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Software Architectures in Complex Socio-Technical
Systems: Review and Experiences

Zeljko Stojanov!

TUniversity of Novi Sad, Technical Faculty "Mihajlo Pupin” Zrenjanin, Djure Djakovica BB, 23000 Zrenjanin, Serbia

Abstract

Socio-technical systems are in general enterprise systems composed of social and technical elements, in-
tended to achieve specific business objectives. Software elements are usually located in the central part
of systems and used for integration of services and data. In addition, they are also spread over various
equipment in other segments of the system to provide specific functionalities. Deployment of software
elements in various layers and parts of complex systems based on their functionalities, requires careful
design of software architecture that will enable robust and reliable functioning of the system. This paper
presents a short review of software architecture patterns used in complex socio-technical systems, fol-
lowed with the author’s experiences with data-driven, layered and service-oriented architectures. Based
on literature review and description of experiences, challenges in considering software architecture in
complex socio-technical systems are stated.

Keywords
software architecture, software architecture patterns, socio-technical system, data-driven architecture,
service-oriented architecture, layered architecture, architecture quality attributes

1. Introduction

Socio-technical systems are composed of social (people and society) and technical (machines
and technology) elements, aimed at achieving specific behaviour and purpose [1]. This leads
to the need for a broad knowledge of both technical and social disciplines to understand, de-
sign, operate and maintain them. In addition, due to the complexity of socio-technical systems,
social and technical part should be inquired together. Design of complex socio-technical sys-
tems requires understanding complexity of each particular element (social or technical) and
their relationships (logical, functional, structural) [2]. Baxter and Sommerville [3] proposed a
framework for socio-technical systems engineering which is based on research of work design,
information systems, computer-supported cooperative work, and cognitive systems engineer-
ing. The framework links organisational change processes and technical systems development
to cover all socio-technical issues.

Software and IT components are essential for functioning and business performance of
contemporary organizations in changing and volatile market. Software components provide
meaningful and efficient communication of humans and equipment, as well as data process-
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Figure 1: Layered structure of complex socio-technical systems

ing, which points out the importance of software systems in complex socio-technical systems
in contemporary organizations [4]. For better understanding of complex socio-technical sys-
tems, and insight in to system engineering and software engineering parts in designing these
systems, Sommerville [5] proposed layered structure of socio-technical systems presented in
Figure 1. Interactions occur between neighbouring layers. Software part of the system cannot
be observed in isolation, but rather as a part of complex structure composed of different types
of equipment. Software part of the system enable functioning of variety of equipment, but also
serves for integration of system parts and data.

Based on the above observations, the main objective of this paper is to propose challenges
in designing software architecture patterns in complex socio-technical systems based on liter-
ature review and personal experience presented in the author’s previous research. The paper
is structured in the following way. The second section provides a short review of software
architectures used in complex socio-technical systems. The third section presents the author’s
experiences with three types of software architectures in different socio-technical systems. The
last section presents proposed challenges for selecting software architecture styles in complex
socio-technical systems, as well as concluding remarks.

2. Literature review

The role of software architecture evolved as the way of business changed in the globally con-
nected and ever-changing world [6]. From the mostly monolithic architectures in 1980s and
distributed monoliths in 1990s, software architectures evolved towards to Internet connected
architectures in 2000s, Internet based services in 2010s, and finally to intelligently connected
architectures in 2020s. The presented trend point out the new architectural focus on algo-
rithms and data, leading to new movement to architectures that are created at runtime (intel-
ligent dynamic composition, distributed cloud deployment, connection of “things”). Software
architectures of modern enterprise systems are closely connected to business models used in
contemporary organizations [7].



Software architecture encompasses early design decisions, that are hard to change, and there-
fore it deserves careful consideration especially for development and maintenance of large-
scale, long-living software systems [8]. The main features of modern software architectures
are [9]:

+ Changeability. The dynamics of the system in which the software is integrated causes a
change in software requirements, which leads to the use of flexible architectures.

« Integrability. Possibility to integrate with variety of other software systems, equipments
and social environments.

« Scalability. It reflects the capacity to scale in size, processing capacity and performances
to adapt to changes in the environment.

« Loosely coupled. This characteristics is based on abstraction, separation of concerns, and
information hiding, leading to highly modifiable and flexible systems that can reconfig-
ure based on changed demands.

Technical part of complex systems is composed of different equipment and heterogeneous
software elements. System architecture is the top level issue influencing strategic decisions, en-
gineering trade-off and associated rationales regarding how system will satisfy stated demands.
The complexity of the systems mainly depends on the integration of different technical com-
ponents, and heterogeneity of components [9]. There are two main paradigms related to the
essence of software architecture [10]:

o Pure technical paradigm. It relates to the system structure and behaviour, components
and connectors, description languages, design methods, patterns and reference architec-
tures.

« Socio-technical paradigm. It consider architecture from the stakeholders’ points of view,
including they reasoning and decisions.

Variety of architecture design patterns are used in designing software architecture in com-
plex socio-technical systems, which is essential for facilitating specific organization and com-
munication of distributed software components [11]. Analysis of developers posts at Stack
Overflow indicate that the most frequently used architecture patterns are MVC, Layered, SOA,
Pipe and Filter, and Reflection [12]. Each architecture pattern has specific characteristics suit-
able for particular business and socio-technical requirements. In large and complex socio-
technical systems multiple patterns are used together. The benefit of using well-known design
patterns is that their advantages and drawbacks are known. Review of contemporary architec-
ture patterns, such as layered, event-driven, service-oriented or microservices architecture is
presented in [13][14].

Based on a systematic literature review of architecture and design patterns for IoT systems
[15], the authors indicate that 57% of totally 143 identified patterns are non-IoT patterns, de-
signed by using conventional software and system architecture and design patterns. Since
more domains adopt IoT systems, it is expected that the number of specific IoT design patterns
will increase in the future. In some specific cases, such as wearable mobile sensors used for
well-being and health of people, well-known architecture patterns are extended, and new pat-
terns named “Sampling Package” and "Data Transformer” are created, while their robustness
and feasibility are tested in a small case study [16].
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When selecting software architecture patterns for complex systems, it is very important to
assess quality attributes of the proposed patterns. Based on the analysis of software develop-
ers posts at Stack Overflow, Bi et al. [12] indicate that developers consider different quality
attributes for used software architectures. The most frequently used quality attributes are main-
tainability and performance. Despite the proven importance of software architecture quality
attributes when selecting architecture design pattern, their influence and trade-offs are usually
neglected in the practice [12]. Developers usually avoid considering quality attributes because
there are a number of existing patters, new patterns regularly emerge, heterogeneity of pattern
descriptions, and the lack of tools for automatic pattern analysis [17]. Quality attributes (scala-
bility, maintainability, security, availability, and portability) of a layered software architecture
in a sensor-based IoT system are presented in [18].

3. Experiences

In this section the author’s experiences with data-driven [19], service-oriented [20], and layered
[18][21] software architectures are presented.

3.1. Data-driven architecture

Data-driven model of software architecture was proposed and used for development of a soft-
ware application for managing computer networks’ scenarios in IT engineering education
[22,19]. The data-driven model of software architecture is based on a generic model of software
applications that enables direct manipulation of multiple entities associated to current visual
form and selection of the most appropriate path for using software application [23]. Two main
objectives of the proposed data-driven architecture are to provide the basis for model-driven
development, and to improve software maintenance activities. Fulfilment of the proposed ob-
jectives ensures that software product reflects the real user requirement through the whole
software life-cycle.

Data-driven approach to application development starts with data model, which is modelled
with XML Schema in order to enable easy transformation of the model to UML suitable for
object oriented development, and later to relational model suitable for database design. Initial
data model is described with Network Node Description Language (NNDL) [24], which is XML
based language for modelling network nodes in network scenarios used for teaching computer
networks’ concepts at university. Transformation of data models is presented in Figure 2. In
addition, initial NNDL data model is used for defining the content of XML configuration files
for nodes in network scenarios.

The main element in the presented data-driven architecture design is Entity that is used to
define software elements in the different layers. All entity related elements are grouped in logic
packages that contain: visual forms for manipulating entity or set of entities in tabular form, a
Java class Entity in the middle business logic layer, and a table tblEntity in database layer.
Architecture of a software application based on packages derived from data model is presented
in Figure 3. Packages are organized in subsystems, while relationships between packages are
derived from relationships between data entities in data model. These relationships are re-
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Figure 2: Data model transformations in data-driven software architecture design
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Figure 3: Data-driven software architecture based on data entity packages

flected also in user interface of software application. All entity packages use utilities organized
in similar packages.

Navigation in user interface also reflects relationships between data defined in the data
model. This is supported through uniform design of visual forms for handling single en-
tity (FormSingleRecord), and visual forms for handling multiple entities in tabular form
(FormMultipleRecords). All forms implement standard set of functionalities proposed in in-
terface IFormActionHandler.
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Figure 4: Data-driven software architecture implemented in software application ScenarioBuilder

Implementation of proposed data-driven software architecture in ScenarioBuilder software
application for managing computer network scenarios is presented in Figure 4. Entity packages
are grouped in packages named scenario and node, while utilities packages are placed in
package util. Package application contains packages for staring main application form and
providing help during the use. For development are used Java EE technologies.

3.2. Service-oriented architecture

Service-oriented architecture is implemented in on-demand monitoring system using a drone
fleet in a smart city environment [20]. Overall architecture of a system for drone management
within smart city environment is presented in Figure 5. The main part of the system is cloud-
based drone management center with software services for collecting and integrating data,
managing drone routes and providing info for relevant city services (police, ambulance, parking
services, public transport, etc.). Data sources are Vehicles Detecting Sensor (VDSs), maps of
city, and data collected from drones.

Software services are deployed in cloud and communicate with other part of the system. Ar-
chitecture of software services in cloud is presented in Figure 6. The main software service
is Drone navigation control service which manage navigation of drone fleet based on
data collected by service ToT data upload service and city maps collected by Map col-
lecting service and preporocessed by Map analytics service. Drone communication
service send control signals to drone fleet, while Drone data upload service collects data
from drones and sends them to Drone data analytics service. Based on analysis of data
collected from drones Emergency action service will call appropriate city services (police,
ambulance, etc.) and/or publish data to community by using Urban traffic info web ser-
vice. Presented services are partially developed and deployed by using Java EE technologies.
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Figure 5: Overall architecture of a cloud-based drone fleet monitoring system

3.3. Layered architecture

Layered software architecture for monitoring industrial environmental conditions in manufac-
turing settings is presented in [21], while its quality attributes are examined in [18]. Distribu-
tion of software components in layers is presented in Figure 7. The whole project is based on
open source software and hardware components. Communication between components occur
between components in Middleware Layer and between appropriate components deployed
in different layers as it is presented in Figure 7.

The main characteristic of the proposed software architecture is its heterogeneity regarding
designed software components, which is caused by the use of hardware components produced
by different vendors. This resulted in use of variety of technologies and programming lan-
guages. Characteristics of software components in layers:

« Perception layer. Software components are designed as Firmware Software Components
written in C programming language for collecting and processing data from sensors.

« Transport layer. Software components are designed as Firmware Software Components
written in C programming language for transmitting data from software components in
perception layer to middleware layer.

« Middleware layer. Software components are designed as services deployed in cloud, and
they are the core for integration of the whole system. Data Analytics Software Com-
ponent receives and processes data. This component is implemented as Blynk Server, an
Open-Source Netty based Java server. Web server is implemented as The Apache Tom-
cat, Java open source web server, on which data visualization service (Web Application

14
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Figure 6: Service-oriented architecture of software part of a cloud-based drone fleet management
system

for Data Visualization) is deployed. SQLite Database Server is used for storing and
managing data in the cloud.

« Application layer. Software component designed as a light web application with respon-
sive design suitable for use at different devices (laptops, tablets, phones).

4. Conclusions

Software architecture plays vital role for integrating heterogeneous processing and hardware
components in complex socio-technical systems, and therefore, it should be carefully planned
and designed. Use of architecture patterns helps in designing robust systems with desired
performances. Selection of the most suitable architecture pattern depends on the purpose and
specificity of the system, and in many cases it requires its adaptation. In this paper, review of
existing software architecture patterns in socio-technical systems is presented, together with
the author’s experiences with some specific architecture patterns.

Based on the literature review and the author’s personal experiences, some important chal-
lenges in designing software architecture for socio-technical systems can be distinguished.
These challenges are:

1. Understanding the purpose and complexity of the whole system, with both technical and
social issues.

2. Selecting the most suitable software architecture for the stated problem. If there is no
existing pattern, creation of the new one or adaptation of the existing one is acceptable
option.
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Figure 7: Layered architecture of software part of industrial monitoring system

3. Selecting the optimal set of technologies, methods and tools for creating system archi-
tecture, and based on that designing details of all software component and their their
relationships.

4. Selecting a set of architecture quality attributes to be met. In many cases, it is necessary
to have compromises in the manner and scope of satisfying certain attributes.
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AHHOTauuA

CoBpeMEeHHBIE BRICOKOTEXHOJIOTMIHBIC OTPACIIHU, TAKUE KaK aBUAIIMOHHAS MPOMBIIIICHHOCTD,
MOT'YT CJIY’KHTb IIPUMEPOM CBEPXOOJIBIIOH CUCTEMBI, B KOTOPO# OU3HEC-IIPOLIECCHI OTPaKAIOT
BCE OTambl JKM3HEHHOTO IIMKIA CIOXHBIX TEXHMYCCKAX CHUCTEM, BKJIIOYAs OTarlbl
MPOCKTUPOBAHMS, WCIBITAHUH, TPOU3BOJCTBA, OSKCIUIyaTallud, CObITa M CEPBUCHOTO
obciyxxuBanus. [ obecriedeHuss 3(pPEKTHBHOCTH OCHOBHBIX STAllOB KH3HCHHOTO ITHKJIA
ABUALIMOHHON TEXHHWKH WCIOJB3YIOTCA pasiinuHble HH(pOpMAalHOHHBIE ILIAT(HOPMEI
MPEINPUITHI, 0O0OBEINHCHHBIX B KOPIIOPALIMIO, B KOTOPHIX B KauecTBE 0Aa30BBIX, HaubOolee
Ba)KHBIX KOMITIOHEHTOB HCIIONB3YIOTCS MOJenu Ou3Hec-mporieccoB. Jlist onucanusi OusHec-
MPOLIECCOB MPUMEHSIIOTCS Pa3In4Hble 00BEKTHO-OPHEHTUPOBAHHBIC SA3BIKU M CPENCTBA HX
peanu3anuu. B HacTosIee BpeMs HakoIUIeH OOJIBINON OTBIT HCIIOIb30BaHMS MOJIeIICH Ou3HeC-
MPOLIECCOB HA PA3IMYHBIX MPEANPUITUIX U TEXHOJIOTHH BHEIPEHUS UX B WH(OPMAIIMOHHO-
VOpaBIAIONIHEe CHCTeMBbl. [IpencraBnseTcss akTyalbHOH  pa3pa0oTka  00OOIICHHBIX
MHOTOYPOBHEBBIX STAJOHHBIX MOJIETCH Ui OLECHKH 3()(HEKTHBHOCTH OM3HEC-TIPOIIECCOB Ha
Pa3IMYHBIX dTanax >KU3HEHHOTO ITUKJIA aBUAIIMOHHOW TCXHUKH.

