








B xadecTBe OCHOBHOI MOJIESIN UCIIOIB3YETCs JIBYXJAydeBasl, yINTHIBAIOIIAS
IIpsIMOE PACIPOCTPAHEHUE U OJHO OTparkeHue oT 3eMiin. Ho mpu 3TOM MOTYT
[PUMEHSITHCS MOJIEJIU, YIUTHIBAIONIME GOJIBIIOE YUCIO OTPaXKeHuil (4To Xapak-
TEpHO M1 TyHeJseil, 0baacTeil oI MOCTOM M CKJIAJICKIX HOMemeHHﬁ).

5. Mogenr RFID-merkn

Mojenb mMeTku pasbuta Ha jasa yposus — dusndeckuii (Tag PHY) u ka-
nanbublii (Tag MAC). MogesupoBanue cTaHaapTa OCyIIECTBISIETC Ha KAHAIb-
HOM YPOBHE, a (DU3UYECKUIl yPOBEHb MOJIEIUPYET Iepeady U IPUEM Pauo-
CUTHAJIA, & TaKKe YIIPaBJIEHUEe YacTOTaMU U MOITHOCTBIO. OTIAe/IbHBIN yPOBEHD
[PUJIOZKEHUIN B MOJIEJI U METKHU He ObLI BBIJEJIEH, IOCKOJbKY METKA sIBJISEeTCSI
IMACCUBHBIM YCTPOMCTBOM, PabOTa KOTPOrO YIIPABJISETCS CINTHIBATEIEM, U HE
TpedyeT IMHAMUIECKON HACTPOMKH MOIH30BATEIEM.

Tag MAC

Tag Mac Logic Entity

FMepedava u (TMLE)
npuem Kaopos

Tag Mac Radio Entity
(TMRE)

BKAKOYEHUE/BIK/IOYEHUE,
uHghopMayus o MumMaHuu u
yacmomax

Mepedaya u npuem
Kadpos

Tag PHY

ReaderPhyBase

Puc. 3: ApxurekTypa MOIEIN METKH

KanasbHblil ypoBeHb METKH MMeeT MOJYJIbHYIO CTPYKTYPY U COCTOUT U3
ABYX MofyJieit (em. puc. 3): sornaeckuit moxysb(Tag MAC Logic Entity, TMLE)
u pajwo-moayiib (Tag MAC Radio Entity, TMRE). Jloruueckue moaysis (TMLE)
peasmsyet jiormdeckyto gactb cranmapra EPC Class 1 Generation 2. B ero 3a-
nagu BXOauT (OpMHUpOBaHUE KaJapoB, mpeamOys u cydDOUKCOB, OMpeeeHne
IJIUTEILHOCTH UX IePeIadn, a TaK2Ke 00paboTKa KaIPOB-KOMAH/T, [TOJIY9aeMbIX
oT cuntbiBaTess. Vudopmaruio o BKIIOYEHNN U OTKJIIOYEHNN MOJTYJIb [TOJIy9aeT
or paguo-monyiass TMRE. Paguo-monyns (TMRE) ocymecrsisier B3anmMoeii-
cTBHe ¢ pusndeckuM ypoBHeM. OT HEro OH y3HAET O BKJIIOUEHUH U OTKJIIOUEHUN
METKH U3-33 N3MEHEHUsI BHEIITHETO I0JIs, 8 TAKKE O IOy IeHUH KaPOB OT CUU-
reiBaress. Takke TMRE npoussoauT nepeady KaapoB OT JIOTHIECKOTO MOTY-
ast TMLE dusuaeckomy yposuio. Cpejin HACTPOEK KAHAJHHOIO YPOBHST METKH
— pa3Mmepsl 1 HadajabHble 3Hadennst 6ankos namaTu (EPC, TID, UserMemory).

B ommunu or cauThiBaTe s, IACCUBHAS METKA HE UMEET CBOEro MCTOYHU-
Ka u wucrnosb3yer sHepruio CW, m3/iygaeMyro CUMTHIBATEIEM. €CJIU YPOBEHBb
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CW B MecTe HaXOXKJIEHUSI METKH IaJAaeT CJIMXKKOM HH3KO, METKA OTKJII0Ya-
ercs. s oTnpaBKy cOOOIIEHMs, METKa MOJIEIUPYET oTpaxkKeHHyio Bosny CW
(backscatter modulation), MeHsisi CBOIO OTPAKAIONLYIO CIIOCOOHOCTH. Takum 06-
pasom, mMomHocThb usiydenus mMerku (TX power) onpenessiercs ypoaem CW.

Ha dusnyaeckom ypoBHe, IpoIiecc BKIIOYEHUI-OTKIIOUEHNS METKY, & TAKXKe
pacdeT MOIITHOCTHU IIepeiavn COO6IH€HI/I${7 MOJIe/JIMPYETCd IIPpU ITOMOIITHA O6l\leHa
PowerFrame, onucannbie Boime. Takxke, kKak u npu npudbbirun DataFrame, Bbi-
qucsgerca 3aryxaane CW u paccumrbiBaeTcst MOITHOCTD “npueMa’ (ypOBEHb
CW B mecre HaxoXK/jeHUst MeTKH). Ha oCHOBaHMM 9TO MOIHOCTH BBIYNCIISET-
CsI BpEMEHA BKJIIOYEHUSI-BBIKJIIOYEHNST METKH ¥ MOIIHOCTD IIEPEIadH, C KOTOPOi
MeTKa MOXKET OTIPaBUTDL cBoe coobienne DataFrame.

6. 3akirodyeHue

B pabore mpezcraBiena apXuTeKTypa WMUATAIMOHHON MOJIEJIN, BBIIOJIHEH-
Hoit B cucreme mojiesimpoBanus OMNeT++, ¢ moMOoIIbIo KOTOPOit MOYKHO OIpe-
JEeJIUTh YCJIOBUA, BJIMAIONINE Ha CHU2KEHNE BEPOATHOCTH YCIENIHOI'O YTEeHUA
METKH B JJOPOXKHBIX YCJIOBUSIX, & TAKXKE CMOJIEJIUPOBATH CUCTEMY PAJIMOIACTOT-
HOH nieHTH(hUKAINA, JEHCTBYIONYI0 BHYTPU KPYIIHOI'O TOPO/IA, B KOTOPOIl JTaH-
HBIE OT TOYEK (PUKCAINY TIEPEJAIOTCS B TIEHTP 00pabOTKM JAHHBIX 110 CYTIECTBY-
IOMIUM TeJIEKOMMYHUKAIIMOHHBIM ceTsiM. B paccMoTpeHHO Mojien peain3yer-
csl JleTajbHasi MOJENb PAJINOIPOTOKOJA, & TAKXKE HCIIOJIB3YIOTCS MHOTOJIY e~
BbI€ MOJIEJIU PACIPOCTPAHEHUsI CUTHAJA. [loJiyueHHbIe Pe3y/IbTaThl IIO3BOJISIOT
BBISIBUTH [IPUYHMHbBI, CHU3UBIINE BEPOSITHOCTD UJIEHTU(DUKAIINA ABTOMOOHUIEN B
IPOBEJIEHHOM paHee IKCIEPUMEHTE, a TAKXKe OIMPEIe/IUTh MapaMeTpPhl PaJIno-
IPOTOKOJIA, TOBBIMIAIONTIE 3(PPHEKTUBHOCTD PAOOTHI CUCTEMBI.
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Abstract

The relevance of this publication is due to constant attention to the
analysis and interpretation of information security management systems
(ISMS) implementation results. Analysis of such projects usually takes
into account only the minimum requirements, based on known method-
ological framework - 27000 series of ISO standard. In this study, first
of all, a review of current regulatory framework ISO 27001 series was
made, and secondly, a practical application of IT-Security metrics was
demonstrated, that significantly expands the possibilities for assessing
the ISMS effectiveness, and also the recommendations for the formation
of IT-Security metrics system were provided, which are directly related
to business requirements.

Keywords: Information security (IT-security) information security man-
agement system (ISMS), information security assessment, IT-Security
metrics, audit.

1. Introduction

There are enough materials currently published supporting the implemen-
tation (certification) of management systems (including ISMS), as well as more
cautious conservative estimates [1]. It is obvious that the success of several
standards (e.g., ISO 9001, 27001, 50001 series) is caused by certain factors, the
implementation of which seems appropriate in economic, technical, political
and social aspects [2 — 4]. So, we need to propose an assessment - because,
firstly, it clearly operates with business objectives, and secondly, it uses the
economic criteria and, thirdly, it clearly reflects the problem of forming a co-
herent system of IT-security metrics linking business goals and evaluation of
the implementation of specific projects (including standardization and / or
certification). This is well stated in ISO 27000 series for the purposes of imple-
mentation of IT-security business requirements. Obviously IT-security metrics
system should organically fit the terminology of business and allow stakehold-
ers to objectively evaluate the proposed solutions. The standard approach is
to use the "target” standard ISO 27004 for the process of formation, analysis
and comparison of IT-security metrics. Below is the technique of the ISMS
effectiveness assessment and an example of numerical (quantitative) indicators
formation for the analysis of stakeholders (both within the organization and
for certain external evaluation).
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2. Materials dna methods

The TOP-management need obtain the clearly metrics for ISMS assessment,
firstly, as metrics for regular process analysis and, secondly, as basis for financial
budget for ISMS improvement. Main focus covers in numerical (quantitative)
metrics for IT-security assessment.

3. Problem description

A number of publications reflected approaches to the management of losses
in the system of management, organization of the system of internal audits
and effective management review. It is shown that the same approach can
be applied to integrated management system (IMS). Also there is well-known
example of simple IT-Security metrics, which can provide the quantitative es-
timates as evidence of ”utility” for Business. Here it is particularly important
to make a comparison directly with the mechanisms of internal audit, which
is precisely intended to provide ”objective evidence” for senior management in
order to make effective management decisions. To solve inconsistencies “blind
copy” of the organizational structure, it is advisable to use the method ISMS
based on ISO 27001, and propose to form IT-Security target (as well as IT-
Security metrics) through priority control vital assets. This approach ”breaks”
simple copy hierarchical structure formation I'T-Security purposes, and intro-
duces, as required in the ISMS, inventory and asset management, which the
organization must be protected (see. Fig. 1).

Hierarchical management System ::> - ::> Business target

S .
Hierarchical IT-security | =——> >—> | IT-Security target
—

Fig. 1: Dependence between Hierarchical System and Business target

In assessing the results of measurements the targeted requirements for per-
formance should be provided (at the level of the organization), which are di-
rectly related to the objectives in the field of information security, in particular
- ISMS objectives, goals, application of the measures and means to ensure in-
formation security, which should be selected (Sec. 5.4.5 standard [5]). Thus,
there is a scheme proposed (see. Fig. 1) complying with ISO 27000 series, and
at the same time avoiding "gaps” in the reflection of business objectives for the
purposes of information security.

4. Results

Methodology of forming a system of numerical (quantitative) IT-Security
metrics corresponding hierarchical system of business objectives of the organi-
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zation, which is formed to assess the effectiveness of the ISMS and security of
vital important assets of an organization, should consider a number of impor-
tant points from the perspective of business requirements following important
parameters: input value of the economic nature, choice of assets, analysis of
the data and dissemination of reports [6, 7]. The following economic indicators
can be considered as input variables for the set IT-Security metrics on the basis
of set business objectives at different levels of the hierarchy of an organization:

e The costs of providing business (auditing service management);

e Sales (target, current) and the allowable loss (direct or indirect).

Thus, it is rational to speak about static measurements (the "here and
now”), as well as to create a forecast model, i.e. form a dynamic evaluations
with specific “planning horizon”. With regard to the ISMS, this means that
the ”stakeholders” define those assets that are vital to achieve higher economic
performance of business and aiming to provide safety. Also it is necessary to
determine such IT-Security metrics that objectively reflect the mismatch (in
terms of the applicable standards ISO), for example:

e insolvency plan for risk treatment (eg, threats can bypass existing IT-
Security controls);
Measurement method should be based on the attributes of the selected
objects measurements, for examples of objects of measurement include:

e state information assets protected measures and means of information
security;
e the effectiveness of IT-security processes (including realized in ISMS);
The measurement method may use measurements of objects and attributes
from a variety of sources, for example:

e risk analysis, risk assessment and IT-Security risk treatment;

e reports on internal and / or external audits and reports of incidents.

In addition to the requirements of ISO 27000 series, the presented method-
ology includes a set of steps (see. Table 1: Stages 1 - 4), directly related to
the provision of ”connections” business goals and objectives of the IT-Security
through the list of identified assets to be protected in the organization. De-
scription of steps from proposed methods is shown in Table 1.

5. Conclusions

Presented methodology based on ISO 27004 allows to obtain estimates of
ISMS implementation efficiency that are suitable for analysis and managerial
decision-making by senior management, using a system of metrics as ”work ele-
ment” in the existing management system of the organization. These estimates
can be considered in relation to ISMS (or ISM). To form an estimate of the level
of security, it is necessary to form the ’through’ system of I'T-security metrics,
creating an optimal (hierarchical) structure (by processes, subdivisions or the
products / services) with taking into account the vital assets. It is necessary
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ISO
27004

Determine the scope of ISMS certification -
Determination of the list of protected assets -
Defining measures of IT-security (from the Statement of Applicability)
Defining the implementation measures of IT-security

=

Methodology step

Determination of measurement objects (prefix 70”)
Defining Attributes
Determination of the method of measurement

Determination of the main measures

S Rl DR Bl e B R

Determination of measurement functions

.|The definition of a derivative action measure
.|Determination of the analytical model
.|Defining of indicators

.|Defining criteria decision

.|Determination results of measurements

—
o

—_
—_

—
[N)

—_
w

=
W

R R T RN e EA e

Table 1: Description of steps from proposed IT-Security measure method.

to ensure a constant closed-loop control (PDCA), and strive to implement and
monitor PDCA “mini-cycles” at the appropriate levels of management hierar-
chy.
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Abstract
Currently providers of IT-services are forced to deal with the significantly increased

number of threats in information security (1T-Security). Accordingly, it is vital to perform a
study of the problems of assessing the 1T-Security competence within IT-service provider. In
the issue proposed the concept of assurance, which allows to consider the most important for
IT-service providers is threats and to propose an approach based on the use of modern risk-
oriented 1SO standards. The concept of assessing IT-service providers consists of 2 basic
principles and several extensions that allow to take into account the performance of specific
requirements on IT-security and provide the ability to assess (qualitatively or quantitatively)
as part of scheduled inspections (audits).

Keywords: Information security (IT-Security); standard; service; system of
information security management (ISMS); statistics; correlation.

1. Introduction

A number of modern publications [1 — 2] addressed the issue of applicability of various
management systems to support decision making of senior management, and, as a logical
consequence of the provision of quality it services, including 1T-security. Now, objectively,
for IT-service providers consistently manifested a significant amount of important (critical)
threats, due to the emergence of new attack vectors (“targeted attack™), as well as insufficient
development and risk management in relation to the previously known threats and
vulnerabilities. Accordingly, it is of interest to study the problem of assurance as to the
problem of "culture of production” for IT-service providers and assessing their competencies:
the existence and level of implementation of standards and methodologies that are applicable
for the purposes of establishing and maintaining the required 1T-security level.

2. Materials and methods
The question remains about the existing methods of selection of measures and means to
ensure IT-security, the degree of adequacy of such measures on the assessment of their
effectiveness throughout the life cycle of IT-services — from inception, testing, operation,
maintenance. But the questions of "culture"”, the commitment of the IT-service providers to
defined standards, a set of "best practices" and of IT-security standards (on the provider side)
— are, objectively, not less important and their evaluation in terms of assurance on the basis of
a common methodology is timely and practically demanded. A study poses the following
problem is considered based on public ratings and known IT-security standards, the possible
competence of IT-services and to elaborate the concept of assessment of the IT-security level.
3. Problem description

The original data has been selected form the public reviews CNews Analytics, Pwc,
KPMG, which provides public data on the ratings and performance of IT companies in Russia.
From the array data were selected only providers of IT services, i.e. companies, in the "Sphere
of activity" which accurately stated "IT-services". Additionally, we examined the public rating
of [1-2], which included data of the largest providers of IT-services.

4, Results

The results of the research summary on the evaluation of IT-service providers for the
last 3 years (2011 — 2013) and the stated competencies provided in Fig. 1. In accordance with
the problem of in this issue — "how to evaluate the IT-service providers level, based on their
own competences?”, it is interesting to examine the range (possible dependencies) between
their own competence of IT-service providers (from the TOP 100 in the rating of Russia) and
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their position (including in the dynamics for revenue growth, according to the change of place
in the rating).

Research summary on the evaluation of IT-service providers
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Figure 1: The results of the research summary on the evaluation of 1T-service providers
Such issues are proposed to study three:
= Assessment of the correlation "The revenue Growth and the impact of competence";
= Evaluation of correlation "The ranking and influence competencies";
= Evaluation of correlation "The revenue Growth and a change in the rating".
To perform these studies used mathematical research apparatus correlations. Detailed
results of studies of the correlation of ratings the ratings of the 1T-service providers for the last
3 years (2011 — 2013) and the stated competencies are presented in Fig. 2.

The correlation of competencies of IT-service providers
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The revenue Growth and a change in the rating

Figure 2: The correlation of competencies of 1T-service providers

The results of studies of the dependency of the ratings of the providers of it services
(Fig. 1) lead to the following conclusion: factor only in the presence of a large number of their
own competencies (over 4 points) does not automatically lead to a high place in the rankings
and is also not affected explicitly on revenue growth, but a certain "threshold" of their own
competencies (minimum of 3 points, for example: 1SO 9001, 1SO 20000, 1SO 27001) affects
explicitly on revenue growth [3]. Analysis of the results of studies of correlations (3-m
discrete values) providers of it services (Fig. 2) leads to the following conclusions:
= Correlation "The revenue Growth and influence competencies” demonstrates the
transition from a direct correlation to back with approximately equal weak effect in
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2011 and 2013 (on a scale of Chedoke less than 0.3). It is interesting the fact of the
zero crossing in 2012, both in this and the following correlation;

= Evaluation of correlation "The ranking and the influence of competences” — weak in
2011 and 2013 (on a scale of Chedoke less than 0.3). Seems interesting fact increase
direct proportion in 2013, but the influence of the different competencies on revenue
growth and rating position requires further review and exceptions "false" correlations.

=  Evaluation of correlation "The revenue Growth and rating change" is subject to
significant change. This correlation provides a reasonable basis to assume that after
2012, the main influence on the rating gives exactly the revenue growth.

The concept of assessing the IT-security level of IT-service providers
consists of 2 basic principles and several extensions (which may reflect a specific requirement
for specialization in servicing government, industry and other customers).

1. A basic principle I1T-service providers must implement in its operations management
system based on national and international standards, minimally adequate for the construction
of ISMS and provide the required set of measures and IT-security, adequately identified,
evaluated and ranked IT-security risks. This principle can be assessed (qualitatively or
quantitatively) through scheduled audits of the ISMS [1, 4].

2. Underlying the principle of sufficient 1T-service providers must implement in the
control system of the complex of international standards, sufficient to provide services to an
agreed level of quality with regard to certain IT-security risks and with the additional
requirements of stakeholders. Recommended the establishment the framework, which the
implementation of this principle can be assessed (qualitatively or quantitatively) [1, 4].

3. Advanced the principle of "State regulation” — IT-service providers must implement
in their management system requirements established by the regulators, 1T-security specific
procedures, requirements for their availability and reliability, etc. This principle can be
assessed (qualitatively or quantitatively) as part of routine inspections by regulators.

4. Advanced the principle of "Industry regulation” I1T-service providers must
implement in their management system the specific 1T-security procedures (NERC, ISAGO,
etc.). This principle can be assessed (qualitatively or quantitatively) as part of scheduled
inspections of licensees by independent auditors.

5. Advanced the principle of "best practice" IT-service providers must implement in
their management system "best practices" adopted for IT-services (ITIL, Cobit, SOX, Basel,
COSO, etc.). This principle can be assessed (qualitatively or quantitatively) as part of
scheduled inspections on a voluntary basis by independent auditors.

5. Conclusions

The concept of assessing the IT-security level of IT-service consists of 2 basic
principles and several extensions that can be tailored to the specific requirements for the
specialization in servicing government, industry and other customers with specific I1T-security
in the provision of IT-services throughout the life cycle, and provide the ability to assess
(qualitatively or quantitatively) as part of scheduled inspections (audits).
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Abstract

This issue covers the methodological approach to information security (IT-Security)
assessment in telecommunication systems (TS) on the basis of technical and economic
analysis of their availability. The mathematical expressions have been proposed to calculate
the effectiveness of IT-Security management based on security metrics, as well as its cost-
effectiveness. The advantages of this methodological approach can be used to obtain a
numerical estimate of the data protection level in TS, by means of regular information security
management systems (ISMS) audits.

Keywords: Telecommunication systems (TS), information security (IT-security),
information security management system (ISMS), information security assessment.

1. Introduction

Currently, the provision of standard mode of operation of technical objects
(telecommunications) infrastructure is one of the most important tasks of modern society. The
operation of such facilities is based on active use of TS, which is an important component of
information systems (IS). The correct TS operation directly addresses the problem of ensuring
the I1T-security of data passing via technical channels, as well as data stored and processed for
specified purposes. Standard 27001 contains the following definition - "the security of
information (data): the state of protection of information (data) ensuring its confidentiality,
availability and integrity” [1]. When analyzing the factors influencing the availability of TS,
the following risk factors are taken into account: the impact of external potential threats (e.g. -
intruders), and inherent in any complex system aspects of internal threats. The different
approaches can be applied to assess the accessibility threats, but the best practice seems to
apply the series of ISO 27001 standard.

2. Materials and methods

The common TS objects have been selected as examples for IT security assessment and

analysis. Main focus covers the availability characteristics and special 1T-security metrics.
3. Problem description

To ensure the IT-security it is necessary to solve the problem of periodic assessment of
the IT-security state, i.e, the degree of compliance with the requirements to ensure the
confidentiality, availability and integrity. This problem involves a number of possible options
for effective solutions, of which the most advanced, versatile and practical is the use of an
ISMS and performing the IT-security assessment by assessing performance. This publication
offers a methodical approach to evaluation of data protection in TS based on their availability.
The implementation of this approach is based on ISMS use, where the set of requirements
involves provision of security, including — availability [1].

Measuring the effectiveness of the ISMS parameters involves the use of IT-security
metrics, allowing, among other things, to take into account the actual data availability in a
particular TS with periodic evaluation (for example, when performing IT-security audits).
Final evaluation metrics calculation of IT-security allow to estimate the overall level of ISMS
effectiveness and, therefore, assess the current level of data protection in its current ISMS
"configuration" («scope»). These assessments should serve as goals, first of all, for the top
management, as sufficient evidence about the choice of optimal composition of tools
(measures) to ensure information security, and, secondly, to offer experts, ensuring the safety
of TS, the numerical metrics for assessing the effectiveness of individual implemented tools
(measures), and 1T-security functional subsystems, such as encryption.
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4, The main threats for telecommunication systems

The main threats with the most significant consequences for TCS at this stage include:

= Steady increase in the number and size of leaks of sensitive information (commercial,
technical, financial and personal data);

= Increasing the value of the consequences of critical infrastructure destruction
(availability violation) at the technological level (SCADA, MES);

= Strengthening the ramifications of critical facilities blocking (violation of availability
of information systems, data transmission systems).

Therefore, in order to ensure the security of the TS and when performing audits of the
ISMS, the impact of appropriate means (measures) to ensure 1T-Security «controls» should be
measured reliably, the recommended list of which is given in Appendix A of the standard 1SO
27001. For the purpose of this publication the following is considered as the most useful for
the analysis of the availability of tools (measures) to ensure 1T-Security in the TS (the list can
be extended if necessary: A.12.7.1, A.13.1.2, A.15.1.3, A.17.1.2) and ISO 22301:2012:
«Business continuity» (6.2) and «Business continuity strategy» (1. 8.3).

5. Results

For an effective assessment of IT-security in the TS an integrated approach must be
adopted including the formation the set of criteria and metrics related to the ISMS. Obtaining
numerical evaluation of data protection is achieved by using IT-security metrics and
calculating the impact of an ISMS. It is known that a credible analysis of the ISMS only on the
basis of "Statement of Applicability» is more difficult. When the assessment ISMS known
difficulties associated with the formalization and analysis requirements for real 1S and give
statistics (for example, data on IT-security incidents). Should rely only on the facts, but the
facts of security incidents and security breaches are rarely publicly known [2, 3].

The ISMS impact assessment is calculated based on presented approach using
numerical metrics that take into account separately the IT-security events and IT-security
incidents that directly affect the assessment of information availability in TCS. The results of
calculation are presented in the charts (Fig. 1, 2).

The calculation of the impact of IT-Security events draw the following formula:

Ke=(1-(Scurr/S max))*100% Q)
where:
Ke - success rate for identifying 1T-Security events;
Scurr - identified the number of IT-Security events in the current configuration «scope»;
Smax - maximum number of IT-Security events in the previous period.

The calculation of the impact of IT-Security incidents conduct by the formula:

Ki= (- curr/1lmax))*100% (2
where:
Ki - the success rate for identifying 1T-Security incidents;
Icurr - identified the number of IT-Security incidents in the current configuration «scope»;

I max - maximum possible number of IT-Security incidents in the previous period.
In view of the Formula 1, 2 overall effectiveness of the ISMS is calculated:

K(SMS)=Ke*a+Ki*p (3)
where:
K (ISMS) - overall effectiveness of the ISMS;
Ke - success rate for identifying 1T-Security events;
Ki - the success rate for identifying IT-Security incidents;
a - weighting factor to determine the importance of identifying the K e;
B - weighting factor to determine the importance of identifying K i.

Example of calculating performance metrics ISMS (formula 3) is shown in Figure 1.
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Overall effectiveness of the ISMS: «=0,3; B=0,7
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Figure 1: Overall effectiveness of the ISMS

Example of calculating the efficiency is shown in Figure 2.
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Figure 2: Example of calculating the efficiency of ISMS.
6. Conclusions

0,99

Incident Cost

The proposed methodological approach to 1T-security assessment and data protection

in the TS in accordance with international standards (SO 27001 series, 1SO 20000 series and
1ISO 22301 series) allows to create technical and economic evaluation based on the indicators
and the numerical values of their parameters:

The level of data protection in TS (measured in the currency value of the protected
assets of important organizations) implemented ISMS;
The level of implementation of the requirements of the ISMS (including —
availability) on the optimal set of metrics for TS given set of requirements and unique
industry characteristics (for example, using weighting factors).
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Abstract

Due to the self-similar nature of broadband traffic, the arrival rate
can persist on relatively high values for a considerable amount of time.
Such a behavior, closely related to the duration of busy periods, has a
deep impact on queueing performance in terms of loss probability and
distribution of losses. In the paper we consider the probability that the
normalized cumulative workload grows at least as the length T' of the
considered interval in case of Gaussian input traffic. As T increases, the
event becomes rare and standard Monte Carlo simulation would require
a large number of generated sample paths to get an accurate estimate.
To cope with this problem, we propose a variant of the well-known condi-
tional Monte Carlo method, in which conditioning is expressed in terms of
the bridge process. We derive the analytical expression of the estimator
and verify its effectiveness through simulations.

Keywords: Gaussian processes, Conditional Monte Carlo, bridge pro-
cess, persistence phenomena

1. Introduction

The self-similar nature of broadband traffic [1] has a deep impact in terms
of network dimensioning and Quality of Service (QoS) issues [2]. Indeed, per-
sistence phenomena (known in the literature as Noah effect) imply that the
arrival rate can remain on relatively high values for a considerable amount of
time. Such a behavior, closely related to the duration of busy periods in the
underlying queueing system, negatively affects QoS performance in terms of
loss probability and distribution of losses.

In traffic modelling, Gaussian processes have emerged as a flexible and
powerful tool, able to take into account the long memory properties of real
traffic, while keeping a relatively simple and elegant description. The best
known model is Fractional Brownian Motion (FBM), originally proposed by
Norros [3], but our method is more general and includes FBM as a special case.

In more detail, in this work we consider a centered Gaussian process with
stationary increments {X;, t € Ry }. Let us denote by vy := DX, the variance
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of Xy; then the covariance function has the following expression:

1
R L (1)

We are interested in estimation of the following probability
n(T) =PMeT: X, >t), (2)

where T = [0, 7] € Ry. Such probability is closely related to the duration of
busy periods and plays an important role in the study of QoS indexes since it
takes into account bursts of losses, see [4, 5] for more details.

The main contribution of this work is the application of a variant of the
conditional Monte Carlo method for variance reduction, to estimate the target
probability (2) when T — oco. Indeed, in this case the event {Vt € T: X, >t}
becomes rare and hence standard Monte Carlo requires unacceptable large
number of generated sample paths.

2. BMC estimator

Bridge Monte Carlo (BMC) [6, 7] is a special case of conditional Monte Carlo
method, particularly suitable for the estimation of the rare event probabilities
in a queueing system with Gaussian input.

Let fix £ € T and consider the new process:

Y, = Xi — Xy, (3)
where function v); is expressed via covariance function I' as
Ft €
P = =
Tz
The considered probability can be rewritten as
Y
T=E|® )

b
I

)

where ® denotes the tail distribution of standard normal variable and

— -Y;
Y = sup !
teT Yt

(4)

Given an i.i.d. sequence {?(i), i=1,..., N} distributed as Y, the estimator
of 7(T) is defined as follows:

e L5 ( 20, 5

3. Simulations
We plan to estimate 7(T) based both on the estimator (5) and Crude Monte
Carlo, and evaluate the efficiency comparing sample variances.
Although the approach presented in the paper only requires that v; is an
increasing function, in the simulation analysis we will consider the following
important cases of Gaussian inputs:
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1) Fractional Brownian Motion (FBM). In this case v; = ¢, with Hurst
parameter H € (0,1) (in the teletraffic framework usually H € (0.5,1),
corresponding to traffic processes with long range dependence). It has
been shown in [8] that FBM arises as the scaled limit process when the
cumulative workload is a superposition of on-off sources with mutually
independent heavy-tailed on and/or off periods.

2) Sum of independent FBMs with v, = >, #*#i. The use of this model is
also motivated by the fundamental result in [8] in case of heterogeneous
on-off sources.

3) Integrated Ornstein-Uhlenbeck process (IOU) with vy = t+e~t —1. IOU
is the Gaussian counterpart of the well-known Anick-Mitra-Sondi fluid
model.
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Abstract
The article discusses the problem statement processing malformed video
data with reference to the conditions of functioning of systems of network
monitoring. Formulated existing contradiction, research problem and research
hypothesis.
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A. Munses, C. Mopxrosun

Axkanemust @CO, Open, Poccus
sec@academ.msk.rsnet.ru

AnHOTaIUA

B crarpe paccmarpuBaeTcsa mocTaHOBKa 331a9u 00pabOTKN MCKAKEH-
HBIX BUIEO/IAHHBIX TPUMEHUTEIBHO K YCJIOBUSIM (bYHKIIMOHUPOBAHUST CH-
CTeM MOHUTOPWHTa KaHAJIOB CBaA3u. CHOPMYIUPOBAHBI CYIIECTBYIONIEE
[IPOTUBOpEeYNe, HaydHas IpodsieMa U ruroresa ucciaegoBanus. [Ipemso-
JKEHa TTOCTAHOBKA 33J[aUM Ha MPOBEJIEHUE HMCCJIEIOBAHUsS MO paspaboTke
MeTO/1a KOPPEKITUU OIMMNOOK B MCKAYKEHHBIX BU/IEO/IAHHBIX.

KurouyeBbie ciioBa: BueoCKaTHE, BUICOKOJIUPOBAHUE, arperamus Ka-
HAJIOB, MACKUPOBaHNE NCKAXKEHUU, Me/InaBelanue.

1. BBenenue

B mocnieiee BpeMst TuAUpYIONIe HO3UIUKE B 00mieM obbeMe Tpaduka Te-
JIEKOMMYHHUKAITMOHHBIX CHUCTEM 3aHUMAIOT JIAHHBIEC PA3JIMYHBIX CHUCTEM MeJna-
Bentenus. [locite mpoxoxKaenusi Tporeayp yCTpaHeHUs U30OBITOYHOCTH U yIa-
KOBKH B KOHTE€HepbI CeTeBbIX IIOTOKOB 9TU JaHHbIe HUMEIOT CTPOr'o Olpe/leIeH-
HYIO CTPYKTYDY, CYIIeCTBEHHO HEYCTONYIMBYIO K BO3JEHCTBUIO OMNOOK B KaHa-
ste cBs3u. [locsecTBus OMUOOK MOIyT MMETh KakK JIOKAJbHBII XapakTep, Tak
¥ IPUBOJUTH K IIOJIHOW HEBO3MOXKHOCTH KOPPEKTHOI'O JIEKOJIMPOBAHUS BHUJIE0-
naHabixX. CyIIecTBYIOIe MeTOIbI BOCCTAHOBJIEHUS NCKAYKEHHBIX BUJIC0IAHHBIX
OPHEHTUPOBAHBI Ha y3KWUIl KPYr KPUTUUECKUX CHUTYAIMil M He MOI'YT OBITH B
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HOJIHOH Mepe IPUMEeHEHBI JIJIsl pelleHus 3ajad 00paboTKU BUICOJAHHLIX B CH-
cTeMaX MOHMTOPHMHIA KaHAJOB CBA3HM. B 9acTHOCTH, CYIIECTBYIONIAE METOJIbI
HE yYATHIBAIOT THITUIHYIO JJII COBPEMEHHBIX TEJIEKOMMYHUKAIIMOHHBIX CHCTEM
CUTYAIUIO TPAHCIAIME JAHHBIX 110 PA3TAIHBIM (DUSHIECKAM KAHAJIAM U HEBO3-
MOYKHOCTH HabJIIOJIeHUsT BCEl COBOKYITHOCTH (PU3MUIECKUX KAHAJOB B CHCTEMAX
MOHHUTOPHUHIA. DTO NPUBOIUT K HEOOXOJMMOCTU Pa3pabOTKHU U peajiu3alluu B
COBPEMEHHBIX CHCTEMaX MOHUTOPHHIA KAHAJIOB CBA3M METOJOB U aJTOPUTMOB
00paboTKKN BUJICONAHHBIX B yCIOBUSX MX MCKakenus. Lleapio Hacrosmei cra-
TBHY ABJISIETCS TOCTAHOBKA 341491 Ha paspaboTKy MeTOJa KOPPEKIUH OMHUO0K
B MCKAKEHHDBIX BUJIEOAHHBIX.

1.1. Vickakenne BUAEO/IAHHBIX MPU Hepegade mo cetu VIHTepHeT.
TpaHCasAIUS BUICONAHHBIX B COBPEMEHHBIX CHCTEMaX CBSI3U ONHUCHLIBAETCS 00-
el MOJIEIBIO CUCTEMBI TIepeadn WH(MOPMAINU, OJHAM N3 OCHOBHBIX 3JIEMEH-
TOB KOTODOH sIBJISI€TCS KOJEP UCTOYHUKA coobuienuit (puc. 1).

T T T R S T !
Heroummx | Kogep KanaeHpit ‘
o i —r s s —r Mogynsrop | Ilepegaranx
| Fogep | 5 \
Herowsms: Cpega
TICREX PACTIPOCTPAHEHHE
| g |

[Momyuarens _l Hexozep . Kamamsmmii

HHpOPMAIHH J HCTOMHIES Jexogep | Amcayamep: - Tiposusn:

Puc. 1: Mogens cucrembl nepegadn HHGOPMAIIHH.

