOOTOTEXHUYECKUX
CHCTEM U JJIEKTPOHMKH HHCTUTyTa nepcrekTuBHOM wumxkeHepun, CKOY (355000, Poccuiickas @enepanus,
r. CraBpomnons, np. Kymakosa, 2, kopi. 9), SPIN-kon, ORCID, ScopusID, mitnik2@yandex.ru

Information Technology, Computer Science and Management

431


https://www.elibrary.ru/author_profile.asp?id=595008
https://orcid.org/0000-0002-2279-3887
https://www.scopus.com/authid/detail.uri?authorId=6506372022
mailto:kbytw@mail.ru
https://www.elibrary.ru/author_profile.asp?id=153864
https://orcid.org/0000-0002-7345-579X
https://www.scopus.com/authid/detail.uri?authorId=57222635392
mailto:roman.voronkin@gmail.com
https://www.elibrary.ru/author_profile.asp?id=438157
https://orcid.org/0000-0002-7947-7682
mailto:gsliusarev@ncfu.ru
https://www.elibrary.ru/author_profile.asp?id=740208
https://orcid.org/0000-0002-3225-1088
https://www.scopus.com/authid/detail.uri?authorId=57194395880
mailto:mitnik2@yandex.ru
https://www.elibrary.ru/author_profile.asp?id=595008
https://orcid.org/0000-0002-2279-3887
https://www.scopus.com/authid/detail.uri?authorId=6506372022
mailto:kbytw@mail.ru
https://www.elibrary.ru/author_profile.asp?id=153864
https://orcid.org/0000-0002-7345-579X
https://www.scopus.com/authid/detail.uri?authorId=57222635392
mailto:roman.voronkin@gmail.com
https://www.elibrary.ru/author_profile.asp?id=438157
https://orcid.org/0000-0002-7947-7682
mailto:gsliusarev@ncfu.ru
https://www.elibrary.ru/author_profile.asp?id=740208
https://orcid.org/0000-0002-3225-1088
https://www.scopus.com/authid/detail.uri?authorId=57194395880
mailto:mitnik2@yandex.ru

https://vestnik-donstu.ru

432

Advanced Engineering Research (Rostov-on-Don). 2024;24(4):424-432. eISSN 2687—1653

3anenennslit 6K1a0 A6MOPO6:

I.. JInnen: pa3paboTka KOHIEIINH, HAyIHOE PyKOBOACTBO.

P.A. BoponkuH: ¢popManbHBIN aHATH3, IPOBECHIE UCCIIEIOBAHMS, HAITUCAHNE, PEIICH3UPOBAHUE U PEIAKTHPOBAHNE TEKCTA.
I.B. CiarocapeB: Banuaanus pe3yiasTaToB.

C.B. I'oBopoBa: HanicaHye YePHOBHUKA PYKOITUCH.

Kongpnuxm unmepecoe. ABTOpBI 3a5IBJISIIOT 00 OTCYTCTBMH KOH()INKTA HHTEPECOB.
Bce asmopul npouumanu u 0000punu 0OKOHUAMENbHLIL 6APUAHM PYKONUCU.

Received / IToctynuia B penakouio 20.09.2024
Reviewed / ITocTynuiia mocjie peunensupoanus 16.10.2024
Accepted / IlpunsaTa k myoauxanun 24.10.2024


https://vestnik-donstu.ru/

	Gennadii V. Slyusarev, Dr.Sci. (Eng.), Professor of the Civil Engineering and Prototyping Department, Institute of Engineering, North-Caucasus Federal University (2, Kulakova Ave., Stavropol, 355000, Russian Federation), SPIN-code, ORCID, gsliusarev@...
	Геннадий Васильевич Слюсарев, доктор технических наук, профессор, профессор департамента строительной инженерии и прототипирования института перспективной инженерии, СКФУ (355000, Российская Федерация, г. Ставрополь, пр. Кулакова, 2, корп. 9), SPIN-к...