KnioueBble cnosa
Busnec-niporeccrl, 3 PEeKTUBHOCTD, ITATOHHBIC MOJCIH, HEPAPXHUUECKAsT apXUTEKTYpa

1. BeBepgeHue

B pamkax koHmenmuu nuppoBoil IKOHOMUKH aBUAIIMOHHAS OTPACIIb MOKET pacCMaTpUBATHCS Kak
cBepxOonbmas cucrema. CBepxOobiline CUCTEMBl OTHOCSAT K Kilaccy «cucrema cucrem». Chucrema
CHCTEM — 3TO CHCTeMa, KOTOpas BKJIIOYaeT B ce0sl (PyHKIMOHAJIbHO HE3aBUCHMBIC IOACHUCTEMBI,
HE3aBHCHMBbIE KOMITOHEHTHI U TOJICHCTEMBI YIPABICHUSA, a TAK)Ke XapaKTEePU3YyeTCsl IBONIOIMOHHBIM
pa3BUTHEM, SMEP/PKEHTHBIM IOBEJCHHEM M reorpauyecKd paclpenesieHHbIM MPOCTPAaHCTBEHHBIM
PAacIoIOKEHUEM €€ TOACHUCTEM.

CBepxOompIIe CHCTEMBI JEIEHTPATN30BaHbl, Pa3padaThIBAIOTCS M HCIOJB3YIOTCA IIHPOKUM
KpPYTr'OM 3aHHTEPECOBAHHBIX CTOPOH ¢ KOHMIMKTYIOIUMH MOTPEOHOCTSMH, TOCTOSIHHO Pa3BUBAIOTCS U
COCTOSIT U3 Pa3HOPOIHBIX dacTei. COMpPOBOXKIEHHE CBEPXOOJBIION CHCTEMbI OOBIYHO MPOMUCXOIUT
OJHOBPEMEHHO C €€ dKCIUTyaTaluel 1 TpedyeT pa3paboTKu HOBBIX METOJ0B yrpasienus [1-3].

Kak wu3BecTHO, HH(MOPMAIMOHHO-YIPABISIIONIAE CHUCTEMBI SBISIOTCS BaXKHBIM  (DAKTOPOM,
OTIPEIEIIAIONIMM  YCTIEMIHOCTE (P QPEKTUBHOrO  (YHKIHMOHHUPOBAHUS POMBILUIEHHOH —OTPACIIH.
Pemenue, npuHATOE PyKOBOACTBOM KOMIIAHUH, JOJKHO 3()(HEKTUBHO YIPABIATH OTPOMHBIM 00BEMOM
WHpOpPMAIIMK, 4YTOOBI MaKCHMHU3UPOBATH €€ TMOJE3HOCTh. YTIpaBleHHE OOJbIIUMH O0bEeMaMH
nH(pOpMaIuH, TeHEpUPYEMON Ha Pa3IMYHBIX 3Talax KU3HEHHOTO IHKJIA MPOAYKIINH, UCTIOIH30BAHNE
nHGOPMALMK C JaTYMKOB U JIAHHBIX O COCTOSHUU OHM3HEC-TIPOLECCOB PA3JIMUHBIX MPOMBIIIICHHBIX
TIPEANPUITHNA CETOTHST OCHOBaHBI Ha TexHOoNorusx loT u BigData [4-6].
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Konnenmust 6onpIX JaHHBIX OOBEAWHSET MPHUEMBI W TEXHOIJOTHH, IMO3BOJISIONINE H3BIIEKATH
3HAHUS W3 OTPOMHBIX IIOTOKOB JIAHHBIX B PEXKHME PEATBHOTO BpPEeMEHH. AKTHBHBIA HHTEpPEC
HCCIIeIOBaTENICH U MPAKTUKOB B 00JIACTH aBUAIlMU K TexHoyoruu BigData o0ycioBneH peanu3samueii
BBICOKOCKOPOCTHBIX KaHAJIOB TIepeaur JAaHHBIX ISl TUHAMHYECKUX OOBEKTOB, a TAK)KE BHEIPEHUEM
texHoioruit NoSQL u Cloud Computing [7-9]. ['eneparopamu TOTOKOB HaHHBIX B aBHAIUH,
HampuMep, SBJISIOTCS Pas3IUYHbIC JATYMKH M YCTPOHCTBA CHIJIOBOW YCTaHOBKM M IuiaHepa. [lpu
pelIeHNr 3aJa4d TPYIIOBOTO YIPABICHHWS BO3MYIIHBIMHA CyAaMH 00OpabaThIBaeTCs 3HAYMTEIbHBIN
moTok naHHbIX [10, 11]. OTMeuaeTcs, 9To crucTeMa yrpaBiIeHHus ra30TypONHHBIMU JBUTATEISIMA MOXKET
(hopMupoOBaTH BO BpeMsl MoJieTa MacCcuB JaHHbIX 00bemoM 10 20 Th B vac.

[Mpu ananu3e 3PPEKTUBHOCTH OUZHEC-TIPOIICCCOB HCIOIB3YIOTCS Pa3IMYHbIC METOJBI U
TEXHOJIOTHH, OCHOBaHHbIE HAa PA3IMYHBIX MaTEMaTHYECKHX MOJEISIX M METOJaX HCKYCCTBEHHOTO
uHTesiekTa [12-18]

B kadecTBe OCHOBHBIX BBIBOJIOB I10 PE3yJbTaTaM aHajIn3a, IPOBEJCHHOTO B 3TOW 00JIaCTH, CIeTyeT
OTMETUTHh OTCYTCTBHE CTaHIAPTOB, OMPEIEIIOMUX TPeOOBaHUS K MOJENSIM OHW3HEC-TIPOIECCOB,
WCTIONIB3YEMBIX JIJISl PEIIeHUs 3a/1a4 YIpaBlIeHUs MPUMEHUTEIHHO K aBHAIIMOHHON OTpaciii. JTO He
MO3BOJIIET pacCMaTPUBaTh aBUAIMOHHYIO OTPACibh KaK CJIOKHYK CHCTEMY, YIPABISEMYIO JaHHBIMH.
Takum 00pa3oMm, B HACTOSAIIEC BpeMs LEIOCTHO YIPABJIATh M Pa3BUBaTh aBHAIIMOHHYIO OTPacib
HEBO3MOXKHO.

2. ApXUTEKTypHblii noaxoa, K peanusaumum  6u3Hec-npoueccos B
pacnpeaeneHHbIX cucTemax

Ha puc. 1 mpeacraBieHa o0oOIIeHHas apXUTEKTypa CUCTEMbI YIPABICHHS KOMIIAHHEW |
apXUTeKTypa OHW3HEC-IPOLIECCOB B KOMIIAHUH. ApPXUTEKTypa OH3HEC-IPOLIECCOB  OTPaXKAET
ApPXUTEKTYPHYIO OpTaHM3alMI0 KOMIIAHMM M BKIIOYaeT B ceds Habopbl OW3HEC-IIPOLECCOB,
obecrieunBaromKX PPEKTUBHOCTh KU3HEHHOTO IUKIJIA MPoayKkTa. OCHOBHBIMH 3JIEMEHTaMH 3TOH
APXUTEKTYPHI ABISIOTCS OM3HEC-TIPOLIECCHI, MOJIETH KOTOPHIX PEaM30BaHBl ISl Pa3IMYHBIX YPOBHEH
ynpasiieHusl, HHTep(eHCch MeX1y YPOBHAMH yIpPaBICHUS U 0a3aMu TaHHBIX.

Apxumexmypa cucmemoi Apxumexmypa
YynpasieHus Komnanueu busnec-npoyeccos Pacnpeoenennas
KOMAAHUL b6aza 0anHwix
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PUCYHOK 1: ApXMTEKTYpHbIM NoAxon K opraHusaumm 6U3Hec-npoLLeccoB M MHOroypoBHeBas 6Hasa
[AaHHbIX 3Ta/IOHHbIX Mogenel busHec-NpoL,eccos
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B 6a3ax maHHBIX MoIeJIeH XpaHUTCS BCs HHGOPMAIH 00 UCTOPHH BBIITOTHEHHS OM3HEC-TIPOIIECCOB
¢dopmupoanus uenu (bI_MLI), 6usznec-nponeccos koopaunanun nogcuctem (b1 MK) u texymem
coctossHun OusHec-mpoueccoB (B M3), uyro mo3Bonser pemarh 3agayd aHalW3a COCTOSHHUS
MPON3BOJICTBA M IPHHUMATH (P (PEKTUBHBIC YIPABICHISCKUE PEIICHHS.

JInst KaXKIoro MpennpusThs pa3pabaThIBalOTCS MOAETH OM3HEC-TIPOIECCOB, KOTOPHIE SBISIOTCS
STaJIOHHBIMU JAJISl JAHHOTO peAnpusiTys. TpaauuoHHo 6a3a Moieel SBIsIeTCs] BAKHEHIIUM aKTHBOM
npeanpusTus. VMcnonap30BaHue 3TATOHHBIX MOJeNeld OM3HEC-NPOIECcCOoB IS PAa3IMYHBIX ypOBHEH
MO3BOJISIET OIEHUTH 3(P(GEKTUBHOCTH BBHIMOIHEHHUS MPOIECCOB M PEIINThH 3aJady BBISBICHUS Y3KHX
MecT. Ha ceropusimHuii 1eHb HET 0OOOLICHHBIX STATOHHBIX MOJENEH, KOTOPbIe MOIXOANIH OBl IS
moboro mpennpustai. Kaxmgoe mpeanpuatde oTpacidl MCHOJIb3YeT CBOM MOJENH, TEXHOJIOTUH HX
MHTETPALMH B HHPOPMAIMOHHO-YIIPABIISAIONIYIO CHCTEMY.

3. Pa3paboTtka 0606WEHHBIX 3Ta/IOHHbIX Moaenen 6uUsHec-npoueccos
oTpacnu

Kak n3BecTHO, naes cranzaptusanuyu oOMeHa HHPOpMaLerd B OTKPBITHIX CUCTEMaX OCHOBAaHA Ha
CIIEAYIOMNX 0Aa30BbIX MPUHIUITAX:

e  [IpuHIMND CHWXKEHUS 3HTPOIHUH, T.€. IPUBEIEHHS K eIMHOOOPa3HIO U CTaHAapTH3aLuHU (HOPMBI

00BeKTOB 1 MHGOPMAIIH 00 ITHX 00BEKTaX.

e  [IpuHIMI WHBAapUAHTHOCTH, T. €. BBIABICHUE TPeOOBAaHUI, KOTOPbIE HEOOXOANUMBI C YIETOM

W3MEHEHUS CBOIMCTB CTaHAAPTU3NPOBAHHBIX OOBEKTOB.

e [lpuHimMm  coxpaHeHWs  JKM3HECIIOCOOHOCTH  CTaHJAPTH3MPOBAaHHBIX  TpeOOBaHUIA,

yCTaHaBJIMBAIOIINK pa3yMHBIE MTPEEIIbl CTaHAAPTU3AIMH.

Baxxnyro pons B paMKax CTaHAAPTU3AIMU IPOEKTHBIX PEeIIEHUI, OCHOBAaHHBIX Ha HJ1€€ OTKPBITHIX
cucreM, urpaet BHeapenne CALS-texHonoruii. 910 no3BossieT c(hOpMUPOBATH OCHOBY ISl CO3JIAHUS
W WCIONBb30BaHUS €JMHOW WH(POPMAIMOHHON cpelbpl TpH MPOSKTHPOBAHHWH, IPOU3BOJICTBE,
WCIIBITAHUSAX M 3KCIUTyaTaliy. /JlaHHbIE TEXHOIOTHUH YCIIEITHO BHEAPSIOTCS B ABHALIMOHHBIX XOJAMHTaxX
AO «Kommanus «Cyxoit», [TAO «Tymnones», [IAO «Kopnopauus «HUpkyt», IIAO «OJK-Y dpumckoe
MOTOPOCTPOUTENBHOE MPOU3BOACTBEHHOE 00BbeuHeHue», [IAO «OJJK-CATYPH» u ap.

B 10 ke Bpems nmpuMeHeHHe OONbIIUX OOBEMOB JaHHBIX JUIS POCKTUPOBAHHMS, UCTIBITAHUIN U
9KCIUTyaTallMd CUCTEM YTPABJICHUSA U CUJIOBBIX YCTAHOBOK CaMOJIETOB CETOJIHS HAaXOAMTCS TOJBKO Ha
HavanbHOM OdTame. [IpuumHa Kpoercs Kak B CIOXHOCTH HPOEKTUPOBAHMS CHCTEM YIPaBIICHUS
CHJIOBBIMH YCTaHOBKAMH M CaMOJIETAMH W HEOJHOPOIHOCTH IHPKYIUPYIOUIMX WHPOPMAIMOHHBIX
MOTOKOB, TaK U B OTCYTCTBUHU COBPEMEHHBIX CTAHIAPTOB, PErJaMEHTHPYIONIHX MPOIECChl Pa3paboTKH
MEPCHEKTUBHBIX HMH()OPMALMOHHO-YIIPABISIOIIMX CUCTEM CHJIOBBIX YCTAHOBOK M JIETAaTENBbHBIX
anmaparos.

Kak wu3BecTHO, pacmpeseneHHbIe COIMMATBHO-TEXHUYECKHE CHCTEMBI OTHOCATCS K KIlaccy
HEPapPXUUECKUX YEIOBEKO-MAIIMHHBIX CHCTEM, aHaJM3 COCTOSIHHS OM3HEC-TIPOLECCOB B KOTOPBIX
SIBIIICTCS CIIO’KHOM 3amaueil. i ee pereHns IpUMEHAI0TCS METO/Ibl CHCTEMHOIO aHalln3a, a IMEHHO
cucTeMa JeKOMIIO3MPYETCS Ha TMOJICUCTEMBbl M OW3HEC-TPOILIECCHI, pean3yeMble Ha Pa3IHYHBIX
HMepapXUUECKUX YPOBHSIX IS AOCTIKEHUS IIeITH.

Ha pucynke 2 mpexncrtaBieH mpolecc CO3JaHUs STAJIOHHOW MoOJed OHM3HEC-TIPOLECCOB,
BKITIOYAIONIMHA TOCTpoeHre (OpPMAaIM30BaHHBIX MOJIeNiel OW3HEC-TIPOIeccoB, BHEApPEHHE WX B
ApPXUTEKTYPY NPEANpUATHS M HWHTETPAlMI0O WX C apXUTeKTypod Kommanuu. Kak crmegyer wu3
paccMaTpuBaeMOM CXeMbl, JUIS CO3IaHUsl ATAJOHHOM Moaenu HeoOxoanma o0paboTka OOJIBHINX
MacCHBOB JIaHHBIX, HHTETPUPOBAHHBIX ¢ OM3HEC MOJEISMH Ha BCEX YPOBHSX MPEIIPUATHA.

IIpu mnocrpoenun mojeneil OU3HEC-IPOLIECCOB HUCIOJIB3YIOTCS pa3jIMdyHble METO0JIOTUH,
Hanpumep, Ha ocHoBe cneuudukannu BPMN (Business Process Model and Notation). Pa3pabotka,
COIIPOBOXJIEHUE, aHAU3 U HHTErpanus OH3HEeC MojeNiell OCYLISCTBIISIETCS Ha OCHOBE Pa3IHYHBIX
matdopm, Harmpumep, CAMUNDA.

VYnpasnenue OuzHec-poleccaMd B pPacCMaTpPUBAaEMbIX CHUCTEMaxX pEAJM30BaHO Ha OCHOBE
HMepapXUUYECKH OPraHU30BAHHOM CUCTEMBI ynpaBieHHs. Kaxaplil ypoBeHb ymnpaBleHHsS HCIONb3YET
nHGOPMALIUIO U3 Pa3JIMYHBIX UCTOYHUKOB JJAHHBIX: JaTYUKHU, OTYEThI, yCTHBIE COOOIIEHHUS U T. 1.
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PucyHoK 2: MNMpoLecc NoCcTpoeHMa 3TaIOHHON moaenm bMsHec-nNpoLeccos

Ota nH(popManys NO3BOJISET peliaTh TEKYLIUE 3a/1a4i aHaJIu3a COCTOSIHUS CUCTEMbI 1 IPUHUMATh
yIpaBJIEHYECKUE PEIICHHS TI0 TIOBBIMIEHNIO Y3PPEKTUBHOCTH paciipeelieHHON cucteMbl. Jliis aHamm3a
COCTOSIHUSI paclpe/iefiCHHOW OpraHW3aIllMOHHO-TEXHUYECKOW CHCTEeMbl HeoOXoanMa HH(popMaIus o
TEKYILEM COCTOSIHUM OM3HEC-TIPOLIECCOB.