OcHOBHAas 11eJIb KOJIEPA 3aKJII0OYAETCA B COKPAIIEHUN N30BITOYHOCTU BHIEO-
JIAHHBIX (T.€. CKaTWe BUJIEOIAHHBIX) HA OCHOBE yUueTa BHYTPUKAJPOBOI U MeXK-
KaJIPOBOIl KOPPEJISIUU TOIBIKHBIX M300PAKEHUN. DTAIbl CKATUS BUJIEOIAH-
HBIX TPEJICTABJIEHBI HA PUCYHKE 2.

IIpu sToM, oTmpaBisieMast B KaHaJ IMOCIEI0BATEIHHOCTD KAIPOB IMOIBUK-
HOTO M300parkKeHusl UMEeT CTPOTO ONPEJIENEHHYI0 cTpyKTypy (puc 3). IlepsbiM
B IIOCJIEJIOBATEJILHOCTH CJIEJyeT TaK Ha3bIBAEMBINl ONOPHBIM Ka/JIp, IIPU CXKATUHA
KOTOPOT'O HCITOJIb3yeTCss MHMOPMAIUs TOJBKO M3 IPOCTPAHCTBEHHON 0bJacTu
sroro Kajpa. KojupoBanue Bcex MOCIELYIOMUX KaJpoB (BILUIOTH M0 CJIELYIO-
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NOJEEAHOS
BHISCHIOOPAKEHEE
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Feanpopasme ﬁ;ﬁgﬁgﬁ KonmeHcanHT Llezxagpozce _HHCQH]R ng g;}:?fﬁm"
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napavEm;

g F e Katakug

- _; oy el __‘E i
Meroms: caated KA —

ocHoRE TIpeopasoBAkicl MeTops! CEITHE 22 CCH05% DPCCTRANCTEEAE0ND KD REPOEAKEE
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Puc. 2: Dransr cxxkaTus MOABUKHBIX N300paKEHUIA.

IIETO OMOPHOTO) MPOU3BOIUTCST OTHOCUTEIBHO MPEBIIYIIETO U MOCIIE LY FOIIETO
Ka/IPOB HA OCHOBE yUeTa PA3HUIIbI MEXK/Ty IPE/ICKA3aHHBIMU U JIeHICTBUTEIbHBI-
My KoabduimenTaMu BEKTOPOB JBUKEHHsI 0O0bEKTOB Ha KOAUPYeMOoil rpadu-

YeCKOIl CIleHe.

i-as epynna KOOUpyeMbix Kaopoe i+ 1-an epynna KOOupyembix Kadpos
_A_ AA;

PB-kanp
Puc. 3: Pacrpocrpanenve equHIYHON OMMOKNA B 3aBUCUMBIX KapPax.

Paccmarpupaemast cTpyKTypa [1OCJIEI0BATEILHOCTH TIO3BOJISIET JIOCTUYD CY-
IIECTBEHHBIX KO (DUIIMEHTOB C2KATHSI BUJIEOIAHHBIX, HO 00J1aaeT HeyCTONIu-
BOCTBIO K OITHOKAM B KaHaJe cBaA3U. VIcKazkeHne eUHIIHOrO JJIEMEHTa Kaapa
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IPHUBOJIUT K MCKA’KEHUIO BCEX 3aBUCUMBIX OT HEro 3JIEMEHTOB B IIOCJIEYIOIINX
kaspax II T.e. K pacnpocrpanenuto ommbku (puc. 4).

i-as 2pynna Kooupyembix kaopoe

i+1-aa 2pynna Kodupyemsix Kadpos
e Py _/\_P} P

'

-Kap

PB-xanp

Puc. 4: Paconpoctpanenue ommOKu, CBA3aHHON C MOTepeil MPOMEXKYTOIHOTO
KaJIpa.

Iloteps 1esmoro Kajpa mpuBoauT K cO0f0 B paboTe eKogepa W HEBO3MOXK-
HOCTH BOCCTAHOBJIEHUSI BUJICOIAHHBIX BILIOTH JI0 CJIEJLYIOIIErO OIIOPHOTO KaJIpa
(puc. 4).

Kraccudukarumst n3BeCTHBIX MOIXOI0B K BOCCTAHOBJIEHUIO NCKAXKEHHBIX BU-
IEOMAHHBIX MIPE/ICTABICHA HA PUCYHKe 5. I'DYIIIbI TPAMUITMOHHBIX JIJId CHCTEM
repejiadn JIAHHBIX METOJIOB U METOJIOB, OTHOCSIIIIUXCS K KJIACCY KOJIMPOBAHIUE,
YCTONYIMBOE K OIMMOKaM, OCHOBBIBAIOTCS HA CIIEIUAJIBHBIX [IPABUIAX OPraHU3a~
UM KAHAJIA CBSI3M U HEe MOTYT OBITh IIPUMEHEHBI [IPU ITPOEKTUPOBAHUY CUCTEM
MOHHUTOPUHTA.

MeTompr MaCKIPOBaHUS MCKAXKEHUN BOCCTAHABINBAIOT TOJBKO OI'DAHUIEH-
Hble 00JIACTH MCKAXKEHHOTO KaJIpa M IPUMEHSIOTCS IPU BO3AEHCTBUU OJINHOY-
HBIX WJIM JIOKAJU30BAHHBIX I'PYIIIOBBIX ONUOOK.

OsHako, aHAJIM3 yCJIOBUN (DYHKIIMOHMPOBAHUSI CUCTEM MOHUTOPHUHIA ITOKa~
3BIBAET, YTO COBPEMEHHBIE CHCTEMBI C KOMMYTAIMEH AKEeTOB 3a9aCTyI0 CTPO-
ATCsI HA MPUHITUIIAX arDEralu KaHAJIOB, KOTJA JAHHBIE MOTYT ObITh IIE€PEIAHbI
110 pa3HbIM pu3ndeckuM kanajgaM. [Ipu sTom, B cirydae HabIIIoIeHNs B CUCTEME
MOHUTOPHHTa He BCeil COBOKYITHOCTU (PUBMIECKUX KAHAJIOB, KOPDPEKTHOE JIEKO-
JIMPOBAHUE BUJICOJIAHHBIX CTAHOBUTCS HEBO3MOYKHBIM.

Takum 00pa3zoM, BOZHUKAET IMPOTUBOPEYNE MEXK]y PUMEHEHUEM B CHUCTE-
Max nepejadu HHMOPMAIMK IPOLEAYDP COKPAIeHUs U30LITOYHOCTH (CXKATHA)
BUJICOJIAHHBIX U OTCYTCTBUEM B CUCTEME MOHUTOPUHTA METOJOB UX KOPPEKTHOI
obpaborku. Pazperenne mporuBopedns TpeOyeT MPOBEICHNS UCCIeIOBAHMS TI0
pa3paboTKe TeOPEeTUIECKUX OCHOB 00PabOTKH BUJICOJAHHBIX IPUMEHUTEIHHO K
ycaoBusiM (DYHKIIMOHUPOBAHUSI CUCTEM MOHUTOPHUHIA.
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METOJbI BOPEEBI C HCKAKEHITAMII B BIITEOJAHHBIX

. P '

TpaanunosHEIE 20 CHCTEM Kognposanne, ycroiiunsoe P
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Kommposasmme ¢ VIopATCUHBAHEE
EOMTPOEN OUIIHCOE AIOKOR
Taazsoe
Janmpo< Ha - BOCCTAHOBIZHHE
Tlosck moxoAEx

Janena Gnoka J

bl 2 Vet pertapon
[ BatBop onoprore GrnoKcE I MEHAEHHA
Eagpa
Pexomctpyenma | Pexonctpyxuns
H3ofpakeani “#{ BEKTOPOE JBHASHHA

Puc. 5: Meroast 60ph0ObI ¢ NCKAXKEHUSIMU BUICOTAHHBIX.

2. IlocTtaHoBKa 3ajaym WMCCJIEOBAHUS

Hayunas npobiiema nccenoBanus: pa3pabOTKa TEOPETUIECKIX OCHOB 00pa-
OOTKY BUIEOMAHHBIX IPUMEHUTEIHHO K CHCTEMAaM MOHUTOPUHIA KAHAJIOB CBA3M.

Pemenne nay4yHO!t 1pobIeMbI BO3MOXKHO IIyTEM BbBIJIBUKEHUSI TUIIOTE3BI O
CYIIECTBOBAHUN B3aNMOCBsi3€i (KOPPeJIsIuit) MeK Iy TTapaMeTpaMi U SJIeMeH-
TaMU HEUCKAXKEHHBIX U UCKAYKEHHBIX (OTCYTCTBYIONIMX ) KOJOBBIX CJIOB, IO3BO-
JISTFOIIIUX BBITTOJTHUTH BOCCTAHOBJICHE CUHXPOHU3AINY BUI€0/IeKOIepa Oe3 yJaa-
CTUS CJIEIYIONIErO OMMOPHOIO KaIpa.

Popmann3oBaHHas TIOCTAHOBKA 33/[aYN UCCJIEIOBAHNS IIPEICTABICHA HA PU-
cyHKe 6.

Wcxomnbie naHHbBIE:

® UCXOJHBIE BUJIEOaHHbIE (II0CJIEI0BATEILHOCTD IIO/IBUKHBIX N300PaKeHHMil ),
[IOCTYIIAIONIE Ha BXOJ CHUCTEMBI Iepesadn MH(MOPMAIMH OT UCTOYHIKA
BUJIEOAHHBIX;

e Iiepe/laHHAsl B KAHAJ CBSI3U IOCJIEOBATEILHOCTh KOJOBBIX CJIOB, IOJIY-
deHHAs B Pe3yJIbTaTe MPUMEHEHUsI KOMILIEKCA OIEPATOPOB yCTPAHEHUSI
U30BITOYHOCTU MCXOTHBIX BUJIE0IAHHBIX;

® [IOCTYIUBINAS HA BXOJ CUCTEMBI MOHUTOPHHIA HEIIOJIHAS [IOCJIE[0BATE b
HOCTB KOJIOBBIX CJIOB, IIOJBEPXKEHHAs JIEACTBHUIO IIIYMOB KaHAJA CBSI3H, U
OCODEHHOCTSIM OPTaHU3aIuU KaHAJIA CBSI3W;

® 0COOEHHOCTH OPTraHW3AINN KAHAJIA CBA3U 3aKJ/II0YAI0TCS B MCIIOJIb30BAHAN
HECKOJIbKMX HE3aBUCHMbBIX (PU3NIECKUX KAHAJIOB, O0PA3YIOMINX CBA3AH-
HYIO JIOTUYECKYIO IPYIILY HEPeIadn IOCJIeI0BATETbHOCTH KOIOBBIX CJIOB.

Heobxommumo:
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NEXEAHME SaHHEE OT BALRAMETAUHIKS
L) AsHHLe T
A BUASCUTTIUHIES,

4 AF 4 AF 4 J P A
(A =A% A e AT A A AT A B —

SORCBSIE CNOBA METOUHMAA (CHATLIE BAAEOSAaHLIS )

{Cy=CHC - CoppCFC - CaCHAC - Crni

S
MDM - -

Nawa:

Nhi= f| (\'} #| - WoKEMERHAR COBAKYNHOCTS
40A02kIX €05 HCTOU=HAS
Ha Broge ewcTems PP

Vo 1-}, - GNEDATOPE YETRAKEH A
t 2 AIERITOUHSETH BALEBASHHSIX T

TpebyeTca: paspaborars komanexs -
ONEpaTOPROE BOCCTASCENEHAA
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Puc. 6: Ilocranoska 3aj1a4u 1CCIIeJOBAHUS.

e pa3paboraTh KOMILIEKC OIIepaTopoB, obeciednBaonux 06paboTKy U BOC-
CTAHOBJIEHNE WCKAYKEHHBIX BUJEOJAHHBIX B YCJIOBUAX (DYHKIIMOHUPOBA-
HUsI CUCTEM MOHUTOPHWHTA KAHAJIOB CBSI3U.

OrpanudeHnus U JOIYIIEHUS:

® XapakKTep BO3JEHCTBHUS KaHaJjla CBA3U OT'PAHUYUBAETCS OTCYTCTBHUEM HC-
KasKeHMil JBYX HOJIPA UIYIIAX KOJAOBBIX CJIOB.

3. 3akJirouyeHue

B craThe paccMorpeHa TUNMYHAS JJIsI CACTEM MOHUTOPHUHIA KAHAJIOB CBSI3H
KPUTHYECKasl CUTYaIsl HADJIIOIeHNsT HEIOJIHOM TPYIIIbl (DU3NIECKUX KAHAJIOB,
MPUBOJISAIIAS K HEBO3MOXKHOCTU KOPPEKTHOIO JEKOUPOBAHUS BUJICOJAHHBIX.
Brisiierno mporusopetne, chopMympoBaHa HaydHAS TPOOIEMa U TOCTABJIEHA
3a/1a9a Ha MPOBEJIEHNE MCCIIeI0BAHUsI, HAIIPABJIEHHOIO HAa DEIeHne 3TOH mpo-
OJIEMBI.
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RECURRENCE CONDITIONS OF MODULATED
MAP FLOW OF EVENTS UNDER ITS INCOMPLETE
OBSERVABILITY

L. Nezhel’skaya
National Research Tomsk State University, Tomsk, Russia

Abstract

A modulated MAP flow of events with unextendable dead time is considered.
It is one of the mathematical models for an input flow of events in digital
integral servicing networks (ISDN). The observation conditions for this flow
are such that each event generates a period of dead time during which other
events from the flow are inaccessible for observation and do not extend the
dead time period (unextendable dead time). An explicit form of a probability
density of the interval duration between neighboring events in the observed flow
is derived. Also an explicit form of a joint probability density of the duration
of the two neighboring intervals is obtained. The recurrence conditions of the
observed flow are found.

VCJIOBUY PEKYPPEHTHOCTU
MOIYJINPOBAHHOI'O MAP-IIOTOKA
COBBITUN IIPU Er0 HEIIOJIHOUN
HABJIFOJIAEMOCTU

JI.A. Heosiceavexas

Hanuwonanbubrit uccienosarebeknit ToMcKnit TOCYIapCTBEHHBIN YHUBEPCUTET,
Tomck, Poccust
ludne@mail.ru

AnanoTanus

Nszy4uaercs momxynmuposanubiit MAP-110TOK cOOBITHI, ABJIAIOIMICS O
HOIT U3 aJeKBATHBIX MATEMATHIECKUX MOJEJEN WH(MOPMAIIMOHHBIX TIOTO-
KOB COOBITHI B UPOBBIX CETAX MHTETPATBLHOrO obcaykuBanusa (ISDN),
GYHKIMOHUPYIOIIHUI B YCIOBUIX HEIIPOJJIEBAIOIIET0CS MEPTBOIO BpeEMe-
uu. [IpuBOIUTCST SIBHBINM BUJT IJIOTHOCTU BEPOSITHOCTEN JJIUTETLHOCTH UH-
TepBaja MeXKy MOMEHTAMW HACTYILUIEHWS COCEIHUX COOBITHIl MOTOKA, a
TaK>Ke ABHBIA BUJ COBMECTHOHU IJIOTHOCTU BEPOATHOCTEHU NJIMTEJIbHOCTUA
IBYX COCEIHUX WHTEPBAJIOB. [IpUBOASATCS yC/IOBUSI pEKYPPEHTHOCTH IIO-
TOKA.

KirouesBsie cioBa: momynupoBanusiit MAP-mmoTok cobbituit, Hemmpo/ie-

BAIOIIEECsT MEPTBOE BPeMsi, MH(PUHUTEINMATHHBIE XaPAKTEPUCTUKH, COB-
MeCTHas IJIOTHOCTb BEPOATHOCTEN, pEKyPPEHTHOCTD ITOTOKA.
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1. BBenenue

MaremaTndecKre MOJETN TEOPUU MaCCOBOTO OOCIYKHBAHUSI IIHPOKO HC-
MOJIB3YIOTCS JIJIE OMUCAHUS PEAHHBIX (DU3NICCKUX, TEXHUIECKUX W JIPYLUX
[IPOIECCOB M cucTeM. VIHTEHCUBHOE Pa3BUTHE KOMITHIOTEPHOW TEXHUKW W WH-
dOPMAITHOHHBIX TEXHOJIOTUH BO MHOTOM OIIPEJIEJINIIO BaXKHYIO chepy IMPUIIozKe-
HUIl TEOPUM MaCCOBOTO OOCIIYKUBAHUS — IPOEKTUPOBAHNE U CO3/aHIe MHQOD-
MAITHOHHO-BBIYHUCIUTEIbHBIX CETel, TeIEKOMMYHUKAITMOHHBIX ceTeil u T.;1. Bee
9TO MOCIIYKUJIO CTUMYJIOM K CO3JIAHUIO AJIEKBATHBIX MATEMATHIECKUX MO/~
Jieil peasibHBIX HH(MOPMAIIMOHHBIX TIOTOKOB, (DYHKIIMOHUPYIONUX B MI(MPOBHIX
CeTsIX MHTErPAJIBHOIO OOCIYKUBAHUS, TAK HA3BIBAEMbIX JIBAYKIBI CTOXACTUIE-
CKHX MOTOKOB COOBITHIA.

JlaHHasi CTAThsl SIBJISIETCS] HEMOCPEJICTBEHHBIM DA3BUTHEM WCCJIEOBAHUI,
nposesenubix B [1, 2, 3, 4, 5, 6]. [Ipu ucciegoBanuu IOTOKOB COOBITHUI MOKHO
chopMyIMpoBaTh JBa KJACCA 3a/a4: 1) OlEHUBAHME COCTOSHUI IIOTOKA COObI-
tuii [1, 2, 3]; 2) onennBanue napaMerpos moToka [4, 5, 6].

OjHuM m3 ucKaxKkaomux (GaKTOPOB MPHU OIEHKE COCTOSHUII W Hapamer-
POB IIOTOKA BBICTYIIAET MEPTBOE BPEMsl PErHCTPUPYIONMX npubopos [7], Ko-
TOPOE TOPOKIAECTCST 3aPErUCTPUPOBAHHBIM cOObITHEM. [Ipyrue cobbITHsI, KOTO-
pble HACTYTIAIOT B TEUEHUE IIEPUOJa MEPTBOIO BPEMEHHU, HEJOCTYIIHBI HAOJIIO-
JIeHUIO (Tepsiorcs). DTOT IEPHOJ] [POIOJIKAETCS HEKOTOPOe (DUKCUPOBAHHOE
BpeMs (HEIpOJJIeBAIOIIEEcs MEPTBOE BpeMsi). B KauecTse mpuMepa IPUBEIEM
CSMA |CD — npoToKoJI Ciry4aiffHOro MHOXKECTBEHHOT'O JIOCTYTIA ¢ OOHADY ) KeHUEM
KOH(MJIUKTA, IUTPOKO UCIOJIb3YEMbIl B KOMIIBIOTEPHBIX CETAX. B MOMEHT peru-
crpanuu (OOHAPY2KeHMsI) KOH(MDIIMKTA HA BXOJE HEKOTOPOIO y3JIa CETU PACChl-
gaercs currast "sarymku" ("npobku"); B TeueHne BpeMeH! PACCHUIKY CHUTHAJIA
"sarymku" 3asBKY, IIOCTYIUBIINE B JAHHBIN y3€JI CETH, II0JIyYatoT 0TKa3 B 00-
CJIyKMBaHUU U HAPABJISIOTCS B MCTOYHUK TIOBTOPHBIX BBI30BOB. 3/1ECh BpeMsI,
B TeUeHre KOTOPOT'O Y3eJl CeTH 3aKPBIT JJisi 00CTYKUBAHUST 3asIBOK, MTOCTYIIAI0-
[UX B HETO TOC/Ie OOHAPYKEHMS KOH(DIINKTA, MOKHO TPAKTOBATH KAK MEPTBOE
BpeMst IpubOpPa, PErUCTPUPYIOIErO KOH(MJIUKT B y3JI€ CeTH.

B janboit ctarbe HAXOMSITCS SIBHBIE BUJIBI INIOTHOCTH BEPOSITHOCTEI 3HAE-
HU JUINTEJIbHOCTHU MHTEPpBaJIla ME2KJJ1Y MOMEHTaMMU HaCTYIIJIEHUd COCEeJHUX CO-
6bITHil B MOy TpoBaHHOM MAP-1I0TOKE ¢ HEITPOIJIEBAIOIIUMCST MEPTBBIM Bpe-
MEHEM ¥ COBMECTHOII MJIOTHOCTH BEPOSITHOCTEH 3HAUEHMIT JTTUTETLHOCTH BYX
COCEJIHAX WHTEPBAJIOB. ZIBHBIN BUJ| IDIOTHOCTH BEPOSTHOCTEH HEOOXOIUM JIJTst
pelienust 3aj[a49u OIEHUBAHNS [TAPAMETPOB MTOTOKA U JJIUTEJILHOCTH MEPTBOTO
BpEMEHU. YCTAHABIUBAIOTCS YCIOBUSI PEKYPPEHTHOCTH TIOTOKA.

2. TTocramoBka 3amayu

PaccMaTpuBaercss MOAYJIMPOBAHHLINA IOTOK COOBITHIl ¢ MHTEHCHUBHOCTDIO,
MIPEJICTABJISIONIEN CODOM KYCOTHO-TTOCTOSTHHBIH CTAITMOHAPHBIN CITyYafHBIN TTPO-
nece A(t) ¢ aBymsi coctostHusiMi: () = A 6o A(t) = Ay (A > A2 > 0).
JlarenbaocTh npebbiBanug mpornecca A(t) B 4-M cocrosuuu, ¢ = 1,2, oupese-
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JIsIeTcsl JByMs CJyYailiHbIMKA BeJIMYMHAMU: IIepBas CloydaiiHas BeJUYnHa pPac-
npejiesieHa [0 IKCIIOHEHITUATBHOMY 3aKOHY Fi(l)(t) =1—-e% § =128
MOMEHT OKOHYAHHs i-I'0 COCTOSHUsA 1porece A(t) IepexoquT ¢ BEPOsITHOCTHIO
eJIMHULIA U3 {-I'0 COCTOSAHUSA B j-€, 1, j = 1,2 (i # j); Bropas ciyJyaiiHas BeJudn-
Ha paclpejiesieHa 10 SKCIOHEHIINAJIBHOMY 3aKOHY Fi@)(t) =1—eMt i=1,2;
B MOMEHT OKOHYAHHUSI {-I'0 COCTOSTHUS IIPoIece A(t) IepexouT ¢ BepOsITHOCTHIO
P1 (A\j|A\;) B j-e cocTosnue (i # j) ¢ HACTYILUICHHEM COOBLITHS GO C BEPOSTHO-
croio Py (Aj|A;) mepexonut B j-e cocrosimme (i # j) 6e3 HACTyIIeHNS COOBITHS,
Jubo ¢ BepodTHOCTBIO P; (\;|\;) epexomur B i-e COCTOsIHUE C HACTYILICHUEM
COOBITHST P() ()\j|)\l) + P1 ()\jp\z) + P1 ()\1|)\Z) = 1, 27] = 1,2, (Z 7& j) HepBaﬂ
U BTOpas CIydailHble BeJIMYUHBI sABJSIOTCS HE3aBUCUMBLIMU JIPYT OT Jpyra. B
CJIeJIAHHBIX MIPEJIIOIOKEHNSAX A(t) — MAPKOBCKUIA IIPOIECC.

Marpuiipl uHbUHITE3UMAIBHBIX XapaKTEePUCTHUK Iporecca A(t) mpu roM
NIPUMYT BUJL:

— (o1 + A1) a1 + APy (A2]A)
as + Ao Py ()\1|)\2) (Oé2 + )\2 ’

AP (MA) AP (AelA)
A2 Py (M1]A2) AP (A2]A2)

D, =

D, =

DuteMeHTaMu MATPUIbl D1 SBJISIOTCS WHTEHCHBHOCTH IEPEX0Jia MPOIecca
A(t) U3 cOCTOSTHUST B COCTOSIHUE C HACTYIIJIEHHEM COObITHsI. JlnaroHaibHbIe dJ1e-
MeHTHI MaTpurpl Dy — HHTeHCHMBHOCTH BBIXOJa Iporecca A(t) U3 CBOMX COCTO-
SIHUM, B3ATHIE C TPOTUBOIOJIOXKHBIM 3HAKOM. HenaroHaabHbIE 3JIEMEHTHI MAaT-
putbl Do — MHTeHCUBHOCTH 1IEpeX0JI0B 1ponecca A(t) U3 COCTOsHUSL B COCTOSIHUE
6e3 Hacryierus cobbitus. Cremyer 3aMeTuTh, 9To ecan «; = 0,4 = 1,2, umeer
MecTo 06br9HbI MAP-110TOK COOBITHIA [2].

ITocse KaxK 010 3aperuCTpUpOBaHHOIO B MOMEHT BPEMEHU tf COOBITUS Ha-
crynaer Bpems bUKCUPOBaHHOM jymuTeabaoctu T (MepTBOE BpeMs), B TeYeHue
KOTOPOTO JIPyrue COOBITHS MCXOTHOTO MomyiupoBanHoro MAP-moroka mHemo-
crymnHbl HabIoneHn0. [0 OKOHYaHIE MEPTBOIO BPEMEHH [IEPBOe HACTYIIUBIIIEE
cOOBITHE CHOBA CO3/a€T MEPUOJ MEPTBOro BpeMeHn jnauteabnoctu 1 u T.71. Ba-
PUAHT BO3HUKAOIIEN CATyalluy IIOKa3aH Ha puc. 1, rae t1,to,... — MOMEHTHI
HACTYILJIEHNsT COOBITUI B HAOJIIOIAEMOM MOTOKE; 1 M 2 — COCTOSTHUST CJTyYAfHOTO
nporecca A(t); 4epHBIMU KPyKKaMu 0003HAYEHBI COOBITUS MOLYJIUPOBAHHOIO
MAP-noroka, HeOCTYIHBIE HAGIOIEHUIO; IITPUXOBKON — JJIATETHHOCTD MEPT-
BOTO BPEMEHH.

Iporece A(t) siBAsIeTCS TPUHIMINAIBHO HEHABIIONAEeMbIM (CKPBITHIH Map-
KOBCKHIi IIpoIrecc); HabJII0JaeMbIMH SIBJISIFOTCS. TOJBKO BPEMEHHbIE MOMEHTBI
HACTYIIJIEHUsT COOBITUH MTOTOKA t1, to, . ... PaccMaTpuBaeTcs CTAIMOHAPHBIN pe-
KM (QYHKIIMOHUPOBAHUS TIOTOKA. B CHJTy MPEAIIOChIOK B MOMEHTHI BDEMEHH
t1,ta,. ..t HACTYIUIEHHS COOBITHI IIOTOKA HOCJIeI0BaTeabHOCTb {A(ty)} npen-
CTaBJIsIeT COOOI BJIOXKEHHYIO Ternb MapkoBa, T.e. HAOJIOIaeMbIil TOTOK 00JIa-
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HaoGmioiaeMblii 1OTOK COOBITHI

Puc. 1: ®opmuponatnine HAOII0Ia6MOTO TTOTOKA, COOBITHIA.

AT MapKOBCKUM CBOICTBOM, €CJIM €r0 9BOJIIOIUI0 PACCMATPUBATH C MOMEHTA
BpPEMEHH tj, — MOMEHTa HACTYILIEHUsI COOBITHS IOTOKa, k = 1,2,....

O6osnaunm 7 = g1 —tk, k =1,2,..., — 3HAYEHUE INTEJILHOCTH Kk-TO WH-
TepBaJia MEXK/Iy COCETHUMU COOBITUSAMHU B Hab/TIOgaeMOM TTOTOKe. Tak Kak pac-
CMaTPUBAETCS CTAIlMOHAPHBIN PEXKUM, TO ILJIOTHOCTh BEPOSITHOCTEH 3HAYEHUI
JUIATeNbHOCTH k-T0 uHTepBana pr(7y) = pr(7), 7 > 0, s moboro k. B cuity
9TOr0 MOMEHT BPEMEHU lj HACTYIJIEHHUs COOBITHS 0€3 OrpaHWYeHusi OOIHOCTH
MOXKHO IIOJIOYKUTH PABHBIM HYJIIO WM, YTO TO YK€ CAMOE, MOMEHT HACTYILICHUS
cobbiTust ectb 7 = 0. C Jpyroii CTOPOHBI, ITOCKOJIBKY 3apPEeruCTPUPOBAHHOE B
MOMeHT BpeMeHU 7 = () cOOBITHE CO31aeT IEPUOJ MEPTBOI'O BPEMEHU JIJTUTE Ib-
woctu 1, o 7 = T + ¢, rne t — 3HaYeHUE JJIUTEJTbHOCTA WHTEPBAJIA MEXKILY
MOMEHTOM OKOHYaHUSI MEPTBOrO BpeMenu 7 = 1" 1 MOMEHTOM BPEMEHU HACTYII-
JIGHUS CJIeJLyIONIero cobbiTus B HabmogaemoM oroke (¢ > 0). Ilpeamnonaraercs,
YTO 3Ha4YeHne 1 TOYHO U3BECTHO.

IMycrd (tg,tp+1), (Ekt1,stht2) — B CMEXKHBIX WHTEPBAJA, SHAUEHUS JJIN-
TEJIbHOCTEIl KOTOPBIX €CTb Ty = T+1 —tk U Th4+1 = k+2 — k41 COOTBETCTBEHHO;
WX PACIIOJIO?KEHNE Ha BPEMEHHOU OCH, B CHJLy CTAIIMOHAPHOCTH IIOTOKA, IIPOU3-
BouibHO. Torma, nostaras k = 1, OymeM paccMaTpUBAaTh IBA COCETHUX MHTEPBAJIA
(t1,t2), (t2,t3) Cc COOTBETCTBYIOIUMY 3HAYEHUSIMU JJIUTEJILHOCTEN T1 = to — t1
u Ty =ty —ty, 71 > 0, 79 > 0. IIpu 3roM 74 = 0 COOTBETCTBYET MOMEHTY t1
HACTYILIEHNUs] COOBITHUSI IIOTOKA; To = () COOTBETCTBYET MOMEHTY to HACTYILIEHUSI
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CJIEJIYIOIIEro COOBITUsI HabJI01aeMoro moroka. CooTBeTCTBYIOIIAsT COBMECTHASI
IUIOTHOCTB BeposITHOCTE! ecTb pr (T1,72), 71 > 0, 79 > 0.

Bajaua 3aK/I09aeTCd B HAXOXKIECHUU $BHOrO BUIA pr(T) W ABHOrO BHIA
pr (T1,72), & TAKXKe B YCTAHOBJIEHUU YCJIOBUIl PEKYDPPEHTHOCTU MOJLYJIUPOBAH-
Horo MAP-tioroka cobbiTuii, (pyHKIIMOHUPYIOIIETO B YCIOBUSIX HEIPOJIJIEBAIO-
Irerocss MepTBoro BpeMeHH!.

3. IlnorHocTs BepositHOCTEN pr(T)

QyHKIUS IJIOTHOCTU BEPOsITHOCTEN JJTUTEIBHOCTH MHTEpBaJja MeXKJly CO-
CEJTHUMU COOBITHSMIE ITOTOKA OIIPeIesisieTcsl (DOPMYIIOLt:

pT( )—0 0<7’<T
2

pr(r—=T Zm (0[T) qu S b (r-T), 7>T, (1)
Jj=1

k=1

rae pjx (T —T) — IUIOTHOCTL BEPOSTHOCTEH TOrO, UTO Ipouecc A(T) H3MEHSIET
cBOe cocrosgHue ¢ j Ha k 6e3 HacTymienus cobbirus Ha unrepsase (T, T +t) u ¢
HACTYIIJIEHNEM COOBITHS B MOMeHT BpeMeru 7 = T+t , j, k = 1,2; ¢;;(T') — mepe-
XOJ[HASI BEPOSTHOCTD TOTO, YTO HPOLECC A(T) = \j B MOMEHT OKOHYAHHS MePT-
Boro Bpemern 7 = T npu ycsosun, aro mporecc A(0) = \; B MOMEHT BpeMeHU
7=0,47=1,2; 7 (0|T) — ycaoBHasl cTallMOHAPHAS BEPOATHOCTH TOTO, UTO
nporece A(7) HAXOAUTCHA B COCTOSHUY ¢ B MOMEHT BpeMenu 7 = () npu ycjioBuu,
YTO B 3TOT K€ MOMEHT BpeMeHn 7 = () HACTYIUJIO COOBITHE TIOTOKA U HACTY T
nepros Meprsoro Bpemenn jymrenasaoct I (w1 (0/T) + w2 (0]T) = 1).
MO2KHO TIOKa3aTh, 94TO

D11(t) = A Pr (A1| A1) p1a(t) + Ao Pr (A1]A2) pia(t),

) (A )

P12(t) = M Pr (A2 A1) pr1(t) + A2 P (A2]A2) pra(t),
P21(t) = A P1 (A1]A1) p21(t) + A2 P (A1]A2) p22 (1),
D22(t) = A1 P (A2] A1) pa1 (£) + Ao Pr (2| A2) paa(t),

1
pu () = E— [()\2 Fas—21)e 1t — (Ao + as — 22) efzzt] :
p12 (t) = a1+ APy (A2 ]A1) [elet B ei,z?t:l ’
zZ9 — 21
D21 (t) — as + Ao Py ()\1 |>\2) [e—zlt . eszt] ’
zZ9 — 21
1
D22 (t) = o [(/\1 + a1 — Zl) e~ At _ ()\1 Tog — 22> e—Z2t] ’
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1
21,2225[()\1+>\2+041+042):F

T \/()\1 — A+ a1 —az)” +4 (a1 + AP (A2 [M)) (@2 + APy (A1 [A2) ] |

0< 21 < 29;
(2)
@11 (T) = +me™ ", qi2(T) = o — mae 7T,
@21 (T) =m —me ", oo (T) = 7+ me T,
a=o1+ag+ A\ [1 — P ()\1|/\1)] + Ao [1 — P ()\2‘)\2)] s
’/T1:(CE2+)\2 [1—P1 (AQP\Q)D/(L, (3)
o = (041 + A\ [1 - P ()\1|>\1)D /CL;
_ 1— —aT
m (0]T) = P21 + 71 (P11 — p21) [ e } .
P12 + P21 — (1 — p11 — pa2) [1 — e=T]
2 (0T) = pr2 + 72 (pa2 — p12) [1— e 7]
P12 + P21 — (1 —p11 — pao) [1 — e T’
P11 = [MP1 (A1]A1) (A2 + a2) + Ao Pr (M1]A2) (a1 + A1 By (A2]A1))] /2122,
P12 = [MP1 (A2 A1) (A2 + a2) + APy (A2]A2) (a1 + APy (A2|A1))] /2122,
P21 = [)\ ()\1|)\2) ()\1 + 041) + )\1P1 ()\1‘)\1) (042 + )\QPO ()\1|)\2))] /2122,
P2z = [A2P1 (A2]A2) (A1 4+ 1) + A Pr (A2] A1) (a2 + A2 Py (A1]A2))] /2122,
2129 = MA2 [1 = Py (A [A2) Po (A2 [A1)] + (4)
+A1an [1 - P (/\2 |)\1 )] + a0y [1 — P (/\1 |)\2 )] .

C yuerom (2)—(4) B pesysbraTe JOCTATOYHO TPYIOEMKHX NPeOOpa3OBaHMIA
HAXOJMM sABHBIA Bug, pr(T)

() = 0, 0<7<T,
PR Z A 4(M)ze 0D 4 [1 = (T)] 22e7 20D, 7> T,

(T) = ! {z2 = Mmi(T) [1 = Po (A2|A1)] = Aema(T) [1 — Po (M| A2)]},

22 — 21

m1(T) = m + [ma — m2 (0|T)] e —aT mo(T) = mg — [mg — 72 (0|T)] e T, (5)

Z1 M Zp ONpeJieieHsl B (2), mp u my oupesenenst B (3), w1 (0|T) u w2 (0|T) — B

(4).
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4. CoBMecTHasl IJIOTHOCTb BeposiTHOCTEN pr (T1,72)

B momenThr Bpemenu ti,to, ..., 1, HACTYILIEHUsS] COOBITHII IOCJIEIOBATEH-
noctb {A (t;)} upeacrasisger coboit BIOXKeHHYIO Iiellb MapkoBa, [09TOMY COB-
MECTHAs IJIOTHOCTh BEPOSITHOCTEH 3HAYEHNH JIJINTETHHOCTH JIBYX COCEHUX MH-
TepBaJIoB pr (71, T2) IPUMET BUJL

2 2

7—177—2 Z’fri 0|T qu Z Tl qus (T) Zﬁsn (TQ)a (6)

k=1 s=1 n=1

1€ Pjk (T1), Psn (T2) — IVIOTHOCTH BEPOSITHOCTEl, COOTBETCTBYIOIIHE IIEPEXO/T-
HBIM BEPOSITHOCTSM P, (T1), Psn (T2) B BbIMECIeHHBIE IO dopMynaM (2) mpn
t =7 ut=m. Ioacrasnas B (6) cuatana pPjx (T1), Psn (T2), 3aTeM pjk (T1),
Psn (T2), ompenenennste dhopmynamu (2) npu t =7 1t = 79, u ¢;; (1), qrs(T),
onpenenenrbie hopmynamu (3), u, Hakoren, m; (0|T), ¢ = 1,2, onpenenenHbie
B (4), 1, IposIesbIBasi HEOOXOUMBIE JIOCTATOYHO TPYIO0EMKHE IPeoOpa30BaHuUs,
HAXOJIUIM

pr(m,72)=0; 0<7m<T, 0<m<T;
PT/\(7'1J2) =pr (1) pr (12) +9(T) [1 = 4(T)] e~ x
21RO M) Pr O a) = Pr O Pa) Pr (O X )] x )

X (Zlele(TlfT) _ 226722(7'17’1—')> <2167Z1(727T) _ 226722(7—27,11)) ,

tne 7y > T, 72 >T,a~(T), pr(r1), pr(m) onpenenenst B8 (5) wist 7 = 71 u
T = T1; 21 U 29 oupeziesieHsl B (2), a — B (3).

5. ¥YcaoBuss peKyppeHTHOCTHU

Paccmorpum cirygan, npu KOTOpbIX MojyiaunpoBaHubit MAP-moTok cobbr-
THUI IIPU €r0 HEIIOJIHON HAbJIIOIaeMOCTH CTAHOBUTCH PeKyppeHTHBIM. C ydeToM
Beipaxkenust (5) juist ¥(T') u Bepaxkennit (4) ms m; (0|T), ¢ = 1,2, HaxomumM

Y(T)[1 = A(T)] = Al - P ()\2!;2\1(22__)\;1[)12 — Py (A1]A2)] P

x{(a1 + A1 [1 = P (M]A)]) A2 Py (Aa]A2) (a1 + A1) +
+A1 P (A1 A1) (a2 + X2 Py (A1]A2))] — (a2 + A2 [1 = Pr (A2|A2)]) X
X [A Py (A2|A1) (a2 + X2) + X2 Py (A2]X2) (a1 4+ A1 Py (A2 A1))]} <
X {2122—)\1)\2 [Pl ()\1|)\1)P1 ()\2|>\2) P1 ()\1‘)\2)P1 (/\2|>\1 —aT}
X {2122 +e 7T a (2 + 20) — 22120) +
+e727 (2120 —a[MPy (M A1) + X P (Mo [ A2)]]} .

(8)
Anamsupyst BbipakeHue (8), 3aMeUaeM, UTO €CJIU BBITIOJHIETCS] OFHO U3
YCJIOBUIL:
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1) )\1 [1 - PO (/\2 |/\1 )] - )\2 [1 - PO ()\1 ‘)\2 )] = 0;
{(on + Ar[1 = Py (AafAn)]) [AePr (AafA2) (an + A1) +
2) AP (A1) (@2 + A2 Py (A|A2))] = (a2 + A2 [1 = P1 (A2|A2)]) ¥
X [MPr (A2 [A1) (@2 + A2) + Ao Pr (A2 [A2) (a1 + A1 Fo (A2|M1))]} =0,
TO coBMecTHas ILUIOTHOCTH (7) bakTopusyercs, TO €CTh HaOIOAAEMbIH ITOTOK
CTAHOBUTCSI PEKYPPEHTHBIM.
U3 Boipaxenus (7) ciaemyer Tperbe yciaoBue (GaKTOPHU3AIUU ILNIOTHOCTU
pT(7—177—2): [Pl ()\1‘)\1) P1 ()\2|>\2) - P1 ()\1‘)\2) P1 ()\2|>\1)} = 07 IIPU BBIIIOJTHEHU N

KOTOPOTro HabJII0JIaeMbIll IOTOK TaK>Ke CTAHOBHUTCH PEKYPPEHTHBIM.

6. 3akJrrouyeHue

Ionygenubie GOPMYJIBL Ui IJIOTHOCTU BEPOITHOCTEH pr(T) U COBMECTHON
IJIOTHOCTU BepoATHOCTEH pr(T1,T2) HO3BOJSIOT PENIUTH 334y OlECHUBAHUS
HEM3BECTHBIX TAPAMETPOB U JJINTEHLHOCTH MEPTBOIO BPEMEHU B MOy TUPOBAH-
HoM MAP-moToke coObITHII C HEIPOJIEBAIOIIMMCS MEPTBBIM BPEMEHEM METO-
JIOM MOMEHTOB HJIH METOJIOM MaKCHMAJIBHOI'O MpaBononobusi. B mepsoM ciry-
Yae CTPOUTCsSI CUCTEMa YPABHEHUII MOMEHTOB OTHOCHTEHLHO HEM3BECTHBIX IIa-
paMeTpoB, a BO BTOPOM BBIMUCHIBACTCs (DYHKIIUS TTPABIONOI00MS U PEIAeTCs
3a/1a9a ee MAKCUMHU3AIUNA OTHOCHTEIBHO HEM3BECTHBIX APAMETPOB.
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Abstract

In this paper an approach to analysis of dependence of Session Ini-
tiation Protocol server model with batch arrivals performance measures
on batch size distribution is considered. Proposed approach employs
non-parametric methods of statistical analysis. It is shown that there is
statistical reliable dependence of performance measures, taken for signal-
ing traffic analysis, on distance between distributions in definite norm.
On the basis of proposed analysis elasticity coefficients were evaluated
depending on distance between batch size distributions. This approach
enables to get correction factors for estimation of these parameters in
case distribution functions differ from uniform.

Keywords: Optimization, SIP mathematical model, distribution func-
tion, norm, performance measure, queuing system, parameter sensibility,
sample, batch arrivals.

1. Introduction

Developing telecommunication services are successfully provided via IP-
based Multimedia Subsystem (IMS), where Session Initiation Protocol (SIP)
is the main signaling protocol. Signaling traffic load is auxiliary for commu-
nication nodes and is used for providing communications services to users.
Signaling messages have so-called life time. When life time is over, informa-
tion becomes not actual, signaling messages are retransmitted and overload the
SIP server that processes them. Providing telecommunication services of re-
quired quality results in necessity of detailed research of communication system
structure, statistic data analysis, implementation of processing algorithm for
different types of signaling messages in order to increase number of successfully
initiated sessions and decrease of service and sojourn time at a SIP server [1].

The following parameters were chosen for the investigation: average queue
length and average waiting time. The first one enables estimation of SIP
server’s buffer capacity during the busy hour, the second when summed with

IThe reported study was partially supported by RFBR, research project No. 15-07-03608.
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service time enables estimation of SIP server sojourn time and is comparable
to the message life time.

Process of signaling messages arrival and processing at a SIP server is per-
formed via a single-server queue with batch arrivals and vacations. The vaca-
tion models the time interval when server processes messages that differ from
signaling ones. In a model the batch arrival of customers corresponds to the
simultaneous requests of the group of online subscribers.

In [2, 3, 4] there is an estimation of average value of queue length and aver-
age waiting time for general distribution of batch size. In [4] the analysis for the
four batch size distribution functions has been done: Zipf, geometric, logarith-
mic and uniform distribution. In [4] a statistical dependence of investigating
parameters on batch size distribution in case of Poisson process has been ana-
lyzed. In contrast with the papers where an investigation was performed only
for geometrical distribution, in [4] it is recommended to use a uniform distri-
bution of batch size that essentially simplifies formulas for calculations. In this
paper an approach to performance measures analysis is proposed, sensitivity of
model] parameters to batch size distribution was estimated.

Distribution function variation was evaluated in [4] under different norms.
Those with highest reliability of estimated statistical dependence were chosen.
It turned out that analysis of numeric evaluation of SIP server performance
parameters sensitivity to batch size distribution variation can be carried out
with high reliability (0.99).

Since only sampling distribution functions of parameters are available for
preliminary analysis, so we want to evaluate model parameters with statisti-
cal fluctuation of sampling distribution function when the distribution is not
converge to any general population because of non-stationary behavior. We
denote, that the batch size is a measured on practice, whereas average waiting
time and average queue length depend on messages service time and processor
vacation time. Distribution functions of the last two parameters are assumed to
be known, because they depend on the SIP server hardware implementation.
However, confidence interval for average queue length may not be got from
corresponding empirical distribution, because we do not know this distribution
function. We can evaluate these parameters by means of the simplified models
only. In [4] the sensitivity analysis for one of models was carried out. Analysis
was later applied to empirical distribution function of batch size.

2. SIP server model as a queue with batch arrivals and
vacations

A mathematical model of signaling messages processing at a SIP server is
investigated as a queuing system with batch arrivals and vacations. According
to Basharin-Kendall notation this system is denoted as M ‘ G ‘ 1 ‘ oo .
Let suppose that a batch of customers arrives according to Poisson process
with rate A. Customer service time is a random variable with a distribution
function B(t), where by is the mean value and by is the finite second moment.
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If there are no customers in the queue, the server goes for a vacation. The
vacation time is a random variable with a distribution function V' (¢) with finite
first and second moments v; and vs.

Let f(k) be probability that batch size is equal to k£ > 1. We denote the cor-
responding distribution function F'(k). For the queuing system M ‘ G ‘ 1 ‘ 0
with vacations we can find average queue length and average waiting time de-
pending on offered load p which is estimated as follows:

p = Aby 1), (1)

where [(1) is average batch size with distribution function F(k).
In [2] a generating function was obtained for the queue length distribution
for a single server model with vacations. The result is expressed as follows:

l=p 11—z 1-0()2)
P(z) = My 1—L(z) B(Az2)—2

(2)

where L(z) is a generating function for batch size with the distribution function
[ee]

F(k): L(z) = Y f(k)zF. Other functions mentioned in (2) are expressed
k=0
with the following equations: v; = [tdV (t), ¢(\,2) = [ e MA=LE) gV (¢),
0 0

and B(\,2) = [e MI=LE)dB(t). According to [4] average queue length
0
depending on load p is obtained by the generating function (2) as follows:

. Vo 12— p by p?
N = lim P'(z) = = : 3
lim P2) = P T 1o s tario, ®)

o oo
Taking into account the notation vs = [ ¢5dV (t), by = [ t*dB(t) and
0 0

1) = S k*f(k), s =1; 2, the average waiting time is obtained as follows:
k

Nb 12 @)y b
Fe o 2y L 2 P (4)
P 2v; 20 1—p 2011 —p

3. Sensitivity of the model parameters to probability
variation

Let find out how to change the values N and 7 in formulas (3)-(4), if
probability variation of f(k) is low. Let a new distribution can be expressed
as f(k) = f(k) + e(k)f(k), moreover, under the same norming the equality
> e(k)f(k) = 0is fulfilled. Let introduce the variable E = sup |¢(k)|. Then we
% k

get the following estimation of distance between distributions in L1 norm:

e=|lf =7, =X —iw| =Y wism < B )
k k
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Let use (5) to get estimation of some differentiable function variation de-
pending on average batch size in case ' << 1:

\51@] - ‘Zk (f(k) - f(k))
k

)]
(6)

Logarithmic derivative of function with respect to parameter’s logarithm is
called function sensitivity to parameter variation. Then, from (6) comes that
variation of some function from the mean value, obtained due to distribution
variation, at linear approximation on F does not exceed this function multiplied
by the supremum of distribution density variation and by modulus of specified
sensitivity. In our case estimations of average queue length (3) and average
waiting time (4), that are linear for E, are expressed as follows:

<Dk ’f(k) - f(k)‘ =" kle(k)| f(k) < BIO;
k k

Olnwu
Olnl

()

ou B
W i +o(E).

: ‘5z<1>] < Eu

Ep
SN| < =L
5N| < =

I (SO (OO R W by p
+ +502-p)——
R TR T

I

(7)

Ep 12) _ (@) by
2’ 1 I E
2(1-p) t by

jo7] <

However, theoretical estimations (7) do not possess adequate accuracy as
they appear to be too excessive. Despite this fact they cannot be improved
within of functions to be chosen for empirical distribution functions. Unim-
provability comes out of existence of a variation when e(k) = {0;+F}. In-
adequacy of accuracy comes out of condition (5): as far as ¢ < E, then for
heavily nonuniform distributions the variation norm in the form of sup |e(k)]

k

is too crude estimate, since for such kind of distributions the distance between
distributions can be significantly less than E. That is why in [4] an analysis
of sensitivity of these parameters based on the numerical results for various
functions f(k) was carried out. It was found out that four types of norms —
L1 and C for F(k), L1 for f(k) and similar to them the forth norm that is a
supplement for total area S to the unity of two densities — determine rather
exactly the variation of values Nand 7under variation of densities.

Let us denote variation of f(k) by df, which is denominated in norm C for
distribution function. We denote by dN(p) variation of average queue length
and by d7(p) variation of average waiting time for a given value of load p. Data
analysis showed that under variation of uniform distribution, which determined
on the interval from 1 to the maximum batch size (in our case maximum is equal
to 8), there is a relationship between dN(p) and df, also d7(p) and 0f with
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determination 0.99:

iy((/f)) ] =0,2(1-Inp) (6/)"*"
d7(p) ’ _ 0,106 +0,0411n p (6£)°27; (8)
7(p) p

peo,1; 0,9].

Practical application of the described method is following. Let take a uni-
form distribution on the interval 1 < k < M as a basic predicted distribution
of f(k). For this distribution function equation (3) of average queue length is
converted to

Vg M-1 p by p?
B LR STk g
that is considered as null approximation.

Let consider that empirical distribution, being investigated, is stationary,
F (k) is its distribution function. The distance between this and uniform dis-
tribution may be calculated according to the following equation:

Ny

(9)

5f:Sllip‘F(k) —k/M]|. (10)

Substituting the result of (10) in (8) we get estimation of average queue
length that corresponds to the following empirical distribution:

N/No~1+40,2(1=1Inp)(6£)**, p€[0,1; 0,9] (11)

Estimation for average waiting time variation is expressed in the same way.

Equation (11) is computationally much simpler than calculation of the gen-
erating function in accordance with (2), where L(z) is calculated through em-
pirical distribution of F(k). That is, firstly, rather difficult and, secondly, leads
to calculation errors that may exceed approximation inaccuracy for (11).

For example, let consider that an empirical distribution of f,, (k) is taken
from a general population f(k) that has geometric distribution with a param-
eter g on the interval 1 < k < M. That means f(k) = ﬁ;q?qu_l.

In [4] estimations were performed for the case of ¢ = 0,67; M = 8.
According to (11) we get 6f = 0,35 for these parameters. Consequently, we
get that average queue length for this distribution will exceed same value for a
uniform distribution approximately by 0,14 (1 — In p) No(p).

4. Conclusion

This paper presents the approach to estimation of the performance measures
for SIP server model with batch arrivals and vacations depending on the batch
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size distribution. Investigation of this particular dependence was motivated by
the fact that the batch size distribution is not known as a general population
and, moreover, cannot be recognized as far as empirical evaluations of this
population are non-stationary. That is why approximate evaluation methods,
that are not associated with a specified functional class of mentioned distri-
butions, are of great significance and actuality. Therefore, the method that
considers coeflicients of the model parameters sensitivity to adjustment of the
distance between distribution functions seems to be efficient among nonpara-
metric techniques. This method may be used for non-stationery distributions
when non-stationary behavior is interpreted as definite variation of some ba-
sic distribution (for example, uniform). This approach enables to circumvent
technical difficulty coming from absence of convergence theorem both for prob-
ability and the norm for random variables being investigated.

Proposed approach to evaluation of performance measures of a Session Ini-
tiation Protocol server model and given analysis of parameters sensitivity leads
to recommendations for engineers to use simple formulas for preliminary eval-
uation of presence signaling messages service.
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THE RESEARCH OF THE QUEUEING SYSTEM
MAP|M|oo WITH HETEROGENEOUS SERVERS BY
THE METHOD OF ASYMPTOTIC ANALYSIS
PROVIDED EXTREMELY RARE STATE CHANGES
OF MAP ARRIVALS
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The research of the queueing system with MAP arrivals, n types of customers,
infinite number of servers and exponential service time is proposed. There are
expressions for the characteristic function of the number of busy servers for
different types of customers in the system M AP|M|oo under the asymptotic
condition of extremely rare changes of states of MAP arrivals.

Keywords: queueing system, Markovian arrival process, different types of

customers, asymptotic analysis provided extremely rare changes of states of
MAP arrivals

NCCJIEJOBAHUE CUCTEMBI MACCOBOTO
OBCJIVXKUBAHUSA MAP|M|cc C
PA3SHOTUIIHBIM OBCJIYYKNBAHUEM
METOZIOM ACUMIITOTUYECKOI'O AHAJIU3A
B VYCJIOBUUN IIPEJAEJIBHO PEIKWX
N3MEHEHUIN COCTOSHUN BXOISIIIETO
MAP-IIOTOKA
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AnHOTaIUA

IIpemiaraercst uccieoBaHne CUCTEMBI MACCOBOI'O OOC/Iy>KUBaHUS C
BxogsamuM MAP-11oTOKOM pasHOTUITHBIX 3as1BOK, HEOTPAHUYEHHBIM YKC-
JIOM ODOCJTY?KABAIOIINX TPUOOPOB U SKCIIOHEHITHATLHBIM BPEMEHEM 00CIIy-
>kuBaHust. [losiydeHbl BbIpasKeHUsl JJIsl XapPaKTEPUCTUICCKUX (DYHKIUI
KA 3aHATHIX IPUOOPOB KarKJ0ro TUIA 3asBOK B cucteMe MAP|M|oo ¢
Pa3HOTUIIHBIM OOC/IY?KUBAHUEM B ACUMIITOTHIECCKOM YCTOBUAU TPEIETBHO
penKuX u3MeHeHuit cocrostuuii Bxoasimero MAP-moroxka.

KuaroueBbie caoBa: MAP-IOTOK pasHOTUIIHBIX 3asBOK, METOJ aCHUMII-
TOTUYECKOro aHainsa B yciaosuu [TPUC.
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1. BBenenue

Uccnenosanust cucrem maccoporo obciykusannst(CMO) ¢ HeorpaHmyeH-
HBIM YHCJIOM TPUOOPOB MOXKHO BCTpeTuTh B crarbax [L.II. Bouaposa, A.B.
IMeunuxuuall], A.A. Hazaposa, P. Abaev, R. Razumchik [2], B. D’Auria 3], D.
Baum u L. Breuer [4, 5|, E.A. van Doorn u A.A Jagers [6], N.G. Duffield [7], C.
Fricker u M. R. Jaibi [8] m MHOrHX Apyrux. B TO K€ BpeMsi MHOIOUUCIEHHBIE
HCCJIEJOBAHHS PEAJILHBIX IIOTOKOB B PA3JINYHBIX [IPEMETHBIX O0IACTSIX, B 9aCT-
HOCTH, T€JIeKOMMYHUKAIIHOHHBIX [IOTOKOB, & TAKXKe IIOTOKOB B SKOHOMUYIECKUX
CHCTEMaX, [MO3BOJINJIN C/eJIATh BBIBOJL O CYIIECTBEHHOH HeaeKBATHOCTH KJIAC-
CHYECKUX MOJIEJIEH IOTOKOB (IIyaCCOHOBCKHX M PEKYPPEHTHBIX) PEAJIbHBIM JIaH-
ubiM.IToaromy paspaborka HOBbIX MaTemarmieckux mojeseii CMO, a umenno
CHCTEM C MapKOBU3UPYEMBIMU BXOJSIIIMU ITOTOKAME U PA3JINIHLIMU BapUaH-
TaMi OOCJIy?KUBAHUS, B TOM HHCJIE C UCIOIb30BAHMEM B DAMKAX OJHON CHCTe-
MBI PA3HBIX THIIOB OOCIYKUBAIOIINX NPHOOPOB (MMEIOIINX PA3JINIHbIC HHTEH-
CHBHOCTH O0CJIy?KUBAHUs ), AABJISIETCH aKTyaJIbHON 3a1adeil. st uccietoBanms
TaKNX CI\/IO7 KaK IIpaBUJIO, IIPUMEHAOTCA YUCJI€HHbIE METO/IbI J'II/I6O NUMUTa~
I[IOHHOE MOJIEIMPOBAHKE. AJIBTEPHATHBHBIM IIOJIXO/IOM SIBJISIETCS IIPUMEHEHIEe
MeTO/Ia ACUMIITOTHIECKOrO aHAIN3a Il UCCIeoBaHus Takux cucreM [9, 10].

2. IlocranoBKa 3agaun

Pacemorpum CMO MAP|M|oo, Ha BxOx KoTOpoil nocrynaer MAP-morok
Pa3HOTHIIHBIX 3asBOK, 33/IAHHBI HAOOPOM HEOTPUIIATENIHHBIX THCES A, MAT-
putielt "HOUHATE3NMATBHBIX XaPAKTEPUCTUK () 1 yrpasismomneil mernun Map-
koBa k(t) u BepoarHoCcTAME d, ). B MOMEHT HacTyIUIeHUST COOBITHS B PacCMaT-
PUBAEMOM TIOTOKE B CHCTEMY MOCTYIIAET TOJBKO O/IHA 3as1BKa, KOTOPAasl OIIpeie-
JISTETCST KaK 3asiBKa (-oro tuma (i = 1,...,n), 1 BBIIOJIHSIETCsI ee 06CIIy )KUBaHUE
B TeYEHHUE CJIYyIaliHOrO BPEMEHH, PACIIPEJIEEHHOIO 10 IKCIIOHEHIUAIBHOMY 3a-
KOHY ¢ mapaMeTpoM fi; (i = 1,...,n), COOTBETCBYIONMM THUILYy 3asaBKU. [locra-
BUM 331849y HUCCJIEI0BAHNS N-MEPHOro ciydaitnoro mpouecca {i1(t), ..., i, (t)},
XapaKTEePU3YIOIIEro YUCI0 3aHSITHIX IPUOOPOB 4-0r0 THIA B MOMEHT BPEMEHU
t.

st mapkosusupyemoro MAP-noroka (n+ 1)-MepHBIi cirydaitHblii 1poriecce
{k(t),i1(t),...,in(t)} sBAsIETCH HEmBIO Mapkosa.

Pacemorpum COBMECTHOE pacrpejiesicHue BEpOSITHOCTEI
P(k,iy, ... in,t) = P{k(t) = k,i1(t) = i1,...,in(t) = iy} w 3anUIEM I3
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Hero cucremy gauddepeHnuaibHbIX ypaBHeHuit Komvoroposa

OP(k,ir,... in,t)

o (Ak — ;m) P(kyiy, ... in, 1)+

—I—P(k',il —1,...,’L'n,t))\kp1+~'~+P(l€,i1,...,in—1,t))\]9pn+

K
+> A= dur)P(vyin, . in, t) + duk (1 P(vyin — 1, i, )4 -+ 4
v=1

Fpa P (i, yin — 1, )) Yo, k=1,..., K. (1)

Ha‘IaJH)HbIe YC.HOBI/Iﬂ ornpeaeJanmM B BHJIE
Pk, i1, ..., in,0) = P(k,0,...,0,t) = R(k), (2)

rie R(k) —cranmonapHoe pacupezesenue Bepositaocreii nenu Mapkosa k(t).
Pemenue cucremsl (1) Gymem uckarh Ipu CTanuOHAPHOM (DYHKIMOHUPOBA-
HUU PACCMATPUBAEMON CHUCTEMBI.
JI1s 9aCTUYHBIX XapaKTePUCTUICCKUX (DYHKIUH BUIA

o0 oo
Hkyug, ... uy) = E E e R Ll = (. I SO

i1=0 in=0

k=1...,K, j=+v-1,
nepenuiieM cucremy auddepenimanbubix ypasaenuit Kosvoroposa (1) B Buze

ij(e‘ﬂuz — 1)8 (k‘ﬂgl;  Un,) = \g (Zplejuz _ 1) H(k,u1,...,un)—|—
l

=1 =1

K

+ZH(V,u1,...,un)

v=1

1+ (Zplej“’ - 1) duk] quk- (3)

=1

HauasbHble yciosust (2) npuMyT BUI
H(k,0,...,0)=R(k), k=1,...,K. (4)

3. AcumMmnToTudeckuii aHaJIN3 B YCJIOBUM MNPEAEJIbHO PEIKUX
n3MeHeHHnii cocrogHuii BXonggmiero MAP-moroka

Sunavenus HHOUHATEINMAIBHBIX XAPAKTEPUCTHK () OIPEJIENISIOT BpeMeHa
npebpiBanust MAP-tioroka B k-x cocrosiausx k= 1,..., K.
IIycTh € —HEKOTOPBII MAJIBIA MTOJIOXKUTEIHHBIN TTapaMeTp.
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VcioBueM Ipejie/IbHO PeJIKUX U3MeHeHUi cocTosiHuil Bxosnero MAP-noroka
OyzeM Ha3bIBATH PABEHCTBA

ql(jc)zgqyk,yzl,...,K,k::l,...,K, (5)

OIPEJIEIAIONIHE JOCTATOYHO MaJble 3HAYeHNs MH(MUHATE3UMAIbLHBIX XapaKTe-
PHCTHK, UTO BJIEUET JIOCTATOYHO PEJIKNE M3MEHEHUsI COCTOSIHUI MOTOKA.
Yunrssas (5), cucremy (3) mepenumieM B Buje

o . ) OH (k,uy,...,up) " ;
e w1 = A\ el — 1| H(k,uy,...,up)+
;luu( ) D k lglpz (k,u1 )

K
—l—EZH(u,uh...,un)
v=1

1+ (Zplejul - 1) duk‘| Quk- (6)
=1

Pemenue sroit cucremsr H (k,uq, ..., uy,), 3aBUcsdilee OT napaMeTpa € 1 yio-
BJIETBODSIIOIIEEe HAYAIbHOMY ycsioBuio (4), 0603HaduM

H(k,uy,...,up) = F(k,uy,... up,¢), (7)

F(k,0,...,0,e) =R(k), k=1,...,K.

CdopmynupyeM u gokazkeM CJIeIyIOIIee yTBEPKICHNE.

Teopema 1. IIpedesvhoe snauenue dyrryuu F(k,uy, ..., up,€) npue — 0
umeem 6ud

;%F(kaula”wun?g) :Fl(kvulv"'aun) =
= R(k) exp Akiﬂ( u_1) s, k=1,...,K ®
L m ) ) )

Jokazameavcmeo. BoimosnuMm B cucreme (6) npeiesbHbIi nepexos npu € — 0
u st Fy(k,uq, ..., Uy) TIOJyYNM CHCTEMY YPABHEHUH B YACTHBIX POU3BOIHBIX

- i oF (k,ui,...,u, " .
e - 2R te) (Zpleﬂ 1—1> Fikmn, ),
=1

I=1
k=1,...,K. (9)
O6miee pemenne (9)umeer By

C’lexp{)\kzpl( Jur _ 1)} = Fi(k,ug, ... up).

=1 M
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st roro uro6sl HaiiTu C7, BOCIOIBb3yeMCsl HAUaJIbHBIMU yeJoBusiMu (7) U 110-
Jiyaum Boipaxkenue jyist Fy(k,uy, ... uy)

Fy(kyu,...oun) = R expd A > 2 (e — 1) &, k=1,..., K,
=1

KOTOPOE COBIAJAET C BhlpaxkeHueM (8). n

Takum obpazom, s YACTUIHBIX XAPAKTEPUCTUIECKUX (DYHKIUI MOXKHO
3aIlCcaTh aCUMITOTUYECKOE PABEHCTBO

H(k,uy,...,up) = F(kuy,...,up,e) = Fi(kug,..., u,).

Torza jyisi XapakTepuctudeckoil dynknun nporecca {i1(t),ia(t), ..., i (t)}
TOJTy9aeM BBIDasKEHUe

J i uyi(t) K
hi(uy,...,uy,) = Me =1 :ZH(k,ul,...,un) =

=1
n

K
=ZR(k)exp )\kz%( Ju —1)

k=1 =1

Ounpenenenne 1. Oyuxuuio hy(uq, ..., .Uy, ) OyJeM HA3BIBATH ACUMIITOTHYE-
CKOM XapaKTepUCTUIeCKON (DYHKIMEH MePBOro MOPSIKa THCIa 3aHATHIX MTPU-
6opoe pasHoro tuna B cucreme M AP|M|oo B ycl0BUM IPEIEIBHO PEJKUX U3~
MeHeHuit cocrosinuit Bxozsimero MAP-mmoToka.

Omnpepenenne 2. OyHKINIO

K n
R b
h(u) = M{?* ==} = 3 " R(k)exp{ Ay ) —

Oy/ieM HA3BIBATH ACUMITOTUIECKON XapaKTEPUCTUUIECKONH (DYyHKIMEH IepBoro
opsiziKa o0LIero Yucia 3aHsaThix npubopos cucrembl M AP|M|oco ¢ pazHoTum-
HBIMU 3asBKAMU B YCJIOBUU TPEJEIbLHO PEJIKUX M3MEHEHW COCTOSHUN BXOJIs-
mero MAP-nioroka.

Onpeaenenne 3. Pyukiuu

hl(l)(ul) — M@julil(t) - h1(07 ceey U, ’0) = (10)
K )

ZR<k>exp{Ak“ (e~ 1)}, 1=Tn.
P H

OyleM Ha3bIBATH ACUMIITOTHYECKOI XapaKTepHUCTH4YecKoil dbyHKnuedl IepBoro
[OPsIJIKA YUCJIa 3aHATHIX IPUOOPOB Kaxkjaoro tumna B cucreme MAP|M|oco B
YCJIOBHU TIPEJIEJIbHO PEIKUX M3MeHeHnil cocrostnnit Bxomsamero MAP-moToka.
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4. YucieHHBIA aHaJJIN3

,ZLHH CpaBHEHHA ACHMIITOTUYECKUX U JOIIPEOde/IbHBbIX 3HAYEHUN OCHOBHBIX
XapaKTEePUCTUK PICCI[G,ZLyeMOfI CHUCTEMBbI Haﬁ,ﬂ;eM ACUMIITOTUYECKOE 3HAYCHUE Ma-
TEeMaTUYICCKOI'O OKHNJaHNUA YUCJIa 3aHATHIX HpI/I60pOB

OH (k,u1,...,up)

fmj®(k) = k=1,...,K,l=1,...,n.

jaUl Us = 07 ’
s=1,n
Orkyna
fmes =LlrAe, 1=1,...,n, (11)
122
IJie € —eJIMHUIHBII BeKTOp-cToJIbel], r —BekTop-ctpoka [R(1), R(2), ..., R(K)].

JlonpeenibHoe 3HaY€HNE MATEMATHIECKOTO OXKIJIAHIS JUCI/Ia 3aHATHIX TPHU-
6opos B cucreme MAP|M|oo ¢ pasHOTHUIHBIM OOCIIY:KHBAHUEM OIIPEIEISIeTCs
caeyronmM obpasom [10]:

fmy = %rBe7 l=1,...,n. (12)

Acumnrornueckoe BbIpaXKeHUE JJIsi MOMEHTOB BTOPOTO TOPSJIKA YHC/IA 3aHsI-
TBIX TPUOOPOB [-OT0 TUIA MOXKET OBITH BBIYUCJIEHHO KaK

as 82H(kvu17--~7un)
smi®(k) = P02
l

k=1,....K,1=1,...,n.

us =0,’
s=1,n

TOI‘,IL& nMeeM CJIeyroniee BbIpazkKeHue JJid BTOPbIX MOMEHTOB

K

smi* = 23 RO 4 1), 1= 1,...,n. (13)
Lt i

JlomnpeienbHOE 3HaYMEeHNE BTOPOro MoeHTa nMeeT Bug [10]

smy = rBp{T+ [T — Q) ' [I+2Bp |} {2mI - Q) te, I =1,...,n. (14)

AHaJ’IOI‘I/I‘{HO, 3alluIeM BbIpazKeHHue IJIgd aCUMIITOTHYIECKOrO M JOIIPEeae/IbHOI'O
3HAYEHUN KOpPpeadimuOHHOI'0 MOMEHTOB

K
as PPy 2
cmyy = E N R(E),
lg [hiftg — k ( )
—(pif fm;)B (15)
Mg = meg + m e,
lg [+ g (pl g T Dg 1)

l=1,...;n,9g=1,...,n, 1l #g.
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Jlnst ompejiesienns 00JIACTH MPUMEHUMOCTH JIAHHOTO METOJIa PaCCMOTPUM
npumep pu n = 3, K = 3.
Onpenesium MAP-0TOK cieiyomuMu napaMeTpaMu:

~11 5 6 1 00
Q= 05 -1 05|, A=[o0 12 0|,
2,5 2,5 -5 0 0 1
0 0,2 0,5
D=(o01 0o 0|,
0,9 0,6 0

p1 =0,2, po = 0,5, p3 = 0,3 —BePOATHOCTU MOCTYIJICHUS B CHCTEMY 3asIBOK
COOTBETCTBYIOLIETO THUIIA.
Orpeie/iuM OTHOCUTEJIBHYIO IIOIPEITHOCTD BUIA

smy — smy'®

A= o ,1=11,2,3}.
’ € H smy \ sMg \ smg ‘
0,1 106,765 2411,406 30,429
0,01 116,213 2651,467 31,992
0,001 119,449 2786,991 32,293
Acnmnroruka || sm§® = 119,895 | smg® = 2808,947 | sm3® = 32,329

Ta6J'II/IU,3 1: CpaBHeHI/Ie JO0IIpEZICJIBHBIX 1 aCUMIITOTUYIECKUX 3HaYEeHU Xapak-
TEPUCTUK CUCTEMDbI.

[ [ 01 [ 0,0L ]0,001]
A, |[ 0,123 ] 0,032 | 0,004
A, | 0,165 | 0,059 | 0,008
A, |[ 0,062 [ 0,011 | 0,001

Tabauna 2: CpaBHeHNEe 3HAYEHUIT OTHOCUTEIBLHOM TOTPENTHOCTH.
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s IIOJTy9Y€HHBIX PE3yJ/IbTaTOB BUJIHO, YTO C YMEHBIICHUEM € OTHOCUTE/IbHaA
IIOTrpeHIHOCTb CTPEMUTCA K HYJIIO.