Kaxxip1ii ypoBeHb HepapXHIeCcKOH CUCTEMBI YIIPABICHHsI COJCPKUT ONHUCaHne OU3HEC-TIPOIIECCOB C
pa3HOH CTENeHbIO JeTalu3aluy, YTo TpedyeT GopMUpOBaHUs pa3IMYHBIX CMBICTIOBBIX MOKa3aTesew,
OTpaXKaroIMX COCTOsIHME On3Hec-mporecca. K TakuM nokasartessiMm MOTyT ObITh OTHECEHBI JaHHbIE 00
OCHOBHBIX XapaKTEpUCTHUKAX OHM3HEC-NPOLECCOB, MpPEACTABICHHbIC, HAlpUMEp, B BHIAEC TI'paUKOB,
TaOJIHUIL U T.1I.

Co6op, mepenada, xpaHeHHe W o00paOoTka OONBIIMX TOTOKOB [AaHHBIX B OpPraHU3alMOHHO-
TEXHUYECKUX CHCTeMax sSIBISIETCS CJOXXHOM TEXHUKO-OpraHM3allMOHHOM 3amaueil. Dopma
MIPECTaBICHNsI OOJBIIOT0 O0bEMa MAaHHBIX O TEKYIIEM COCTOSIHUM CHUCTEMBI IS ITOBBIIICHHS
3G GEKTUBHOCTH TIPUHSTHSL PENICHUH JODKHA OTpakaTh KaueCTBEHHBIE XapaKTEPUCTUKU OW3HEC-
MIPOLIECCOB.

OHUM U3 TI0JIX0JIOB, HCIIOJIB3YEMBIX TIPH aHAJIM3€ COCTOSHHS pacpe/ielIeHHBIX HHPOPMAIMOHHBIX
CUCTEM, SBJISICTCS (POPMHPOBAHUE CHUMKOB COCTOSIHUA. IIpOCTPAHCTBO COCTOSHHI pachpenesieHHON
OpPTraHU3allMOHHO-TEXHUYECKOW CHUCTEMBI OTpPaXaeT B 3aBUCUMOCTH OT CTENEHH AeTaIN3aliu
MIPOM3BOJCTBEHHBIX MTPOIECCOB UX OOOOIIEHHBIE TOKA3aTEIH.

CnoXXHOCTh OIIEHKH COCTOSIHHSI TPOM3BOJCTBEHHBIX IPOIECCOB CBS3aHA C HEOOXOAMMOCTHIO
¢opmupoBaHusl HAOOPOB IAHHBIX, XAPAKTEPH3YIOIIMX 3TH MPOLECCHl, YTO IS OOJBLIMX CHUCTEM
SIBIISIETCS HETPUBUAIBHOM 3a1a4eil. sl OLIeHKM TEeKYILEro COCTOSIHUSI OpraHU3allHOHHO-TEXHUYECKON
CHCTEMBI, pa3pabOTKU MeXaHU3MOB (POPMHUPOBAHUS CHUMKOB COCTOSIHUSI CHCTEMBI Tpedyercs
pa3paboTKa MPOTOKOJIOB 0OMEHA COOOIICHUSIMH MEKIY OU3HEC-TIPOIIECCAMH.

[Ipu ananm3e COCTOSHUS BBIYUCIUTENBHBIX paclpeaeieHHbIX CUCTEM NPEATIPUATHI HCIIOIb3yeTCs
MIOHATHE CHCTEMHOTO CHHMMKA, OTPA@XKAIOUIET0 COCTOSHUE BBIYMCIUTENBHOM CHCTEMBI U
BBIYUCITUTEIBHBIX MpolieccoB. CIOXKHOCTh CO3/IaHHS CHUMKA BbI3BaHA HEOOXOMMOCTHIO 00X0/1a BCeX
Y3JI0B CHUCTEMBI M cOOpa JaHHBIX 00 WX COCTOSHHMM. /[y pemieHus! 3TOoi 3aJaddl MCIONb3YIOTCS
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pa3IUYHBIE aNTOPUTMBI (OPMHUPOBAHMS MaccuBa MaHHBIX. s ¢dhopMHUpoBaHUS MOMEHTAIBEHOTO
CHUMKA COCTOSTHUS OM3HEC-TTPOIIECCOB HEOOXOIUMO OTIPEICTUTh MHOXKECTBO Pa3IMYUMbBIX COCTOSIHHIA,
pa3paboTaTh MPOTOKOJIBI 0OMEHA JAHHBIMH O COCTOSHHUY MPOIIECCOB U PEUIUTh 3a/1a4y BU3YaIH3aIUU
OHM3HEC-TIPOIECCOB B 33JJaHHOM ITPOCTPAHCTBE COCTOSIHAM.

4. 3aKknwuyeHue

PaccmarpuBaeTcs mpobieMa pa3pabOTKM MHOTOYPOBHEBBIX MOJENEH OSTaJOHHBIX OH3HEC-
MPOLECCOB ISl BBICOKOTEXHOJIOTMYHBIX OTpacied, KOTOpblE MOXHO OTHOCATCS K KJaccy
CBEPXOOJIBIINX CUCTEM, B KOTOPBIX OM3HEC-TIPOIIECCH OTPAXKAIOT ITAIIBI JKU3HEHHOTO IIUKJIA CIIOKHBIX
TEXHHYECKNX CHUCTEM, BKIIFOUAs ATAIbl IPOSKTHPOBAHUS, HCIBITAHUN, IPOU3BOJCTBA, SKCILUTyaTAIlUH,
cObiTa u cepBUCHOro oOchmyxuBanusi. Jlns oOecrnedeHus: 3((EKTUBHOCTH OCHOBHBIX 3TaloB
KM3HEHHOTO IHUKJIA HCIIONB3YIOTCS pa3iMuHble WH(OPMAIMOHHBIE IUIATGOPMBI NpPEANPUSTHH, B
KOTOPBIX B Ka4eCTBE HanOoJIee BaKHBIX COCTABIISIONINX UCIIOJIB3YIOTCSI MOZIETH OU3HEC-TTPOIIECCOB.

B nacrosmiee BpeMsi HakoIUIEH OOJNBINONW OMBIT MPUMEHEHUS MOJesiel OM3HeC-MpoLEeccoB Ha
Pa3NUYHBIX MPEANPHUATHAX, a TAK)KE TEXHOJIOTHH WX BHEAPEHHsS B WHPOPMALMOHHO-YIPABISIONIUC
CHCTEMBI. AHAJM3 COCTOSHHUS OHM3HEC-TIPOLIECCOB PACIPENCNCHHON OpraHM3alHOHHO-TEXHUIECKON
CHCTEMBI B TIPOCTPAHCTBE COCTOSHUM MO3BOJSIET (PUKCHPOBATH TPACKTOPUH OM3HEC-TporeccoB. Jlis
pelieHns 3ToW MpoONeMBbl MpeAsiaraeTcs ajiroput™M (GOpMHUpPOBAaHUS CHUMKA CHCTEMBI OH3HeC-
nporeccoB. Busyanmzammsi OM3HEC-TIPOIIECCOB B IMPOCTPAHCTBE COCTOSHHUN MO3BOJISIET HMOBBICHTH
3¢ (HEeKTUBHOCTD MIPUHSTHS PEIICHHUH.

OOcyxnaercd apxuTeKTypa OusHec-poleccoB orpaciau. OTMedaercsi, YTO OHa MMeeT
MHOTOYPOBHEBYIO apXUTEKTYpy, OTPaXKAIOUIYI0 CIOKHOCTH 3a7a4yd YIpaBIeHHsS, HEOOXOIUMOCTh
(opMupoBaHus OM3HEC-TIPOILIECCOB IS PA3IMYHBIX YPOBHEH ynpaBiieHus, pa3padoTku nHTEepdeiicos
Y TIPOTOKOJIOB OOMeHa HH(POPMAIIUEH MEXIY YPOBHIMH.

PaccmarpuBaercst 00o0meHHast mpoueaypa (GopMHpPOBaHUS MHOTOYPOBHEBOM Mojesu OH3HEC-
MPOLIECCOB, BKJIIOYAIOIIAS MPOLECCHl MOCTPOSHMST (pOpMAaIM30BaHHBIX MOJIENEi OM3HEC-TIPOIECCOB,
aHanu3 3(pQEKTUBHOCTH OW3HEC-TIPOIIECCOB B MPOCTPAHCTBE COCTOSIHUM M BHEAPEHUE MOJICNCH B
APXUTEKTYPY MPEATPUSTHSL.
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Abstract

The article deals with topical issues of ecological monitoring of the protected Baikal natural
territory. A methodology is presented that collects and analyzes socio-economic indicators for
modeling the functioning of existing and planned infrastructure facilities on the coast of Lake
Baikal. This methodology adapts the known methods and approaches for collecting, recording,
and analyzing the anthropogenic impact on the ecology of the region. It was effectively used
in the system of mathematical and information modeling of the energy complex.

Keywords
Ecology, Baikal natural territory, infrastructure objects, energy supply, mathematical and
information modeling

1. Introduction

Currently, the tasks of environmental monitoring are particularly relevant for protected natural areas,
in particular the Baikal Natural Territory (BNT), which has unique water, land, biological and other
important resources. Scientists and researchers offer various methods for collecting and recording
socio-economic indicators and assessing their impact on the environment. One of the pressing
environmental problems is the reduction of emissions from the operation of heat and power supply
systems [1, 2, 3].

The purpose of this study is to develop a methodology for collecting, processing and analyzing
socio-economic data, adapting known methods and approaches in relation to electric power complexes.
The environmental monitoring data obtained in this way are used in the construction of mathematical
models of both existing and planned energy infrastructure facilities. The collection and analysis of
socio-economic indicators makes it possible to calculate not only the anthropogenic impact on the
ecological situation of the BNT, but also to investigate, predict and optimize the technological,
economic and environmental performance of the studied infrastructure facilities [4].

2. Materials and methods

This technique is included in the multilevel system of mathematical and information modeling of
BNT infrastructure facilities and is based on the vulnerability analysis of the energy complex. A global
vulnerability analysis is carried out on the basis of an assessment of the performance of the object under
study in critical conditions: adverse weather conditions, fluctuations in energy prices, a significant
increase in demand for heat and electricity, etc. the construction of which will have the most adverse
consequences for the functioning of the entire complex [5].
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The methodology for collecting, processing, and analyzing socio-economic data includes the
following steps:

1. Determination of socio-economic indicators, the change in the values of which may affect the
vulnerability of the energy complex.

2. Collection, reduction, and correction of retrospective data. Checking the correctness of the
information, eliminating anomalous data? and filling in their gaps.

3. Statistical analysis of data.

4. Modeling and forecasting of socio-economic indicators.

5. Assessment of the quality of forecast values.

2.1. Tourist flow modeling

The concept of the configuration of the energy complex, which is one of the components of the
analysis of its vulnerability, also includes socio-economic indicators of the functioning of infrastructure
facilities. The values of these indicators directly depend on the number of consumers of the services of
these objects: the local population and various categories of tourists.

The population of the BNT as of January 1, 2021, is 1.43 million people, and the number of tourists
who visited the Irkutsk region and the Republic of Buryatia in 2021, according to regional tourism
agencies, was about 1.5 million people. (excluding self-organized tourists). The intra-annual dynamics
of tourist flows are subject to seasonal fluctuations associated with the natural and climatic features of
the territory and periods of business activity and leisure of potential tourists. Political and social events
also affect their number.

Due to the absence of a strict system for recording tourists visiting the BNT, the collection and
analysis of data on tourist flows can be implemented based on the approach developed under the
leadership of Evstropyeva at the Institute of Geography of SB RAS [6]. It takes into account the
heterogeneity of the tourist flow in the context of recreational areas, uses different methods of data
collection depending on the category of tourists (Table 1), and allows modeling the flow of tourists in
a certain period (day, month, season, year).

Table 1
Methods for collecting data by categories of tourist flow
Tourist flow category Methods and main sources of data collection
Organized rest in collective accommodation Statistical data from official and Internet
facilities sources
Amateur tent vacation Field observations; interviewing
Route tourism Data on registration of tourist groups in the

Ministry of Emergency Situations
Ecotourism in specially protected natural areas  Data on issued permits to visit objects; field
observations; interviewing

Winter sports holidays at ski resorts Data on the number of purchased subscriptions

Excursion tourism Collection of official statistics of attendance of
excursion objects; field observations;
interviewing

Holidays with accommodation in the Field observations; interviewing

households of the local population

The complexity of obtaining the full amount of data based on the methods presented above
determines the need to calculate tourism marketing indicators, for example, the maximum and average
daily number of tourists, the number of tourists staying at a time, the average length of stay, etc.
Complementing the initial and calculated data allows you to perform an expert assessment of the tourist
flow indicators .

The use of this technique makes it possible to calculate various indicators of the flow of tourists, for
example, the load factor for an individual or complex of tourist facilities or recreational areas. The intra-
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annual dynamics of this indicator makes it possible to analyze and predict peak loads on various
infrastructure facilities. In the framework of the study, not only abnormally low air temperatures, but
also high values of tourist flow volumes can be a disturbing factor for the functioning of the energy
system.

The calculation of the peak load of heating networks under these disturbances can be carried out on
the basis of statistical data on the number of heated objects and their characteristics. Within the studied
natural area, there are quite a lot of small heat sources, such as electric boilers and electric heating
devices and furnaces. They use wood and coal as fuel. These sources are widely used in individual
residential and commercial premises, tourist and recreation centers, but, unfortunately, there is no data
on accounting for their fuel needs.

Thus, it is necessary to be able to assess the load on the electrical networks due to the increased
consumption of electricity for heating during the cold season and with the influx of tourists. Average
per capita electricity consumption for heating purposes can be calculated using the following formula
[8]:

(By —F)-t (1)
—
where P, — maximum power consumption in winter, kWh; P; — maximum power consumption in
summer, kWh; t — time of using the maximum power consumption, hour; k — number of consumers,
pers.

This formula allows you to determine the average per capita electricity consumption for heating both
for an individual private house and for a campsite or village, taking into account the local population
and the number of tourists.

2.2. Assessment of anthropogenic impact on the ecology of the region

Modeling the tourist flow makes it possible to assess not only the vulnerability of the energy
complex but also its impact on the ecology of the region because it is one of the main sources of
environmental pollution. Thus, the transition to alternative sources of renewable energy is today a top-
priority and urgent task at the federal and regional levels to protect the BNT.

A wide range of scientific research has been carried out to assess the impact of energy facilities on
the environment and the possibility of switching to more energy-efficient and environmentally friendly
renewable energy sources [2, 9]. For the production of electricity at the BNT, you can use photo and
wind power plants, small hydroelectric power plants, and gas-generating power plants; and for the
production of thermal energy: solar heat supply systems, systems with heat pumps, heat supply systems
with wind turbines, wood-fired boilers and other sources [10].

Table 2 presents the results of replacing traditional energy sources with renewable ones in the form
of coefficients of change in fuel consumption and pollutant emissions in relation to the current situation.
The expected reduction in the mass of emissions in the atmosphere when replacing sources of electricity
and heat with renewable ones will be 9.2 t/year and 170 t/year, respectively [2].

The calculation of the tourist flow indicators also makes it possible to assess the impact of road
transport on the ecological situation of the BNT and the load on the transport infrastructure of the region
[7, 11]. In addition to polluting the soil, water, and air with fuels and lubricants, and exhaust gases, cars
destroy natural landscapes, vegetation, and the habitat of rare living organisms. An analysis of traffic
flow indicators is necessary for the implementation of the program for the development of a tourist and
recreational zone and a set of environmental measures aimed at reducing the negative impact of vehicles
on the environment on the coast of Lake Baikal.