5. 3akirouyenue

B pa6ore nposenero uccieposanne CMO MAP|M|oo Merogom acumirro-
TUYECKOTO aHAJIM3a B YCJIOBUU IIPEJEIBHO PEIKUX W3MEHEHUN COCTOSTHUI BXO-
namero MAP-noroka. Tlosydensbl BeIpaskeHus Jijisi aCUMIITOTUYECKUX XapakK-
TEePUCTHICCKUX (PYHKIII TEPBOTO MOPSIIKA OOIEro Inca 3aHATHIX ITPUOOPOB
U 9ucyia TpubOpOB KaXKJIOro THIA B paccMmarpuBaemoii cucreme. IIposemero
YUCJIEHHOE CPABHEHME JIOIPEIe/IbHBIX U aCUMIITOTUYECKUX 3HAYEHNIT OCHOBHBIX
XapaKTEePUCTUK CUCTEMBI.

JINTEPATYPA

1. Pechinkin A. V., Sokolov I. A., Chaplygin V. V. Stationary characteristics
of multi-line queuing system with simultaneous failures of devices //
Computer Science and Applications. 2007. V. 1(2). P. 28-38 (in Russian)

2. Abaev P. On Mean Return Time in Queueing System with Constant
Service Time and Bi-level Hysteric Policy // Modern Probabilistic Methods
for Analysis and Optimization of Information and Telecommunication
Networks. Proc. of the International Conference, Minsk, 2013

3. Auri, B. D. M|M|oco queues in semi-Markovian random environment //
Queueing Systems. 2008. V.58(3). P.221-237

4. Baum D. The infinite server queue with Markov additive arrivals in
space. Probabilistic analysis of rare events // Proc. of the International
Conference. Riga, 1999. P. 136-142

5. Baum D., Breuer L.: The Inhomogeneous BM AP|G|cc queue // Proc. of
the 11th GI/ITG Conference on measuring, modelling and evaluation of
computer and communication systems (MMB 2001). Aachen, P. 209-223

6. Doorn E. A., Jagers A. A. Note on the GI|GI|oco system with identical
service and interarrival-time distributions // Journal of queueing systems.
2004. V. 47. P. 45-52

7. Duffield N. G. Queueing at large resources driven by long-tailed M|G|oo-
modulated processes // Queueing Systems. 1998. V. 28(1-3). P. 245-266

8. Fricker C., Jaibi M. R. On the fluid limit of the M|G|oc queue // Queueing
Systems. 2007. V. 56(3-4). P. 255-265

9. Parulekar M., Makowski A. M. Tail probabilities for M|G|oo input
processes(I): Preliminary asymptotics // Queueing Systems. 1997. V.27(3-
4). P. 271-296

10. Pankratova E., Moiseeva S. Queueing System MAP|M|oco with n Types
of Customers // 13th Intern.Scien.Conf. ITMM 2014 named after
A.F.Terpugov. Anzhero-Sudzhensk, 2014. P. 356-366.

592



JOINT STATIONARY DISTRIBUTION OF
QUEUES IN MULTI-SERVER RESEQUENCING
QUEUE

A. Pechinkin |, R. Razumchik!

! Institute of Informatics Problems, Federal Research Center “Computer Science and
Control” of the Russian Academy of Sciences, Moscow, Russia
rrazumchik @ipiran.ru

Abstract

Consideration is given to a classical problem which is important in data net-
works where data is divided into packets that are sent using different routes. At
the destination packets should be re-ordered so as to recover the original data.
We model data network as N-server queueing system (N > 3) with single infi-
nite capacity buffer, where each server represents a route. Customers arrive at the
system according to Poisson flow and receive service which is exponentially dis-
tributed with the same parameter. The order of customers upon arrival has to be
preserved upon departure. Customers which violated the order are kept in rese-
quencing buffer which also has infinite capacity. It is assumed that resequencing
buffer may be partitioned into n, 1 < n < N — 1, queues, depending on the num-
ber of busy servers, and i-th queue contains customers which have to wait for i
service completions before they can leave the system. Equations for computation
of joint stationary distribution of number of customers in buffer, servers and each
queue in resequencing buffer, which admit recursive solution, are being obtained.
Numerical example is given.

Keywords: resequencing, queueing system, joint distribution, infinite capacity

1. Introduction

It is well-known that performance of multiserver simultaneous processing systems
can suffer from resequencing issue, i.e. when the order of arriving customers (jobs,
items etc.) is violated due to disordering which may be introduced by service process
or other external/internal factors. As consequence of disordering some customers have
to wait for other customers before they leaving the system. Various analytical methods
and models have been proposed to study the impacts of resequencing. Survey on the
resequencing problem that covers period up to 1997 and review of queueing theoretic
methods and early models for the modelling and analysis of parallel and distributed
systems with resequencing can be found in [6] and [7]. Queueing-theoretic approach
to resequencing problem implies that the system under consideration is represented
as interconnected queueing systems/networks where disordering of customers takes
place. The system is followed with resequencing buffer where the order of customers
is recovered. In [13] convenient suggestion was made to group existing papers on
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resequencing buffer resequencing buffer

buffer

(a) (b)

Figure 1: Sketch of multiserver resequencing queue

resequencing into two categories: papers that characterize the disordering process
using single queueing system with several servers sharing a single queue (see, e.g. [1])
and papers where disordering is modelled by a queueing system with several parallel
servers and queues, and each server has its own dedicated queue (see, e.g. [19]). Paper
[13] contains the survey of papers belonging to these two categories. Up to now
various problems setting have been considered and solved including distribution of
number of packets in resequencing buffer and in system under different assumptions
about arrival and service process, distribution of the resequencing delay, and optimal
allocation of customers (see, e.g. [2], [4]-[10], [12], [14], [17]-[19]).

In this paper we study the system belonging to the first category, specifically
M|M|N|eo resequencing queue with N > 3. The sketch of the system can be seen
in Fig.1 (a). There is one Poisson incoming flow, one queue of infinite capacity and
several homogeneous servers which serve customers during exponentially distributed
times according with FCFS or LCFS or Random choice discipline. Customers which
violated arrival order are kept in resequencing buffer (RB) of infinite capacity before
they can leave the system. As it was noticed in [16], in such M|M|N|co resequencing
queue with N > 2 servers, resequencing buffer can be thought of either as a single
queue where all customers which violated arrival order reside together (see Fig.1 (a))
or as collection of several separate interconnected queues (see Fig. 1 (b)). In the latter
case i-th queue contains those customers which have to wait for i service completions
before they can leave the system. Notice that number of service completions needed
by a customer in RB to leave the system cannot be greater than (N — 1).

The motivation to introduce such partition of resequencing buffer into separate
queues can be best described by example. Consider M|M|4|co resequencing queue.
Without loss of generality we suppose that customers upon entering the system obtain
sequential number; the sequence starts from 1 and coincides with the row of natural
numbers. If we started observing the system when it was initially empty then at some
time instant we may see the system in the state as depicted in Fig.2 (a) or Fig.2 (b).
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Figure 2: Examples of resequencing system’s contents at two different time instants

Each square represents one customer and number in the square is its sequential num-
ber. Though it is easy to calculate the total number of customers in RB, there is one
interesting observation. For example, in Fig.2 (b) if the next service completion is
of customer 2, then customers 2, 3, 4, 5, 6 will leave the system (in batch), whereas
other customers in RB will keep on waiting. But if the next service completion is of
customer 7, then 7, 8, 9, 10, 11, 12 will not leave the system, but will wait together
with customers 3, 4, 5, 6 until the service of customer 2 is completed. Due to such
evolution of RB contents it is natural to group customers in RB in different queues.
They are marked out in Fig.2 (a) or Fig.2 (b). Partitioning of RB into several queues
gives more detailed view of its dynamics and leads to number of interesting ques-
tions: what is the joint stationary distribution of all queues in the system; are there
any dependencies between queues’ sizes; what happens with queues in RB if N grows
without bound; what the influence of service distribution on queues’ sizes in RB. In
this paper we focus on first two questions.

In the system with N > 2 servers, if all of them are busy, then the resequencing
buffer can be partitioned into (N — 1) queues (see Fig. 2(a) and Fig.2(b) as example
for N = 4). If the number of busy servers is less than N, then number of queues
in resequencing buffer is equal to the number of busy servers. The analysis of joint
stationary distribution of number of customers even in simple cases with Poisson flow
and homogeneous exponential servers turns out to be a challenging task. In [16] for
M/M/3/oo queue followed with infinite resequencing buffer one obtains expressions
for joint stationary distribution of number of customers in buffer and servers, and
number of customers in each of two queues in resequencing buffer both in explicit
form and in terms of generating functions. In [3] for M/M/N /oo queue followed with
infinite resequencing buffer there was obtained algorithm for recursive computation
joint stationary distribution of number of customers in buffer and servers, and sum of
number of customers in two, three, ...., and (N — 1) queues in resequencing buffer.
In this paper consideration is given again to M/M/N/co queue followed with infinite
resequencing buffer. The main contribution is the methodology for computation of
joint stationary distribution of number of customers in buffer and servers, and number
of customers in each queue in resequencing buffer. It is shown that joint stationary
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distribution can be computed recursively. We note that joint distribution can be also
obtained in terms of generating functions but this analysis is left for further research.
Next section is devoted to the description of the system. In Section 3 the system
of equations which admits recursive computation of joint stationary distribution of
number of customers in buffer and servers, and number of customers in each queue in
resequencing buffer is given. Short numerical example concludes the paper.

2. System description and notation

Consider a queueing system with 3 < N < co servers, infinite capacity buffer, in-
coming Poisson flow of customers of intensity A, exponential distribution of service in
each server with parameter u and resequencing buffer of infinite capacity. Customers
upon entering the system obtain sequential number and join buffer. Without loss of
generality we suppose that the sequence starts from 1 and coincides with the row of
natural numbers, i.e. customer upon entering the empty system receives number 1, the
next one — number 2 and so on and so forth. Customers leave the system strictly in
order of their arrival. Thus after customer’s arrival it enters server (if there are any
idle) or remains in the buffer for some time and then receives service on one of the
servers. If at the moment of its service completion there are no customers in the sys-
tem or all other customers present at that moment in the buffer and in all other servers
have greater sequential numbers it leaves the system. Otherwise it occupies a place in
the RB. Customer from RB leaves it if and only if its sequential number is less than
sequential numbers of all other customers present in system. It may be noticed that
customers may leave RB in groups. For example, in Fig.2(a) if customer with sequen-
tial number 2 is the next to finish service then it leaves the system at one together with
customer with sequential number 3 and 4.

In order to correctly define partitioning of RB into several queues we use the fol-
lowing approach. Assume there are n, n = 1,_N, busy servers in the system. Each
time any server becomes free or busy we label customers in servers according to the
order in which they occupied servers. Let us refer to customer which was the last to
enter server as “1* level” customer. Customer which entered server right before “1*
level” customer is referred to as “2" level” level customer. The “3"“ level” customer
is the one which entered server before “2"? level” customer. Proceeding in similar
manner customer which was the first (among n) to enter server is referred to as “pth
level” the customer. Customers which reside in resequencing buffer form (n — 1) sep-
arate queues in the following way. Customers which entered RB between “1* level”
and “2™ level” customer form queue #1; customers which entered RB between wond
level” and “3"¢ level” customer form queue #2 and so on. Customers which entered
RB between “(n — 1) level” and “n level” customer form queue #(n — 1). Example
of such partitioning of resequencing buffer into separate queues in case when N = 4
is given in Fig. 2a and Fig. 2b. Let us denote by p,, n > 0, stationary probabilities of
the fact, that there are n customer in buffer and servers (customers in RB are not taken
into account). One can notice that p,, n > 0, are determined by the same equations
as in simple M/M/N/co queue. For stationary probabilities of the considered system
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with resequencing to exist it is necessary and sufficient that necessary and sufficient
condition for existence of probabilities p, is fulfilled i.e. p/N < 1 must hold.

Let us denote by py.,.. i, m=1,N—1, i,...,i, > 0, stationary probability of
the fact that there are n > N customers in buffer and servers, and in RB there are i,
customers in queue #1, i, customers in queue #2, ..., i,, customers in queue #m. If
number of busy servers is n < N, then we denote by py.i, i, m = 1,n, iyeoosly =0,
stationary probability of same fact. The only difference between cases n > N and
n < N is that in the former case number of queues in RB may vary from 1 to (N — 1)

and in the latter case it may vary only from 1 to n.

3. System of equilibrium equations

Due to the space limitation we are unable to give detailed description of how bal-
ance equations for all p,;, ; can be written out. We give the idea instead. In order
to write out equilibrium equations one has to consider step-by-step different partitions
of the state space and use rate-in-rate-out principle (local balance). Notice that if one
sums up say probability py.;, . ;. , over all possible values of i, ..., iy_; (the result of
summation we will denote by py.;,, i.e. we simply omit the indexes over which the
summation is performed), then one obtains the probability of the fact that there are N
customers in buffer and servers, and queue #1 contains i; customers (irrespective of
the number of customer in queue #2, #3 ... #(N — 1) in RB). For probabilities of such
state sets it is possible to analyse one-step transitions and write out balance equations
that eventually lead to determination of the whole joint distribution.

For probabilities p,,;,, n > N, i; > 0, the following equations hold

Pno(h+ N = pu_t:0h + ppy(N = D, n = N, (M

Pusiy(h+ NW) = po_tiy A+ sty -1t, n2 N, iy 2 1 )
Probabilities py_1.;,, i1 = 0, are governed by the following equations

pn-10[h+ (N = Dul = pyoh + py(N = Dy, 3

pN-ti[h+ (N = Dul = pygip—p, i > 1 “)

Probabilities p,.;,, n=1,N —2, i; > 0, are given by

pn;OO" + nu) = pn—l}L + Pn+1:0N0, N = l’N - 2’ (5)
i—1

Py (M + 1) = ppyrinp + me;il-j-l,ju, n=1,N=-2, ii>1 (6)
j=0

For probabilities py,,.i.» m =2,N—1, n>m, i,...,iy-; > 0, one can write
out the system of balance equations in general form. It holds

DPr0,insiy O+ NW) = P10, inh + Prsiin,. iy (N — DU +
iz—l im_l

£ ) Pt Vissial o D Pastineiysjieictls 12 N, iy 2 0, (7)
=0 /=0
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Prsitnin N+ NW = Dr_tiiyinh+ Prstsii=tin, iy B2 N, 121, b, ,in 20, (8)

PN=10,in,.nin [N+ (N = D] = PN_2siy. i A+ PN,y (N — M)W+

ir—1 im—1
+ Z DN:jin—j=1izig + oo F Z DNiinosinetsoim—jm 1> 125 oyl 20, )
j=0 Jj=0

PN=Liipsin M+ (N = DU = prsi 1y, il B0 21, 02,0000 20, (10)

i1
Pr0inig MW = Pi_ iy i M P10, i, (R— 1+ 1)M+Z Dt 1:0,jin—j—1,izsig b+
j=0
in—1
+...+ Z Pn+1:0in,e.simer s jrim—j—1 W0 1M #N — 1, n=m,N — 2, i,... ,im > 0, (11)
Jj=0

i—1
Prsit, i N+ W) = Pty i, (n—m+ D+ anﬂ;j,il—j—l,iz ..... [ VO N
=0
i1
+ D Puti it o MEN = Ln=m N =2, iy 21, iy,..sin 2 0. (12)

Jj=0

In equations (7)—(12) for the sake of brevity we used agreement that Zi_:lo a; = 0. For
fixed value of N system (1)—(12) can be solved recursively. Due to space limitation we
were unable to give here the procedure and just show the final computational results
in the next section.

4. Numerical examples

We have carried out extensive numerical experiments computing joint stationary
distribution of number of customers in buffer and servers, and number of customers
in queues in RB, as well as several important performance characteristics. We note
that the complexity of the solution algorithm grows very fast as number of servers
increases and already when N = 10 computation of the whole joint stationary distri-
bution becomes very slow. Below we give several results of numerical experiments.
It is assumed that number of servers is N = 4 and service intensity is u = 1. For
graphic presentation of joint stationary distribution p,.;, ;, ;; one can choose only two
coordinates at once. In Fig. 3 for system load p/N = 0.75 one can see the behaviour
of joint stationary distribution of number of customers in buffer and in queue #1 in RB
(Fig. 3(a)), joint stationary distribution of number of customers in buffer and in queue
#2 in RB (Fig. 3(b)), joint stationary distribution of number of customers in buffer and
in queue #3 in RB (Fig. 3(¢)).

In Fig.4 one can see the behaviour of the same distribution for system’s load p/N =
0.9.
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Figure 3: System’s load p/N = 0.75. Joint stationary distribution of number of cus-
tomers in buffer and in (a) queue #1 in RB, (b) queue #2 in RB, (c) queue #3 in RB
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Figure 4: System’s load p/N = 0.9. Joint stationary distribution of number of cus-
tomers in buffer and in (a) queue #1 in RB, (b) queue #2 in RB, (c) queue #3 in RB
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Abstract

This paper is a continuation of a publication series, devoted to the
study of probabilistic properties of non-classical queuing systems output
flows. Here we consider a priority system controlling conflict requirement
flow. With the help of a cybernetic approach a mathematical model of
the output system flows in the form of a five-dimensional random vector
sequence is constructed and investigated. In particular the conditions of
the stationary distribution existence for this random vector sequence are
obtained.

Keywords: output flow, queuing system with variable structure, pri-
ority service, cybernetic approach, nonlocal description, homogeneous
vector Markov chain

1. Introduction

The study of output flow properties is most promising and pressing in mod-
ern queuing theory. This is primarily due to the widespread use of objectives
and methods of queuing theory in production organization and information
system development. Typically, systems like that have a branched structure
and are composed of two or more subsystems combined in some way. Fre-
quently the output flow of one subsystem is the input to the other, and in this
case, the question naturally arises about the description of a subsystem output
flow. To be more exact this is actually the problem of investigating a subsys-
tem output flow. The first results in the field of research output flows were
obtained in the 60-ies of XX century by P.J. Burke, J.W. Cohen, E. Reich and
P.D. Finch. These results are related to the simplest systems. In our country
the output flows at different times were investigated by many famous mathe-
maticians. In his writings B.V. Gnedenko, I.N. Kovalenko, G.S. Tsitsiashvili,
LIL. Yezhov, N.V. Markov V.F. Kadankov considered single-channel systems
with some complications in the type of input, queuing mechanism discipline
and service. As a rule, the output flow is designated as the input one is. For
this purpose one of the following equivalent ways is used:

e the way determined by a random process {£(t);t > 0}, where the random
variable {(t), t > 0 characterizes the number of requests served by the
system during the time interval [0,¢) and £(0) = 0;
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e the way specified by the random sequence {(7/;,&’;);i > 1}, which is
denoted by 7/; and ¢, respectively i-th moment of the occurrence of
output requirements and the number of customers served by the system
at this time.

If one of the proposed methods is used for the description of the output flow

the finite-dimensional distributions of the constructed object cannot be found.

2. The cybernetic approach

While constructing and analyzing the mathematical model of the control
system service and its output flows a so-called cybernetic approach is used
which was methodologically developed by A.A. Lyapunov and S.V. Yablonsky
[1]. Cybernetic approach is based on the assumptions of:

e discreteness of the system acts in time;

e non-locality in the description of the structure of the control system:;

e joint consideration of the block structure of the control system and its

functioning over time.

These principles allow to distinguish scheme, information, coordinates and
function of the control system. For the scheme defined the following blocks:
the external environment, the input and output terminals, external memory,
internal memory, information processing unit of external and internal memory.
Particular scheme may not include some of the blocks.

The scheme of the control system of service reflects its skeletal structure.
The information represents the status of memory cells in the current time. The
coordinates describe the blocks location in the scheme of the control system.
The function specifies the action that the system can do, moving to the next
discrete points in time. Also introduces the concept of the algorithm controlling
of scheme blocks states.

3. Application of cybernetic approach to construct a
mathematical model of a priority system

In this paper the system control m independent and conflict traffic flows
IIy, I, .. ., I1,, using traffic light at the intersection of m highways is explored.
Conflict flows means that their service takes place in disjoint intervals. Incom-
ing flows are divided into three types: II; — low-intensity flow; Iy, ..., IL,;,—1
— medium intensity flows and II,, — high flow. Only flow II; has priority.
It means that any flow request II; must be serviced as soon as possible, but
without interrupting other service requirements. Here machine service means
its moving through the intersection. Each of the m flows has the main stage of
the service and stage readjustment. During the readjustment continues to be
served the same flow as in the previous main stage, but with greater intensity.
For the high flow II,, is additionally introduced another time period in which it
continues to service. So servicing device must have 2m + 1 states, and besides:
I'2-1 js a state in which the flow II; served only with intensity u; > 0; INE)
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is a state in which the flow II; served only with intensity p'; > ju;; Tm )
is a state in which the flow II,, served only with intensity u”,, > pm,. Here
pj (1) determines the average number requests serviced per unit time in the

-1 (F(Qj)), respectively, and !’ determines the average number of claims
processed per unit of time in the state I'2m+1)
Cybernetic approach allowed to identify the following blocks of the control
system scheme:
the input flows Iy, Ilo, ..., II,, are the first type of input poles;
the flows of saturation IT}, IT5, ..., I/ are the second type of input poles;
the queues O, Os, ..., O,, are the external memory;
the service mechanism strategies 1, s, ..., d,, are the information pro-
cessing unit of external memory;
e the servicing device with states T, T'®) T(@m+D js the internal
memory, the algorithm of variation these states is the information pro-
cessing unit of external memory;
e the system output flows II;, Io, ..., II,, are the output poles.
Listed above blocks of the control system scheme are shown in figure 1.
Set of: the states of queues, the states of servicing device, the states of
input flows, the states of output flows and the states of flows of saturation
determines the information of the priority queueing system. The numbers of:
the input flows, the flows saturation, the output streams, the queues, and the
servicing device states define the coordinates of the priority control system.
The function of the system is flow control (permit or deny the start of service
for each of them), and direct service heterogeneous requirements. According to
cybernetic approach provisions the system was observed in discrete timepoints
7i, ¢ = 0,1,... or on an interval [r;, 7;41). Here 7; is a moment of switching
of a servicing device phase. Actually dot stochastic process {7;;¢ > 0} defines
(sets) the scale cycles operating time control system.

We define with j = 1,m and ¢ = 0,1, ... the following random elements:

1) n;,; is number of the flow II; demands which arrive over the time interval
[Ti, Ti+1), N4 € X = {0, 1,.. .};

2) T'; is a state of the servicing device on a time interval [7;,7;41), and
[, el =={rMW .. 1TCmM

3) &;,; is the maximum possible number of demands which can be served
for a time interval [1;,7;41) on a flow I;, &, € {0,1';,1;}, j=1,m —1, &y €
{0,0",,V i, I} Here 1; with j = 1, m determines the maximum number of
the flow II; customers, which can be served for state I'?/=1) operating time,
and lj = [/LjTQj,l], l; = [[L/jTQj] and l//m = [,U//mTQerl], lj 2 l/j, lm 2 l//m;

4) 5;,; is a flow II; queue length at a time 7;, 5, € X = {0,1,...};

5) &;; is a actual number of the flow II; serviced requests for a time interval

[T, Tiv1), & €Y =1{0,1,..., I };

6) &1 is a actual number of the flow II; serviced requests for a time
interval [0, 7)), &;,—1 € Y.
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Fig. 1: Functional scheme of a priority control system.

The family {£;;;j = 1,m,i = 0,1,...} defines the output flows nonlocal de-
scription. Applications are selected out of flow queue according to an extreme
strategy service mechanism, that is Ej,i = min {%N +1;,:;&5,:}. Input flows are
Poisson, so we have a relation P(n;; = u;|T; = (™) = (\;T,.)"% (u;!)) "t exp{—\;T}.} =
0;(uj, T), u; € X, r = 1,2m+1. To describe the servicing device states
changing priority algorithm we introduce the following function U/(I'"), wy, u1),

r e I'w; € X and u; € X:

1"(1), r = 2m,;

re+h » =12m — 2;

U(F(T),wl,m) =T rec{2m—1,2m+ 1}, w; = 0,u; > 0;
rem re{2m—1,2m+1},w; > 0;
rem+ r e {2m —1,2m+ 1}, wy = u; = 0.



Then I';1q1 = U(Ty, 2,4, M1,4)-

4. Analytical studies results

In view of the independence of input flows and flows saturation studied
only vector sequence {(T';, 51 i, %m i, €1.i—1,Em,i—1); @ = 0}, that determines the
behavior of the system on the priority II; and intensity II,, of the flow. This
sequence sets and nonlocal description of output flows on these directions. Here
for the output flow components meet the fl ; and fm i, and Iy, 51 4, 205, 5 into
play tag.

We consider that an initial distribution is defined, that is known probabil-
ities P(To = T'®) 301 0 = 21, %m0 = Tm,&1,—1 = Y1,Em—1 = Ym). Well as for
the vector sequence {(Fw%u, %m,z,fu 1,§m,z 1);4 = 0} were proved several
assertions.

Theorem 1. For the random vector sequence {(T';, 31 i, m.iy&1,i—1,Em.i—1); 1
0} the following recurrence relation satisfies: (Lit1, 221,i41, #m it1,E165Emi) =

(U, 5e1,,m14),

>

max{0, s1 ;4+11,;—&1,i }, max{0, 3 i +0m,i—Em,i b, min{ser ;41 4, &}, min{ s, ;4

77m,i> gm,i})~

Theorem 2. The random vector sequence {(T';, 51 i, #m i, 5_1 i1, Em io1); >
0} is a homogeneous Markov chain with a countable number of states with a
known distribution of the initial vector (o, 51,0, %m0, fl 1, §m7_1)

Theorem 3. The space of all possible states of a homogeneous vector Markov
chain {(Ty, 5014, %m.ir €1,i—1,&Em.i—1);1 > 0} splits into non-closed sets of minor
states and the minimal closed set of essential communicating aperiodic states.

Theorem 4. For the existence of a stationary distribution of a homoge-
neous vector Markov chain {(Ty, 514, #m.ir €1,i-1,Em.io1);1 > O} are sufficient
that the two inequalities: MT — 1y — 11 <0, Ay, T — 1y, — 1), <

Partially proof of these theorems are presented in [2, 3].

5. Conclusion

In this paper the probability properties of output flows arising in non-
classical queuing systems are studied. Here we consider a priority system con-
trolling conflict requirement flow. With the help of a cybernetic approach a
mathematical model of the output system flows in the form of a five-dimensional
random vector sequence is constructed and investigated. In particular the con-
ditions of the stationary distribution existence for this sequence are obtained.

The work was supported by the state budget theme N 01201456585 ” Math-
ematical modeling and analysis of stochastic evolution and decision-making
processes” and state program ”Support to the leading universities of the Rus-
sian Federation in order to enhance their competitiveness among the world’s
leading research and education centers”.
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Abstract

Queueing systems and networks with negative customers have been a subject
of extensive research for two decades providing means to describe work-removal
phenomena in different communication and information processing systems. This
paper is the continuation of research devoted to elaboration of mathematical tech-
niques for performance evaluation of queueing systems with different types of
negative customers. Specifically we consider the Markovian single server queue-
ing system with two finite queues in which the system time of a tagged customer
may depend on both the customers arrived to the system earlier and later than
the tagged one. New regular customers arrive at the system according to Poisson
flow, occupy one place in buffer (if it is not full) and receive service in FIFO or-
der. External negative signals also arrive at the system according to Poisson flow
with different parameter. Each negative signal transforms one regular customer
into delayed one by moving it to another finite-capacity queue (bunker), where-
from, if it was accepted, it is served with lower priority than the regular ones.
We propose new method based on Chebyshev and Gegenbauer polynomials for
approximate calculation of joint stationary probability distribution of queues in
buffer and bunker. Numerical example is provided.

Keywords: negative arrivals, finite capacity, queueing system, stationary distri-
bution, approximation

1. Introduction

Queueing systems and networks with negative arrivals or customers have received
significant attention from researches since they were introduced in early 1990-s (see
[6], [7], [10]). From practical point of view negative arrivals may represent commands
to delete some jobs, as in distributed processing systems, or transactions in database
systems when certain operations become impossible. Such arrivals typically happen
due to to external causes and thus present different approach to work-removal phe-
nomena in comparison with classic queues with impatient customers or queues with
reneging. This topic has collected a big body of knowledge and it is hardly possible
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to give the comprehensive review here. For review of the publications up to 2011 one
can refer to [1], [3] and [19]. Detailed bibliography up to 2011 can be found in [20].
Among the latest research results one can mention, for example, [11]-[21] and novel
approach to the analysis of networks with negative customers given in [22], [23].

The concept of negative customer has turned out to be quite versatile. Quite of-
ten it is assumed that the arrival of negative customer leads to permanent removal of
other (ordinary) customers residing in the system. It can also be the case that negative
arrivals move ordinary customers between queues or nodes in the network. One of
the problems’ statements introduced in [13] implies that negative customers do not
remove ordinary customers waiting for service in the buffer from the system, but de-
lay their service by displacing them into another queue (bunker) wherefrom they are
served according to a certain discipline (say, for example, with relative priority). This
may also be view as a type of re-sequencing as stated in [24]. Queues with such neg-
ative arrivals can be used in the modelling of, for example, fault-related processes in
distributed computing system, in databases with two-phase commit strategy and in
the design of traffic generators, when one needs to introduce (controlled) stochastic
disordering in the flow.

It should be mentioned that we are primarily interested in the study of stationary
characteristics. The latest results of the analysis of queueing systems with this type
of negative customers are presented in [14]-[17], [24]. Particular interest presents the
case when queues’ capacities (of buffer and bunker) are finite. It is shown in [16] that
apart from matrix analytic approach, Gaussian elimination method and other numeri-
cal methods it is possible to obtain joint stationary distribution utilizing properties of
generating functions and special functions (Chebyshev and Gegenbauer polynomials).
Note that such approach is not new as it was already used in [2], but for the analysis of
another type of queueing system. The method presented in [16], which allows one to
do it, is algebraic and suitable for exact arithmetics implementation though still suf-
fers from one computational problem. The problem is the need to efficiently perform
basic operations with arbitrary big numbers. In this paper we present the modification
of method which makes it from the one hand approximate and from the other hand
allows one to carry out computations of stationary performance characteristics for
higher values of queues’ capacities almost without loosing accuracy. One interesting
feature of the proposed method revealed during numerical experiments (see section
4) indicates that, depending on initial values, one can obtain exact values for several
performance characteristics using worst-case approximation (which substantially cuts
computation time). Due to space limitation we will omit tedious derivations and just
present main ideas and key results. Comparisons with other known solution methods
(matrix-geometric, Gaussian elimination) and discussion of computational complexity
and accuracy is also left aside.

The rest of the paper is organized as follows. Section 2 is devoted to the detailed
description of the system, equilibrium equations for joint stationary probabilities and
several useful relations that follow from rate-in-rate-out principle. In section 3 the
idea of approximation is briefly described. Some computational results with short
discussion are provided in section 4.
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2. Description of the system

Consideration is given to the queueing system (QS) with incoming Poisson flow of
the ordinary customers of intensity A, Poisson flow of negative customers of intensity
A~ and one server. For ordinary customers there is a buffer of finite capacity k > 0. If
upon arrival of the ordinary customer the buffer is full, ordinary customer is lost. A
negative customer upon arrival moves one ordinary customer from buffer, if it is not
empty at the instant of arrival, to another queue (bunker) of finite capacity r > 0. If
upon arrival of a negative customer the queue in the buffer is not empty but bunker
is full, the customer displaced from buffer is considered to be lost. Service times of
customers from both buffer and bunker are exponential with the same parameter Q.
Upon service completion customer from buffer enters server and, if buffer is empty,
customer from bunker goes to service (i.e. customers from bunker are served with
relative priority).

Denote by p;; stationary probability of the fact that there are i customers in bufer,
Jj customers in bunker and server is busy. By py we denote stationary probability of
empty system. Stationary distribution satisfies the following system of equilibrium
equations:

hpo = Wpoos 4))

(A +wWpoo = hpo + wpio + wpor, i=0, j=0, 2

A+ +A)pio =Apic1o +Wpis10, i=1,...,k—=1, j=0, 3
W+M)prj=Apr—rjs i=k, j=0,...,r, @)

A+ wWpoj =wupij+ A prj1 +upojer, i=0, j=1,...,r=1, 5)
(A +wpor = W+ A)prr+ N pry1, =0, j=r, (6)

O“+M+)"—)pij = 7\,]),‘_1,]‘+|ytp,'+1’j+7\_p,'+1’j_1, i=1,....k—1, j= 1,....r—1, (7)
M+u+M)pir =hpictr + N pistat + WA )Py i=1,00k=1, j=r, (8)

with the normalization condition

k r
po+ Y Y piy=1. ©)

i=0 j=0

Although for the sake of clarity we will consider the case k = r and r > 6, the proposed
analysis is valid also for the general case k > 0, r > 0.

One of the key relations that allows the computation of the joint stationary prob-
ability distribution p;; is the one which shows how probability of empty system pg
depends on boundary probabilities {po;, j=1,...,7}L {pio, i=1,...,r = 1}, {pi, i =

l,...,r=1}and {p,;, j=0,...,r}. Itis shown in [16], from rate-in-rate-out principle
it follows that for probability py equals
B (1 _ r+1)p
R TR syt g 2 Zpr] (10)
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where, here and henceforth, p = A/u, ¢ = A/(u + A™). Thus for the considered queue-
ing system po depends only on {p,;, j=0,...,r}. In[16] it is shown that if one finds
X,; such that p,; = X,;po, then from (10) one can compute probability py and con-
sequently joint stationary probability distribution. In the next section we show how
the approximation to the joint stationary probability distribution can be obtained by
introducing several modifications into the method of [16].