Estimating the number of tourists makes it possible to determine the volumes of medical, transport,
and other social services necessary for the local population and vacationers. These data can be used in
the construction of various infrastructure facilities, predicting the anthropogenic impact on the ecology
of the region, etc. [7].
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Table 2
Factors for fuel consumption and pollutant emissions

Energy production Mass of emissions and waste
/ number of Fuel Solid Sulfur Nitrogen  Oxidesof  Ashand
facilities consumption  particles oxides oxides carbon slag waste
Electricity

generation using
renewable energy

0.534 - 0.501 0.572 - -
sources /

5 objects

Production of

thermal energy

using heat pumps 0 0.989 0.996 0.998 0.995 0.994

instead of coal-
fired boilers /
6 objects

The standards of wastewater treatment are determined in the order of the Ministry of Natural
Resources of Russia No. 63 of March 5, 2010. But according to the analytical report on the development
of a regional concept for the development of a drainage system in the central ecological zone of the
Baikal natural territory [12], none of the five existing sewer treatment plants ensures the cleaning of
waste Water to these requirements. Half of the wastewater is discharged on the ground without cleaning.
In addition, the volume of wastewater is significantly affected by the steadily increasing number of
organized and amateur tourists every year (Table 3).

Table 3
Dynamics of indicators of 2018 compared to 2008
Area Population, Number of Volume of waste water,
people tourists, people m? / day
Olkhonsky -6 +5648 +1114.4
Irkutsk +409 +2488 +941.4
Slyudyansky -1473 +1324 +3007.7

The consequences of environmental pollution are reflected in the social and industrial sectors of the
economy as financial and material costs for their prevention or elimination. These costs can be estimated
using the methodology for determining the prevented environmental damage, according to which
specific cost estimates of damage from the release of 1 conventional ton of the reduced mass of
pollutants are calculated for the economic region. Thus, it is possible to calculate the possible
anthropogenic consequences on the ecology of the region [3].

3. Conclusions

A methodology for the collection, processing, storage and analysis of socio-economic data is
proposed, which is used to monitor the functioning of the BNT infrastructure facilities. The application
of'this technique is one of the stages of conceptual modeling of energy complex facilities. The technique
was used in the implementation of the service of simulation modeling of environmentally friendly
equipment of BPT infrastructure facilities [13], which operates in a heterogeneous distributed
environment with multi-agent control of computing [14]. It is possible to develop and use the developed
methodology in other subject areas.
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Software Reengineering: A Qualitative Study in two Software Companies
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Abstract

Software reengineering is part of the software life cycle and plays a major role for business
companies whose business depends on software quality. The quality of software is to be able
to follow all business processes and the possibility to grow together with the company it
supports. Over the years, maintenance has become more and more complicated and expensive,
so reengineering is needed. To find out whether reengineering is done and how often, what are
the reasons and whether it is more optimal than making a new application, we organized a
qualitative research based on the interviews with two employees in two software companies in
Serbia. They shared their experiences, opinions, and knowledge, after which analysis was
performed. The results reveal three important segments of the reengineering process: Project
Scope, Reengineering Process and Software System. The existence of multiple segments
indicates that the process is complex and requires detailed analysis before execution. The
results can be useful to those who want to continue research in this direction or to conduct
similar research. In addition, experts from industry can find systematized facts on software
reengineering and adapt them to their practice.

Key words
Software reengineering, Software maintenance, Reengineering process, Qualitative research

1. Introduction

Reengineering can be considered as the last step in software modification. When so many changes
and modifications are made to the software and when it becomes difficult and expensive to maintain,
reengineering occurs. Modifications are all changes that are performed on software. This can be updates,
resolving bugs, improving features, launching a new version of the program. It can be grouped into four
forms: Corrective — correction of identified problems in software functioning, Adaptive - adapting the
program to a new technical environment and a new business, Perfective - improving the system in terms
of performance and sustainability, and Preventive - modifications and adjustments to the software to
extend its life cycle [1].

Reengineering is a process of changing software in way to change their shape, while retaining their
functionality. Usually it is a set of process activities which result in a new form of the application. These
processes are reverse and forward engineering, restructuring, re-documentation and translation [2].

In order to do reengineering, an existing application is required as input, to create a new version of
software. Before starting the reengineering, it is necessary to analyze the software in detail and recreate
it and update with a newer version [3]. With clearly defined goals before the process begins,
reengineering would be cost-effective. Cost-effectiveness is also affected by the structure of the
application, and documentation of the existing software [4]. The cost of reengineering is lower than
building a new software, and the risk during reengineering is also lower than redeveloping a new
software. The main difference between reengineering and building new software is that when writing a
new software it starts from scratch, and for reengineering the starting point is an old software. The old
software has some architecture that consists of interconnected structures that provide functionality,
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proper operation of the system and response to user requirements [5]. Software also includes definitions
of metrics, patterns, visualizations, soft skills, integration architecture, features, characteristic,
evolutionary architecture, styles, and more [6]. Elements of which the software consists of are software
artifacts. The role of artifacts in reengineering has been described in our previous research [7]. During
the reengineering process data are also reengineered [8].

There are many factors facilitating reengineering. These factors can be business growth, outdated
technologies, increasing complexity or just following trends [2].

The purpose of this paper is to investigate the real situation with software reengineering in software
companies in Serbia. The results were obtained by questioning two experienced developers about their
experience in software reengineering. The methodologies described in the reference [9] were used to
collect, analyze, and present the research results. A detailed description of the methods is given in the
methodology section.

The paper consists of several sections. The related work section lists papers that have been engaged
in research and used elements of the same methodology as applied in this paper. The research method
section describes the process of conducting research and process of analyzing research data. The results
section shows results emerged during the research. The conclusion provides summarized results and
further research.

2. Related Work

Software reengineering is a common method for extending software life cycle, and a lot of research
has been done on this topic. This section will present some papers dealing with software reengineering
in which an empirical research was conducted.

In the paper [10] the authors performed a quantitative analysis in two steps. The first step was to
compile an interview guide followed with interviewing 5 participants. In the second step, with the help
of a previous interviews’ answers, a survey was compiled and was sent to eighteen participants. All
participants were from I'T companies. The research results show the activities and challenges in software
reengineering towards microservice architecture.

Qualitative analysis is presented in the reference [11]. The authors conducted six interviews with
respondents working in software development companies. The questions referred to the software reuse
strategy and the results of the research will be used to improve their approach described in the paper.

A study in paper [12] investigates how much the software reuse process costs. They combine
qualitative and quantitative analyses. Data were collected with the help of 26 interviews from various
organizations and 57 scientific literature sources. The analysis provides a software reuse strategy and
provides evidence that confirms, but also, that refutes the hypothesis. Reuse is considered as an
important support for software reengineering.

3. Research Methods

Research methods are following by methodological guidelines describes in reference [9]. The
process contains three main steps, as it is presented in Figure 1.

FIRST STEP SECOND STEP THIRD STEP
) | . Data Analyzing / Data
Sampling ] e i Representation
In person Coding
2 participants | Semistructured | Memoing
In Dept
Open Questions

Figure 1: Steps of qualitative research using interviewing
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Sampling. The first step was to define the sample population for research. Software companies in
Serbia were searched and a list of potential participants was made. We decided to use qualitative
analysis, which is an analysis of a small number of carefully selected cases. In addition, qualitative
methods can provide depth insight into the real practice based on the participants experience. This
ensures that research findings emerge from the participants words and their experience.

We selected two software experts from two companies in Serbia for this study. After that, one
employee from each company was selected and general questions were asked. It was the second round
of selection. Based on the answers, we concluded that two people were eligible to participate in further
research, because their experience and knowledge are closely related to the topic. The interviews were
conducted with the selected respondents.

Table 1 shows data of respondents and the companies they come from. Table has columns on
position and experience for participants and size and industries for companies where they work. The
size of the company is written based on the number of employees. The range and ranking criteria for
company size can be seen in [13].

Table 1
Participants and company information
Participant Company
Position Experience Size Industries
Sen!or Software 7 small Software Development
Engineer
Software Developer 8 micro Systems and Services Design

Interviewing. The interviews that were made were semi-structured, consisted of open-ended
questions. Also, these interviews can be classified as In-Depth and were performed in person. This
structure was chosen because respondents had more freedom to explain the answer, and it encourages
discussion and inclusion of additional questions. From the face-to-face interview you can learn more
about participant’s views and thoughts. The interview process took approximately 45-60 minutes. In
order to collect as much data as possible, the whole conversation was recorded with an audio recorder,
and later the transcription was performed and saved as a word document.

Analyzing/Representation. After the data were collected, it was necessary to analyze them. The
first step was reading and coding. The method of In-Vivo, Initial-Open Coding was used. This type of
coding meant that by reading the text, the key facts are extracted and marked with short labels using
words and phrases from that text (participants words). With a combination of thematic and focus coding
all codes were later categorized into two major groups. This categorization shows more general data,
but also contains definitions of all individual cases. The last step is to summarize the results by writing
a memos. A memo is a representation of what is inferred from the data and in what way they are relate
to each other.

4. Results

The whole research process took a couple of months. After choosing the topic and method of
research, it was necessary to devise questions that will cover the entire research area and encourage the
respondents to talk. The selection of participants was also important, because not everyone deals with
this topic. The interviews were conducted in a pleasant atmosphere and the conversations lasted from
45-60 minutes, during which the respondents gave answers and theirs opinions on the questions asked.
After the recorded interview, the transcription and analysis of the results were performed. The results
are presented with the help of coding after which the codes are grouped by topics. In Figure 2 all Initial
codes and topics to which they belong are presented. The diagram shows that some codes belong to
both areas, because there is no clear boundary between them.

Project Scope consists of two initial codes. It defines the type of process [icl] and the business
activities/decisions [ic2]. It considers how the work related to the software system will be performed.

Reengineering process was created by generalizing 10 initial codes. All codes relate to the field of
reengineering process. The reengineering process begins by defining the most common types of
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software for which reengineering is performed [ic8], lists the reasons why reengineering should be done
[ic3], and shows the frequency of the process in practice [ic5]. It also shows how reengineering
requirements are monitored [ic6], what changes are made [ic4], what technologies are used [ic7], and
defines the architecture of the new system [ic9].

Thematic/Focus
— Codes

Initial Codes

/\Type of Process

- -

_— . e -
\Busmess Activities

~ Reasons for Reengineering Project Scope

///"l;ype of Software Modification

< Reengineering Frequency -
—_ Reengineering rrequency

//Type of architecture after the
application transition Ve
/—//\——\\
< Advantages of Microservices -
—_ Advantages ol Microservices

Reengineering
Process
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- Application structure
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Figure 2: Initial Codes grouped on the basis of Theme

Software System is a group of 7 initial codes. It contains information of system characteristics. It
describes what is the type of architecture [ic8, ic9] and its benefits [ic10], what is the structure [ic11]
and what system artifacts [ic12] does it contain. Also it defines in what technology [ic7] software
product was built and for which software application domain [ic13].

In the Table 2 all initial codes, their memos and text excerpts are listed. Written text in the form of
amemo is an explanation and meaning of the initial code. The text excerpt is a set of key elements taken
from the text of the interview. This is what the respondent said in response to the question. Based on
these values, the initial coding was performed.

Table 2
Defining Initial Codes

Initial Codes (ic)

Memo

Text Excerpt

Type of Process

Defines processes of
software development and
maintenance.

Software Engineering [p1],
Reengineering [p1],
upgrade [p1]

Business Activities

Decides what work will be
performed and in what way

Building a new application [p1, p2],
Involvement in existing projects [p1, p2]
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Complexity [p1], [p2]
Finding a better way to do the same thing [p1],
Badly written code [p1],

Reasons for Gives the reasons .why Itis Client’s needs [p2],
. . necessary to reengineer the .
Reengineering aplication amendments to laws and regulations [p2],
PP change the data type [p2],

monitoring market demands [p2],
technology advancement [p2]
adding new features [p1, p2],
Application improvement [p1],

Determines what changes Upgrade library version [p1]
Type of Software can be made to the pg. . y . P2l
e . . Modify existing functions [p1],
Modification software to improve its Bug fixing [p1]
quality Defining architecture [p1],

writing tests [p2]
Not often [p1]

Shows the extent to which

Reengineering
Frequency reengineering is performed Often [p2]
N Shows which tools help
Monitoring uide the reengineerin Jira for task tracking [p1]
Requirements J & J glp
process
It is not always good to adopt the latest
Technolo Explains which technology is technologies. The latest proven and tested
gy best for creating software technologies should be used. [p2]
Best to use open source technologies [p2]
- N Displays which is an - .
Initial application . piay Monolithic architecture [p1],
A architecture system that . . .
architecture type ) Domain service architecture [p2]
needs to be reengineered
Shows the architecture of Monolithic architecture web application [p1],

Microservices architecture [p1], [p2]

Type of architecture
Micro-frontend [p2]

after the application the system after

transition reengineering
Each microservice in charge of one function. [p2]
Advantages of E_xplalns 'fhe reasons why . .L.anguage agno§t|.c.. .[p2]
. . microservices are better to Division of responsibilities. [p2]
Microservices e
use Reduced possibility of errors [p2]
Easily replaceable [p2]
Application structure For which platform was the Web app|ICE'\tIOI"l [p1],
software system created Console application [p1]
Frontend and backend [p1],
L . Which building elements Load balancer [p1],
Application artifacts o
make up the application Server [p1],
Specification requirements [p1]
Medicine [p1],
Transport [p1],
Statistics [p1],
Dashboard [p1],
GDPR [p1],
- . . For what purpose is the Marketllng [p1l,
{stic3 Domain of Application Reservation [p1],
software system used L
Telecommunications [p1],

Banking systems [p1],
accounting and billing for small business owners
[p2],

Human Resource Management [p2]
management of automatic and manual tests [p2]




5. Conclusion

In this paper qualitative analysis was performed in a small-scale study on software reengineering.
Two respondents were interviewed and their responses were represented. The presented results indicate
that the reengineering process contains 3 segments. The first segment, Software System, examines the
software, analyzes its advantages and disadvantages. It provides answers to questions: What is the
function of software, what is it intended for, how it was built and what elements does it contain. The
second segment is Project Scope. It determines in which direction the existing software will be
developed. The options are to start over (creating new software with the same functions), upgrading
and modifying an old application or reengineering. The third segment, Reengineering Process, occurs
if it is estimated that the application can no longer be upgraded and changed, when it grows so much
and becomes complicated and expensive to maintain. The results also show that the situations are
diverse, and that the respondents responded differently to how often reengineering is done.

The results presented in the paper, as well as the described method can be useful to anyone who
wants to do similar research, or wants to get information or do research that builds on reengineering
software. In addition, research results can be useful for software experts from industry who can find
systematization of topics related to software reengineering.

The limitation of this research is that it was done on a small sample with two software experts.
However, small scale qualitative studies are very important and useful, because each case could be
analyzed in more detail, which is the point of qualitative analysis.

In the next research, the sample will be expanded as well as the group of questions that will be
analyzed. The focus will also be on reengineering towards microservice architectures.
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AHHOTauuA

HuTerpupoBaHHble SHEPreTHYSCKUE CUCTEMBI 00Jaal0T BCE BO3PACTAIOIIMM 3HAYCHUEM B
9KOHOMHUKE, SHEPreTHKe, MPOMBIIUICHHOCTH, KOMMYHAIBHO-OBITOBOM CEKTOpE U IPYrHX
chepax xu3Hu oOmiectBa. [IpoekTHpOBaHWE HHTEIPUPOBAHHBIX SHEPreTUYECKHX CHCTEM
MPEICTaBIsACT COOOM CIOKHYIO 3aaady, KOTOpas OOYCJIOBJIEHA BBICOKOW CIIOXKHOCTBIO
KOH(QUTYpaIllMd d3THUX CHCTEM, IIMPOKHM HA0OpOM TPUMEHSEMOTO OOOpYAOBaHHUS |
MCIIONIb3YEMOT0 ISl €0 MOJICITMPOBAHUS Pa3HOOOPa3HOro Habopa MaTEMaTHYECKUX MOJIEIeit
U CHENUATU3UPOBAHHOTO IPOTPaMMHOr0 obecrieueHus. [IpuMeHeHre UQPOBBIX ABOHHUKOB
MO3BOJIMT HOBBICHTH 3((PEKTHBHOCTh MPOSKTUPOBAHMUS, KAYECTBO MPUHUMACMBIX [IPOSKTHBIX
pelieHuii 1 aBTOMATU3UPOBATh TPYIOEMKHE BHIYUCIHTEIBHBIC OMEPAIIHH.

Kntouesble cnoBa
[udpoBoii TBOWHUK, HHTETPUPOBAHHAS SHEPreTHUECKAs CUCTEMA, OHTOJIOTHS, TIPOrPaMMHAs
miatdopma

1. BeBepeHue

Co3manne Ha 0a3e HECKOJNBKMX Pa3lesibHO (YHKIHMOHUPYIOLUIMX CHCTEM SHEPrOCHAOKEHHMS
(31eKTpo-, TeI10/X1a10-, ra30CHa0KEHUS U APYTHX) HOBOH 3HEProTEXHOJIOIMYECKOH KOHCTPYKIINU B
BUJE WHTETpUpOBaHHON »3Hepretnueckoid cuctembl (MOC) 3HAYUTENpHO pacmupsieT HX
(yHKLIMOHAIBHBIE BO3MOKHOCTH, 00€CIIeUnBaeT B3aMMO3aMEHIEMOCTb SHEPTOHOCUTENEH U peannu3yer
CHUHEpreTHyeckuid 3(PQekr mno 00ecHeyeHnI0 HaJeKHOro, O€30lacHOro, 3KOHOMHYHOIO U
skojorugHoro 3HeprocHatkenus [1-3]. I[IpoextupoBanue MOC mnpencTaBmsier co0O0M CIOXHYIO
3ajady, KOTopas OOYCJIOBJIEHa BBICOKOH CIOXHOCTBIO KOH(UTypaluuh 3TUX CHUCTEM, IIHPOKUM
HabOpOM MPUMEHSIEMOT0 000PYIOBaHUS U UCIIOJIB3YEMOTO AJIsl er0 MOACIMPOBAHHS Pa3HOOOPa3HOTO
Habopa MaTeMaTH4YecKuX MoJeNell M CHeNHaJM3UPOBAHHOTO MPOTPAMMHOIO  OOecredeHUs.
[MpumeHeHne MUPPOBBIX TBOWHUKOB TIO3BOJIUT OBBICUTH 3P PEKTHBHOCTH MTPOSKTHPOBAHHUS, KAUECTBO
MIPUHUMAEMBIX IPOEKTHBIX PEIIEHUI U aBTOMAaTU3UPOBATh TPYTOEMKHUE BEIYMCIUTEIbHBIE ONIEPALIHN.

1o MHeHMIO cIennanucTOB UU(PPOBOI ABOMHHUK SIBIISETCS OJHUM U3 IEPCIEKTUBHBIX MOXO0I0B JIJIsI
peanu3alyy HHTEeIUIEKTya bHOro pon3BojcTBa u Munyctpuu 4.0 [4-7]. Ludposoii 1BoiHUK — 3TO
MOJIEJTb PEaTbHOTO (PU3MUECKOT0 00BEKTa, KOTOPAs ITPU STOM SIBJISIETCS IMHAMHYECKH pa3BUBAIOIICHCS
BMecTe ¢ ¢usnueckuM 00bekToM [8]. IIpuMeHuTensHO K 3HepreTuke HU(POBOH JBOWHUK MOKHO
paccMmarpuBaTh Kak peajsbHOE OTOOpakeHHWE BCEX KOMIIOHEHTOB CHCTEMBI B JKM3HEHHOM ITHKIIE C
WCTIONIb30BaHNEM (PM3MUECKUX AaHHBIX, BUPTYANbHBIX JAHHBIX W JAHHBIX B3aWMOJEHCTBHUS MEXIY
HUMH, TO €CTh IU(PPOBOI TBOWHHK CO37aeT BUPTYAIbHBIA NPOTOTUI PeabHON CHCTEMBI, C TOMOLIBIO
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KOTOPOTO MOXKHO IIPOBOJHUTH HKCIEPUMEHTHI M IIPOBEPATh TMIIOTE3bl, MPOrHO3UPOBATH IIOBEACHUE
CHUCTEMBl W pelaTh 3aJadd YIpaBJCHUS ee pa3BuUTUeM M QyHKuuoHupoBanuem [9, 10]. C
WCTOJIb30BaHHEM LU(PPOBOTO ABOHHNMKA MOKHO MCCIIEIOBATh MTOBEJCHNE U BHOBb yCTaHABIMBAEMOTO
000pyAOBaHMS €1Ie 10 er0 YCTAHOBKU Ha PeasIbHBIX SHEPTOOOBEKTaX, €r0 COBMECTUMOCTD U BIIUSIHHUE
Ha JpyTHE CUCTEMBI;, MOACIUPOBATh CAMBIE CIIOKHBIE TEXHUYECKUE CHTYallH, B TOM YHCIIE OTKa3bl
000pyZOBaHMs, U3MEHEHHS B BBIpaOOTKe sHepruu or BUD m moBeaeHun motpeduteneii, BHENIHee
BO3/IEIICTBHE U HEMpPaBUIbHBIE AelicTBUs niepcoHana [11-15 u ap.]. B HacTosmee BpeMst OTCYTCTBYIOT
paloThl, HAIIPABJICHHBIE HA CO3/1aHHE YHUBEPCAIHHOMN TEXHOIOTUHU IOCTPOCHUS HU(PPOBBIX IBOMHUKOB
JUIs pelieHus 3aaa4 npoektupoanusa UOC.

2. MpuHUMNbI nNocTpoeHMAa UUPPOBbLIX ABOMHUKOB ANA pelleHUa 3apad
NPOEKTUPOBAHUA UHTErPUPOBAHHDbIX SHEPreTUUECKUX CUCTem

Hudposoii noiinuk MOC npeacrapiseT codoit uMuTanuio peayibHoi puznueckoir UIC. [Moaromy
MIpH pelIeHuu 3anad npoekrupoBanus MOC unmm passutus (onrumuszanun) cymectsytomeit UOC ee
uGpOBOI JBOWHHUK JOJDKEH OTPaXKaTh TEKYILEE COCTOSHUE CUCTEMBI, & TAKKE BO3MOXKHBIE COCTOSHUS
B OyaylmieM B pa3JM4Hbie BPEMEHHBIC TMEPUOJbI, UISI KOTOPHIX OMNpEAessIeTCS COoCTaB |
MOCJIEI0BATEIFHOCTh PEANN3ALMH NPOEKTHBIX PEIICHUH C LeNbl0 JOCTIKCHHS TpeOyeMBIX ee
nokazareneil. [lomydyeHHble IPOEKTHBIE PEIECHNs] OCHOBAHBI HA pacdeTax IO MOUCKY pallMOHAIBHOIO
n3menenuss UOC, ee cTpyKTypbl U TapaMeTpOB € YUE€TOM 33JaHHBIX YCIIOBHUM, OrpaHHUUYEHUI, a TaKkKe
paccMmarpuBaembiXx ciieHapueB. L{ugpoBbie nBoiiHukn MOC 10MKHBI 00ECIEYUTH BO3MOXKHOCTD
oTciexxuBaHusl AuHaMuku pa3Butus MOC Bo Bpemenwu, hopMHUpoBaHWE MPOCSKTHBIX PEIICHUH s
Pa3IMYHBIX BPEMEHHBIX IEPHOJOB U PACCMOTPEHNE BO3ZMOKHBIX CLIECHAPUEB PAa3BUTHUS CICTEMBI.

[pu pemennn 3agau npoekrupoBanus MIC ¢ ucnonbzoBanueM U(POBOTO TBOMHUKA HEOOXOIMMO
yauTbIBaTh TOT ¢akt, uro UIC mpencTaBisioT coOON CIOXKHBIE TEXHHYECKHE CHCTEMBl M IPU HX
HCCIIEIOBAHUN TPUMEHSIOTCS MOAXOJBl Ha OCHOBE HEPApXWYECKOrO MOJEIHMPOBAaHUA, YTO
o0ecrieyrBaeT BO3MOXKHOCTH BBINOJIHATH HCCIENOBAHUS PA3IUYHOIO THNA M MaciTaba CHCTEM,
Bxomsmux B coctaB MOC. UDC cocTosaT U3 pa3iMyHOTO THIA CHCTEM DHEPrOoCHAOKEHUS, KOTOPHIC
SIBIISTIOTCSI TIOJICUCTEMAaMH B TAKKUX cucTeMax. Kaxias u3 moJcucTeM COAEPKUT CBOM HA0OP 3JIEMEHTOB.
OTHU 3JeMEHThl MOXHO CTPYIIHPOBaTh B COOTBETCTBUU CO CJEIYIOIIMMH BBITOJHSIEMBIMU
SHEPTEeTHUECKUMH (QYHKIMSIMU: TEHepalys, TPaHCIOPT, pachpelielieHne U norpedieHne. B cBoro
oyepenb, KaKJIOMY 3JEMEHTY IPHUCYII CBOM HaOOp 000pyI0BaHUS B COOTBETCTBUU C BBIOJIHIEMbBIMU
SHEPreTHUECKUMH (DYHKIMAMH W NPHUHAAJCKHOCTBIO K THUIY CHUCTEMBI 3JHEProCHa0XKEHHs.
MojenupoBaHue BBITIOHSAETCS sl BCEX TOACUCTEM, UX Habopa AJIEMEHTOB U COCTaBa 000y I0BaHUS,
YTO COOTBETCTBYET MOJAEIHPOBAHUIO OTHENIBHBIX CHUCTEM OJHEpPreTUKd. [Ipy 3TOM CyIECTBYIOT
XapakTepHble OCOOCHHOCTH MOJAEIHPOBAHUS IPH COBMECTHOM PACCMOTPEHHUHM CHUCTEM Pa3IMYHOTO
tuna B pamkax UOC. DTr 0c0OEHHOCTH CBS3aHBI C TEXHUYECKUMHU M TEXHOJIOTHUECKHUMU PEIICHUSIMH
MO0 WMHTETPAllMU, TO3TOMY HEOOXOJUMO BBIMOIHATh MOJICIMPOBAHUE OTACIBHBIX TOJCHCTEM H
YUUTHIBATh TEXHUYECKHE W TEXHOJIOTHUECKHE PELICHUs] MO HMHTErpalud C LENbI0 00ecreueHHs
KOOpJMHAIINY TIOJCHCTEM W BBIMOJIHEHHS OOIIECHCTEMHBIX IIEJIEBBIX YCTAaHOBOK. llpnMeHeHwme
HEePapXUUECKOr0 MOJICTUPOBAHUS TAK)KE 00ECIIEYNBACT BO3MOMXKHOCTh COBMECTHOTO HCCIIEJOBAHMUS
Pa3NUYHOrO Mo MacmrabaM CHCTEM, IyTeM arperupoBaHHs MH(POPMALMHU 110 OTAEIBHBIM CHCTEMaM
MEHBILIEro MacuTadba u ee MpeacTaBleHNue Ul KOOpAWHAIMK 0oJiee KPYIHBIX [0 MacliTady CHUCTEM,
WIH HA00OPOT, ee Jie3arperupoBanue JUIsi KOOPAWHAIMK paOOThl KPYIMHBIX CHCTEM C MEHBIIUMH 10
MaciTady CHCTEMaMu.

CucteMbl 3HEprocHaOXeHHUs ONpPEeIEHHOTO THMa 00JaJaroT XapaKTEPHBIMU I STOTO THUIA
CBOMCTBaMH, COCTABOM MPHUKIIAIHBIX 3a/1a4 U UCTIOIB3yEMbIM JUISl UX PEIICHUS CTIeHaTH3UPOBAHHBIM
[O. 3Hanus 0 HUX HEOOXOJUMO COXPAHWUTH B OpMe, MPUTOMHON Uit 0OpabOTKH MPOTPAMMHBIMH
CHUCTEMaMH{, W HCIHOIb30BaThb IMPU PEIICHUH pa3IUYHBIX 3a4ad MNpoeKTupoBaHus. [ 3Toro
HEOOXOIMMO OpraHM30BaTh XpaHEHHE ASTHX 3HaHMH B BHAe OHTonormit [16-18]. B mpomecce
MOCTPOCHHUS U(POBBIX IBOHHUKOB U MX IPUMEHEHUSI HCIIOJIB3YIOTCSI OHTOJIOT MU, KOTOPBIE O3BOJISIIOT
(hopManu30BaHO OMHCATh OOBEKTH MPEAMETHON 00JIaCTH, X CBOWCTBA M B3aMMOCBSI3H MEXKIY STHMU
00BEKTaMHU.
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C yd4eToM BCET0 BBIMIECKA3aHHOTO ONpPECNCHBI CIEAYIOIINE NPUHIMIIBI TOCTPOCHUST LU(POBBIX
JBOWHHKOB AJIS pelieHus 3aaa4 npoektupoBanus MIC:

e BromonHeHHe CIOXHBIX HHXEHEPHBIX pAacdyeToB MO IOWCKY ONTHMAIbHBIX IyTel

npeobpazoBannss MOC ¢ wenplo moBbILEHUS APQPEKTHBHOCTH M HAJSKHOCTH  HX

(hyHKITMOHUPOBAHUSI.

e  MogemupoBanue MOC, BKIOYAOMICH pa3IMIHbIE THITHI CHCTEM YHEPTOCHAOKEHUS CO CBOUMU

WHAWBUAYAIbHBIMU OCOOEHHOCTSIMH, C YIETOM HEPapXUUYECKOT0 IPHHLIUIIA €€ TIOCTPOCHHUSI.

e  Opranmzauusi €JUHOTO WH(POPMALMOHHOTO TMPOCTPAHCTBA TIPHU  PEICHUU

npoektupoBanus UOC.

e JIByHampaBleHHas CBSI3b MEXIy BHEIIHeH cpemoit W mudpposiM nBoitHEKOM WIC mms

OTCJIEKMBAHUS U3MEHEHHUH U aKTyaau3anuy HHGopMamy B tuppoBoM JBOWHUKE U (OPMUPOBAHUS

MPOEKTHRIX pemenunit mo MOC.

e OrtcnexuBanue AuHaMuku pa3Butus MOC Bo BpeMeHH.

e  VYyer npu pemieHud 3agad npoekTupoBaHus MOC Hamuuusi MHOKECTBA [IEHTPOB MPUHATHS

pelIeH S 10 CHA0XKEHUIO SHEPTUEH Pa3IMYHOr0 BIIA C BO3MOKHOCTBIO MPe00pa3oBaHusl U3 OTHOTO

BUJA B APYroil.

e  HeoOxommMocTh paccMOTpeHHs OonbIIOro KomwdectBa 31MeMeHToB HMOC co CI0XHBIM

[IOBEJICHUEM.

e lcnonb3oBanue 3Hanuit o HMOC, ee mnoacucremax, HCHOIB3YEMOM MPOTPAaMMHOM

o0ecrnedeHnH, 0COOCHHOCTSIX pelIeHus 3a1a4 npoektupoBanus UOC.