3. Approximation of joint stationary probability distribution
Let us introduce double probability generating function (PGF)

r r
P(u,v):ZZp,-juivj, O0<u<l 0<v<l. (11)
i=0 j=0

Multiplying (1)—~(8) by u’v/ and summing over all values of i and j, having collected
common terms, we obtain

-1 L .
—at® = (M + e+ M)+ o+ NP, v) = %)Poo + (1 = ) Zp,jv’ +

=0
+—(u Al 7\‘1‘1))(14 —v) Z pojvj +AV'(1=v) Z piri. (12)
=0 i=1

The expression in the square brackets in the left part of the previous equation is a
polynomial of a second degree in u. Its roots have the form

A+ F A+ p+ )2 =4 +A)
2) '

It can be seen, that up(v) > 1 and 0 < u;(v) < 1 for 0 < v < 1. Generating function
P(u,v) is the ratio of two polynomial functions. For each value of v PGF P(u,v) is
continuous function of u on the whole set R of real numbers. Then, as left part in (12)
vanishes at points (u;(v), v) and (u2(v), v) then the right part must vanish at these point
too. Therefore we obtain two equations:

13)

Uip = M1,2(V) =

-1 - ;
Mul(‘; )17()0 + )\,MT—I(I _ Ml)zprjvj +
J=0
+ A~ - - i - i
N W D pop! + V(A=) > pyith = 0, (14)
j=0 i=1
wip (v — 1) rley - i
” Poo + }\Mz (1 -up) Z prjv’ +
Jj=0
+ A\ - - j y i
+w Zpojv/ +AV' (1 -v) Z pirtty = 0. (15)
j=0 i=1
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If we now express term with pgy from (14) and put it in (15), after collecting
common terms, we get the following equation

r+1 r+1 r

wy, —uy uy —uj ) Jy kv(l—v) i
- iV pir————— + v/ =0. (16)
(uz—bll Uy — Uy ;pl Z Uy — Uy ZPOJ

Now if one expresses term with Z;:o Po jvf from (14) and puts it in (15), one obtains

Ll ”1 r+l r+l r
1- + ( - ) v+
Wl = v)poo + W . p— Z priv’
ur r+l ur+1 Mr+2 ur+2 r )
(}\’— 2 (}\‘ )\‘ ) 1 +}\’ 2 1 )Z prjv]+1 +
U — Uy U — Uy Uu; — Uy =
z 1 i-1 r i i
W\ Vr(l -V i — 4l U —u
-~ - }\' 4 1 - ir +
Zp P Vi V)Zp —
L0 ’“(1 “VN l—u’, 1
=0. 17
Z — (17)

In[16] it is shown that (ué - u’i)/(uz —uy), i > 1, are polynomials of integer degree
[3]in v with real coeflicients and thus the left part of (16) and (17) are polynomials of
integer degree in v with real coefficients depending on A, A~, u and certain p;;. Specifi-
cally, the degree of the polynomial in (16) is ¥+ 1+ L%J and of the polynomial in (17)
isr+2+ L%J. From the fact that these both polynomial are equal to zero Vv € [0, 1],
their coefficients are all equal to zero. From this observation in [16] one obtains two
systems of algebraic equations, whose solution eventually allows computation of the
whole joint stationary distribution p;;. The complexity of terms involved in equations
is very high which complicates the computation for high values of r though the proce-
dure itself is simple. This complexity can be reduced if one considers approximations
to roots u; and u; instead of their exact form (13). Specifically one can consider La-
grange interpolating polynomials L!(v) and L2(v), which coincide with u;(v) are u,(v),
respectively, at n + 1 different points. As interpolation nodes it is better to take zeros
of Chebyshev polynomials 7,.1(v) of the first kind of degree n + 1. Now expressions
(uy = u)/(uz — 1), i > 1, that enter (16) and (17), can be rewritten in the form

W= w0y —wGy LY L)
e 20) = LI = fin(v), i > 1,ve[0,1].

It is known (see e.g. [9]) that function f;,(v) that interpolates (uy—u')/(u, —uy) at n+1
zeros of Chebyshev polynomials of the first kind, can be written as their combination,
that is fi,(v) = Yo waTr(2v — 1), where wy are properly defined numbers. If in this
expansion for f;,(v) one takes the same number of interpolation nodes »n for each i > 1
in such a way that n < | 5], this will reduce the degrees of polynomials in (16) and
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Table 1: Performance characteristics for r = 70, A =7, A" =5, u =10

n T %) Mgy Mpunk Wpuff Wpunk

3 0.000000 -0.428571 0.875000 2352588.31 0.125000 -40.982058
4 0.000000 -0.428571 0.875000 -1423864.72 0.125000 -41.253602
5 0.000000 -0.428571 0.875000 654765.49 0.125000 -41.263460
10 0.000000 -0.428571 0.875000 -656.41 0.125000 -33.860188

15 0.000000 -0.154337 0.707032  23.859852  0.101005  8.045378
20 0.000000 -0.000011 0.612507 1.021670 0.087501  0.625477
25 0.000000 -0.000008 0.612505 1.021108 0.087501  0.625142

0.000000  0.000000 0.612507 1.021670 0.087501  0.625477

(17). Specifically the degree of the polynomial in (16) will be reduced to r + 1 + n
and of the polynomial in (17) to r + 2 + n. No by solving the system of equations,
which follows from (16) and (17), one obtains more simple but approximate algorithm
for computation of p;;, which we omit here due to space limitation, and proceed to
numerical example.

4. Numerical example

Let us have a look on how performance characteristics of the considered queueing
system depend on the quality of approximation. We will be interested in probability
that the arriving customer is lost due to the full buffer (;t;), probability that customer
displaced from buffer is lost due to the full bunker (s;), mean number of customers in
buffer (M}, ) and bunker (Mp,,;), mean time customer spends in buffer (wp, ) and
bunker (®Wpx)-

We consider two different combinations of initial parameters, that is

1) r=70,A=7,A" =5,u =10 (Table 1);

2) r=70,A =12, =5, u =10 (Table 2);

Numerical computations were carried out using different number of interpolation
nodes n, specifically 3 < n < [5]. The results are presented in Table 1 and Table
2. Last line in each table states exact values of performance characteristics, obtained
using algorithm from [16].

From the results in the tables one can see that approximate results can be quite
accurate even when number of interpolation points n is very low. Numerical experi-
ments show that computational time decreases substantially with slow decrease of n.
Nevertheless it remains an open questing how to choose appropriate number of nodes
n so as not to loose much in accuracy but noticeably gain in computation time and
whether the value of n is the same for all performance characteristics independently
of combination of initial parameters. It should also be stated that the proposed method
is suitable not only for the problem considered but is also applicable to a range of
problems, which borders are to be determined.
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Table 2: Performance characteristics for r = 70, A = 12, A" =5, u = 10

n T 15 M,y Mpunk Wpuff Wpunk

3 0.000000 0.166667 3.999991 5.709E+10  0.333333  -40.996245
4 0.000000 0.166667 3.999991 -4311E+10 0.333333 -41.310644
5 0.000000 0.166667 3.999991 2.553E+10 0.333333 -41.386324
10 0.000000 0.166667 3.999991 -1.044E+08 0.333333 -41.789411
15 0.000000 0.166665 3.999999 7987.995960 0.333333 -64.828352

20 0.000000 0.166667 3.999990  69.952997  0.333332  36.561334
25 0.000000 0.166667 3.999990  65.092835  0.333333  31.908287

0.000000 0.166667 3.999990  69.952997  0.333333  36.561334
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Abstract

The problem of energy saving in high performance clusters is considered.
An extension of dynamic resizing method is proposed based on the prediction of
future workload, that aims at provisioning of service level control.

Keywords: cluster, HPC, energy consumption, workload modeling

1. Introduction

Energy saving in big data centres (DC), as well as in high performance clusters
(HPC) is the subject of extensive research nowadays. The overall power consump-
tion of DCs is about 1.5% of total electricity usage [3]. A number of commercial
energy saving software for DCs is available (e.g. HP Power Management, Eaton In-
telligent Power Software Suite), and energy saving functions are built in a number of
HPC queue managers (SLURM, Moab), naturally supported by energy saving modes
of hardware and operation system. However, most this software either exploits the
so-called power capping mode (when the maximum power consumption is limited
above), or user-defined rules, regardless of the possible degradation of service level.
Still there is a number of papers in which the performance-energy tradeoff is investi-
gated in terms of the server management policies, see e.g. [3, 4].

Here we consider the problem of energy saving in a moderately loaded HPC, real-
izing that energy saving in a highly utilized HPC is hardly possible, as time needed for
switching to the energy saving mode is usually greater than jobs interarrival times. We
utilize the natural assumption that, given a future workload, the energy saving mode
may be effectively utilized with limited (if any) loss of service level. Note that, in con-
trast to DCs, the service level of HPCs usually does not get fixed. Our basic idea is to
forecast the future workload and, depending on the forecast, apply dynamic resizing,
i.e. switch idle servers to the energy saving mode. Although we explicitly investigate
only a coarse management method, in concluding remarks we discuss a finer-grained
method. We also provide some numeric results that illustrate the applicability of the
method.
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2. Session-based prediction

Users generally access the resources of an HPC via ssh access sessions. During
each session the user may submit tasks, check the state of the queue, edit the sources,
upload/download files. The session activity is basically logged, e.g. linux-type oper-
ating systems have the so-called utmp, wtmp files.

We suggest the following raw algorithm of energy saving mode management. Pick
a user u from the set of all HPC users U. The work of user u with the HPC is a
sequence of consecutive ON and OFF periods of lengths {t?(u), 1°"F(u)}, i > 1,
assumed to be i.i.d. Once all users of the HPC enter OFF period, say at time ¢ and
HPC becomes idle (is said to be in the global OFF period), then one.

1) estimates the probability Py,;(t, T') of (one or more) task submission before 7+7'.
If Py»(t,T) < a for some tolerance level o, then enter (or keep) the energy
saving mode in all free servers until time 7 + T';
2) if at time ¢ + T HPC is still idle (global OFF has not finished), return to step 1.
We suggest to forecast every time a session/task ends in a global OFF. The probability

Py»(t,T) can be estimated as follows. Denote by F (0”} » the (unknown) cumulative

distribution function of {t"F(u)}. Then the probability P“'(z, T that the single OFF
session of user u will end (and thus user will log in) in [#,7 + T) is

P T) = [Fipp(tu) + T) = Fop(tw)]| /|1 = Fopp(ew)). ¢))

where #(u) is the length of the unfinished OFF period. Assume also that a user decides
to submit (one or more) tasks during each ON session independently of his previous
decisions with some probability P(Z”). Since users are assumed to act independently,
the event that the global OFF period ends before instant ¢ + 7' and there will be at least
one submission, provided global OFF at time ¢, has probability

Pous(t, T):l—ﬂ( — P, T))_l H(I—P(l”‘)(t, T)P;“)). 2)

uelU uel

Note also that in real life the choice of 7 should obey the hardware limitation inequal-
ity T > Ty, where T is the minimum time required to go into standby mode and return
back.

Below we give some experimental results. We assumed exponential durations of
the OFF periods (with rate A,,) and used the log files of the SLURM queue manager (task
submissions), and the wtmp log of the HPC of the Karelian Research Centre [2]. The
data covers the range from September 26, 2014 till July 13, 2015, and consists of 976
sessions with 2311 tasks submitted by 33 users.

For each user u we estimated the value A, = n(u)/ (Z”(”) 1OFF (u)) where n(u) is
the total number of session records available for user u, and values {tl.OF Fu),i> 1
are taken from wtmp log. Value of P(Z”) was estimated from the SLURM log. Next,
we selected a sequence of values for 7 = 300, 600, . . .,30000 seconds and calculated
the probability Pi" »(6T) = ( e’“T) P(Z”). Then for user u we calculated the estimate

616



f’i‘;)b(t, T) = #{ON sessions with submissions}/#{periods of length 7 in OFF sessions}.
The value ﬁg;)b(t, T) may be considered a service level degradation for given 7.

In Fig. 1 (left) we depict the behaviour of both these probabilities for one user u.

Bualt.T)

8

T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.0 0.2 0.4 0.6

P Puslt, )
Figure 1: left: Pi';)b(t, T)vs. f’i’:l)lj(t, T), right: Pyu(t, T) vs. Pyu(t,T)
We performed the same procedure for the probability Py,,(¢,T). As one can see
from Fig.1 (right), the probability P,.(t, T) tends to be overestimated, that is, a se-
lection of T by using (2), given Pﬁi)}](t, T) = (1 - e’“T) P(z"), makes the system more
conservative and should guarantee the given tolerance level a.

A more fine-grained method may concern prediction of the workload at busy times
of the HPC. It seems natural to fit job submission process of each user into Markovian
arrival process. It is suggested to track the required number of servers of submitted
jobs in the Markovian manner. Given these two ingredients, each time a task requiring
some n servers depart from HPC, one can calculate probability that users will submit
a job within time 7', which requires not more that n processors. Comparing the results
with given threshold o decision is made whether to enter energy-saving mode.
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Abstract

Analyzed the traffic models, the wireless network parameters, the resources,
the loads. Considered the questions of the network resources evaluations, resource
allocation, resource management in real time. It is proposed to evaluate the use
of network resources and to allocate resources according to one of the criteria:
increased productivity (network performance, service efficiency) and energy
saving. The Erlang B formula probability of denial of service and performance
of trunked radio (standard DMR, TETRA) is used as an example of the
calculation.
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AnaHOTaMS

Ananusupyrorcsa Momenn Tpaduka, mapaMeTpbl 0ECIIPOBOIHON ceTH,
pecypchl, Harpy3ka. PaccMaTpuBaroTCsi BOIPOCHI OIIEHKHU PECYPCOB CETH,
pacpeiesieHnst peCypCcoB, YIIPABIEHUST PECYPCAMU B PEAJTHHOM BPEMEHU.
[Ipeyiaraercs oeHUBATH UCIOJIB30BAHNE PECYPCOB CETH U PACIIPEIEIISITh
PECypChI 110 OJIHOMY W3 KPUTEPHEB: HOBBIIEHUIO IPOLyKTUBHOCTH (1IPO-
M3BOAUTENBHOCTH CeTH, 3bdEKTUBHOCTH OOCIY KUBAHMS) W SHEProchHe-
pexkennto. [IpuBoaurcsa npumep pacdera no B-dbopmyste Dpranra Bepo-
SITHOCTH OTKa3a B OOC/IYyKUBAHUHU U IIPOU3BOIUTEILHOCTH TPAHKUHTOBON
pamnoceru (crammapra DMR, TETRA).

KiroueBsle ciioBa: 6ecpoBo/iHAs CETb, PECYPC, PAINOTEXHOJIOIHS, Pe-
aJbHOE BpEMsl, TAKET, 3aIlPOC, COOOIIEHNE, TaifM-CJI0T, TPOIYCKHAST CIIO-
COOHOCTD, KOJIMIECTBO KaHAJIOB, 0a30Basi CTAHIINS, HHTEHCUBHOCTH 00CJTy-
JKUBaHWsI, HAUPY3Ka, 3PJIAHT, YaC HAWBBICIIEN HADY3KH.

1. BBenenue
YupaBienue U KadeCTBEHHOE OOCIyKUBAHUE IT0JIb30BATENCH B KOMMYHH-
kanuonubix cerax (KC) B macrosimee Bpems BcY 6Gosiee akTyaabHo. Ocoben-
HO yIIpaBJICHHE PecypcaMu HEOOXOJUMO B OECIHPOBOJHBIX CETSX, UCIOJIb3YIO-
mux paguorexuogornn Wi-Fi, WiMAX, LTE, DMR, TETRA. Becuposoibie
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KC umeror 60j1ee orpaHmYeHHbIE PECYPCHI 110 CPABHEHUIO C IIPOBOJIHBIMU CETsI-
Mu. OHAKO YUCTIO MOJIB30BaTEEl U YCIYT B OECIIPOBO/IHBIX CETSAX MOCTOSTHHO
pacTyr, u BCY 6OJIbIEe MYJIBTHMEIUAHOIO TpaduKa mepeadrcs 6eCinpoBOHBIM
cniocobom. Takum obpazom, coBpemennas: 6ecripoBoguas KC sBisiercss MysibTu-
cepsucHoii cucremoit oomena uadopmanueit (MCON) [1]. TTockonbky HArpysKa
Ha CeTb OoIIpe/e/IdeTCd TeKYIIUM COCTOAHUEM CUCTEMDI, HeO6XO,£LI/H\IO YIIpaBJidTb
nepeadeil JAaHHBIX U MYJIBTUMEIUAHBIM TPAMDUKOM B PEAJTbHOM BPEMEHH.

2. MeTO,]lOJ'IOI‘I/IH AaHaJIM3a M MOAeJIMPpOBaHUA CeTHUu

2.1. Moaenu u napameTrpsbl Tpaduka. BoJbIMHCTBO HCcie0BaTe e
[IpU OT[EHKE CHCTEM UCXOJIAT U3 TUIIOBBIX Mojeseil Tpaduka. Hekoropsie ucce-
OBATEJIN TOJIATAIOT, 9TO TPAMUK HABJISLETCH IKCIOHEHIINATHHBIM, JIPYTHE UCXO-
AT U3 TOro, uTo Tpaduk nMeer GhpaKTaJbHBE CBOCTBa [2].

DpaKkTaIbHOCTh O3HAUAET, U9TO TpaduK 00/agaeT mocseaeiicreuem (amsi-
THIO) U UMEET CTPYKTYDPY, HE 3aBUCHMYIO OT MaciuTaba (4ac, JeHb, HeJes U
T.J.).

Opnnako 1esecoobpas3Hee yIuThIBATD OrPAHNIEHNs TPpAa(UKa 110 OIIPEIeTIH-
HBIM [TapaMeTpaM [epeIadn:

— BPEMEHHHM 33JepPKKaM U

— HCIIOJIE3YEMBIM PECYypPCaM.

Oto Baxkuo it Oecuposogubix KC, T.K. mx pecypcsl 60jiee OrpaHUYeHbI,
YeM y IPOBOJHBIX CeTeil.

YVaursiBas GpaKkTaIbHOCTh, MOXKHO IIPU aHAIN3€e TpaduKa aOCTPATHPOBATH-
cs OT MacITaba U OIEeHUBATH PECYPCHBIE 3aTPATHI IBYMs [TapaMeTpaMu:

— JUIMHOM 3ampoca (HampuMep, B 6utax mim Gafitax);

— YHCJIOM TaiiM-CJIOTOB Ha 00pabOTKY 3aIpoca.

ITox 3ampocamu IOHUMAIOTCSI ITAKETHI, COOOIIEHUsI NI TPAH3AKIIUU B 3aBU-
CUMOCTH OT yPOBHs abcTparupoBanus. J[TiHa 3ampoca onpenesnser 3a1epKKy
IIpH Iepejade 3alpoca, a YHCJ0 TaiiM-CJIOTOB — HCIOJIb3yeMbIil BpEMEHHOI pe-
cypc.

2.2. Pecypcor b6ecripoBomHoil cetn. [l 3hbdeKTHBHOrO ynpaBiieHUs
6ecuposojroit KC Tpebyercst onepaTuBHOE pacIpejiesieHre PeCcypPCoB.

Pecypcamu 6ecripoBoguoit KC siBisiiorcst, Hapsiy ¢ BDEMEHHbM PECYPCOM,
CcJIe Ly IoIIue:

— mporyckHas crocobnoctb C' KaHaJOB (JIMHUN CBA3M) CETH;
— MHTEHCHBHOCTDH (i ODC/IY?KUBAHUSA 3AIIPOCOB 6A30BLIMU CTAHIMAMHE (y3/1a-
MH).

Taxwum 06pa3oM, OCHOBHOIT 3a1a4eit /uist ypasienns oecripoBonuoit KC sB-
Jistercs ucnosb3oBanue pecypcos (C u p) B pabouem pexkume QyHKIMOHHPO-
BaHUs CETH.

[Iponycknas cnocobnocts C' B paboueM peKIMe MOHOIIOIU3UPYETC s 3aIIPO-
COM IIPOIOPIMOHAJIBHO JIMHE b IIAKeTOB U HAIPY3Ke (AKTUBHOCTH) G, CO37aBa-
eMOli STUMU 3aIPOCAMU U OLEHUBAEMON B Yachl Hausbicineld narpysku (THH).
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Harpyska (aKTHBHOCTB) a BBIpAXKaercsi B DPJIaHrax.

1 Opuanr = kosmvectBy MuHyT 3aHaTocTH / 60 (T.e. B Teuenne YHH).

KonuecTBo MUHYT 3aHATOCTH 3aBUCUT OT Buja Tpaduka (JaHHble, BUIEO
wiu rojoc). Hanpumep, corsacHo texaudeckuM rtpeboBanusam Munucrepersa
cBazu PO or 29.06.1995, narpyska a TejedOHHBIX COOOIIEHMH OT OJHOrO abo-
nearta B YHH npununmaercs pasuoit 0,025. CooTBeTCTBEHHO YNCIO aOOHEHTOB
N, koropble MoryT obcitykuBarbes 6asosoit crannueit (BC) B YHH, paccun-
TBIBAETCsT UCXOsI U3 ITOU HATDY3KHU.

CooreercrBenno obmiast narpyska A or Bcex abouenroB N 8 HHH cocras-
JISTeT:

A =a *N,
rjie @ - Harpy3Ka oT oJHOro aboHeHTa, N - KOJIMIECTBO aDOHEHTOB.

WHTEeHCUBHOCTD (1 0OCTYKUBAHIS OIEHUBAECTCS ODIIMM KOJIMIECTBOM € TaltM-
cs10T0B (TpadUKOBBIX KAHAJIOB), KOTOpbIe BbieageT BC B euHUIy BpeMeHU:

w~c=1/a.

Hampumep, BepositHOCT P OTKa3a B OOCIYKUBAHWM IS CUCTEMbBI TPaH-
KUHIOBOW CBsI3U OlleHuBaercs 1o "B-dopmysie dpiianra a MMEHHO:

= AR
KT (3)]

rne A=a*N — narpyska na cucremy B YHH B Dpuanrax, a — cpeansis Harpy3Ka
B UHH, coznaBaemast omaum abonenToM, N — KOJIMIEeCTBO aDOHEHTOB B 30HE
obcaryxkuBanus BC, K — obmee komndectso Taiitm cioros BC.

Ha puc.1 nokazana 3aBUCHMOCTb BEpOATHOCTH P 0TKa3a B 0OCIYKUBAHUN
(BepTHKaJbHAS 0Cb) OT KosnuecTBa K TpadUKOBBIX KAHAJIOB (TOPU30HTAIBHASI
och) Jyist 180 aBGoHEHTOB.

Kpurepusamu ynpasienust pecypcamu Kak otrmaenbHoit BC mian kiacrepa,
tak u KC B neyoM gBjsioTcs:

P(K) (1)

— MaKCHUMU3AIWs IIPOU3BO/IUTELHOCTH;

— MUHUMU3AIUs SHEProNOTPedIeHNUsI.

MaxkcuMuzanyst TPOU3BOAUTEILHOCTH JOCTUTAETCS OJIaroiapsl JIUHAMUAYIE-
CKOil GaJIAaHCUPOBKE HATPY3KH, TO €CTh YIIPABJIEHUs PACIPEIETIEHUEM PeCyp-
COB: MPOITYCKHOI crtocobrocTr C' KAHAJIOB M MHTEHCUBHOCTEN 0OC/TYKUBAHUST [
y370B (BC) B pealbHOM BpeMeHH.

IMockonbky Gecposopnas KC umeer mHokecTBO y3108 (BC), HEoGx0mMMO
[PUHAMATH BO BHUMAHNE, 9TO OCHOBHBIM IKCILIyaTaInOHHBIM pacxogom OPEX
rakux KC gaBjsiorcst 3aTparhl Ha oTpebienue saekrposueprun. [loaromy npy-
UM KPUTEPHUEM CJIYKUT MUHUMHU3AIINS PACXOJOB Ha 3JIEKTPOIHEPTUIO. DTO JI0-
cruraercst HOJIBbINEH 3arpy3Koil PecypCcoB C TIOMOIIBI0 MEHBIIEr0 KOJUIECTBA
BC.

Takum 06pa30M, 3TO JIOCTUTAIOTCS CJACTYIONUMEI OCHOBHBIMHE TTOXOAMHU:
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Puc. 1: 3aBucumocts BeposiTHOCTH P 0TKaza B 00C/yKuBaHUU OT ducia K Ka-
HAJIOB

— 06aJIaHCUPOBKOIl HAIDY3KH, T.e. PACIPEJICIEHUEM PECYPCOB B PEATbHOM
BpEMEHU;
— 3HeprocbepekeHne, T.e. MUHIMHU3AIUS T0TPEOJIEHNs JIEKTPOIHEPTHH.

2.3. Monenu, MeToabl U METOAUKU. . J[7g perneHus mepevunc/ieHHbIX
38129 UCIIOJIB3YIOTCS CJIEJLYIONINEe MOJIETTH U METOIUKU:

— MeTouKa c6opa UCXOJHDIX JAHHBIX;

— nekomnosunus KC Ha y3ibl, KaHAJbI, KJIACTEPHI, BUJBI YCIIYT;

— wMogenu seMentoB KC (y310B, KaHAIOB);

— Mogenn Tpaduka (JaHHBIE, ayIn0, BUJEO);

— METO/IMKA PacdeTa U OleHKa IPOon3BouTesbHOCTH 3sieMeHToB KC (y37108B,

KaHAJIOB, KJIACTEPOB);

— GanaHCHPOBKa HArpy3KH (C IejieBoit hyHKImell sHeprocGepeKeHne);

— Mozesb pabodero pexxuma dyuaruunonupoanus ceru (BC, kiacrepa);

— MOJIeJIb [IEPEXOJIHOTO pexknMa (HanpuMep, npu Briaoudernn BC).

B Mozien 1epexosHoro pexkuMa paboThl CeTH MUCHOJIB3YETCs THIIEPIKCIIO-
HEHIMAJIbHOE PACIIPE/IeIeHIe, IIOCKOIBKY 9TO €AUHCTBEHHAS MOJIEJIb C TUCKPET-
HBIM BPEMEHEM, KOTOPasi IO3BOJISET YIUTHIBATH CIIyYailHbIi XapaKTep BO3HHUK-
HoBeHus 3anpocos K BC [1].

st pabodero pexxkuMa (GyHKIIMOHUPOBAHUSI CETH UCIOJIb3YIOTCS MAapKOB-
ckue mozest M/M/1 win M/M/m ¢ ogauM niim m o6eILy )KUBAIOIIUME TPUGO-
pamu. Tak ke MCIOJIB3YIOTCS M3BECTHBIE COOTHOIIECHUS JJIsi CHCTEM MaCCOBOTO

621



00CITy?KUBAHUS ¢ KOHEIHON 0UEPEIbIO M OIPAHIUYEHHBIM YUCJIOM AKTUBHBIX ab0-
HeHTOB (moJb3oBaTeselt). Torga MaKCUMaIbHOE KOJUYECTBO OJIb30BATEIEH:

N= p/A

€ TOYHOCTBHIO 70 1 3ampoca, nan

N = 1/p.

Jliig pacdera M ONEHKH MTPOM3BOAMTEIHHOCTH 0A30BbIX CTAHIMN W KJIacTe-
POB, KaK MOJEJIedl CHCTeM ¢ KOHEYHBIM YHUC/JIOM UCTOYHUKOB HArpy3ku N Ha
BXO/Ie, ucnoJb3yiorcsa coornomenus [leppa [2, 3]:

To — (N/m)/(1- po) - 1/A,

rae Ty — cpelHee BpeMsl OTBeTa, WM BPEMs, [IPOBEIEHHOE IaKeTOM (3a-
upocoM) B y3ie (mim cucreme); N — cpejiHee YUCJIO 3allPOCOB B CHUCTEME; i, A
- UHTEHCUBHOCTH OOC/Iy?KMBaHUS U TpadUKa HAIPY3KH COOTBETCTBEHHO; Po —
BEPOSITHOCTL TOTO, 9TO B CUCTEME HeT TPeOOBAHMIA:

po =1/ it [INV(N =)l (A )",

Torga MakcuUMaIbHOE YHUCJIO 3alPOCOB B cucreMe (B ouepeiy u Ha 06CIIy-
JKVBAHWN ):

Niaz = 1 / A+ 1,

rie Nppge — MAKCUMAJILHOE KOJIMYECTBO UCTOUHUKOB HATPY3KH, T.€. OJIb30-
BaTeJell, HaXOAAMXCA B O9€pe/Id U Ha 00CTy KUBAHUM.

Nmar ~ 1/,0;

HOCKOJIBKY p= A / L.

3. 3akJiroyeHue
MoKHO ¢iesiaTh CJIELYIONUE BBIBOJIDI.

— YunThiBasg 3aKOH COXPAHEHUs] BPEMEHU OXKUIAHWs, MOYKHO OIEPATHBHO
[IePEPACIIPEIENATD 3AIIPOCHI, 00CIyKUBas MEHee IPUOPUTETHDIE 3aIIPOCHI
rocye 60Jee MPUOPUTETHBIX.

— OCHOBHBIM ITapaMeTPOM, KOTOPBIil ompejiesisieT npoudBoaureabuoct KC
B PEaJIbHOM BPEMEHH, sIBJISIETCSI BpDEMEHHS 3a/1epKKa T, KOTOpasl OIIpe/ie-
JIAETCsl KAK MHTEPBAJI MEXKJy MOMEHTOM I'OTOBHOCTH 3anpoca (Miu Hada-
JIOM Iepe/Iavr) U BPEMEHEM IIOJIHOTO 3aBEPIIeHMs [IePeIadm.

— Bpemennas 3azepKka OIEHUBAETCS YHCJIOM TaifM-CJIOTOB, 3aTpadnBae-
MBIX Ha 0OpabOTKY U TIepejiady 3ampoca.

— Harpyska BbIpaxkaeTcs oOIIIM KOJIMYECTBOM TalM-CJIOTOB, 3aTpadnBae-
MBIX Ha 00C/Iy?KMBaHHe aKTUBHBIX 3arpocoB B UHH.
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QUEUEING NETWORK WITH DIFFERENT TYPES
CUSTOMERS AND DYNAMIC CHARACTERISTICS

A. Starovoitov
Belarussion State University of Transport, Gomel, Belarus

Abstract
We consider the queueing network with different types of customers and
parameters depending on the state of the entire network. Establish a sufficient
conditions for the submission of the stationary distribution in the generalized
product-form.

CETb MACCOBOI'O OBCJIV2KUBAHUA C
PASJIMYHBIMUN TUIIAMUN 3A4dBOK U
JMHAMMNYECKVMIN XAPAKTEPUCTUKAMNI

A. Cmaposotimos

Bemopycckuit rocyapcTBEeHHBINT YHUBEPCUTET TpaHCIopTa, ['oMesnb, Berapycs,
astarovoytov@tut.by

AnHOTaUA

Hazxodsames docmamounvie yeaosus npedcmasieHus, CmayuoHapHO20
pacnpedenenus 68 0600WEHHOT MYALBMUNAUKAMUSHOT dopme i cemu
MACCOB020 0BCAYNCUBAHUS C PAZAUNHBIMY MUNAMU 3GAB0K U NAPAMEM-
PAMU, 3ABUCAULUMY O COCMOAHUA 6CET cemu.

KuaroueBsle ciioBa: cemv Macco6020 00CAYHCUBAHUSA, CMAYUUOHAPHOE PAC-
npedesenue, MYALMUNAUKAMUEHAR HOPMA

1. BBenenue

Cern MaccoBOro O6CITy KMBAHAS ¢ MATPUIIEH MAPIIPYTH3AIMA, 3aBUCIICH
OT COCTOSIHUS BCelt cerm, paceMmarpuBaiuch B [1]. B [2] ucememosanmes cetn
MAaCCOBOTO OOCITy’KUBAHUS C MAPAMETPAMHU, 3ABUCAIIUMU OT COCTOSTHUS BCEil
cern. OnHako B 9TOfi paboTeé MHTEHCUBHOCTH MOTOKA 3agBOK M MHTEHCHBHO-
cTn OOCIy?KUBaHWS 3adBOK B y3JaX MMEJIH CIENUaJbHBI Bua. B pabore 3]
PACCMATPUBAJINCH OTKPBITBIE SKCIIOHEHIIMAIBHBIE CETH C MAPAMETDAMHE, 3aBH-
CAIMH OT COCTOSIHHSI BCEH CeTH, M BO3MOMKHOCTBIO 00XO/a 3asiBKAMH Y32
cern. B ykasanHOII paboTe NOJIY9IeHBl YCIIOBHSI, HAK/IAIbIBAEMbIe Ha DeIleHne
ypaBHeHUil TpaduKa, IPU BLITIOJHEHIN KOTOPBIX YJIACTCS HANTH CTAITHOHADHOE
pacupejiesnierne cetu. B pabore [4] ucciemoBaHbl ceTH ¢ Pa3jMIHBIME BapH-
AHTAMHI 3aBUCHMOCTH IAPAMETPOB OT COCTOSHUS CETH, B TOM HHUCJIE W CETH C
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PA3JIMYHBIMK KJIACCAMU 3asBOK M IIapaMeTPaMH, 3aBUCSIIUMEU OT COCTOSIHUSI
Beeit cern. Ho B orimmume or pa6orst [3] B [4] ucnosnbsyercst Apyro# mojaxos:
HaXOJIATCs YCIOBUS, HAK/IAIbIBAEMbIE HA [TAPAMETPHI CETH.

B nmammoit pabore paccMaTpUBAIOTCH CETH MAaCCOBOTO OOCIIYKUBAHUSA C Pa3-
JINYHBIMYU THUIIAMHU 3asBOK U IAPAMETPAMM, 3aBHCSIIUMU OT COCTOSHUS BCe
ceTn. ,H.HH HaXOXKJ/IeHU A CTaL[I/IOHapHOFO pa.CHpe)]‘eﬂeHI/IH HCIIOHBSyeTCH IIOJIXO/T,
IpeJJIOZKEHHBI B paboTe [3]. YeTaHABIMBAIOTCS YCIOBHUS, IPU KOTOPBIX CTAINO-
HapHOE paclipesiesieHIe CeTU uMeeT 0D00IIEHHYIO MYJIBTHININKATUBHYIO POPMY.

2. IlocranoBka 3ama4du
Paccmorpum ceTh MaccoBoro o0CIyKUBaHUsI, KOTOpas cocTouT u3 N of-
HOJIMHEHHBIX y3JI0B 1 0bcayKuBaer 3ag8ku R tunos. O6o3Haunm depes n;.(t)
— YMCI0 3aSBOK THUIIA T B i-M y3JI€ B MOMEHT BpeMenu t, i1 = I, N, r = 1, R.

Cocrosinue ceTn B MOMEHT BpeMeHH ¢ > 0 Oy/1eM ONUCHIBATH CJIyYalHbIM ITPO-
neccom n(t) = (n1(t),na(t),...,nn(t)), rme n;(t) = (ni1(t), nia(t), ..., nir(t))
— COCTOSIHHE ¢-T'0 Y3JIa.

B y3i1bl ceTn 1ocTynaioT He3aBUCUMBbIE IIyaCCOHOBCKHUE MTOTOKM 3as1BOK. 11pu
3TOM, €CJIM B MOMEHT BPEMEHM [ COCTOSIHME CeTH €CTh N, TO WHTEHCHUBHOCTD
[IOTOKA 3asBOK THUIIA 7' B i-il y3es paBHa A;-(n), T.e. 3aBUCUT OT COCTOSIHUS
cetn, i =1,N, r=1,R.

Eciu B MOMEHT BpeMeHU { COCTOSTHUE CETH €CTh N, TO JJTATENLHOCTL 00CTy-
JKUBAHWUS 3asiBKU 7'-I'O TUIA B {-M y3JI€é UMEEeT MOKa3aTeJIbHOE PACIIpPEie/IeHne
C TapaMeTpoM [i;-(N), T.e. 3aBUCUT OT COCTOSIHUSI CeTU. J{MTeqbHOCTH O6CITy-
JKUBaHUS 3a8BOK B y3JIaX HE3aBUCHMBI MEXKJy COOOM, a TaKyKe He 3aBHCAT OT
nporecca nocrymienns. Ipeamnonaraercs, 910 p;-(n) > 0, ecam ny;. # 0. 3a-
SIBKA T-TO THIA, OOCIy>KEHHAs i-M y3JIOM, HE3aBUCUMO OT JIDYTUX 3asBOK C
BEPOSITHOCTBIO 717 (N) HampaBisgeTcs B j-il y3es Kak 3asiBKa THIA S, a C Be-

ij
POSITHOCTBIO T,(n) morumaer cerb. st 060ro COCTOSIHUS N BBIIOJIHAETCH

N R
pasencTso ), > 7.7 (n) + mjy(n) = 1.
j=1s=1
B cuy BhImeckazanHoro nporecc n(t) sBasgeTcss MApKOBCKUM IIPOIIECCOM.
O6o3naunM uepe3 X mpocTpaHCTBO cocTosiHuil mporecca n(t), a p(n) — ero
cTanmmoHapHOe pacupezenenue. Lleab paboThl — HafiTH CTaIMOHAPHOE PacIpe-
nesienne p(n) mpormecca n(t).

3. OcHoBHOIT pe3yJbTaT
T8
ij
HoM n € X gBisercsa HempuBoaumoi, ¢,7 = 1, N,r,s = 1, R. Torga cucrema
ypaBHeHUil TpaduKa

(n)) npu KaxI0M (HUKCHPOBAH-

Byzaem npeamnosnarars, uro marpuna (7

N R
eir(m) = Xp(n) + D> ej(m)mi(ntey,), i=LN,r=1LE, (1)

j=1s=1

IIpX KaskI0M N € X uMeeT eJMHCTBEHHOE HOJIOKUTEIbHOE pernenue (g;,-(n)).
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Cranumonapnoe pacrpezieserne p(n) 6yneM UCKATh B IIPEIIIOIOKEHUN, 9TO
BBITIOJIHSIETCST CJIEJIYIONIEeEe PABEHCTBO

p(n+e;) _ gir(n)
p(n) fir (0 + €4 ’

I
[t

i=L,N,r=1,RneX. (2)

Torma agist Toro, 9robel s Jo6oro cocrosuus n € X Boipaxkenue p(n)
4epes p(0) He 3aBUCEIO OT (DOPMBI Iy TH, BEIYIIEro U3 COCTOsHUA N B 0, IT0JI2KHO
BBITIOJIHSITHCSL CJIE/LYIOIIEEe YCIOBHUE:

EJS(n)ffir(n + ejS) _ Eir(n ) s(n+e;r) (3)
ﬂjs(n+ejs)ﬂir(n+eir +ejs) ,LL”«(I'I+ ezr) (1’1+6¢7~ +ejs),

,7=1,N,r,s=1,Rnec X.

Ob6o3HaunM

gir(n)
ir - LN, = ].7 . 4
pirlm) = e r=LR (4)

Besinuusbl p;-(N) TpH BBINOJHEHUH YCJIOBUs (3) MOXKHO TPAKTOBATH Kak
3arpysKy i-ro y3ja 3agBKaMU 7'-T'0 THUIIA.
Ucnonbays (4), ycnosue (3) MOXKHO IEPENNCATH B BHJIE

pir(n + ejs)pjs(n) = pir(n)pjs(n + eir)- (5)

Bsenem dyuxmun

Nir Nir

61'1‘( kezr
Gl,T(n) - ]];[1 Nm‘(n _ ( _ 1 ezr H p’LT kez’r

R
Qi(n) = H Gir(n—njiei1 — nigeig — ... — nz’,r—lei,r—l)-

r=1
CupaseinBa Cjeayomast

Teopema 1. ITycmov npouece n(t) asasemes apzoduseckum. Ecau evinoa-
naemes yeaosue (5), mo cmayuonaproe pacnpedeaenue npoyecca n(t) umeem
caedyrowuti sud

N

p(n) = H Qi(n —Ti(n) — To(n) — ... — T;_1(n))p(0), (6)

2de
Tz(n) = (0,0, 0 N1, M2, ...y nm,() 0,...,0),

N -1
)= (X T - Tam) - Tom) — ...~ Tra(m))
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Jlokasameavemeo. Tlycth MapKoBCKuii mporecc n(t) siBJISETCS 3PrOJANIECKIM.
Torya y HEro CyIecTByeT eJMHCTBEHHOE CTAIMOHAPHOE pacupejesieHne p(n),
KOTOpOE YJIOBJIETBOPSIET CJIEIYIONINM YPaBHEHUSIM TJIO0AJIFHOTO PABHOBECHS

R
4 Z(/\ir(n) + pir(0) I, 201 )p(0) = (7)

=1 r=1

N R N R

=33 Nir(n—ei)pm—eir) [, 203+ > pir (Dteir)why (nteir)p(nteir )+

=1 r=1 i=1r=1

N N R
+ Z Z Z Z js(n+ ejs — ei)T5 (0 + €js — ei)p(n + €js — €ir) [{n,, 20},
i=1 j=1r=1s=1
rie I, — uagukarop cobbitus A, e, € X — eIUHUYIHBINA BEKTOD, JIJIsi KOTOPOTO
BCe KOODJIUHATEI Njs paBHBL 0, a KoopauHata ng;,. = 1.
YpaBuenus ri06aabHOro papHopecus (7) pa3oGbeM Ha yPaBHEHUS JIOKAJIb-
HOT'O PaBHOBECHSI

pir ()L, 20yp(0) = Aip (0 — €5 )p(0 = €37 ) I, 203+ (8)
N R
+ Z Z Mjs(n + €js — €Z'T)7T;{(Il + €js — eir)p(n + €js — eir)I{niTyéO}
j=1s=1

N N R
DD Auwmp(n) =D pir(n+en)mo(n+en)pnten).  (9)
i=1r=1 i=1r=1
TMoxcragasist (6) B ypabHenusi (8) u yuurbiBas (2), (5), nosyunM ypasHe-
nusi Tpaduka (1). Iogcrasnss (6) B ypasaennst (9) u yuursiBas (2), mossydnm
cJIeJIyIonee CJIeJICTBIE ypaBHEHUH Tpaduka

N R N R
SN ) =3 ()l + e,

i=1 r=1 i=1r=1

Takum 06pasoM, MBI HAIUIK pacupeaesenre p(n), KOTopoe yIOBIeTBOPsET
(8) — (9), a, ciaenoBaresbHO, OHO Gyzer yaoieTBopsaTh u (7). Uto n TpeGoba-
JIOCh JIOKA3aTh. [ |

4. 3akJoueHue

JI1st ceTm MaccoOBOTO OOCTIYKUBAHUS C PANUIHBIMUA THUITAMU 3asIBOK U TIa-
pameTpaMu, 3aBUCAIINMHU OT COCTOsIHUS BCell ceTu, HaliJleHbl YCJIOBUS Ipel-
CTaBJICHUS CTAIIMOHAPHOTO PACIIPEJIeJIeHIST BepOoITHOCTeH cocTosiamii. [Ipu sTom
BEPOSATHOCTDH KaXKJOT'O COCTOSHUSI PEKYPPEHTHO BBIPAXKAETCS Yepe3 BEPOsTHO-
CTU COCETHUX COCTOSTHUU BILIOTH JIO0 COCTOSTHUS, KOT/Ia BCe KOOPAWMHATHI PABHBI
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HYJTIO. YKa3aHHbIE YCJIOBHUS HAKJIAIBIBAIOTCS HA PEIeHIe CHCTEMbl YPaBHEHUI
Tpaduka 1 rapaHTUPYIOT HE3ABUCHUMOCTDb BEPOSITHOCTEH COCTOSHUI 0T (hOPMBI
BBIODAHHOTO IIyTH.
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SYNERGETIC EFFECTS IN MULTISERVER
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Abstract
In this paper an aggregation of n oneserver queuing systems with widely used
now model of ON-OFF input flows [1, 2] into n - server system is considered. A
synergetic effect of a queue disappearance for n — oo in the aggregated system
based on a convergence of specially normalized ON-OFF input flow to partial
Brownian motion is proved.

Keywords: a multiserver queueing system, a synergetic effect, a partial Brown-
ian motion, an ON-OFF input flow.

1. Introduction
Consider n - server queuing system with n = n(N), where N is large parame-
ter: N — oo. This system has following input flow. Define continuous random
flow with ON and OFF periods [1, 2]. Suppose that the sequence of independent
and identically distributed random variables (i.i.d.r.v.’s) Xo > 0, X; > 0,... con-
sists of ON - periods lengths and the sequence of i.i.d.rv.’s Yo > 0, Y; > O,...
consists of OFF - periods lengths and these random sequences are independent. De-
note F1(1) = P(Xp < 1), Fo(t) = P(Yyg < 1), t >0, F = 1 - F, and assume that
fl(t) =14, fz(t) =1 %051, 1 < 0a; < oy < 2, where for t — oo the function

Li(t) = I} > 0 and L,(¢) is slowly varying function.
Introduce independent r.v.'s B, X, Y, which are independent with X,,, Y, n > 1,

and B has the distribution P(B=1) = u—l, P(B=0) = M_z’ U=, + U, where
n w

X

1 M= 1 _
ur = EXo, wp = EYy, P(X<x) = —f Fi(s)ds, P(Y<x) = —f F(s)ds.
ur Jo w2 Jo
Then random sequence {7} :

To=BX+Y)+(1-B)Y, T,=Ty+ X;+Y),n>1,

n
i=1

creates random ON-OFF process

W) = Bliox)(®) + Y Iz, 7,ex,,0(0, 1> 0.
n=0
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(here I4(7) is the indicator function of the random event ¢ € A).
Random process W(¢) is binary and stationary: W(¢) = 1 if ¢ contains in ON-
period, W(¢) = 0 if ¢ contains in OFF-period and stationary as EW(t) = P(W(¢) = 1) =
!

ui/u = a. Denote A(¢) = f W(s)ds, then
0

EA(H) = at, t 2 0. ()

Assume that M = M(N) = [N¥], y > 0, and random functions A,,(¢), m = 1, ..., M, are
independent copies of random function A(?). Here [c], {c} are integer and fractional
parts of real number c. Designate

M 2102 - ayp)
_ _ 3—0y 1/2 2 _ 2
An(t) = m§:1Am<t>, BN) = IN" LMY, 0° = oo sma s,

n=n(N) = NM(N). 2)
From (1), (2) we have that
EA)(Nt) = aMNt = ant. 3)

Quantizatize now continuous random flow described by random function A;(Nt). For
this aim we take r.v. y independent with random process A,(Nt), denote

en(n) = [Au(ND) + y]. “
Contrast to the nondecreasing function e, (f) the sequence of moments
7-rz = {Tj = lnf(t en(t) = .])s j: 1,2,}

which describes arrival moments of customers to such aggregated n - server queuing
system.

Using the representation of r.v. x mean Ex through conditional mean Ex/y by r.v.
y: Ex = E(Ex/y) we obtain

Ee,(t) = E(E[Ay(ND) + y1/Au(ND) = E([An(NDI(1 - {An(NDD+

+([Au(ND] + D{Ay(ND}) = EAy(Nt) = ant, t >0 5)
and so the input flow intensity to the n-server system equals na.
Assume that the sequence of i.i.d.r.v.’s t1,T2,..., P(t; < ) = F(?) describes

service times of customers with arrival moments T, T3, ... Denote g, (f) a number of
busy servers in this n - server system at time moment ¢ > 0.

Theorem 1. Assume that 1)y > o, — 1, 2) the following inequality p = aEt; < 1
is true.
Then in such aggregated n - server queuing system P( sup q,(t) = n) — 0, N — oo.
0<t<T
The statement of Theorem 1 means a convergence to zero of a virtual waiting time
in such aggregation of n oneserver systems on time segment [0, 7] and characterizes
a disappearance of a queue in this system for N — oo.
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2. Some theorems on C - convergence of random processes

Denote by ¥ the space of deterministic functions on the segment [0, 7] with
uniform metric p. Designate by ¥ the set of bounded by unit functionals f defined
on ] and continuous in the metric p. Say that the sequence of random processes
=2, n>1,0<¢t<T,C-converges to the random process z = z(t), 0 <t < T,
if for any functional f € F we have that M f(z,) —» Mf(z), n — oo.

Denote by D the space of random functions on [0, 7], which almost surely (a.s.)
have not breaks of second type and designate by C the space of random functions
which a.s. are continuous on [0, T]. Produce some general and partial conditions of C
- convergence [3, 4] (see also [5, Theorem 7B], [6, Theorem 2.3]).

Theorem 2. If random functions z(t) € C, z,(t) € D, n > 1, then for C - conver-
gence z,(t) — z(t), n — oo, it is necessary and sufficient that:
1) for n — oo finite dimensional distributions of random functions z,(t), n > 1, tend
to finite dimensional distributions of random function z(t) on some set S which is ev-
erywhere dense on [0,T], 2) for any € > 0

lim lim sup P(w,,(8) > €) =0, w,,(d) = sup |2 (1) — 2 (). (6)
-0 ;500 0<t,s<T" |t—s|<d
Corollary 1. Assume that random functions z,,(f) € D, n > 1, z(¢) € C satisfy the
following conditions. 1) For n — oo the sequence z,(f), n > 1, C - converges to z(f).
2) There is the sequence of positive numbers f(n), n > 1, which converges to zero
for n — oo and a.s. p(z),,z,) < PB(n), n > 1. Then the sequence z,(¢), n > 1, also C -
converges to z(?).

Proof. From Theorem 2 for n — oo finite dimensional distributions of z,(r), n > 1,
converges to finite dimensional distributions of z(f) on some set S which is every-
where dense on [0, 7]. Then from the condition 2) we have the convergence of fi-
nite dimensional distributions of z,,(f), n > 1, to finite dimensional distributions of
z(¢) on the set S. From Theorem 2 for any € > 0 the condition (6) is true, so a.s.
wy (8) < w,, (8) + 2B(n), consequently

%irn lim sup P(w (8) > €) = 0.

n—oo

Assume that z(f), 0 < t < T, is Gaussian process, Mz(t) = 0, Mz*(f) < a < o,
then this process is a.s. continuous. Formulate a condition of the following limit
relation for the process z(t).

Theorem 3. If there is positive number K satisfying the inequality
Xt t+u) =M@l —z(t+u)’> <Ku, 0<t<t+u<T,

then

P(sup z(t)>L)—>O, L — oo, 7)
0<t<T
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Proof. In conditions of Theorem 3 minimal number N(r) of balls with the radios r in
metric space ([0, T], €), (here &(z, t+u) is half metric on [0, T']) which cover the segment
[0, T, satisfies the inequality N(r) < TKr~2. Consequently the Dadly integral

74 "z
¥(2) = f (InN()2dr < f (Inmax(1, TK - 21Inr)"?dr,
0 0

constructed by the relative entropy In N(r) satisfies the conditions: W(7') < co. From
[7], [8, Theorem 1] we have (7). [ |

Theorem 4. Assume that the sequence of random processes z,(t), 0 <t < T,
C - converges to Gaussian continuous process z(t), the relation (7) is true and the
sequence of positive numbers L, — o0, n — oo, then

P( sup z,(t) > L,,) — 0, n — oo. ®)

0<t<T

Proof. Take arbitrary number &€ > 0 and choose such L(g), that P( sup z(t) > L(g)) <
0<t<T
€. From C - convergence z,(f) — z(f), n — oo, it is possible to find n(e) that for

n > n(e) the inequality

<é€

‘P( sup z(t) > L(e)) - P( sup z,(t) > L(s))

0<t<T 0<t<T

is true and so
P( sup z,(f) > L(s)) < 2¢, n> n(e).

0<t<T

From the convergence L, — oo, n — oo, we may take nj(e) > n(e), so that for
n > n;(¢) the inequality L, > L(¢) is true and consequently

P( sup z,(t) > Ln) < P( sup z,(f) > L(e)) <2, n>ny(e).

0<i<T 0<i<T
The relation (8) is proved. [ |

Assume that random process {(7) is defined by the equality

=0 f F(t — wdEy(u) +O@), 0<t < T.
0

Here ©(¢) is centered Gaussian process independent with Ex(¢), which has covariance

13
function R(¢,t + u) = f F(v + u)F(v)adv.
0

Theorem 5. For 0 < t < t+u < T, K = aQTf + 1) + 2T -Y(fT + 2H) the
inequalities EC?(t) < o2t? + at, E(C(t) — Lt + u))* < Ku are true.
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Proof. From [10, Formula (1.1)], [11, Lemma 1] we have thatfor0 <t <t+u <T

ECX(t) = H2H - 1)o? f f lu — v[*H2F(t — w)F(t — v)dvdu + f F()F(v)adv <
0 0 0

15 U
<2H(2H - 1)¢* f f (u— v 2dvdu + at = o*P! + at,
0 0

eX(t, 1+ u) = E(C(1) — Ut + w))? = [R(t,0) + R(t + u, t + u) — 2R(t, t + u)] +
2

+0’E [f F(t = v)dE(v) - fHu Fit+u- v)dE(v)] =
0 0

=a dv+

f FOWFW) + f MF(V)F(V)—z f Fo+uwF®©)
0 0 0

+02H(2H—1)Uff(r—v)F(t—w)+f f uf(z+u—v)f(t+u—w)—
0 0 0 0

_zf f uf(t ~VF(t+u- w)} v—wl2dvdw < a Zf "‘f “] (FO) = Fv+ ) dve
0 Jo 0 '

+02H(2H—1){ f f (F(t—w)—F(t+u—w))+ f " f + f " f +u}|v—w|2H_2dvdw§
0 0 t 0 t t

<aQtf + Du+ > fu+u + uH@ + w1 <
< aQtf + Du+ o> (T fu + uT®' + uHT?) <

< aQtf + Du+ o> (T f + 21"y = Ku.

3. Proof of Theorem 1
Denote

21302 - ay)

_ 3—-a 1/2 _ 1/2 2 _
B(N) = [N**“ L (N)M]"2, A(N) = max(B(N), N'/?), ¢® = G DeTa—o"

b(t) - the function converse to the function 1/?1 (7). Prove that the sequence of random
processes
ey (1) — Ee,n)(1)
B(N)
for N — oo C - converges to partial Brownian motion Ex(¢), H = (3—a;)/2 multiplied
by o.
It is obvious that

Xawy (1) = ,N>1,

B(N) ~ I[PNCH=902 | p(N) ~ (IN)!/*, N — oo,
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and consequently from the condition 1) of Theorem 1
A(N) ~ B(N), b(MN)/N — oo, N — oo.
So [2, Theorem 4] leads to C - convergence of the sequence of random processes

Ap(Nt) — EAy(NE)
B(N)

,NZI’

to the partial Brownian motion 6€g(f), N — oo. From the inequalities
len(t) = Au(ND)| = [[An(NT) + W] = Au(NDI < 1, 1 2 0,

we have that

en(t) — Eeq(r) Ay(ND)
B(N) " B(N)

Consequently C - convergence of the sequence x,(f), N > 1, to 0Ey(f), N — oo, is
proved.

Denote g, (f) the number of busy servers at time moment ¢ in queuing system
with input flow characterized by the process e,(f) provided that the system has infinite
number of servers. From the condition 2) and [9, Chapter II, § 1, Theorem 1] for
n — oo the sequence of random processes

g, (1) — nQ(1)
A(N)

)—>O,N—>oo_

Zl‘l(t) = > N 2 1’

C - converges on the segment [0, 7] to the process {(f). From Theorem 5 we have that
random process {(¢) satisfies Theorem 3 conditions and so

P( sup C(r) > L) — 0, L — oo.
0<t<T

Consequently from the conditions 2) of Theorem 1

(1-Q(T)n
P(oi‘,'fT 0=

As for N — co the sequence of random processes z,,(¢) C - converges to {(¢) on the
segment [0, 7] and from Theorem 4

)—>O,N—>oo,

P(Os<ltl<pTzn(t) > %) -0, n—>

and so P( sup ¢, () > n) — 0, N — oo. Using [9, Chapter II, § 1, Theorem 1 end]
0<i<T
remark that random events

(@ <n, 0<t<T)={(qX(0)<n, 0<t<T)
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Consequently from the inequality g, () < n the following relation is true:

P(sup qn(t) Zn) = P(sup qn(t) =n) — 0, N - 0.

0<t<T 0<t<T

Theorem 1 is proved.

4. Conclusion

Analogous methods allow to analyze synergetic effects in aggregated n - server

queuing system with periodical arrivals of customers groups.

10.

11.
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DEVELOPEMENT OF DOCUMENT-FLOWS
HANDLING MECHANISM FOR IMPLEMENTATION
OF THE INTERACTION BETWEEN ENTERPRISE
DMS

D. Volchkov
Keldysh Institute of Applied Mathematics (RAS), Moscow, Russia

Abstract

In the presented paper is considered the mechanism of automation of infor-
mation processes of interorganizational interaction in document management
systems. As part of this mechanism is designed module receiving the docu-
ments, an integrated software package interaction between organizational sys-
tems. The module provides automatic transfer details of received documents
in the registration card of DMS, verification documet card format, compiling
statistical and analytical summaries of documents between organizations. In
the case of documents that are not subject to registration it forms correspond-
ing notification, which allows for rapid feedback between the organization and
the correspondent.

ITPOEKTNPOBHUE MEXAHMU3MA OBPABOTKU
JOKYMEHTHBIX IIOTOKOB /JId
PEAJIN3AIIUN B3AUMOJENCTBUSA MEXXKIY
KOPIIOPATUBHBIMUIN CI0OY

/1. Boauxos

WNucturyr npukiaagaoit maremaruku uM. M.B. Kesgpima PAH, Mocksa,
Poccus

vol@keldysh.ru

AnaHoTanus

B nannoit pabore paccMOTpeH MEXaHM3M aBTOMATHU3AIUN HHMOPMa-
[MOHHBIX IPOIECCOB MEXKOPraHU3AIMOHHOIO B3aMMOJEHUCTBHSI B CHCTE-
Max JIOKyMEHTAJbHOrO ODecliedeHus yInpaBieHus. B pamMkax peajn3a-
AU JJAHHOTO MEeXaHU3Ma pa3paboTaH MOYJIb IPUEMa, JOKYMEHTOB, NHTEe-
IPUPOBAHHBIN B IPOIPAMMHBIN KOMIIJIEKC B3aMMOJEHCTBUS MEXK/y Opra-
HU3AIMOHHBIMU cucTeMamu. Moy/ib mpeaycMaTpuBaeT (GYHKIHH aBTO-
MaTHUYECKOr0 MEPEHOCA PEKBU3UTOB IMOCTYIUBIIUX JIOKYMEHTOB B PEru-
crpanuonnyo Kaprouky CIIOVY, Bepudukamuu dopmaTa KapTodek I0-
KYMEHTOB, (DOPMUPOBAHUS CTATUCTUIECCKUX U AHAJIUTUIECKUX CBOJOK TI0
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JOKYMEHTOOOOPOTY MezKJly OpraHu3alusMu. B cilydae BbISABIEHHS J0-
KYMEHTOB, He MOIJIEKAIUX PETUCTPAINN, (DOPMUPYIOTCST COOTBETCTBYIO-
e yBEJIOMJIEHUS, YTO ITO3BOJISIET O0ECIEYNTh OIEPATUBHYIO OOPATHYIO
CBA3b MEK/Iy OpraHu3allyeil 1 KOPPECIOHIEHTOM.

KuaroueBsle ciioBa: mHGOpPMAIMOHHBIE CHCTEMBI, OPTAHU3AIMOHHOE YIIPaB-
JIEHVe, MEKOPTaHU3AIMOHHBIN 3JIEKTPOHHBIN JOKYMEHTOOO0POT

1. BBenenue

B pesynbrare akTUBHOTO BHEJIpPEHUS TEXHOJOTHUIT 6€30yMarKHOTO JTOKYMEH-
TOOOOPOTA B KPYIHBIX TEPPUTOPHAILHO-PACIIPE/ICTEHHBIX OPIaHU3aINsIX BCE
aKTyaJIbHee CTAHOBHUTCH 33,/1a49a 00eCIeTeHUsT B3aNMOIEHCTBUS MEXK LY CUCTEMa~
MU JIOKyMeHTabHOro obecredenus yupasieaus (CIOY) ormebHbIX moapas-
nesennit. B kadecTBe peanuzanuu B3auMojeiicreus B padore [1] GbLia npemyio-
JKeHa 00ITast CTPYKTYpa MIPOrPAMMHOTO KOMILJIEKCA OOMEHa JJOKYMEHTAME MeK-
ny peiicrBytormumu CIOY opranuzanuii. B nansoil pabore paccMarpuBaeTcs
pazpaboTKa MOJIyJIsi aBTOMATH3NPOBAHHOIO IIPUEMa JOKYMEHTOB, IIOCTYIIAI0-
IIUX 10 CHCTEME MEXKOPTaHU3AIMOHHOIO JIOKYMEHT0000pOTa, KOTOPBII HE0OX0-
JIUIM JIJIsI TIOBBIIIIEHUST OMEPATUBHOCTH U 3(DPEKTUBHOCTH 00pabOTKHU JTOKYMEHT-
HBIX [IOTOKOB B IIPOIPAMMHOM KOMILJIEKCe B3auMoeiicTsus. Moy ypormaer
MPOIEJYPy PEruCTPaIii MOCTYIHUBINAX JOKYMEHTOB, & TakKe 00eClednBaeT
OIIEPATHBHYIO OOPATHYIO CBSI3b MEXKJIy OPTaHU3aIneil 1 KOPPECIIOHIEHTOM.

2. IlocraHoBka 3ajgadmn

OcHoBHOIT 3a1a4eil pa3pabaTbiBAEMOr0 MOJIYJIS SIBJISIETCS] TPUEM JTOKYMEH-
TOB, HOCTYHUBIINX 4Y€Pe3 CUCTEMY B3aUMOJIEHCTBUA, JJjid UX JIaJbHEHIeil pe-
ructparun B CIOY opranuzanuu. [TocTynuBsiime 37€KTPOHHBIE JIOKYMEHTHI
3arpyzkatTcsi B 6a3y JAaHHBIX OOMEHA W COCTOST U3 KAPTOYKU JOKYMEHTa B
dopmare XML, conepzkareii Bce OCHOBHBbIE peKBU3UTHI st 3arpy3ku B CJLOY
(HoMep, JlaHHbIE O KOPPECHOHJIEHTEe, KPATKOM COJIEPKAHUM U T.J1.) U rpadude-
CKOT0 00pasa opurnHaabHoro mokymMmenta B ¢popmare PDF umu TIFF. B ciy4ae,
ecju obHapy2KeHbI OImMUOKKN B opMaTe IJIEKTPOHHOI'O JOKYMEHTA WJINA JIOKY-
MeHT OBbLJI paHee IOJIyYeH Ha OyMarXHOM HOCHTEJIe M YK€ 3apEerHCTPUPOBAH B
CHOY, moaysib jtomKkeH chOPMUPOBATH JJisi KOPPECIIOHIEHTa, yBeIOMIeHe 00
OTKa3e B perucrpanuu. B oTBeT Ha yBeIOMJIEHUE, aIpEeCAT OTIPABJISET B Op-
FaHU3AIAI0 KBUTAHIIUIO, TOATBEPXK/IAIONIYI0 €ro mojydenne. Takum oOpasoM,
MO/IyJIb IIPUEMa JTOKYMEHTOB JIOJI’KEH OOECIIEYMBATH BBIIOJHEHUE CJIEIYIOIINX
dyHKIMIA:

® IIpUEM JIEKTPOHHBIX JIOKYMEHTOB U KBUTAHIUH, IOCTYIIUBIIUX U3 JIPYTHX
opraHu3aiuii 1 ux orobparkeHue B BUJE CIIUCKA;

[IOMCK JIOKYMEHTa 110 OCHOBHBIM PEKBU3UTAM;

IIPOCMOTP BCEX PEKBU3UTOB M 00pa3a IMOCTYIUBIIErO JIOKYMEHTA;
[ePexoJI B PEXKUM PErNCTPAINN BXOSIIErO JOKYMEHTA,
dopmupoBanme yBegOMIeHUsT 00 OTKA3€ B PETUCTPAIIH.
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Jly1st BBITIOJTHEHUST ONMUCAHHBIX (DYHKIINM, B COCTABE MOJIYJS JIOJI?KEH ObITH
peasim30BaH yIOOHBIN TI0JIb30BATEILCKUI MHTEPQETC.

3. PyHKIUOHAJBbHASA CcXeMa

Ha puc. 1 npencrasiena ¢pyHKIUOHAIbHAS CXeMa, MOLYJIsI IIpHeMa JOKYMeH-
TOB, MHTEIPUPOBAHHOTO B IIPOIPAMMHBIN KOMILIEKC B3AWMOIEHCTBUST MEXKLY
roprnoparuBabiMu CIIOY.

CepBep COOY

e
| Bxopsiume
| /
| \
| Mogynb
| conpsixeHus .
|

YBenomnexus

Mogynb npuema [OKyMEeHTOB

MpocMoTp NocTynMBLLUKX

|
|
| |
| |
| > [OKYMEHTOB W KBUTaHLMN |
| [aHHble JOKyMeHTa |
| Peructpauus |
Bt BeJOMJIEHNE O perucTpauum
| BXOAsLLEro Yl |
| YBegomneHue [
TKa3e B perucrpauum

| ->| OTka3 B perucrpauum } 0B oTkase b perucTpay |
| Cratuctuyeckue |
| ¥ aHanMTUYeckme CBOAKM |

| ->| dopmrpoBaHue CBOAOK l -
|

Puc. 1: OyukiuonajabHas cxemMa MOJLYJIsd IPHEMa JOKYMEHTOB.

Moysib ipueMa JOKyMEHTOB pPaCIOJIOKEH Ha KJIMEHTCKON CTOPOHE CHCTe-
MbI. [ToMIMO HETO B COCTAB MPOrPAMMHOTO KOMILJIEKCA B3ANMOIEHCTBUS BXOJIST
caenyiormue seMerTel. 1111103 - mporpaMMHO-anmapaTHbll KOMILIEKC, HA BXO/T
koToporo depe3 VPN mocTymaior 1OKyMeHTBI U3 CTOPOHHUX opranu3armit. BJ1
CHOY - 6aza ganabix CIIOY opranuzamuu. b1 oomena - BJI, B KoTopoii coxpa-
HSIFOTCS BCE MOCTYIUBIIKME HA ILII03 JOKYMEHTHI, YBEJIOMJICHUs, U KBUTAHIIUN
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a TakyKe JOKYMEHTbBI, YBeJIOMJIEHUs] U KBUTAHIUU, BeIrpy:keHHble u3 CJIOY
OpraHM3aINu JIJIs OTOOpaXKeHUs XKYPHAJIOB U (POPMUPOBAHUSI CTATUCTUIECKUAX
U aHAJUTUICCKUX CBOJOK. Ajamrep - 3arpyzkaer u3z nanku IN B B/ obmena
JAHHDBIE JIOKYMEHTOB, YBEJIOMJIEHAN M KBUTAHIUN, IIOCTYIUBIIUX HA ILIIO3; U3~
Biiekaer u3 b/l obmena u oTnpaBIIseT UCXOSAIINE TOKYMEHTDI, YBEIOMIICHUS U
kBuTaHIuu. PazpaboranHblit MO/Lysib HA OCHOBaHMM naHHBIX B/l obmena dop-
MUPYET M BBIBOIUT HA IKPAH CIUCOK IOCTYIUBIINX JIOKYMEHTOB U KBUTAHITHIA.
B xome dopmupoBanust crimcka, MOAY/Ib aHAIU3UPYeT (POPMAT KAXKJIOTO JIEK-
TPOHHOTO JOKYMEHTA U B CIydae OOHAPYKEHUs B HEM OIMTHOOK, ABTOMATUIECKI
dopmupyeT yBe1oMIIeHe 00 0TKa3e B perucrpanuu. Ecim omubok dpopmara mHe
00HAPY?KEHO, MOJYJIb IIPOBEPSIET, He 3aPErUCTPUPOBAH JIM JAHHBIN JTOKYMEHT B
CIOV. B cay4ae, eciu jtokymentT yzke npucyrcrsyer B B/ COY, dopmupy-
eTcsl yBeJIoMJIeHne 00 OTKa3e B perucrpanuu. B pesysibraTe 11osib30BaTesb HOIy-
9aeT CIHUCOK JOKYMEHTOB, JOCTYIIHBIX JIJIs PETUCTPAIMH, MOXKET IIPOCMOTPETH
BCe 3amoJIHeHHbIe peKBu3nThl X ML-KapToukm ToKyMeHTa, a TaK:Ke 00pa3 JTOKY-
MeHTa. Ecan mo KakuM-1mb0 mpuInHaM JOKYMEHT He COOTBETCTBYET TpeOoBa-
HUSIM UHCTPYKIAH 110 JIeJIONPOU3BOJCTBY (HAIPABJIEH HE 1O IPUHA/JIEXKHOCTH,
00pa3 HeYMTAEMbIil WM HE COAEPKUT MOJIUCH U T.II.), HOJIb30BATEb MOXKET
BPy4HYIO cOPMUPOBATH yBemOMIeHne 00 OTKa3e, yKa3aB npuaunHy. llepexon B
PEXKUM DPEruCTPAIUHU OCYIIECTBJISETCH [0 COOTBETCTBYIONMEH KOMAHE MOJIb30-
Baresist. [Ipu sTOoM Ha 9Kpame 0TOOPAXKAETCs PETUCTPAIIMOHHAST KaPTOYKa J0-
KyMeHTa, B KOTOPYIO aBTOMaTUYI€CKHU IIE€PEHOCATCA HeO6XO)II/IlV[bIe PEKBU3UTHI U3
XML-kapToYKu JOKYMEHTa, a TaKKe [IPUCOeINHsIeTCst 00pa3 JoKyMeHTa. [o-
CJIe YCIEITHOTO 3aBEPIEeHNsT PETUCTPAINN JJAHHBIE JIOKyMeHTa 3aHocdaTcd B BJ1
CHOY, a mis KoppecroHaeHTa (GOPMUPYETCH COOTBETCTBYIOIIEE YBEIOMIICHIE,
cojiepzKaliiee BXOAAIU HoMep U Jary jgokyMenTa. ChopMUpOBAHHBIE YBEIOM-
JieHusI 3anucbiBaioTcsa B BJI obMeHa 1 OTIIPaBIAIOTCS a/IpecaTaM TIOCPEICTBOM
ajlanrepa. B cocraB Moiysisi TakyKe BXOIUT OJIOK (pOPMUPOBAHUSI CTATUCTU-
YeCKUX W aHAJUTUIECKUX CBOJIOK, KOTOPBIA O3BOJISIET MOJIYYaTh CIIPABKU TI0
JOKYMEHTOODOPOTY MKy OPraHU3aIUsIMU.

4. Peanmusanus moJb30BaTeJIbCKOTO UHTepdeiica

ITonbzoBaTebckuit mHTEPdEIHC MOMYJIS PEAJM30BAH B BUJE IKPAHA KYypP-
HaJla TOCTYTIHUBINIAX JOKYMEHTOB, IPEJICTAaBICHHOr0 Ha puc. 2. B unrepdeiice
[IPEJIyCMOTPEHA BO3MOXKHOCTD IIOI00Pa JJOKYMEHTOB 110 HOMEPY H JIaTe TOCTYII-
JieHusi. B BepxHeil gacTu SKpaHa pacIoOJIOKEHbI OCHOBHbIE (DYHKIIMOHAJBHBIE
KHOIIKY - IIe9aTH CIIMCKA, PErUCTPAIliU WA OTKa3a B PErUCTPAIUU JTOKYMEH-
Ta. B HmKHE yacTu 9KpaHa 0TOOpaXKAETCs KPATKOE COMIEPKAHNE BHIOPAHHOTO
nokyMeHTa. KOHTeKCTHOe MEHIO IT03BOJISIeT TPOCMOTPETh PEKBU3UTHI JTOKYMEH-
Ta u ero obpa3. CHUCOK MOCTYIUBIIAX JTOKYMEHTOB MOYKET OBITH OTCOPTHPO-
BaH 110 JI00OW U3 KOJIOHOK, 3HadeHue 1oJisd KCTarycwm JyOaupyeTcs IBeTOM:
OeJiblil - JJOKYMEHT JIOCTYIIEH JJIsi PErUCTPAIU, CUHUN - JIOKYMEHT 3aperu-
CTPUPOBaH, 3€JIEHBII - OTKA3aHO B PErUCTPAIMH, KPACHBIN - omubKa (opmara
XML-gapTOIKM JOKYyMEHTA.
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Puc. 2: Dxpan )xypHaja MOCTYIUBIIAX JOKYMEHTOB.