3aga4

3. NapaguMrma NPoOEeKTUPOBAHUA UHTErPUPOBAHHDbIX SIHEPreTUYECKUX CUCTEM
Ha 6a3e ux unMdpoBbIX ABOMHUKOB

[Ipennaraercs HoBast mapanurma npoektupoanus MOC Ha 0aze ee nuppoBoro aBoiiHuka. B
pamMKax MpeUIoKeHHON MapaiurMbl MHXKEHEPOM CO3aeTcsi KoMItbloTepHas Moaens MOC, Ha ocHOBe
KOTOPOI B aBTOMATH3UPOBAHHOM PEIKUME CTPOUTCS UPPOBON TBOWHHK, PE3yJIbTAThI MOACITHUPOBAHHSI
Ha KOTOPOM HCIIOJIB3YIOTCS Il TIOJITOTOBKU PEAIbHBIX MPOSKTHBIX PEIICHUH M, B KOHCYHOM CYETE,
noctpoenust peanbHoit UOC (puc. 1). B cBoro ouepenb, HAa OCHOBE JAHHBIX C XapaKTEPUCTUKAMHU
peanbpHO UDC MOXHO TTOCTPOUTH €€ KOMITBIOTEPHYIO MOJIENb, Ha OCHOBE KOTOPOH OyNeT MOCTPOeH
1n(poBOH TBOMHKUK B aBTOMAaTU3UPOBAHHOM pekUMe. PacCMOTpUM OCHOBHBIE 3TAllbl B IIPEIIaraeMoi
napajiurme.

Pusiieckoe BupryananHoe npocTpaHCTBO
HPOCTPAHCTBO pTY pocTp
HuTerpuposanHas Mudposoii nBoitauk | MareMaTH4yeckne
JHepreTHYecKast D —
cucTeMa P MOJICIIH 3JICMCHTOB
pelIeHns
- o MeTtone! 1
— !/ "~ l_
L= AJITOPHUTMBI
L{\\/ ‘k)":tri\
T & Oxromornn
JauHeie 00 Ay
HeprocHc- -
TeMe 3

PucyHok 1: poeKTMpoBaHME MHTErpMpoOBAHHON 3HEPreTUYecKon cucTembl Ha 6ase umdposoro

ABOMHUKA

Oran L. ITogroroBka kommneioTepHO Moaenu MIC.

Oran II. ABTOMaTH3MpOBaHHOE WHTEIIEKTyalIbHOE MOCTPOCHHWE MOJIETH IH(PPOBOTO JBOHHHUKA

NOC Ha 6a3e ee KOMIBIOTEPHOU MOJICIIH.

Ortan [Il. ABTOMaTH3UPOBaHHOE MHTEIUIEKTYyaJIbHOE MOCTpoeHne udposoro aBoitnnka MOC Ha

0ase ero MOJIEIH.
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Oran [V. KommbiotepHoe n marematndeckoe MoxaenupoBanue MOC miis modydeHus NaHHBIX,
KOTOpbIEe OYAyT MCHOJB30BaThCS Ui MOCTPOCHUS BHOBBL mpoektupyemoir MOC wim pa3BuTHS
(onTuMu3zanun) cymectByromei UIC.

Oramn V. Peanu3zanus pa3paboTaHHBIX PEIICHUH.

Oran VI. Coop mamnbix o ¢yHkuuoHmpoBannmn MOC m mepexom Ha »tam | ams yrouneHus
KoMIetoTepHoil Moaenu MOC.

Ha srame 1 cozmaercss kommbroTepHas moaens UOC. KommproTepras momens NOC MoxeT OBITh
MIpeICTaBIeHa KaK COBOKYITHOCTH rpada, OMMCHIBAIONIETO KOH(HUTYPAIMIO 3TOH CHCTEMBI, 1 Habopa
rpadMueCcKuX 1 MaTeMaTHYECKUX MOJIENEH, OMMCHIBAIOIINX CBOMCTBA €€ TIOACUCTEM H DIIEMEHTOB.

Ha stane Il B aBTOMaTu3npoBaHHOM peXHME co3faeTcss Mozenb udposoro aeoriHnka MUOC Ha
OCHOBE 3HaHWH, XpaHEHHNE KOTOPHIX OPTAHU30BAaHO B BUJIE CUCTEMBI OHTOIIOTHH. JTa MOJIENb BKIIFOYAET
CJIEYIOINE COCTABIISAIOLIHE:

e  Onucanue ctpyktyp AaHusix UOC u ee moacucrem.

e  OnwucaHue NPOrpaMMHBIX KOMIIOHEHTOB, PEAU3YIOMINX MaTeMaTHYECKUEe MOAETH U METOIbI

JUIsL pEIIeHUs IPUKIIAIHON 3a1auH.

e ['pad, onuchIBaIOMMIA X0 BEIYHCIUTEIHFHOTO TIpoIecca.

e  COBOKYITHOCTB CTPYKTYp JTAHHBIX, OTIFCHIBAIONIAS BXOJHBIE M BHIXOHBIE TAPAMETPHI.

Ha srane III BeimontHsI€TCS. aBTOMATH3NPOBAaHHOE IIOCTPOCHHE IIU(PPOBOTO ABOWHUKA HA OCHOBE €TI0
MOJIETIN C WCTIOJIb30BaHNEM 3HAHWUW, XpaHEHUE KOTOPBIX OPTaHU30BAHO B BHJIE CHCTEMBI OHTOJIOTHI.
LupoBoii ABOWHUK — 3TO CHIOCO0 OpraHU3aIMK MPOCTPAHCTBA PEUICHMs Habopa MPUKIIaJIHbIX 3a1a4,
BKITFOUAIOIIHA CIIeYIOINN Ha0Op COCTaBIISIFOIINX

e  kxommbioTepHas Monenb UDC (CTpyKTypHI TaHHBIX, OMUCHIBAIONINX KOH(DHUTYPAITHIO CHCTEMBI

Y CBOWCTBA €€ COCTABHBIX DIIEMEHTOB);

e  MaTeMaTW4ecKWii anmnapaT (BKJIIOUYAIONINI MaTeMaTHUYeCKie MOJIETH U aITOPUTMBI);

®  [pOrpaMMHBIE KOMITOHEHTHI (TpaduuecKhe, CHCTEMHBbIC, IMPHUKIAJHbIE MaTeMaTU4ecKue,

TUTIOBBIE MOJIeNH 3neMeHToB nojacucteM MOC), mHTErpupoBaHHBIE B €AMHYIO IPOTPAMMHYIO

CHUCTEMY;

®  UHTEpaKTUBHBIA Tpaduueckuii wuHTepderc momp30BaTeNsi, BKIIOYAMIINNA TrpaduuecKyro

KOMITBIOTEPHYIO MOJIEITh;

e  XpaHWIHIIE JAaHHBIX, COJIEpIKalllee 3HaU€HHE CBOWCTB CUCTEMBI U €€ 3JIEMEHTOB B Pa3INIHbBIE

MOMEHTBI BpEMEHU;

° cucteMa oOMeHa JaHHBIMH C BHEIITHEH Cpeoil.

[MocTpoenne nnuppoBOro IBOWHUKA — 3TO aBTOMATU3UPOBAHHAS HHTETPAIUS MIEPEUHCICHHBIX €ro
COCTaBJISIONINX B €IMHOE MHPOPMAIIMOHHOE TIPOCTPAHCTRO.

Ha »rane IV BhINOJHSETCS KOMIBIOTEPHOE M MareMaruyeckoe wmojnenupoBanue HNIC ¢
WCIIOIH30BAaHUEM MYJIBTHATEHTHOTO moaxona [19-21], marematuueckux Mojelied W alTOPUTMOB,
peaNM30BaHHBIX B BHUJE MPOrPAMMHBIX KOMIIOHEHTOB. BBIYMCIUTENBHBIA MPOIECC YHPaBISAETCS
3HAHUSAMHU M3 CHCTEMBl OHTOJIOTMH W NPOXOJUT B aBTOMAaTH3MPOBAaHHOM pexume. B pesyrnbrare
MIPOBEJICHHOTO MOJIEIHPOBAHNA OyIyT IMOITY4YEHBI JaHHBIE, HA OCHOBE KOTOPBIX OYAYT MOATOTOBIIEHBI
MIPOEKTHBIE pemieHus ISl BHOBB IpoekTupyeMbix MOC nnn ontuMu3upyeMbix cymecTByrommx NIC.

Ha stamne V nonydeHHble MPOEKTHBIEC PELIEHNS PEATTU3YIOTCS HA IPaKTHKe 11 moctpoenus MOC.

Ha srane VI ocymectBisiercst cOop maHHbIX 0 Xapakrepuctukax MDOC npu QpyHKIMOHUPOBAHUH
3THX CHCTEM B Pa3HBIE MEpHoabl BpeMeHH. [lanee mpoucxoauT mepexox Ha dTam | ans yTouHeHHs
KoMIstoTepHO# Moaenu MDC ¢ ucnok30BaHUEM COOpPaHHBIX JaHHBIX.

4. Peannsauma uudpoBOro ABOMHMKA MHTErPUPOBAHHOWU 3HepreTUdecKomn
CUCTEMDI

Brimonnena mporpaMMHasi peaiau3anus 3JeMeHToB udposoro asoiinnka MOC. B nporpamMmmHoit
cpene AnyLogic chopmupoBana MmynbTHareHTHas Monaens MOC. C ucnonp3oBaHneM pa3paboTaHHOU
MYJIbTHAreHTHON MOJIENTH BBITIOJIHCH BBIYUCIIMTEIBHBIN dKCIIEpUMEHT 10 pa3Butuio MOC. Pemenue
3agauu pa3BuTHA Mojenupyemoi UDC BBIMONHSAETCS € UCIONB30BAHUEM pa3padOTaHHBIX aBTOPaMU
MPOTPaMMHBIX KOMITIOHEHTOB. VHTerpamust 3TUX NPOrpaMMHBIX KOMIIOHEHTOB B paMKax €JUHOTO
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BBIYUCITUTEIHHOTO TpOIecca BHIMONHACTCS IUHAMHYECKM Ha OCHOBE 3HAHWN W3 OHTONOTWH. B
pe3ynbTaTe B3aMMOJICHCTBUS areHTOB M MOJKIIOYCHHBIX MPOTPAMMHBIX KOMIIOHCHTOB B
MYJIbTHATCHTHOW MOJIENM ObLIO HAMIEHO ONTHMAaJbHOE PEIICHHWE, B COOTBETCTBHH C KOTOPBIM
c(OpPMHPOBaHBI U PEATM30BaHbI HEOOXOIUMBIE MEPHI TIO CTPOUTENBCTBY CETEBOTO H FEHEPHPYIOIIETO
obopynoBanus. HarmsgHoe mpeacTaBieHne MOMYYEHHOTO peIIeHHS OTOOpakeHO Ha puc. 2,
3aJICHCTBOBAHHBIC B JHEPrOCHA0KCHMM YYAaCTKH CCETEH BBIJICIICHBI COOTBETCTBYIOIIMM I[BETOM.
[IpoBeneHHBII BBIYACIUTENBHBIN JKCIEPUMEHT TIOKa3al BO3MOXKHOCTh MPHMEHEHHUS IHU(PPOBOTO
NBOWHMKA JUIsl pemieHus 3amaun pasputust UOC. B pesynbTare BBITOTHEHHOTO SKCIEPUMEHTA Ha
pa3pabOTaHHON MYJIbTHATCHTHOW MOJIENH YJIAIOCh chopMHupoBaTh onTUMaibHyio cxemy MIC mis
JHEProCHAOKEHUS MOTPEOUTENICH ¢ yUETOM CUCTEMHBIX YCIIOBUH M OTpaHUYCHUH.
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PUCYHOK 2: Pe3ynbTaTbl pacyeTa MHTErpMpoBaHHOW SHEPreTUYecKo cUcTeMbl
5. 3aknioueHue

WHTerpupoBaHHble SHEPreTHMYECKHE CHCTEMBI O0JIaaloT BCE BO3PACTAIOIIUM 3HAYEHHEM B
SKOHOMHMKE, SHEPTeTHKE, MPOMBIIIJICHHOCTH, KOMMYHAJIBLHO-OBITOBOM CEKTOpEe W APYrux cdepax
KU3HU 00111ecTBa. B COBpEMEHHBIX YCIIOBHUSIX CTAHOBUTCA aKTYaIbHBIM ONITUMAIBHOE TIPOEKTUPOBAHHE
3THX CHCTEM, HMelolee Mmoj coboil HaydyHoe, MHXEHEPHOE M SKOHOMHYECKOE OOOCHOBaHUE.
[IpoextupoBanne MOC mpencrasnser coOoil CIOXKHYIO 3amady, KOTopas OOyCIIOBJIEHa BBICOKOM
CIIO)KHOCTHIO KOH(UTypamuu 3TUX CHCTEM, HMIMPOKAM Ha0OpPOM IMPUMEHSEMOro 00OpyIOBaHUS U
WCTIONIB3YEMOT0 ISl €ro MOJETUpPOBaHUS pa3HooOpa3HOro Habopa MaTeMaTHYECKHUX MOJeNed U
CHELNAIN3UPOBAHHOTO IPOrpaMMHOro obecneueHus. [lpumenenre nuQpoBbIX ABOMHUKOB MO3BOJISET
MOBBICHTh A(PGEKTHUBHOCTh IMPOSKTHUPOBAHUS, KAUeCTBO MPUHUMAEMBIX MPOCKTHBIX PpEIICHUH U
AaBTOMAaTH3MPOBATh TPYIOEMKHE BBIYHCIUTENHHBIE ONepanud. B cTarbe paccMOTpPEHBI MPHUHITUTIBI
MOCTPOECHUsI LU(PPOBBIX JBOWHHUKOB JUId pemeHus 3agad mpoektupoBanHus MOC. Ilpemnoxena
napaaurma npoektupoBanust UOC nHa Oaze ee mudpoBoro nBoiHuka. IlpeacraBieHbl pe3ylbTaThl
BBIUUCIUTEIBHOTO 3KCIIEPUMEHTA, IIOJIyYCHHbIE C MCIOJIb30BAHHUEM BBIIOJIHEHHON NpOrpaMMHOM
peanu3anuy 3eMEHTOB TUPpoBoro aBoiHuka MOC it TECTOBON CXEMBI SHEPTOCHAOKEHMSI.

6. UcTouHUK puUHaHCMpPOBaAHUA UccneaoBaHUa
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PUCK-OPUEHTUPOBAHHbIW NOAX04 K MOUCKY

KPUTUHECKUX SNEMEHTOB CUCTEMbI SHEPTETUKU
H.M. BepeCHeBal, A.B. Egenes’

" Muemumym cucmem suepeemuxu um. JI.A Merenmvesa CO PAH, Jlepmonmosa 130, Hpxymcxk, 664033,
Poccus

Abstract

HpI/IBOI[I/ITCH OIINCAaHHue pI/ICK—OpI/IeHTHpOBaHHOI‘O nmoaxoanaa K HOI/ICI(y HaH60nee BaKHBIX
3JIEMCHTOB CHUCTCEMBI SHGPFGTI/IKH. Onpez[eneHHe KpI/ITI/IllHOCTI/I 3JIEMECHTOB CTpOI/ITCH Ha
aHalli3e PHCKOB HEIOIMOCTABOK 3HEPropecypcoB MOTPEOUTENIAM Pa3IMYHBIX KaTETOPHIA.

CrydaiiHple OTKa3bl DJJIEMCHTOB CHCTEM DJHEPIeTHKH MOJACIUPYIOTCS C  MOMOIIBIO
onobmmoreku PARMONC.

Keywords
Cucrema OHCPICTUKU, KUBYICCTD, YA3BUMOCTb, KDUTUYCCKUEC 3JICMCHTEI.

1. BeBepgeHue

Kaxxnas cucrema sHepreTHKH, BKIIOYAromas B ceds moacucTeMy nepeaadn (TpaHCTIOPTUPOBAHUS)
U paclpelesieHus SHEPropecypcoB, OTHOCHUTCS K KIIOUYEBBIM KPUTHYECKMM HHGPACTPYKTypam,
HapywmeHne (YHKIHOHUPOBAHUSI KOTOPBIX OTPHLATEIBHO BIUSET HA IOCYAApCTBO, SKOHOMHKY H
obmrecTBo [1].