5. 3akJiroyeHue

B pesysbrare paboThl CIIDOEKTUPOBAH U PEAJMIOBAH MOJLYJIb IIPUEMA, JJIEK-
TPOHHBIX JIOKYMEeHTOB. Pa3paboTanHbIil MOJTYJIb ITO3BOJISIET IOy IaTh CTATUCTH-
4eCcKue U aHaJIMTUYECKHUE JAaHHbIe O IIOCTYIUBIINX 3JEKTPOHHBIX JOKYyMEHTaX,
a TaK»Ke CYIIECTBEHHO YIIPOIIAET POIEyPY PETUCTPAINN JEKTPOHHBIX JOKY-
MEHTOB 3a CYeT aBTOMAaTHYECKOI'0 IEPEHOCA PEKBU3UTOB B PETHCTPAIIMOHHYIO
KapTouKy. B ciyuae BbISBIE€HUS JOKYMEHTOB, HE IOJJIEYKAINX PETHCTPAIINN,
dopMUPYIOTCS COOTBETCTBYIOIINE yBEIOMJIEHNS, UTO IO3BOJISIET O0ECIIEIUTH
OIEPATUBHYIO OOPATHYIO CBS3b MEXK/Iy OPraHu3alell U KOPPECIIOHIEHTOM.
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To a question of management of TCP in a wireless mesh
network on the basis of neural networks
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Abstract
For effective work of TCP in a wireless cellular network has to undergo
changes. The arising problems when using classical TCP and the prerequisite
of use of additional management of the protocol on the basis of a neural network
are discussed.

K BOIIPOCY OB VIIPABJIEHNI TCP B
BECIIPOBOJHON AYENCTON CETU HA BA3E
HEVNPOHHBIX CETEN
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TexHoJoruny, Mocksa
svetazarobn@bk.ru

AnaHOoTaMs

st apdexTupnoit paborsr TCP B 6ecripoBOAHON TI€NCTOH ceTn A0~
JKeH rpereprerh u3MeHenusi. OB6CYXKIAIOTCS BO3ZHUKAIOIIME ITPOOJIEMBI
pu uUCnoJb3oBaHuu Kjaaccudeckoro TCP u nmpeamochLiku mcnosib3oBa-
HUS JIOMOJTHUTEIBHOTO YIIPABJIEHUS MPOTOKOJIOM Ha 6a3e HEMPOHHOM ce-
TH.

1. BBenenue

Becnposonnas siaencras cerb («wireless mesh networks, WMN) upencras-
JisgeT coboii ceTh CBsi3U (WM Iepelavu JAHHBIX), COCTOMILYI0 U3 MHOYKECTBA
6eCIPOBOJIHBIX Y3JI0B, B C JABYMsl [0 MEHBIIEH Mepe MapIIpyTaMH Jijisi OCy-
MIECTBJICHUSI CBA3M C KaXKJIbIM y3J0oM. VHppacTpyKTypa 6ecnpoBoaHoil s4en-
CTO#i CETU COCTOUT U3 TOUEK JIOCTYIIA/ MAPIIPYTU3ATOPOB, ABJIAIOIIAXCS Y3IaMU
CeTH, COEIMHEHHBIX OECIIPOBOIHLIMI KAHAJIAMH CBA3H. BecIpoBoHast saencrast
CeTh COEJIMHSETCS C JPYTUMA MPOBOJHBIMY CETSIMU, TAKMMHU KakK VIHTepHET nuin
KOPIIOPATUBHBIE JIOKAJIBHBIE CETH, Yepe3 siIelKy-y3e/l MeXKCeTeBOro muo3a. 1
IS TIEPeJIavn JJaHHBIX ucrosb3yercs nporokos TCP [1].08 usnauasbHO mpe-
Ha3HA4YAJICA JJIs paboThl B IPOBOJHBIX CETSAX, B KOTOPBIX HamboJiee 3HAIMMa
pobJieMa IreperpyKeHHoCcTH 0y(epoB B y3/1aX CETH.
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Cranpapthbie Mexanu3Mbl TCP He mo3Boss110T 3 PeKTUBHO 0OHAPY XKUBATH
[IOTEPU [AKETOB, He CBs3aHHBbIE C Ieperpy3kamu B ceru. MexaHusMbl 6OpbObI
¢ TIOTEPSIMU MAKETOB ¥ IperoTBpainenus meperpy3ok B TCP saBistores kiro-
49eBoil TeMoit MHOrUX ucciefoBannii. C MomenTa pazpaborku mnporokoia TCP
OBLIO0 pa3pabOTAaHO MHOXKECTBO AJTOPUTMOB OOPHOBI € Ieperpy3kKaMu B CETH,
O/ITHaKO, HO H€ BC€ OHU 6bI.J'II/I ycrenrabIMuA. KJ'HOLIeBbI]\/II/I MeXaHnu3MaMn 60pb—
6b1 ¢ meperpy3skamu sijisitorcsi: TCP Tahoe, TCP Reno, TCP NewReno, TCP
SACK, TCP Vegas u np.

Jlannbre MexaHU3MbI KOPPEKTHO PA0OTAIOT B YCJIOBUSIX ITPOBOIHON CPEIIHI,
I7le TIOTEPU [TAKETOB IIPOUCXOJIAT U3-3a IEPErPY30K B CETH, IOJIArast, I9T0 COCTO-
sdHU€e KaHAJIa CBA3M IIOCTOsAHHOE. B GeCcIpOBOHBIX Ke CeTdAX CBA3M, IJle KaHAJ
SIBJISIETCsI 10 CBO€ii IPUPOe HeCcTabUJIbHBIM, MOTEPs] JAHHBIX, KaK IIPABUJIO,
MIPOUCXOIUT W3-32 YXYIIIEHUs XapaKTePUCTUK KaHaja. [[09ToMy, MeXaHu3MbI
OOpBOBI ¢ TTOTEpeil TAKeTOB, 3PMEKTUBHO pabOTAIONINE B ITPOBOIHBIX CETAX TIe-
penaun ganubix (I1/1), mis 6ecupoBOIHBIX ceTeli BO MHOIMX CJIyYasX siBJISIOTCS
HedDHEKTUBHBIMU U TOJBKO 3aMEJIJISTIOT paboTy.

Hamnpumep, aboHEHT HAXOIUTCSI B COCTOSIHUU XIHJIOBEPA U HAKETHI JAHHBIX
HE JIOCTABJISIFOTCsI BCJIEJICTBUE TOI'O, YTO HA KAKOE-TO HENPOJIOJIXKUTE/ILHOE Bpe-
Msl CBSI3b CTAHOBUTCS HEJOCTYITHOM JiUTst JaHHOTO aboHeHTa. B manHOM ciydae,
CTAHIAPTHBIE MEXAHU3MBI OOPBOBI C MOTEPSIMU ITAKETOB IIPEIIIOJATAIOT, 9TO B
CeTU IIPOU3OINIA Ieperpy3Ka U 3alyCKaloT MeXaHu3Mbl OOpPbOBI ¢ Hell, cHU-
2Kas TeM CaMbIM CKOPOCTD Iepeatin JaHHbIX BO MHOTO pa3. depe3 HEKOTOPOe
BpeMsi, OKa3aBIIUCh B pajuyce jeiicrBus apyroit BC, aboneHT cHOBa MOXKeT
repeiaBaTh JAHHBIE, U €My JOCTYITHA JOCTATOYHAs ITOJI0CA IIPOIYCKAHUS JIJIst
nepenaqdn. Ho n3-3a Toro 9To ObLIN 3aIyIIeHbl aJrOPUTMBI OOPBOBI C TIeperpy3-
KOIl B ceTu abOHEHT MOXKET II€PE/IaBATDL JIAHHbIE OY€HDb HEOOJIBIIIMME TOPIHs-
Mu. BesesicTBre 4ero, KaHasl OKa3bIBaeTCs HE3AIrPYKEHHBIM, & aDOHEHT TePIIUT
HEey100CTBa U3-3a M€JIJIEHHOM Iepeladn JAHHBIX, XOTsI eMYy JOCTYIIHA JOCTATOY-
Hasl [0JIOCA TTPOITYCKAHUSI.

Boumun paspaboransr TCP, npennazHadeHHble ClenuaabHO Jjisi pabOTHI B
6ecrposoanoii cpene 11 (TCP Westwood, TCP WestwoodNew). Tanubie me-
XaHU3MBI 3HAYUTEJILHO YCOBEPIIEHCTBOBAHBI 110 CPABHEHUIO C IIPEIbLIYIUMA
BEpPCUsIMU, OJHAKO, OHU TaKyKe He 0epyT BO BHMMAHUE pPeajIbHOE COCTOsIHUE
CeTH, a JINIIb [IPOTHO3UPYIOT €€ COCTOSIHUE M0 JUHAMUYECKH W3MEHSFOIIIMCST
mapamerpam, TakuM Kak RTT u np.

Curyarusi ¢ HCIIOJIB30BAHUEM TPAHCIOPTHOIO IIPOTOKOJIA YCyTyOJIseTcs B
cayae OeCIIPOBOIHBIX STIEUCTHIX ceTeil. B 6ecmpoBOHOM STIEnCTOi ceTn y3Ibl
MOTYT OBITH TTOCTOSTHHBIMU WU MOOUJILHBIMHU, HOBBIE Y3JIbI MOTYT OBITH J100aB-
JIEHBI Ha JIeTy U CYIIECTBYIOIINE y3JIbl MOTYT BhIfiTH n3 cetu. Kak ciiesicreue, B
CeTU MPOUCXOJUT JIMHAMUYIECKOE U3MEHEHNe MapIIPyTU3AINNA CJICIOBAHUS I1e-
pemaBaemoit madopMmarnmu. Kpome Toro, mepemada JTaHHBIX 9acTO CBSI3aHA C
Pa3IMIHBIMI BUIAMH [TOTEPH HAKETA.

ITpumenenne kaaccuueckoro TCP B WMN ocioxkHsieTcst TeéM, 9TO TPOTOKOJI
HE MOXKET OTJIMYUTD CJIydau IOTEPH IIaKeTa U3-3a [TePerpyKeHHoCcTH 0ydepos B
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y3J1aX OT II0TePh, BBI3BAHHBIX yXY/IIIEHUEM COCTOSIHUSI paJinoKaHaa. [1ockoJib-
ky TCP 61 pazpaboran, ucxojisi u3 MejjieHHO MeHstomerocs 3aadenust RTT),
ero paboTa CyIecTBeHHO YXY/IIAeTCsi B OECIIPOBOIHON STYEUCTON CeTH.

B psime mpoBesieHHBIX nCCIEI0BAHUN OBLIN MIPEJIOXKEHBI PA3IMIHbIE O
XO7IBI K perennio mpobyemst [2]. TIpenioxkeno HECKOJIBKO BAPUAHTOB H3MeHe-
Huil wm pononaennit K nporokosry TCP. B ocHoBHOM miperaraercst HCIoJIb30-
BaTh 3apaHee BLIOPAHHBIN (PUKCUPOBAHHBIN aJITOPUTM YIIPABJIEHUS IOBEIEHUEM
TCP, KOTOpBIil HE OTCIEKUBAET TEKYIlEe COCTOSTHUE CeTH U KaHAJIOB. V3me-
uwennbiit TCP no/mkeH ormyinygars jiBe cuTyanum: meperpysky 0ydepoB B y3iaax
U TOTEPU I[MAKETOB M3-33 M3MEHEeHWil B KaHasjax. !13-3a TOro, 4YT0 M3MeHEHUst
B KaHAJIaX IIPOUCXOMAT HEIPEPHIBHO, HEOOXOIMM aJIrOPUTM KJAcCUPUKATODA,
KOTOPBIIl aHAJIM3UPOBAJI BHOBb IOCTYIAMOILYI0 UH(MOPMAIMIO, HAXO/IWJI B Hell
3aKOHOMEDHOCTH, aJallTHPOBAJICA W JIaBaJjl [IPOTHO3 Ha OJmKaiiiree Oyiyiiee.
T.e. TCP mosmken mosydars yBeJOMJIEHHE, UTO HOTEPsl TAKETOB TPOU3OILIA
13-3a M3MEHEHHs DPAJUOKaHAaja, a He IepernojHenns 0ydepoB B y3Jjax CeTH.
Haubosnee moaxomsimuM HHCTPYMEHTOM JJIst 9TOH II€JI IPEICTABJIAETCS HC-
[OJIb30BaHNe MCKyCCTBeHHBIX HelporHbix cereit (MHC) [3]. Crarmcruueckue
METOJIbI JIJIsl YIIPABJIEHUsI TPAHCIOPTHOrO porokoyia WMN [ mo-sugumomy, He
Iy T XOPOIIUX PE3yJIbTATOB U3-33 OYEHBb OBICTPO M3MEHSIOMENHCS CTPYKTYPhI
CeTH W M3MEHEHUs IapaMeTPOB PAINOJIMHUIA.

WNHC e 1103BOJISIET HE TOJHKO BBITIOIHSTE 3apaHee 3aporpaMMIPOBAHHY IO
[I0CJIE/IOBATEILHOCTD JefiCTBUI HA 3apaHee OIPe/Ie/IEHHOM Habope JAaHHBIX, HO
U aHAJIM3UPOBATH BHOBB IOCTYIIAMONLYI0 WH(MOPMAIMIO, HAXOIUTh B Heil 3aK0-
HOMEPHOCTH, aJallTHPOBATHCS U MPOBOIUTH IporHo3upoBanme. Padory MTHC
MO2KHO TIOCTPOUTH TAKUM 00pPa30M, 4TOOBI OHA HEIIPEPBIBHO O0yJaIach HA OC-
HOBE MPEIbLIYIINX 3HAYSHIH.

Heo6xomnMo 3aMeTUTD, 9TO IO JAHHBIM [4] U1t OIIPeIeIeHnsT ONTUMAIIBHO-
ro pasMmepa MakeTa B C€TH, IIOCTPOEHHOI Ha 6a3e cranmapra 802.11b, Bo3HuKA-
eT HeOOXOMMOCTh HEIIPEPHIBHO aHAJIM3UPOBATH 10 12 pa3InvIHbIX TapaMeTpPOB
CpEeJIBL.

L7151 HePepPBIBHOTO OTCJIEXKUBAHUS M3MEHEHNS TaPAMETPOB CETH AJTOPUTM
[IPOTHO3UPOBAHUS OIITHMAJIBHOIO pa3Mepa IakeTa ObLI IOCTPOeH Ha Oa3e HeJn-
HeWHOIT NCKyCCTBEHHOI HefiponHoit ceTu. I1pu aToM, TporpamMma HancaHHast Ha
sa3bike C mmeer o0beM 19 KOaliT u MOXKeT (DYHKIMOHUPOBATH KAK YaCTh Olepa-
IMOHHOW CHUCTEMBI, KAK TPOrPAMMHAs IacTh B cocraBe obopymoBanus 802.11b
¥ HA yPOBHE MPUJIOKEHUS.

st cetu ¢ GoJtee CI0XKHBIMU yeaoBusiMu TakuMu, kKak WMN| mpepioxkenne
06 ucnonbzosarun THC st yupasnennst TCP omy6aukosaro B [5]. C Touku
sperusi UHC monosnnenne k TCP permaer 3amady kinacrepusaruu. [Ipesmnosa-
raeTcsi, 9TO Kaxk10e HabJIIOIEHNEe MOXKET OTHOCUTBCS TOJIBKO K OJHOMY KJIACTe-
py. g perenns: mocTaBIeHHON 3a/1a9u aJITOPUTM JIOJI2KEeH paboTars B on-line
pexkume. AJTOpuTMOB, IPEIHASHAYEHHBIX JJIsI PEIeHUsT ITUX 3329, U3BECT-
HO CPaBHUTEIHHO HeMHOTO [6]—-[8], mpm 3TOM OHM peanu3yoT BEepOSTHOCTHBIH

642



[IOJIXO/T HA OCHOBE PEKYPPEHTHON ONTUMHU3AIMK IIPUHATON HEYETKON IeIeBOi
dyHKIMA.
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Abstract

The purpose of this short note is to present some analytical results
concerning markovian multi-server queueing system with ordered entry
and finite capacity queue at each server. In general such systems serve
as mathematical models of different types of conveyor systems used in
industry. Here we consider the simplest case of three-server queuing sys-
tem with ordered entry. Three servers have a finite (of equal size) waiting
room capacity and serve customers according to exponential distribution
with the same rate. The arrival process is Poisson. Each arriving cus-
tomer tries to join the queue in front of server 1 first (i.e. ’ordered entry’
selection): if the queue is full he tries to join the queue in front of server
2 etc. If all three queues full the customer is lost. Having joined one
of the three queues a customer eventually leaves the system after being
served. Although the described system fits the general QBD framework,
we seek the efficient (not matrix-geometric) method for exact computa-
tion of stationary probability that the arriving customer is blocked. It is
shown that the blocking probability can be found in two steps: firstly by
analyzing corresponding two-server system using generating functions,
and secondly by finding inter-overflow time distribution and applying
well-known results for finite-capacity GI/M/1 queue.

Keywords: queueing system, multi-server, ordered entry, finite capacity

1. Introduction

Finite-capacity queueing system with ordered entry, being one type of over-
flow models have been a subject of extensive research and find their application
in the study of conveyor system. See classical papers [3, 4] and quite recent ones
[1, 2, 5] and references therein. There are numerous types of conveyors cur-
rently being used in industry but from practical point of view, as mentioned in
[6], working conveyor is “simply a mechanical device on which departures from
one system are carried to a distant point at which they become arrivals to an-
other system”. The motivation for studying the system considered in this short
note is two-fold. The first one is the application of the model to the analysis of
stability conditions of certain class of closed-loop conveyors as those described
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in [7]. Without going into the details the stability condition for such systems
can be formulated in terms of arrival rate and the stationary probability that
the arriving customer is lost. The second motivation is pure theoretical. Al-
though the considered model fits the QBD framework, in [8] it is shown that
for the corresponding two-server queueing system with ordered entry one can
carry out efficient recursive computation of the whole joint stationary distribu-
tion without resorting to matrix approach. Thus was of interest to understand
if the methodology in [8] is suitable for arbitrary number of servers. Our re-
search shows that apparently the methodology of [8] fails in the general case.
Nevertheless, as one will see it is still applicable to the three-server case.

In what follows we give the detailed description of the system and briefly
state the obtained results.

2. Description of the system

Consider a queuing system with ordered input and three servers (labelled
by numbers 1, 2 and 3). Each server has a buffer of finite capacity M in front
of it. Customers arrive according to a Poisson process at the constant rate A.
Upon arrival a new customer goes to the server no. 1 or, if it is busy, occupies
a place in the queue in front of it. If upon arrival a new customer sees the
queue in front of the server no. 2 full, it goes to the server no. 2 or, if it is
busy, enters its queue. Finally if upon arrival a new customer sees queues in
front of the servers no. 1 and no. 2 full, it goes to the server no. 3 or, if
it is busy, in its queue; otherwise it leaves the system (it is considered to be
lost). Customers from each queue are served according to FIFO discipline and
each server serves customers for exponentially distributed times with the same
parameter p. Denote by pji, 0 <4, 7,k < M, the stationary probability of the
fact that there are ¢ in the server no. 1 and its queue, j and k customers in the
server no. 2 plus its queue and the server no. 3 plus its queue, respectively. By
po we denote the stationary probability of the empty system. We are interested
in finding an efficient (not matrix-geometric) method to compute the stationary
blocking probability, i.e. pararaz-

3. Computation of pprarar

The first step in computation of pasasrasr is to notice that the evolution of
customer contents in server no. 1 and server no. 2 (and their queues) does
not depend on the evolution of the customer contents in the server no. 3
and its queue. The opposite statement is clearly not true due to the ordered-
entry discipline. Thus one can find the joint stationary distribution g¢;; of
number of customers in the server no. 1 plus its queue and server no. 2
plus its queue by simply analysing two-server ordered entry queue with the
same capacity constraint M, service rate p and arrival rate A. The efficient
(not matrix-geometric) method for recursive computation of q;j is presented
in [8]. Obviously the obtained probabilities ¢;; are equal to probabilities p;;x

“wn

summed over k, i.e. Ziw:opijk = pij. = qij. By we further denote the
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summation over all possible values of the discrete argument. Strictly speaking,
the validity of this equality can also be seen from the fact that probability
generating function (PGF) P(u, v, z) = Zf\io ijvio ZkM:O pijruivi2¥ when z =
1, coincides with the PGF of the sequence g;; derived in [8].

The next step is the calculation of inter-overflow time distribution in the
two-server system. Due to the exponentially distributed service times and
Poisson arrivals, the overflow process from the two-server system is a renewal
process and its distribution in terms of Laplace-Stieltjes transform, say A(s),
can be found by solving system of linear equations. Due to the fact that the
times between overflows in the two-server system are the inter-arrival times
to server no. 3., server no. 3 and its queue can be viewed as GI/M/1/M — 1
system with the Laplace-Stieltjes transform of inter-arrival times given by A(s).

The final step is the computation of loss probability = in GI/M/1/M — 1
queue, which can be done, using Miyazawa’s result in [9]. What is left to be
noticed, is that paraprvr = Tparng.-
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DISTRIBUTED COMPUTING IN LARGE
NETWORKS
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Sciences, Moscow, Russia

Abstract

The general-system problems arising because of heterogeneity of large com-
puter networks at the hardware, program and system levels are analyzed.
Influence of the growing complexity of a heterogeneous computer environment
on problems of information security in three aspects is considered: technical
(computer cybersecurity), social (impact of avalanche growth of information)
and personal (on the example of a phenomenon of digital dementia). The root
causes of heterogeneity of computer information and the computer environment
are identified. The principles of the common solution of these problems by
formation in resources of large networks of uniform, seamless programmable
and cyber security algorithmic space of the distributed computing are offered.
Problems and ways of implementation of reliable computing in this space in the
conditions of nondeterministic composition of network resources are offered.

HOBBIE IIPVMHIIUIIBI OPTAHU3AIINUN
PACITPEAEJIEHHBIX BBIYMNCJIEHVN B
BOJIBIIINX CETAX

10.C. Bamyausemep, E.A. Quwenko

WNucruryTt npobiem yunpasienus uMm. B.A. Tpanesuukosa PAH, Mocksa
zvt@ipu.rssi.ru, elena.fish@mail.ru

AnaHoTanus

AHanusupyrorcs ob1IecucTeMHbIE IIPOGJIEMbI, BOSHUKAIONIUE N3-3a Pas3-
HOPOIHOCTHU 6OJII)H_[I/IX KOMIIBIOTE€PHBIX ceTeil Ha alrapaTHOM, IIPOrpaMM-
HOM U CHCTEMHOM yPOBHAX. PaCCManI/IBaeTCH BJINAHUE paCTyLuefI CJIOZK-
HOCTH Pa3HOPO/IHO KOMIIBLIOTEPHON Cpebl Ha IPOOJIeMbl HHMOPMAIUOH-
HOI 663OHaCHOCTI/I B TpeX acClleKTaX: TeXHUYICCKOM (KOMHBIOTepHaH KH-
6ep6e30nacHOCTD), CONMAILHOM (BJIMSIHUE JIABUHHOTO POCTa MHMOpMa-
UM Ha COIMAILHYIO CPeLy) U JMIHOCTHOM (Ha npuMepe deHoMeHa 1ud-
POBOIA IeMEHIINY ). BBIAB/IAIOTCS IEPBOIPAYUHBI PA3HOPOIHOCTH KOMITHIO-
TEepHOU MHAPOPMAIMA U KOMITLIOTEPHOM cpejibl. IIpeyrarajorcst mpuHIm-
bl 00IIero perreHus 3Tux mpobieM mmyreM (GOPMHUPOBAHUSA B Pecypcax
OOJIBITINX ceTell eMHOr0, GECIIIOBHO MTPOrPAMMUPYEMOro 1 Kubepbesomnac-
HOTO aJITOPUTMHUYECKOTO IPOCTPAHCTBA PACHpPEIe/IEHHBbIX BBIYNUCJICHUI.
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IIpennararorcs myTu peaju3aluy HAJEXKHBIX BBIYUCIECHUN B 3TOM IIPO-
CTPAHCTBE B YCJIOBUSIX HEJETEPMUHHUPOBAHHOTO COCTABA CETEBBIX PECYP-
COB.

KuroueBrnie ciioBa: 6osiblie CeTH, Pa3HOPOIHOCTb, HHTETPAIUS, KOM-
OGUHATOPHAS CIOKHOCTb, MH(MOPMAIMOHHAasI 6€30I1aCHOCTD, PACIIPEIEIICH-
HbI€ BBIYWC/ICHUS, €IMHOE AJTOPUTMHUIECKOE MPOCTPAHCTBO, OECIIIOBHOE
[IpOIPaMMHUPOBaHNE, KHOePOE30IIaCHOCTD, COIMAIbHAS Cpeia, UdpPOoBas
JeMeHINs, HeJleTepMIHIPOBAHHA KOMIIBIOTEPHAA CPela, HAIe?KHBIE BBI-
YUCJICHUS.

1. BBenenue

KomibiorepHbie ceTu MIMPOKO UCIOIB3YIOTCS JJIs PACIPECTIEHHBIX BBIUNC-
JIGHUU ¥ yIpaB/ieHns OOJIBIIIMEU cucTeMaMu. K TaKuM OTHOCSTCS CHCTEMBI IT0-
JBUXKHBIX aIlllapaToB, Pa3HOOOPA3HBIX YCTAHOBOK, MAIIIMH, TPUOOPOB, OBITOBOM
U JPYTOil TEXHUKHM MAaCCOBOI'O IOTPEOJIEHNS, TEXHOJIOIMIECKUX IPOIECCOB, UH-
TeJVIEKTYyaJIbHBIX JJaTYUKOB W T.II. KOMIIOHeHTI)I TaKHUX CHUCTEM OCHaIlalO0TCHA
BCTPOEGHHBIMHU KOMITBIOTEPHBIMHU CPEJICTBAMHU YIIPABJICHUS, KOTOPbIE TO3BOJISI-
0T NIPOrPAMMMPOBATH M YIPABJIATh UX IIOBEJCHUEM BO BCEM JHAIIA30HE 3aJI0-
2KEHHBIX BO3MOXKHOCTeH. UHMC/I0 KOMIIOHEHTOB B WHTETPUPOBAHHBIX CHCTEMAX
IOCTUTAET COTEH, ThicAd U Oosiee. B mepcnekTnBe orpanndennsi Ha KOJIMIECTBO
KOMIIOHEHTOB JIOJIZKHBI CHUMATBC. VX pacrosioyKeHne MOXKeT ITIOKPhIBATH D0JIb-
II¥e IPOCTPAHCTBA, U3MEPsIEMbIe JIeCATKAME, COTHSIMU, THICTIaMI KMJIOMETPOB
u Oouree.

B coorsercreun ¢ kounennueit Mureprer semeit (Internet of Things) B ruro-
OaJIbHBIX CETSX TAKUE CHCTEMBI MOTYT OXBATBHIBATH CHJILHOCBI3HBIMU B3aMMO-
IeMCTBUSAMYA ITPAKTUYECKH HEOIPDAHUYEHHOE KOJIMYECTBO M pa3HooOpasue 00b-
exkToB. JlasbHeilee ee pasBurTue — KoHIennus Bceeobbemstomuit arepuer
(Internet of Everything) — npejmonaraer MHTErpalyo B CUIBHOCBSI3HOM B3a-
UMOIEHCTBAN, KAK O0BEKTOB, TAK U CYO'BEKTOB COIUAIBHON CPEJIbI.

CoBpeMeHHBIIT KOMIILIOTEPHO-CETEBOI MHCTpyMeHTapuii, Takoit kak Grid-
u Cloud-rexnosiorun, Jjisi OTJIEIBHBIX KJIACCOB MPOMUIMPOBAHHBIX KOMILIEK-
COB 33J1a9 MMO3BOJISIIOT JIMINb B ONPAHUYEHHBIX MACINTA0ax CO3/IaBATh CETEBbIE
CHCTEMBI PACIIPEJIEJICHHBIX BBIYMC/ICHUI ¥/UIM yIpPABJICHUS TOrO UM HUHOTO
Ha3HAYMEHUS.

[TpuHIUIIAIbHBIE HEIOCTATKH CYIIECTBYIONUX METOJOB M CPEICTB CO3/1a-
HUsI PACHPEIEIEHHBIX CUCTeM OOPAOOTKH MAHHBIX COCTOAT B CJIEIYIOIIEM:

[ ] (byHKLLI/IOHa.HLHaﬂ 1 CUCTEeMHasl NHTerpalunsl pa3HOPOJIHBIX PECypCOB MHO-
roBapuaHTHa, €€ KOI\I6HH&TOPH&H CJIO?2KHOCTBb CTaHOBHUTCA HEIIPEOIdOJIN-
MBIM IIPEIATCTBHUEM [IJIsd HapalllUBaHUA Pa3MEpPOB U I\laCH.ITa6OB TaKNX
CHUCTEM;

® OTCYTCTBUE CPEJICTB «OECITOBHOIO» ITPOrPAMMUPOBAHUST PACIIPEIECIEHHBIX
BBIUHCIEHUN CKOJIb YTOIHO OOBINTAX CEeTelt;

® OIEPEXKAIOIINIA POCT CJIOXKHOCTH MPobJIeM HHMOPMAIMOHHONR Ge30macHo-
cTH;
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® HEOOXOMMOCTD YKECTKUX OIDAHUYEHMII COCTABA U THUIIOB O0BHEKTOB, WX

byHKITIIT.

PaspabarbiBaembie ¢ IMOMOIIBIO CYIIECTBYIOIIINX TEXHOJOIUN CUCTEMBI Pac-
[peJIe/IEHHON 00pabOTKU JAHHBIX B IVIOOAJIBHBIX CETSX B OOJIBIITMHCTBE CJIyIaeB
WMEIOT KOpropaTnBHoe HazHadeHne. OHU CTPOSTCH TOCPEICTBOM JTOTIOTHUTEI b
HBIX MHOTOCJIOWHBIX MPOTPAMMHBIX HAJICTPOEK HaJ CTAHJIAPTHBIMEA OTIEPAIINOH-
ubivu cucreMamu (OC). B pesysbrare mosydaiorcest pasHOPOHbIE, IPOMO3IKHUE,
VSI3BUMbIE B OTHOIIEHUU KHOEpaTak IPOrPaMMHBIE PEIIEHUsI ¢ IPEe3MEPHBIM
YUCJIOM BHYTPEHHHX CTelleHell CBOOOIbI BBIBEJIEHHBIX HA YejioBeKa. | pyraoem-
KOCTbh, & 3HAYUT, Ce0ECTOMMOCTD U CPOKU UX Pa3pabOTKU MO MEpE YBEJIMIEHUsT
MacCITaboOB CUCTEM UMEIOT TEHICHITUIO K OMEPEXKAIONIEMY POCTY. DKCITYATAIIHS
TpeOyeT CJIOXKHOTO aJMUHUCTPUPOBAHUS HA MHOTOYUCJIEHHBIX, KpailHe pa3HO-
POJIHBIX CUCTEMHBIX M CETEBBIX YPOBHSIX.

Takwue perieHusi, KaK MIPaBUJIO, TPYIHO aJANTUPYIOTCS K CTPYKTYPHBIM U3~
MEHEHUsIM BHEITHEr0 KOHTEKCTa IVI0DAIbHOTO WHMOPMAIMOHHOIO MTPOCTPAH-
CTBa, TEHJICHIINN PA3BUTUS KOTOPOTO HE MOINHAETCS BHYTPUKOPIIOPATHBHBIM
nHTEepecaM. B pesyibrare JIMTEBHBIX CPOKOB pa3pabOTKN TAKUX CHUCTEM WMH-
dopmarmonHas cpesia, B KOTOPOil OHU JIOJKHBI (DYHKITHOHUPOBATH, MOXKET CY-
[IECTBEHHO U3MEHUTH CBOM CBOICTBA, YTO IPUBOJIUT K yTPaTe aKTYAJbHOCTH U
00ECIIeHNBAHUIO WHBECTUINI U PE3Y/ILTATOB YCUJINIT MHOTHX Pa3pabOTINKOB.

2. HoBble BBI3OBBI

OpHUM UX TJIaBHBIX (DAKTOPOB JIECTPYKTUBHOIO BO3JIEHCTBUSI PA3HOPOIHOM
KOMITBIOTEPHOI Cpebl Ha, MUPOBYIO COIMOCUCTEMY sIBJISETCsT OeCIIperieIeHTHBII
denomen r106aIbHON NHMOPMAIMOHHONW CHJIBHOCBI3HOCTH, KOTOPBI MOXKHO
BBIPA3UTH (POPMYJION «BCY BIUSET HA BCY U CPa3y». B CyIecTBYIOMEil KOMIBIO-
TepHO# cpejie rmobaau3alus JeHCTBUAN Tepeadn W XpaHeHUsl pacIpee/ T aH-
HOU mH(pOpPMAIMU HE yPABHOBEIIUBAETCH IOJHOMACIITAOHOI Iyiobau3arueit
CBOIICTB €4 yHUBEPCAJIBHO [IPOrPAMMUPYEMOIl IIEpepabOTKN B IEJISAX yIIpaBJie-
HUs PYHKIIMOHUPOBAHUEM M YCTOWYMUBBIM PA3BUTHEM COIMOCHCTEM.

HecbamancupoBannas riobann3arnst KOMIBIOTEPHON CPE/IbI IPUBOIUT K IKC-
MTOHEHIINAJILHOMY POCTY WHTEHCHBHOCTH W 00HEMOB CJ1abo mmepepaboTaHHOM 1,
IIOTOMY, IIJIOXO OPraHM30BaHHOI nHpOpManuu. Upe3MepHble IOTOKN TaKOl WH-
dopMaIuy BeIyT K HEKOHTPOJUPYEMOMY POCTY TJIOOAJBHOIO «MH(MOPMAIIOH-
HOrO TryMas. [IpekHue MeTobl U Crocobb! ypaBienns OyHKINOHIPOBAHUEM
¥ yCTONYIWBBIM PA3BUTHUEM COIMOCUCTEM yTPAYMBAIOT CBOIO JEHCTBEHHOCTH. B
9TOM OJ[HA W3 IVIABHBIX IIPUYIUH HEIPEPBHIBHON YePe bl IITI00ATBHBIX KPU3UCOB C
HapPaCTAIONIEN aMIIJIUTY/I0M, HEIO/IAIOIINXCSA H3BECTHBIM METOJAaM IIOJIUTHYe-
CKOr'0 U (PUHAHCOBO-9KOHOMHYECKOT'O PErYJIUPOBAHUSI.

FEie omua dyHmamMeHTaIbHBI HaKTOP BO3IEHCTBUSI — M3HAYAIBHO HEYCTPA~
HUMAasi PA3HOPOIHOCTD CYIIECTBYIONINX CETEBBIX pecypcoB. Cucremuas u HyHK-
[MOHAJIbHAS WHTErPAIis CETEBBIX PECYPCOB U IIPOrPAMMHUPOBAHUE PACIIPEIe-
JIEHHBIX BBIYHMCJIEHNN CTAHOBATCS MHOTOBAPHAHTHBIME 33/1a9aMU, KOTOPbIE, KaK
U3BECTHO, 00JI3JIal0T KOMOWHATOPHON CJIOXKHOCTBIO CBOUX peEIeHUil. Y pOBHU
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CJIO’KHOCTH TaKUX CUCTEM OBICTPO PACTYT C YBEJIUYEHHEM Pa3MEPOB BBIUHMCJIN-
TEeJIbHBIX CPeJl, YTO HAIJIO BhIPAXKeHHe B TEPMUHE «KOMOWHATOPHOE MPOKJIs-
THE» Pa3MEPHOCTH.

CucreMHbIe CBOHCTBA CyIIECTBYIONUX PA3HOPOIHBIX KOMIIBIOTEPHBIX CPeJ
U TEXHOJIOTWII UX NPOrPAMMHUPOBAHUS HE OTBEYAIOT TPEOOBAHUSIM CBODOIHOM
MacCIITabupyeMOCT PACIPEIETIEHHBIX BBHIYUC/ICHUI W MIPOIECCOB YIIPABICHUSI,
UX YHUBEPCAJIBHON 1 0b1enocTynHol (GecoBHoit) nporpamMmmupyemoctu. [Ipe-
0J10JIeHre KOMOMHATOPHON CJIOXKHOCTH B XOJIe WHTETrPaIuu U IIPOrPAMMUPOBa-
HUs CETEBBIX PECYPCOB C YBEJMYEHUEM PAa3MepOB ceTeil TpebyeT HeorpaHudIeH-
HOT'O POCTa CPEJICTB M BPEMEHH.

VBe/m4yeHrne BHYTPUKOMIIBIOTEPHOH CJIOKHOCTH IIPUBOIUT K HMPAKTUIECKH
HEKOHTPOJIUPYEMOMY pOcTy Kubepyrpos. CylecTByrolue nporpaMMHbIe CPeI-
crBa cucremuoro yposus (OC, npomexxyrounoe I1O, Bce ypoBHU CETEBBIX PO~
TOKOJIOB) OTJIMYAIOTCH KpaliHell Pa3sHOPOAHOCTBIO U, KAK CJIEJICTBUE, OOUIIAEM
BHYTPEHHUX HECTHIKOBOK, HEYUTEHHBIX ysi3BUMOCTeil. B xome ux obHOBJeHUSsT
YUCJIO YSI3BUMOCTEH TOJIBKO BO3PACTAET. 3AIUTa OT BPEIOHOCHBIX BO3IEHCTBUI
[IOCPEJICTBOM ITPOTPAMMHBIX PEIIeHUil B 9TUX YCJIOBHUSAX CTAHOBUTCS BCE MeHee
3 PEKTUBHOIA.

IIpsimpiM citeICTBEEM KOMOWHATOPHOHN CJIOXKHOCTH PA3HOPOIHON KOMITHIO-
TEPHOI CPeJIbl CTAHOBUTCS POCT HETATWBHOIO BO3EHUCTBUS HA 3/I0POBBE MacC-
COBBIX IIOJIb30BaTesel. PacTymas mo Mepe yBesimdeHnsi MacmTaboB IIpUMeHe-
HUSI ceTell CJI0XKHOCTH BHYTPUKOMIIBIOTEPHBIX IIpO6J'IeI\’I HEMHUHYEMO OTpazKaeT-
cs B nHTepdeiicax MacCOBOr0 B3aUMOJIEHCTBHUSI YeJI0BEKa C MAITUHON. PsioBbie
IMOJIb30BATE/ M BBIHYKJIEHbI OpaTh Ha cebs PaCTYILyI HArpy3Ky IO Iepepa-
60TKe Bce 00Jiee MHTEHCUBHBIX MTOTOKOB IIJIOXO OPTaHM30BAHHONI MH(MOPMAINH,
VIIPABJIEHUIO MHOTOYHMC/IEHHBIMIA HACTPOWKamu, cepsucamu. [lcuxosornaeckast
Harpy3ka Ha I0JIb30BaTeseil pacTeT U y2Ke MPEBBIIAeT IPUPOIHBIE 3AIUTHBIE
Gapbephl.

KomuaecTBo mosib3oBaTesieil mpu MacCOBOM HKCIIOIH30BAHUU Ta PKETOB UC-
qHCIIsIeTCS MIJLIAapaaMu. B pe3ysibrare — HOBEUInEe BUIBI MACCOBBIX 3a00J1e-
Baumii. Onun u3 nupumepos — nudposas Jgemenims («digital dementias). Bee
0OJIBbITIE MOJIOJIBIX MTOJIB30BaTENeH CTPAJAIOT MOTEpe MaMITH, PACCTPONCTBOM
BHMMAaHUsI, KOTHUTUBHBIMU HapPYIIEHUSIMU, JIEIIPECCHell, CHUXKEHNEM CAMOKOH-
TpoJisi. B MO3Ty marnueHToB MpONCXOAsT U3MEHEHUsI, CXOXKUE C TEMU, UTO MTOsIB-
JISTFOTCSI TIOCJIe YePEITHO-MO3TOBOI TPaBMbI UJIU HA PAHHEH CTAUU BO3PACTHOTO
c1ab0yMUs.

Wcrounuk HOBBIX BBI30BOB — IJI00aJibHAsS KOMIIBIOTEPHAs CpeJia, KpaiiHe
pa3HopojHasa n HecObamancupoBanHnas. [lomnoMacTabHble OTBETHI HA HUX BO3-
MOXKHBI TOJIBKO Ha ITyTsSIX COBEPIIIEHCTBOBAaHUS €€ (PYHIaAMEHTAJbHBIX CHCTEM-
HBIX Ka4eCTB.

3. KOpHeBBIe HpOGJ’[eMbI COBEPIIIEHCTBOBaHUA KOMIIBIOTEPHBIX

cpen,
Boigenmny u paccMOTpUM HEKOTOPBIE U3 TAKUX MIPODJIEM.
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IlepBast mpoGisiema. OCHOBHBIM MHCTPYMEHTOM IE€PEPAOOTKH IJI0OAIBHO
pacipeieJieHHON UH(MOPMAIMY SIBJISIFOTCsI CUCTEMbI PACIPEJIETIEHHBIX BBIYUC-
JIEHO!, KOTOPBIE PEIIAoT 3aJa9d C BOBJEUECHUEM OOJIBIIIOrO KOJUIECTBA, CBSI-
3aHHBIX CETIMHU KOMIBIOTEPHBIX YCTPONCTB PA3IMIHBIX KJIACCOB — OT «YMHOM
nbLy, cMapTdonos u I[IK 10 cymepKoMIIbIoTepos.

Bemymue rexaosioruu B 310ii cpepe — Grid-cucreMbl u «0bJIaUHBIE> BBIYUC-
siedusi. OHU O3BOJISIOT MHTEIPUPOBATD JIJIsl OCYIIECTBJIEHUS] PACIIPEIEIEHHBIX
BBIYUCJIEHUI OT JIECATKOB JI0 JIECTKOB ThICSY KOMITBIOTEPHBIX ycTpoiicTs. Ciie-
€T OTMETUTh, 9TO B YCJIOBUAX PA3HOPOIHOCTU ITHUMHU TEXHOJIOTUSIMU ITOKPBI-
BAaETCs JIUIIb HUYTOXKHAS IaCTh COBOKYIIHOT'O BBIMHUCJIATEIHHOIO ITOTEHITNAJIA
1J100aJIbHBIX CeTell, 9YTO He YJOBJIETBOPSET OIEPEXKAOIINi CIIPOC Ha PaCIIUpe-
HUe MacIITaboB 1epepaboOTKY IKCIIOHEHITUAJIBHO PACTYIIUX TIOTOKOB II06aJIbHO
pacipeiesieHHOM NH(MOPMAIIWH.

Bropas npobsema. B nacrosiiee BpeMst OTCYTCTBYIOT PEryJIsipHBIE CPE/I-
cTBa (POPMUPOBAHUS B OOIEIOCTYITHBIX pecypcax II00AIbHBIX CeTell eIuHOTO,
O€eCIIIOBHO IPOrPAMMHUPYEMOI0 IIPOCTPAHCTBA PACIIPE/IEIEHHBIX BBIYUCIEHUI.
DT0 ABJISIETCS TPUINHON II00aJIbHOrO JcOalaica B PA3BUTHH KOMITBIOTEPHOMA
cpeabl. OH nposiBjisieT cebsi B HEKOHTPOJIMPYEMOM SKCIIOHEHITUAJBHOM POCTE
IIOTOKOB M 00bEMOB KpaiiHe PA3HOPOIHON U IIJIOXO OPTaHM30BAHHON I00AJIBHO
pacupenestennoit madopmarun. [lepernrponsBoacTBo €1a00 CTPYKTYPUPOBAHHON
urdopmarun (13-3a HeJIOCTATOYHON [IyOHHBI IIePePabOTKY ) CTAHOBUTCS OJIHIM
13 IVIaBHBIX 0aphEPOB HA IYTAX YCTONINBOTO (DYHKIIMOHUPOBAHUS U PA3BUTUS
MUPOBOl COIMOCUCTEMBI B YCJIOBUSIX IJI00AJIBHON MH(MOPMAIMOHHONW CHJIBHO-
CBSI3HOCTH.

Tperbst mpobsema. 1o Mepe yBemdaenns MacTaboB MHTETPAIUN PA3HO-
POJHBIX CETEBBIX PECYPCOB CUCTEMHAS CJI0KHOCTH CHCTEM PACIIPEIEJIEHHBIX BbI-
YUCJIEHUII PACTeT OllepeXKaloMu TeMIaMu. B orcyrcTBre hopMaIbHO CTPO-
rUX METOJOB M CPEJICTB KOMIIO3UIMH €IUHOIO IIeJIOI0 U3 PA3HOPOIHBIX (bpar-
MEHTOB BHYTPEHHssl CTPYKTypa TaKUX CUCTEM OOPETaeT BUJ <«JIOCKYTHOTO»
oziesiia. B oTcyTcTBHE CHCTEMHOI rapaHTHUU MOJTHOTHI U HEIPOTUBOPEIUBOCTU
dbyHKIMIT B TAKUX CHCTEMAaX HEM30eKHO HAKAILINBAIOTCS HEYITEHHDIE OIIMOKN
U HECTHLIKOBKH. B HHX Ha Pa3HBIX YPOBHAX — OT allapPaTHBIX CPEICTB, WH-
crpyMeHTOB mporpammupoBanusi, OC U 110 CeTeBbIX IIPOTOKOJIOB, HEM30EXKHO
BO3HUKAIOT KAHAJIbI HEJIEraJIbHOTO JIOCTYIIA K BBIYUC/IUTEIbHBIM PECYPCAM.

HexkonTposmpyembiit poCT CHCTEMHOI CJIOKHOCTHU OOJIBIITINX CUCTEM B PA3HO-
POJHBIX CETHAX ABJISETCH OCHOBOM JJIs HECAHKIIMOHUPOBAHHOTO HMCIIOIH30BAHUS
ceTeBbIX pecypcoB. IlosTomy, wem MacimTabHee CHCTEMBI PACIPEISTEHHON 00-
paboTKH, TeM CJI0XKHee obecreunBaTh UX KnbepbesonmacHocTh. Vx 3amuTa OT
HECAHKIIMOHNPOBAHHOI'O BMEIIATEIbCTBA 00PETAET UYPE3BBIYAHYI0 OCTPOTY.

CymecTByomue criocobbl 0becriedennsi 3aluThl TOCPEJICTBOM MHOTOCJION-
HBIX 00HOBJIEHUIT ([IATYell) HOCAT HECUCTEMHBIN XapakTep Jaranus jabip. Mero-
bl HAHECEHWs 3AILUIATOK HA 3AIUIATKN $BHO HE aJIEKBATHBI TEMIIAM KAaTaCTPO-
duUTIECKOro pocTa CUCTEMHOM CJI0KHOCTH KOMITHIOTEPHOU CPE/IbI.
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4. TIpuHOUIIBI TIOCTPOEHUsI OECIIIOBHO IIPOrPaMMHUPYye€MOro u
Knb6ep6e301macHOro ajJropuTMUYECKOT0 MPOCTPAHCTBA
pacupeaesieHHbIX BBIYUCJICHUN

Jambaeiinmas 60pbda ¢ CHCTEMHOIT CJIOXKHOCTHIO Bee O0jiee MaCIITaOHbIX CH-
CTeM IIyTeM JIOOOBOT'O IIPEOJI0JIEHNsT KOMOMHATOPHON CJIO2KHOCTU Pa3HOPOIHBIX
[IPOrPaMMHBIX PeIeHHiI TIOCPEJICTBOM J106aB/IeHUsI BCe O0Jiee JIOPOrOCTOSIIAX
¥ MeHee HaJeXKHbBIX CJI0eB mpoMexxyTodHoro 110 B yciioBusx ri100a/ibHOM CHAJTb-
HOCBSI3HOCTH HE UMEIOT JOJITOCPOYHBIX TepciieKTuB. CII0KHOCTD PA3HOPOIHBIX
[IPOrPAMMHBIX CUCTEMHBIX CJI0EB JOCTUIJIA KPDUTUIECKUX ypoBHeil. KadecTBen-
HO€ Pa3BUTHE KOMIIBIOTEPHOI CPEJIbl CTAHOBUTCS IPAKTHIECKN HEBO3MOXKHBIM
— HHU B 4acTd (PYHKIIMOHAJIBHONW UHTErPAIMK, HU B 9acTU obecliedeHusi Kubep-
6€e3011aCHOCTH.

Heobxomum obmmit cucTeMHBIN TTOAXO0M K PEIIEHUIO TPOOIeM CJI0KHOCTH
Pa3HOPOJIHON KOMITBIOTEPHOI cpeibl. OH COCTOUT B CJIEIYIOIIEM:

® BEISIBJICHUE U YCTPaHEHUe IIePBOIPUYNH HEIIPEPBIBHOI'O BOCIIPOU3BO/ICTBA
Pa3sHOPOAHLIX (OPM MPEJICTABICHUS KOMIILIOTEPHOH nH(opManuu (po-
IrPaMM U JIAHHBIX) U CHOCOOOB PabOThI ¢ HEil;

e dopMHUpoOBAHHUE eIUHOTO, OECIITOBHO IPOrPAMMHUPYEMOTro 1 Kubepbesormac-
HOI'O aJIFOPUTMHUYECKOI'O IIPOCTPAHCTBA PaCIIPe/le/ICHHbIX BBIYUC/ICHUI B
CeTsIX.

IlepBonprYMHBI PA3HOPOIHOCTH KOMITBIOTEPHOM Cpebl KPOIOTCI B KJIACCH-
YECKOW aKCHOMATHKE YHUBEPCAJIbHOI Boraucienuii (momesu JIx. dboun Heiima-
Ha). DTO OIHO33JAYHAsI MOJEIb YHUBEPCAJIbHBIX MAIIUHHBIX BBIYUCJICHUN, B
KOTOPOI CBOMCTBO YHUBEPCAJIHbHOU IIPOIPAMMUPYEMOCTU 3aMKHYTO BO BHY TPEH-
HUX pecypcax KoMIbioTepa. B Hell m3HAYaIbHO OTCYTCTBYET 3alllUTa MAMSITH
OT IIPFMOrO BMEIIATEIHCTBA OJHON TPOrpaMMbl CO CTOPOHBI APYTroil (He3aru-
[IEHHOE AJ[PECHOE HMPOCTPAHCTBO OIEPATHBHON IamsTu). MHOro3aiadHocTs u
apyrue cucTeMHble (DYHKIMY YIIPABJIEHNS] BEITUCIUTEIbHBIMUA PECYPCAMU TPH-
BHOCHTCs iporpammuo — Ha ypoae OC. Pabora cereil Takke onmpaercst Ha
CHUCTEMHBIE TIPOTPAMMBI, 00ECIIETNBAIOININE PEeATN3aINI0 CETEBbIX ITPOTOKOJIOB
oOMeHa JJaHHBIMHU. B 4pe3aMepHOil CJIOXKHOCTU Pa3HOPOJHBIX CHCTEMHBIX IIPO-
rpaMM KPOIOTCs IPUYUHBI YSA3BUMOCTUA COBPEMEHHBIX KOMIIBIOTEPHBIX CUCTEM
" ceTelt.

B pamkax HOBOTO TI0X0/1a [1] B KITacCHIecKoil MOIe M GBLIN BBISIBJIEHBI TIED-
BOIIPUYIUHBI HEIIPEPBIBHOI'O BOCIIPOM3BO/ICTBA PA3HOPOIHBIX (DOPM IIpesCcTaBIIe-
HUsI KOMIBIOTEepHON undopManuu (qanubx u nporpamm). OHE CKPBITHI B MO~
CTyJIaTaX yHUBEPCAJBHOIO MAIIMHHOIO CYeTa Kjaccuueckoil mogenu k. dhou
Heiimana B Buze ABYX u30bimouHnr cmenenets c60600b, ynpasAeHUs BuluUCAE-
HUAMU, OTKPBITBIX JIJId HePerJIaMeHTHUPOBAHHOI'O BMeIIaTe/IbCTBa IIPOrpaMMU-
cToB. B Kitaccudeckoil MOJIe T KOMITBIOTEPOB, JIezKaIlleil 1 B OCHOBE MUKPOIIPO-
IIECCOPHBIX APXUTEKTYP, BHIOMpPAEMBbIE MPOrPAMMUCTAMH CTPYKTYPBI JIAHHBIX
dOpMUPYIOTCs IOTOKAMHU aJIPECOB K OIMEPATUBHON MaMsTH. DTa MOJEb 03-
BOJISIET MIPOIPAMMECTAM, BO-TIEPBBIX, NPOU3BOALHLIM 00PA30M GHICTPAUSETD
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CTPYKTYPBI JJAHHBIX U, BO-BTOPBIX, N0 COOCMBEHHOMY YCMOMPEHUIO GALOPUM-
MUMECKYU, KOOUPOosamsd UX B MOTOKaxX ajpeco. Ciie0BaTe/IbHO, B YIPABJICHUH
MAIlMHHBIM CYETOM WMEIOTCH JIBE CTEIeHW CBOOOIBI, OTKPBITHIX ITPOTPAMMU-
craMm. B stux cremensx cBOOOIbI CKPBIBAIOTCS MPUIMHBI HEKOHTPOIUPYEMOTO
BOCIIPOU3BOJICTBA PA3HOPOIHBIX (DOPM IPEICTABJIEHUS JAHHBIX U IPOrPAMM.

YpesmepHoe pasHOOOpa3me TPYIHO COBMECTUMBIX (DOPM IIPEICTABIIEHN TaH-
HBIX U [IPOTPAMM C TOYKH 3PEHUsI aJlOPUTMUIECKON YHUBEPCAIbHOCTHU SIBJIS-
ercst 3aBefoOMO n30bITOUYHBIM. OHO CTAHOBUTCsSI OJHUM W3 IVIABHBIX (DAKTOPOB
pocTta KnHMOPMAIMOHHOTO IIIyMaH 1 KOMOMHATOPHO PACTYIIEH CJIO2KHOCTH CO-
3/IaHUs U WHTErPAINK OOJIBITINX CHCTEM PaCIpeIeeHHOl 00pabOTKN JaHHbIX.

B [1] mocpeieTBoM MaTeMATHIECKOTO 0BOBIIEHNsT KITACCHIECKON MOJIEIIH BbI-
YUCJIEHUI TIPOBEJIEHA €€ MUHUMGALHAA KOPPEKUUA, KOTOPAs MPEJOCTABIISIET
MaTeMaTUIEeCKU 3aMKHYTYI0 (DOPMY perjiaMeHTAIllnd CTPYKTYP JAHHBIX U ITPO-
rpaMM M Ha YPOBHE OODHOBJIEHHOI AKCHOMATHKM yCTPAHSIET M30BITOYHBIE CTe-
meHn CBODOJBI, a BMECT€ C HUMU WM IEPBOIPUIMHBI KOMOMHATOPHOI'O COIIPO-
TUBJIEHNs TJI00abHON nHTerpanun. Mosesns mocTpoeHa B BHjie KOMIIBIOTEPHO-
I'0 MCYMCJIEHUsI JIPEBOBUJIHBIX CTPYKTYP. B 3TOM (bopmasin3me yHUBEpCAIbHBII
00'bEKT UCUUC/ICHUS — JIEPEBbs (IIPOCTEHINas CBA3HAA CTPYKTYPA U3 BO3MOXK-
upix). OHU SBIAIOTCS MATEMATUIECKU OJHOPOIHBIM CTPYKTYPHBIM OOBEKTOM
[IPE/ICTABJIEHUS IIPOI'PAMM U JAHHBIX.

IIpenoxkentoe ucuucienne — 310 BYHKINOHAJIBHO MTOJTHBIA U MaTeMAaTHU-
YeCKHU 33,MKHyTI)II7I Ha MHO2KECTBE JIBOMYIHBIX JICPEBHEB Ha60p IIpOCTeﬁIIIHX oI11e-
panuii IPOU3BOJIBLHOTO IPEOOPA30BAHUS JEPEBBEB, KOTOPBIN IIPE/ICTABIISIET HO-
BBI KOMIIbIOTEpHEIH 6a3uc [1]. O mo3BosgeT MUHIMAILHONR KOPPEKIHelt KIac-
CUYIECKOIl MO/ yCTPAHUTH 00€ M30BITOYHBIE CTEIEHU CBOOOIBI U IIPU STOM
COXPAHUTH JIOCTOUHCTBA KJIACCHIECKON MOJEN — IIPOCTOTY JIOTUIEeCKUX IIPa-
BIJI TIPOIEYPHOI'O yYIIPABJIEHHUS CIETOM U CIIOCOOOB MX PEAU3AINH, YTO JAeT
HAUOOJIBIIYIO IIPOCTOTY ANIAPATHBIX PEAU3AIUIl KOMIBIOTEPOB M UX MacCO-
BYIO IpuMeHnMOCTh. KutioueBoit pe3yabrar: Hosbitl 6a3uc no3sossem 6eculo8Ho
PACTPOCMPAHUMD CEOTCMEO YHUBEPCAALHOT NPOZDAMMUPYEMOCTNY € HYMPU-
KOMNDIOMEPHHLT PECYPCO8 HG A100blE COBOKYNHOCTNY KOMNBIOMEPOS CE8A3UHHBLL
CEMAMU.

HoBast Moiesib BBIUHCICHHIT COCTABISIET AKCHOMATHKY TJI0OAJIBHO pacipe-
JIeJIEHHBIX BBIYHUCJIEHUI, KOTOPasi CTAHOBUTCS OCHOBOH Jijisi (DOPMUPOBAHUS B
CKOJIb YTOJTHO OOJIBIINX CETSIX YHUBEPCAJIBHOTO, MATEMATUIECKHU OIHOPOIHOTO
1 OECITIOBHO MPOTPAMMHUPYEMOr0 AJTOPUTMUYIECKOTO IIPOCTPAHCTBA PaCIIpeie-
JIEHHBIX BbIYuCIeHUi. BakHoe TOCTOMHCTBO HOBOIO IPOCTPAHCTBA — HACJTe-
noBaHue (PYHKINOHAJIBHBIX BO3MOXKHOCTEHl CYIIECTBYIOIMNX KOMIIBIOTEPHBIX U
[IPOrPAMMHBIX IIJIATMOPM, PEaTH30BAHHBIX B PAMKAX KJIACCUIECKON aKCHOMa-
tuku Jk. ¢pon Helimana. D10 cucreMHOE KAaIeCTBO MTO3BOJISIET HCIIOJIb30BATH
B IIEPCIIEKTUBHBIX CHCTEMAX PACIPEIEICHHBIX BBIYUCIEHUN CyMEeCTBYIOMINE Ha~
paboTKM.

B HoBoit Mojtenn cTaHOBUTCS BO3MOXKHBIM 3(MD(MEKTUBHBIN TTEPEHOC KJTIOUIe-
BBIX CHUCTeMHBIX (DYHKIHI, KOTOPbIE ceroius peasnusyiorcs B siipe OC, Ha an-
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[apaTHBIH ypOBEeHb [2], UTO MO3BOJISET YCTPAHUTH HEOOXOJUMOCTH B MHOTO-
CJIORHOM, KpaiiHe Pa3HOPOJHOM, HEIIOMEPHO PAa3/lyBIIEMCsI U, IOTOMY, TPY/IHO
korrposupyemom cucremuom 110 (OC, upomexxyrounoe 10, muorocoitubie
cereBble IPOTOKOJIbI). TeM caMbIM, OTKPBIBAIOTCS BO3MOXKHOCTH JJIsi KapJu-
HAJIBHOTO CHV2KEHUsI BHYTPHUKOMIIBIOTEDHONW U CHCTEMHOH CJIOYKHOCTH, IIOBbBI-
meHnst 3OPEKTUBHOCTH KOMIIBIOTEPHOU CPEJIbI B II€JIOM U BBIBEIECHHS €€ Ha
KadeCTBEHHO HOBBIE YPOBHU KHOEpOE30IIaCHOCTH.

5. AnmapaTHbIi ypoBeHBb obeclievueHusi Kubdepbe30macHOCTU

Obecnievenne KHOEpOE3OIMACHOCTH — TO He TOJBKO 3aIUTa OT 3JI0BPETHBIX
IporpamMM, HO H, IIpeKJie Bcero, 60pbba ¢ IPUYNHAMU IPE3MEPHON CHCTEMHO-
TEXHUYIECKOHN CJIOKHOCTH, KOTOPasl IPUBOJUT K yTpaTe KOHTPOJISI HAJT BHYTPEH-
HUMU CTENEHSIMHU CBOOOIBI OOJIBIIAX CUCTEM U POCTY yA3BUMOCTEH KOMIIBIOTED-
HOI cpenpbl.

BecmoBro nporpaMmupyemMoe ajaropuTMHYECKOe IIPOCTPAHCTBO JTaeT CTPa-
TErnvIecKoe HAIPABJIEHNE KAYeCTBEHHOTO COBEPIIEHCTBOBAHUS TJI00AIBHOM KOM-
nbI0TepHO# cpejibl. OCOOEHHOCTH TAKOTO IIPOCTPAHCTBA — PA3HECEHNE CHCTEM-
HBIX U IPUKJIAIHBIX (QYHKINI HA Pa3HbIE yPOBHHU.

B moBOoM KOMIIBIOTEpHOM Oa3uce TpUKJIAIHbIE (DYHKINNA 00pabOTKI pacipe-
nesenHoil mHMoOpManuu 00eCIeYnBaIOT IPOU3BOJIbHBIE AJITOPUTMUYECKHUE TIPe-
006pa30BaHUst CKOJIb YTOIHO OOJIBIITUX JIPEBOBUIHBIX CTPYKTYD, KOMIIOHEHTHI KO-
TOPBIX PA3MEMNIAIOTCS B OIEPATUBHOI MTAMATH KOMIBIOTEPOB, CBA3AHHBIX CETSI-
mu. [Ipu 3TOM KiTFOU€EBBIE cUCTEMHBIE (DYHKITIH, 00pa3yoNine CUCTEMHBII ba3uc
YIIPABJICHUS MAIUHHBIMA PECYyPCaMU, [IPE/JIATACTCs PEAJM30BATD HA AIIAPAT-
HOM YPOBHE IIOCDPEJICTBOM YHUBEDPCAJIHHBIX CETEBBIX KOMIILIOTEPOB C HEMHUKPO-
IPOIECCOPHOI apxuTekTypoii [2]. DTum obecneunBaercst Kak BbICOKast sbdex-
THUBHOCTD YIIPABJICHUs MAIIMHHBIMU U CETEBBIMU PECypPCaMu, TaK U aDCOJIIOTHAS
3alUTa OT HEJEraJbHOI'O BMEIIATEIbCTBA HA CUCTEMHBIE YPOBHH CO CTOPOHBI
MPUKJIATHBIX TPOrPpaMM. 3aIlUTa JOCTUTAETCS TeM, 9TO CO CTOPOHBI IPUKJIA-
HBIX [[POIPAMM OTCYTCTBYIOT KAHAJIbI HEJIEraJbHOrO J0cTyla (B 06X0/ MaTeMa-
TUYECKH 3aMKHYTBIX ONEpAIil NCUNCIIEHNsT JPEBOBUHBIX CTPYKTYDP) K BHYT-
peHHuM (aImnapaTHO Peasn30BaHHBIM) MEXaHU3MaM CHCTEMHBIX yDPOBHEl.

B sToMm cocrouT crparerusi KapJAMHAJIHLHOIO PEIIeHNs BOIIPOCOB Knbepbes-
OIMACHOCTH KOMITBIOTEPHOI cpeJibl. ATimaparHast peaju3anys CACTEMHBIX (DyHK-
Uit B paMKaxX MATeMaTHIeCKHd 3aMKHYTOIO KOMIIBIOTEPHOIO 0asnca He MMeeT
<HEYyYTEHHBIX» CTeleHeil CBOOO/IbI U «CKDPBITHIX (DyHKIUil» yIpaBIECHUS Ma-
IITHHBIMA PECYPCAMH, UTO ITO3BOJISIET YCTPAHUTH HEKOHTPOJIMPYEMbIE KAHAJIBI
BHEIIHEr'0 HECAHKITMOHUPOBAHHOI'O IPOHUKHOBEHNSI.

6. Ilytu pernenusi mpobJjieM OpraHu3anuy HaTEKHBIX
BbIYMCJICHUN

HenerepMuHIPOBaHHOCTE PECYPCOB IJIODAJIBHBIX CETEH OIpeeiseTcsl He-
YCTPAHUMBIMI MPUIMHAMEA U3MEHEHUsT COCTaBa J€CCIIOCOOHBIX KOMIIBIOTEPOB 1
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cBsizeil Mexk 1y HuMmu. OHa XapaKTepu3yeTcsi MHOYKECTBOM Pa3HOILIAHOBBIX IIPO-
ABJICHUN HECTAIIMOHAPHOCTU TEKYIIETO COCTaBa M COCTOSHUS KOMIIBIOTEPHBIX
YCTPOHCTB U ceTeBbIX KOMMyHuKanuii. Ormerum ciepyomue [3]:

® CiIydailHbIM 00OPa30M MEHSIONIUNCS COCTAB U KOH(MUI'YpAIUil CBI3U KOM-
[LIOTEPOB BEYIIUX BbIYUCIeHNs ( BKJIOUEHUE, BBLIKJIIOYCHUE, OTKA3DI);
e BHelHUe (CTUXUIHBIE UK CINIAHUPOBAHHDBIE) JI€CTPYKTUBHBIE BO3IEHCTBIA
Ha [PHUBJIEYEHHBIE K PACIPEIEEHHBIM BHITUCICHUSM CETEBbIE PECYPCHI.
Hamnaune m3OBbITOTHBIX CBs3eil MEXKYy KOMITLIOTEPAMHU CeTel aeT HeoOXOIu-
MBIl pe3epB Il IPOrPAMMHBIX METOJIOB IIOBBIIIEHUs HAJIEXKHOCTH PacIIpesie-
JIGHHBIX BBIYUCJIEHUN B CETSX B YCJOBUSX WX HEYCTPAHUMON HEIEeTEPMUHUPO-
BaHHOCTH.

YHuBepcasbHast TPOrPAMMUPYEMOCTH €JIMHOTO AJITOPUTMHIECKOTO TPOCTPAH-
CTBa PACIIPEIEJIEHHBIX BBIYUCICHUN OTKPBIBAET BO3MOXKHOCTHU TIOBLIIIEHUST HA~
JIEXKHOCTHU PAaCIIPeJIe/IEHHBIX BBIYUCJIEHUI 38 CUeT aBTOMATUYECKOI'O BHECEHUSI
Ha YPOBHE NPUKJIAJHBIX IPOrpaMM (HA JTanax MX TPAHCIISIIUE WA HHTEp-
[peTaIyu) BbIYUCIUTEbHOM u30brrounoctr. OHA pean3yercs II0CPeICTBOM
[PUBJICYCHUS K BHIYUCIICHUAM (Uepe3 ceT) pabOTOCIIOCOOHBIX KOMIIBIOTEPHBIX
YCTPOUCTB.

[ToBblmeHne HaJIEKHOCTU PACIPEEIEHHBIX BBIYUCICHUH 00ECIIeTNBACTCS
Iy TEM OJIHOBPEMEHHOI'O BBIIIOJTHEHUSI MHOTUX KOIUH MIPOrpaMM ¢ UIACHTUIHBIMU
HAYAJILHBIMU COCTOSTHUSIMU M BXOJHBIMU JIAHHBIMU HA PA3HBIX KOMIIBIOTEPHBIX
yerpoiicrBax. HaeKHOCTh TOCTUraeTcst OCPEICTBOM CPABHEHUsI B KOHTPOJIb-
HBIX TOYKAX M MaXKOPUPOBAHUS TEKYIIETO COCTOSTHUSI TPOIECCOB, UCITOTHIEMBIX
Ha PA3JNIHBIX KOMIIBIOTEPaX. BBIIOHEHNE TIPOTIECCOB, TEKYIIEEe COCTOSTHUE KO-
TOPBIX OTJIMYAETCSI OT COCTOSIHUS OOJIBIIIMHCTBA AHAJIOMUYHBIX IIPOIIECCOB, IIe-
PEHOCHUTCS ¢ OTKA3ABIIMX KOMIIBIOTEPOB Ha JIEeCIOCobHbIe (MOMIEIb PE3EPBUPO-
BaHUs ¢ 3aMeHOi) [3]. VccoenoBaHus MOKa3aIi SKCIOHEHIMAIBHBINA XapaKkTep
pocTa HAJIEKHOCTHU MPU JIMHEHHOM YBEJIMICHUH KOJUIECTBA UIEHTUIHBIX TPO-
I[ECCOB.

7. 3akirodyeHue

[nobasbHast KOMIBIOTEPHAS CPEJIA B COBPEMEHHOM CBOEM COCTOSTHUH CTAHO-
BUTCS HE CTOJIbKO MHCTPYMEHTOM DPa3BUTHsI, CKOJLKO MeHepaTopoM Oecriperie-
JIEHTHBIX BBI30OBOB M IJIODAJBbHBIX KPHU3UCOB, HA KOTOPBIE IIOKa HE CyIIEeCTBY-
€T MEeTOJIOB U CPEJICTB IMOJHOMACIITAOHBIX OTBETOB. DTO U IKCIIOHEHIINAIbHBII
POCT TIOTOKOB ILJIOXO OPraHU30BAHHON MH(MOPMAINH, MPEBBIMIAIOIIINX TPOILYCK-
HYIO CIIOCOOHOCTH Y€JIOBEKA M COIIMYMOB B YACTH UX IE€PEPAOOTKHU, U TPYIHO
pa3permMbie B pAMKAX CYMECTBYIOMNX KOMIIBIOTEPHBIX MPUHIAIIOB U TEXHO-
Jioruit mpobJIeMbl HHTErpaIul 1 HHMOPMAIMOHHON 6€30TIaCHOCTH.

IIyTe K KauecTBEHHOMY OOHOBJIEHUIO IJI00AJIBHON KOMIBIOTEPHON Cpembl —
dbopMupoBaHMEe B HEll €IUHOTO AJTOPUTMUIECKOTO IIPOCTPAHCTBA HA OCHOBE HO-
BBIX IIPUHITAIIOB OPTaHU3AINN PACIPEIETICHHBIX BHITUCICHMUIA.
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