JKuBydyecTh CHUCTEMBbl DHEPreTHKH OmpelesseT e€ CcrnocoOHOCTh (QYHKIMOHHPOBAaTH B
IKCTPEMAJIbHBIX CUTYaLUsIX, TAKUX KaK CTUXUMHBIE O€CTBUS U TEXHOT€HHBIE KaTacTpodsl [2].

OpHOlt M3 COCTaBNAIONIMX JKMBYYECTH SBISETCS  YSI3BUMOCTb, KOTOpas HUMEET JBe
B3aUMOJIOTNIONIHSIONHE wuHTepnperannu [3]. B rio6ansHOM KOHTEKCTE YA3BUMOCTH OTpajkaeT
"maccuBHyIO"  peakUui0 CHUCTeMbl (NaJeHHE TPOU3BOIUTEIBHOCTH) Ha  BO3HMKHOBEHHE
SKCTPEMAaJIbHBIX CUTyaluil. B J0KanbHOM KOHTEKCTE ySI3BUMOCTH XapaKTepU3yeT BOCIIPHUMYHBOCTD
KOMITOHEHT CHCTEM K OTHENbHBIM BHAAM KPYMHBIX BO3MyHIeHHH. KOMIOHEHTHI, 0TKa3 KOTOPBIX
NPUBOAUT K MAacIITa0HBIM HETaTHBHBIM IIOCIEACTBHUSAM JJIsi IOTpeOuTeNe SHEepropecypcos,
Ha3bIBAIOTCS] KPUTHYECKUMHU.

Ha camom BepxHeM ypoBHE HepapXMu MoOJETeH CHCTEM OHEpreTHkd [3] KpuTHUECKue
KOMITOHEHTHI TIPEICTABISIIOT COOON CIOKHBIE TEXHHUYECKHE TEPPUTOPHUATIBLHO-PACIIpEIeIEHHbIE
o0bekThl. K TakuM kputuueckd BaxHbIM o0BbekTam (KBO) oTHOcsiTCA, Hampumep, KpyIHbIE
JJIEKTPUYECKHUE CTAHIMM WM Y3JIOBbIE KOMIIPECCOpPHBIE cTalMyd EIUHON cUCTeMBI ra30CHA0KEHUS
(ECT") Poccum [4]. Ha Hmkenexxanux ypoBHIX HEPAPXUU MOJIENEH CHCTEMBI SHEPTETUKU AETaIbHO
paccMaTpUBAaIOTCS  COCTAaBIISIIONIME OOBEKTOB DHEPreTHMYECKOH HMH(QPacTpyKTypbl, Hampumep,
KOHKPETHOE JHEepreThyeckoe o0opyaoBaHHE, MMEIOIIee TOUYEUHYI0 HPOCTPAHCTBEHHYIO HPHUBS3KY.
Uto0sl yiTH OT 3aBHCHMOCTH K PaccMaTpHBa€MOMY TE€PPUTOPHAIBHOMY YpPOBHIO Jajee OOBEKTHI
SHEPTreTHUECKOW HHMPACTPYKTYpPHI, JTHOO WX COCTaBISIOMIME OyayT HA3bIBAaThCS KPUTHYECKUMHU
3JIEMEHTaMH.

[Touck KpUTHYECKUX 3JIEMEHTOB [5] cTpoUTCS Ha 0Oa3e OLEHKW pean3aliil ClIEHApHUEB KPYITHBIX
BO3MYIIIEHUH, IIONIy4eHHBIX B pE3yJbTaTe MPOBENECHUS MHOTOBAPHMAHTHBIX BBIYMCIUTEIBHBIX
JKcrepuMeHToB [6]. Hipke mnpencraBieH pHCK-OPUEHTHPOBAHHBIM MOAXOA K HAXOXKACHUIO
KPUTHYECKHX JIEMEHTOB CHCTEM 3HEPTE€TUKN Ha METOJIOJIOTMYECKOM U MPAKTUYECKOM YPOBHSX.
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2. PucKk-opmeHTUpOBaHHaA MeToAMKa onpeaeneHus KPUTUUYECKUX
3/1eMEHTOB CUCTEM SHEPTreTUKHU

[Ipennaraemass B JaHHOW CTaTbeé METOAMKA aHAIM3UPYET TOCIEACTBHS  COBMECTHBIX
LieJICHANPABICHHBIX W CIyYaillHBIX OTKIIOYEHUH dreMeHToB. [loa 1enenanpaBieHHbIe OTKIIOYCHHUS B
3TOM CTydae MOMaal0T TPYIIIBI IPEeIBApUTEIEHO BEIOPAHHBIX OTPACIIEBBIX 0OBEKTOB, N3 MHOJKECTBA
KOTOPBIX BIIOCIIEACTBHM BBIOMPAIOTCS KpUTHYeCKHMe »dieMeHTHl [7]. ChydaifHble OTKa3bI
MOJICIUPYIOTCA JJISl OCTaBIIMXCS ODJEMEHTOB CHCTeM. TakuM o0pa3oM Jocturaercs Oolee
peaTMCTUYHOE MOJACIHPOBAHHE TOBEIEHHS CHCTEM JSHEPreTUKH B OJKCTPEMABHBIX YCIOBHSIX.
Ompenenenne KpPUTHYECKHMX OJIEMEHTOB B JAaHHOM Cllydae CTPOHMTCS Ha AaHalINW3e pPHCKOB
HE/IOTMIOCTaBKH SHEPTOPECYPCOB pasziHyYHBIM KaTeropusaM mnorpedureneid [8]. B coBokymHOCTH 5TH
BO3MOXXHOCTH METOIWKH (OPMHUPYIOT PHCK-OPUCHTUPOBAHHBIA XapaKTep 3aJaHusl CLIEHApUEB
OKCTPEMAJIbHBIX CHTYaIlHl, PUCK-OPHEHTHPOBAHHBII BHIOOp Ha 0a3ze THX CHEHAPUEB KPUTHIECKUX
JIIEMEHTOB.

O6001IeHHas cxema paccMaTprBaeMoil METOAMKH IpeicTaBieHa Ha puc. 1. OHa BKiIIoYaeT B ceds
CIIeTyIOIIHEe OCHOBHBIC JTAIIBI:

e  OIpejeNeHHE IMapaMeTPOB CIICHApUEB BOSMYIICHUIA;

e  TIPOBE/ICHHE CLIEHAPHBIX PACUCTOB;

e  00paboTKa pe3yabTaTOB CIIEHAPHBIX PACUETOB;

e  OmpejeNeHHe MePedHs KPUTHUSCKHUX IIEMEHTOB.

3tan

Onpeod: e nap J lMpoeedeHue cyeHapHbIX O6pabomka pe3y ®opmut nepeyHs Kp KUX
CyeHapHbIX pacyemoe pacyemos CyeHapHbIX pacyemoe anemeHmoe

3ajiaHne nepeyHs ¢
aTaKyemblx 06beKToB
Ona kaxpon

KpaTHOCTU
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aTaKyemblX 06beKToB

| Bbi6op aHanManpyembix kaTeropuit
notpebutenei
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BapuaHTa
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TeppuTopuUn

OnpeseneHue nokasatenei
YA3BUMOCTU NpY
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I |

®opmupoBaHUe NepeyHs
KPUTUYECKNX 06BbEKTOB

PMCVHOK 1: Stansl pMCK-OpMGHTMpOBaHHOVI METOANKU NOUCKa KPUTUHECKUX 3/1IEMEHTOB

B aT0ii cxeme Ha IepBOM 3Tare B cydae OTCYTCTBHUS JOCTOBEPHON CTATUCTUYCCKON MH(POpPMAIIUN
00 aBapusxX Ha 00BEKTaX SHEPTETHKH UCITONB3YIOTCS SKCIIEPTHRIE 3HAHMS. ATIIIapaT HEYETKOM JTOTUKN
B 3TOM Cilydae NpeoOpa3yeT 3KCIEpPTHBIC OICHKH TakuX (aKTOpPOB pHCKA, Kak XapakTep u
WHTEHCUBHOCTH MPOSIBIICHUS 3KCTPEMAIILHBIX CUTYAIIVid, CTCIICHb WX BIUSHUS Ha O0BEKT DHEPTETUKH,
B BEPOATHOCTD CIIYyIafHOTO OTKJIFOUEHUS TaHHOTO OOBEeKTa.



Ha BTrOopoM sTane Ha kaxaod u3 N urepauuil nukiaa Monrte-Kapno peanusyercs oAuH CLiEHapui
BO3MYIICHUS, KOTOPBI MPEICTABISCT COOONH KOMOWHAILIMIO IIICHANIPABICHHOW aTaKh Ha 3aJaHHBIC
AIIEMEHTBI CUCTEMBbI DHEPTeTHKH M CITy4allHbIC OTKa3bl IPOYHX DIICMEHTOB.

LleneBoe mpexHa3Ha4YeHHE ATUX MABYX OJTallOB — IIOMYYEHHE PACUCTHBIX ITAHHBIX IS OLEHKH
MOCJICICTBUI KPYIHBIX BO3MYIICHUH Ha 0a3¢ MHOTOBAPHAHTHBIX BBIYHCIUTEIBHBIX SKCIIEPHUMEHTOB.
[TosToMy HaHHBIC 3Tanmbl MOKHO CYMTATh BCIIOMOTATEJILHBIMH IS MOCIEAYIOUICH KOMIUICKCHOM
OLICHKH KPUTHYHOCTH OTPACIEBBIX OOBEKTOB HAa TPEThEM M YETBEPTOM IIare paccMaTpUBAEMOi
CXEMBI.

Ha Tperbem »JTame pHCK-OPUEHTUPOBAHHOW METOAMKM TIOUCKA KPHUTHYECKUX 3JIEMCHTOB
(GOPMHUPYIOTCSI M peaM3yIOTCsl LETMOYKH NPeoOpa3oBaHMil «pe3ysbTaThl CIEHAPHBIX PAcyeTOB -
MOKa3aTeIH yS3BUMOCTU - KpHTepHH ys3BuMocTm» [6]. IlokazaTenn ys3BUMOCTH B 3TOH IETOYKe
ONPECIISIOTCS ISl KXKIOTO CICHApHUsl BO3MYILCHHUS, XapaKTepu3ys ¢ HEOOXOIUMBIX TOYCK 3PEHHUS
MOCJICACTBUS peau3aliy 3aJaHHbIX BO3MYIICHUNA. KpuTepun ys3BHUMOCTH SBISIOTCS 000OIEHHON
OLICHKOH MOKa3aTesell Ha MHOKECTBE CLICHAPUEB CIIyYailHbIX OTKIFOUEHUH IUJISl KaXKIOTO aTaKyeMOoIo
oObekTa. [lpu aHamm3e HEMOMOCTAaBOK SHEPrOPECYpCOB MOKA3aTeNH YS3BUMOCTH OIMCHIBAIOT B
OTHOCUTENBHON (opme ymiepObl moTpeOuTenell 0T COBMECTHOTO BO3JCHCTBUS IleJIeHAIPaBICHHON
aTakKHu u CJ'Iy‘IaI\/'IHBIX OTKa30B IIpoIUux DJICMCHTOB Ha HUTCpanuun
l = 1...N nukia Monre-Kapio:

v (1)
RF’

rae zf — medumur sHepropecypca k, RF — motpe6mocTs B smepropecypce k, v — mocraska
sHepropecypca k. [lapamerpsl RF u yJ SBISroTCS pesynbTaTaMy ClIeHAPHBIX PACYETOB HA HTEPALUH |
nukia Monte-Kapmo [4].

KpuTHYHOCTE aTaKyeMbIX JJIEMEHTOB OIpENeNseTcs Ha YETBEPTOM JTale IPeICTaBICHHOU
METOJUKH C IOMOIIBI0 MaTpPHIBI pUCKa A, M CTOJOLOB KOTOPOH COOTBETCTBYIOT AMAIa30HaAM
yuiep0a OT HeIOMOCTaBKU KaKoro-IM0Oo 3Hepropecypca, a n CTpoK — Juana3oHaM BEPOSTHOCTH 3THX
HEJIONOCTABOK. 3HAYEHHEM DJIEMEHTA (;j MATPUIbl PUCKa A ABJSETCSA B3BEUIEHHOE NMPOU3BEIEHHE
3HaueHHil OIEHOK JMana3’oHOB ymiepba [ = 1..M W BEpPOATHOCTH HENONMOCTABKU j = 1 ...7.
Marpuipl pucka B METOJIMKE MOTYT OBITh YHHBEPCAIBHBIMHU, JTHOO (POPMHPOBATHCS OTAEIBHO JUIS
Pa3HBIX KaTEropwii MoTpeOuTeNei Kakoro-mubo 3Hepropecypca. YuiepOsl OT HEIONOCTaBOK Kk -To
dHEpropecypca, BEpOSTHOCTH 3THUX HEIOMOCTABOK - PaHEe OIpe/IeiisieMble Ha MHOXECTBE CLICHAPHUEB
BO3MYIICHUH KPUTEPHH YSI3BUMOCTH.

Ecnu obnacts 3HaueHui yiepda oT HeI0NMOCTaBKH KaKoro-1u00 3Hepropecypca k pazduBaeTcs Ha
M paBHBIX JUANA30HOB JATHHONW AZ¥, To BepOSATHOCTH HEONOCTABKU dHEpropecypca k B AManasoHe
nedummTa ¢ HOMepoM i = 1 ...m pacCUUTHIBACTCS CIEAYIOIUM 00pa3oM:

p 2z Fi(#) (2)
pi = N ,
rae F; — ¢ynkuus, kotopas paBHa | mpu BemonHennn ycnosus (i — 1)AZ¥ <z <iAZF u 0 B
JAPYTHX CITydasX.

Ecnu obnacTe 3HaueHWil BEPOSITHOCTH HEJONOCTAaBKM JHepropecypca k pasOura Ha M paBHBIX
YacTeil, TO TPH NONAIaHUK 3HAYEHHS DY B IMaNa3oH j = 1 ... 7 PUCK HEIONOCTABKH 3HEpropecypca k
— Oy/IeT paBeH 3HAYEHHIO DJIEMEHTA @;j MAaTPHIL pucka A. BennunHa pucka no 6osee, 4eM OHOMY
JMana3oHy ymiepOOB WIIM BEPOSTHOCTH HEIOIOCTAaBKH OINpEAeIIeTcs Kak CyMMa 3HaueHWi
COOTBETCTBYOIMX 3JIEMEHTOB a;;.

Jlornka naeHTH(UKAIUH PUCKOB (HA KOJMYECTBEHHOM M KaY€CTBEHHOM YPOBHSX) C IOMOIIBIO
Marpuibl A Ha 4eTBEPTOM dTare METOAUKHU IMOMCKA KPUTUYECKHX JJIEMEHTOB (POPMHPYETCS MCXOJS
M3 I[eNeil MPOBOAMMOrO aHainM3a C Yy4eTOM KPUTHYHOCTH aHAJIM3UPYEeMbIX [IHANa30HOB, HX
YHCJICHHBIX IMOPOroB. KoMIUIeKcHast OLEHKa KPUTHYHOCTH AaTAKyeMBIX JJIEMEHTOB IUISI TPYIIIBI
MOTpeOUTENeH ONpeNeNseTcsl B3BELICHHONH CBEPTKOW OauIbHBIX OIICHOK PHCKOB OTICIBHBIX
noTpeOuTeNeH.

k —
zr =1




3. OueHKa KpUTUYHOCTU 06beKToB EAMHOI cuctembl rasocHabxkeHua Poccum

Ampo0ariust peICTaBICHHOW PUCK-OPUEHTUPOBAHHON METOIMKY IMTOUCKA KPUTUICCKUX DIIEMEHTOB
BemostHeHa Ha mpumepe ECIT Poccun. Ilpaktnueckas 3HaYUMOCTh JaHHOW ampoOaImu — OIleHKa
BIUSHUS ydeTa BEPOSTHOCTEH HEJOIOCTABOK Tas3a IO CHCTEME B IIEJIOM MPH BBHIOOPE KPUTHUECKUX
JJICMCHTOB Ha KOHCUHBIM TIEPEYCHb Ta30BbIX OOBEKTOB. JlaHHAs OIIGHKAa MPOBOAMIACH IO paHee
c(hOpMUPOBAHHOMY IS CIWHUYHBIX OTKIIOYCHHN aTaKyeMbIX OOBEKTOB CIUCKY U3 61 3neMeHTa
(KoMIIpeccopHBIe CTAHINH, TTOI3EMHBIE XPaHWIAIIA Ta3a, ICTOYHUKH, IyTH Ta30BO ceTH) [9].

[IpuHIATHANEHBIME OTJIMYHMSIMA TEKYIIUX HCCIENOBAaHUM CTald MOJCIMPOBAHHUE CITyYalHBIX
OTKa30B, BBIOOpP KPUTHYECKUX OOBEKTOB C TO3MIMHA PHUCKOB HEAOMOCTaBOK. JlomycTumble
BEPOSITHOCTH OTKAa30B KOMITOHEHT TPAHCIIOPTHOW cocTaBistomieii EquHoM crucTeMBbl ra30CHA0KEHUS
Poccun u moa3eMHBIX XpaHWIHIN Ta3a, PACIONOKEHHBIE HA €€ TEPPUTOPHH, 3a/IaBAHCh MCXOS U3
JaHHBIX, TpUBEAEHHBIX B Taba. 1 [10, 11].

Tabnuua 1
MHTEHCMBHOCTb aBapuii 06bEKTOB ra3oBoOM OTPACAU
Tun obbekTa MHTEHCMBHOCTbL aBapuii
KomnpeccopHaa cTaHums, asapuin/roq, 0,25
MNoazemHoe xpaHuaulle, asapuii/rog, 0,1
NcTouHuMK, aBapuir/rog, 0,1
Y4acToK MarncTpasibHOro ra3onposo/a, aBapuin/Km rog, 1,3*107

Matpuila pUCKOB B HCCICAOBaHUHM (opMHpoOBajiach B JUala30He MaKCUMAJLHOTO O0beMa
HeZomocTaBokK (B npenenax 30% OTHOCHUTENBHOTO NeUInTa), UCXOII U3 COOOPaXKEHHUH KPU3UCHOCTH
nedunToB, nepectynmuBmux 60% MOpor OT MOIYIeHHOT0 MaKCUMAIBHOTO Jedunurta. BeposTHOCTH
HEJIONOCTAaBOK OLIEHUBAJIUCH JIECITU3HAYHOW UHTEPBAIIBHOM IIKaIO0M.

KonmuecTBeHHast M KaueCTBEHHAs OIIEHKA PUCKOB B MaTpulle pUCKOB (Tabi. 2) ¢popMupoBasach ¢
Y4€TOM KPW3HCHOCTH JHMAINa30HOB HEJOIMOCTABOK T'a3a, BEPOSATHOCTH WX BO3HMKHOBEHHWs. B obowmx
ciydasx Oblila BBEJICHA €MHAs KaueCTBCHHAs IIKaJa, BKJIFOUYAIONIAs HU3KUHM, CPEIHUA W BBICOKUH
YPOBHU KPU3UCHOCTU C YHUKAJIbHBIMU MOPOTOBBIMH 3HAUYECHUSIMU aHAIM3UPYEMBIX XapaKTEPUCTHK.
Jlornka wneHTU(UKAIMN YPOBHEH pHCKA, 3aJaHHBIX B JTOW e IIKaje KpPU3HCHOCTH, ObLIa
BBICTPOEHA UCXOJS U3 CIEIYIOUIUX YTBEPKIACHUM:

Tabnuua 2
MaTpuua pMCKOB HeAOMOCTABOK rasa B TeKyLuen anpobaumm
BeposTHOCTb [dunana3oHbl HeAONOCTABOK rasa, %
HepgonoctaBok 0-5 5-10 10-15 15-20 20-25 25-30 30-35
rasa
0,9-1 10 20 45 60 75 90 105
0,8-0,9 9 18 40,5 54 67,5 81 94,5
0,7-0,8 8 16 36 48 60 72 84
0,6-0,7 7 14 31,5 42 52,5 63 73,5
0,5-0,6 6 12 18 36 45 54 63
0,4-0,5 2,5 10 15 30 37,5 45 52,5
0,3-0,4 2 8 12 24 30 36 42
0,2-0,3 1,5 6 9 12 15 27 31,5
0,1-0,2 1 2 3 8 10 12 14
0-0,1 0,5 1 1,5 4 5 6 7

®  KIIFOYEBHIM IMOKa3aTeeM OLIEHKH YPOBHS PUCKA SBIIETCS YPOBEHb HEIOIMOCTABOK; YEM BBIIIIE
YpOBEHDb HEIOMOCTABKH, TEM 00Jice KPUTHYEH PUCK, HE 3aBUCHMO OT BEPOSITHOCTH BOSHUKHOBEHUS
neuImTa;
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° BEPOATHOCTb BO3HHUKHOBEHHUA HEAOIMOCTABOK KOPPEKTHUPYET IMPHUHALJICKHOCTL pPUCKA K
ONpeaAcJICHHOMY KaiC€CTBEHHOMY YPOBHIO;, B ClIy4ya€ MHUHHUMAJIbHBIX 3HAYCHUI BEPOATHOCTHU
KPUTUYHOCTb PUCKOB HECAOIIOCTABOK CUUTACTCA HCBHa'-II/ITeJ'II)HOI\/'I;

° HEAOMMYCTUMOCTD nepecequHﬁ 0aUIBHBIX OLICHOK IMPUHATBIX ypOBHefI PUCKOB HEAOIMOCTAaBOK
B C(i)OpMHpOBaHHOI‘/JI MaTpule, uX MaKCUMaJIbHOCTDb JJIs KpPISPICHOfI CUTyaluu.

AHaH3 MOyYEeHHBIX B MPOBEIEHHBIX HCCIEIOBAHIIX PE3YIbTATOB ITOKA3all CIeAyIOIIee.

HaGmonmaeTcst cxoxecth chopMupoBaHHOTO TepedHs 00bekToB co cnuckom KBO ECIT Poccuw,
moirydeHHbIM B [9]. B momydeHHOM mepedHe B 4WMCie MEpBBIX 61 3meMeHTOB mpucyTcTBYeT 58%
ncxomgHeix 00vekToB W3 mepeuHs KBO. Ilpu stom Habmiomaetcs 97% cooTBeTcTBHE Ha TEPBOM
TpUALAaTKe OOBEKTOB, MOJHOE COOTBETCTBHE COCTaBa MO MEPBBIM CEMH dJIeMeHTaM. B mocnenHem
cllyyae OTMedaeTcsi OJIM30CTh OAJUTBHBIX OLIEHOK PUCKOB HEJONOCTABOK, KaK CJIEACTBHE HECKOJIBKO
WHAs paHXHUPOBAHHOCTH PJIEMEHTOB.

AHanmm3 KaTeropupoBaHusi KPU3UCHOCTH OOBEKTOB MO 33IaHHON MAaTpHUIle PUCKOB Jal CXOXKYIO C
nepevyHeM ra3zoBbix KBO kapTHHY KpHU3HUCHOCTH, TIOKa3aj BO3MOXKHOCTD MOTaJaHUsl OAHUX U TEX XKe
O0OBEKTOB B CMEXKHBIE Kareropud. KareropmpoBaHHOCTh HArJSAHO I[OKa3aia 3aBUCHUMOCTh
MOJTy4aeMBIX PE3yJIbTATOB OT JIOTWUKH (DOPMHUPOBAHHUS MATPHUIBI PUCKOB, OT TPAaBHI OaUTbHON
OLICHKM PHUCKOB HAa PacCMaTPUBAEMBIX YHCICHHBIX WHTEpBajiaX, 0COOEHHO B YAaCTH PErJIAMEHTAIlUH
BEPOSITHOCTEM HENOMOCTABOK. B NaHHOM HcCIeAOBaHMM MHPU NECATH30HHOW IIKAJIE BEPOSTHOCTEU
yiiepOoB ¢ TOMYIIEHHEM O HE3HAYNTEIHbHOCTH JIFOOBIX HEJIOTIOCTABOK C MUHUMAIIbHOW BEPOSATHOCTHIO
(B mpenenax 0,2) cnoxwuiack cienyroinas kaptuHa (tadiu. 3). Hanbosee KpUu3uCHBIME CTaTl 00BEKTHI
1-7, 9-10, 14-16 u3 nepeunst KBO ECI" Poccuu ¢ mpenmMyIiecTBEHHBIM YPOBHEM HEIOMOCTABOK B
paitone 17,3-17,7%, ¢ Bbicokum ypoBHeM BeposiTHOcTH (0,8-1) ux Bo3HUKHOBeHUS. [ITh 00BEKTOB
JAHHOTO MHOXKECTBAa OJHOBPEMEHHO TIOMAIN B COCENHIOK, MEHee KPHU3HUCHYI0 KaTeropuio c Ooiee
BBICOKMMH oOIlleHKamMH jaeduiutoB (19,7-22%) ¢ MuHuManbHbiM ypoBHeM BepositHoctu (0-0,2).
CyMMapHO B Cpe[HIOI0 KaTeropuro kpusucHocTd Bouuio 11 raszoBeix KBO (o0wextsl 1-2, 4-5, 8, 10,
12, 13, 15) ¢ BeicokuMHU oTHOcUTEeNbHbIME Aedummramu (17,8-23%) u ¢ HU3KUMU BEIWYHMHAMU
BepoaTHocTH (B npeaenax 0,1).

Tabnuua 3
AHanus BblbpaHHbIX 06bekToB ECI Poccmm no Hanbonee KPU3MUCHBIM YPOBHAM PUCKA
YpoBeHb Yucno % ot % ot MosTopse- Homepa JOvanasoH
KPU3UCHOCTM  OOBEKTOB rasoBbIX obwero MOCTb rasoBblX CO343BaeMbiX
06bEeKTOB KBO yncna (57 06BEKTOB Mo KBO aeduumnTos,
(61 06beKToB) rpynnam %
061beKT)
BblcOKUI 11 18 % 31% 6 13 11 (54%) 1-7, 15.97 % -
9-10, 21.18%
14-16
CpenHuit 29 48 % 83% 6 1329 (21%) 1-2, 4-5, 15.97 %-
8,10, 12, 21.18%
13,15

4. 3aKknwuyeHue

3asBNeHHAs METOAMKAa BHIOOpAa KPUTUYHOCTH DBJIEMEHTOB IO3BOJSIET Oojee peasuCcCTUUHO
aHaJIM3UPOBATh (PYHKIMOHUPOBAHUE CHUCTEM SHEPIeTUKH B SKCTPEMAalbHBIX CHTYallUsX, MMO3BOJISET
YUUTHIBaTh IIOTEHIMAJIbHBIE PUCKU HEJOIIOCTABOK SHEPrOPECYPCOB Pa3IMYHBIM KAaTErOpUsIM
norpebureneit. [IpenmyiiecTBOM METOOUKH ABJSIETCS €€ YHHBEPCAJIbHOCTH B OTHomeHun CO
Pa3NUYHBIX YPOBHEH TeppUTOpHANbHON nepapxud. Tekymas anpobanus Mmetoguku Ha npuMepe ECI
Poccuu BeIsiBIIIA crieyIolME KIFOUEBbIE OCOOEHHOCTH:
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e  TIOKa3aJa CYIIECTBEHHOE BIHMSHHAE BEPOSTHOCTHOTO (haKTOpa, 3aBHCAIIETO OT KOJMYECTBA
nukioB MonTte-Kapio, Ha BEIOOP KPpUTHUECKHX 00BEKTOB;
e  TIOKa3aJa BaAXHOCTh KOPPEKTHOTO 33JaHHs MaTPHIl PUCKOB HEIOMOCTAaBOK YHEPrOpPECypCOB,
BXHOCTh y4eTa (akTHUeCKUX OOBEMOB HEIONMOCTABOK, IIOBTOPSEMOCTH BEPOSTHOCTEH
BO3HUKHOBEHHS 3TUX HEJOMOCTABOK IIPU BEIOOPE YHCIICHHBIX AUANa30HOB MATPHIL;
e  JI0Ka3ajia MPaBAONOJOOHOCTH (OPMHPYEMBIX C TOMOINBI0 METOJUKH PEe3yIbTUPYIOIIHX
MepevHeil KPUTHIECKIX 0OBEKTOB.

HanpHeiiimas  ampoOamus MeETONWKH IUIaHWpyercs Ha ypoBHe TOK cTpanel, rme
CYIICCTBCHHYIO pPOJb UrpacT (HakTop MEKCHCTEMHOIO B3aUMOJICHCTBUS JHEPIETUYCCKUX
oTpacieil.

5. bnaropgapHoctu

Pabota BrImoHEeHa Tpu (UHAHCOBOM MoAepkKe MUHICTEPCTBA HAYKH W BBICHIETO 00pa30BaHUs
Poccuiickoli @enepauuu B pamMKax IpoekTa rocynapctBeHHoro 3aganus FWEU-2021-0003 Ne
AAAA-A21-121012090014-5 nmporpamMmel pyHIaMEHTATBHBIX HccnenoBaranii PO wa 2021-2030 rr. ¢
ncnonszoBanueM pecypcos LIKII "BricokoTemmneparyphslii koHTYp" (MunoOpHayku Poccun, npoekt
Ne 13.1IKI1.21.0038) u LKII Cubupckwuii Cynepkomnbtorepusiii Liearp UBMuMI™ CO PAH, a takke
PO®U B pamkax HayuHbIX IpoeKTOB Ne 20-47-380002-p _a u Ne 20-08-00367.

ABTOpPBI BBIpaXkaloT OmarogapHocTb Mpkyrckomy cynepkomnbiorepHomy neHtpy CO PAH 3a
MPeNOCTaBICHUE JTOCTYIMAa K BBICOKOIIPOM3BOIUTEIBHOMY Kiactepy «AkamemMuk B.M. Marpocosy
(Upkyrckuit cyneprkommbrotepHsiii ientp CO PAH, Upkyrck: UJICTY CO PAH; http://hpc.icc.ru,
nata obpamenus 18.04.2022).
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Paspabotka nporpammHou nnarpopmbl ANA  CO34aHMUA
uMPpoBbIX ABOMHUKOB MWHTErPUPOBAHHDLIX 3SHEPreTUYEeCKUx
cucTem

Jivutpuii Cokonos !, Banepuit Crennukos !, Esrennii bapaxrenxo !, I1e6 Maiiopos ’

I Uuemumym cucmem snepzemuxu um. JLA. Menenmvesa CO PAH (UCOM CO PAH), Jlepmonmosa, 130,
HUpkymck, 664033, Poccus

AHHOTauuA

WnTerpuposannsle sHeprerudeckue cucreMsl (MOC) SBAAIOTCA CIOXHBIMU TEXHHUECKHMU
OOBEKTaMH, TEXHOJIOTMH IH(PPOBBIX IBOHHMKOB IIO3BOJITIOT IIOBBICHTH KadecTBO HX
MOJICTUPOBAHUSI U TIPOEKTHUPOBaHUS. B cTaThe MNpPEANIOKEH METOMUYECKHH MOAXO0J K
pa3zpaboTke MporpaMMHON IIaTGOpMBI 1A co3daHus UUQPPOBBIX OBOMHHUKOB MOC wu
pemieHns KOMITIEKCa 3a/ad, BO3HMKAIOMIMX IIPH TIPOSKTUPOBAHWM ITHX cucteM. Jlms
aBTOMATH3AIMK JTAIOB ITOCTPOEHHS NPOTPaMMHON IIAT(GOPMBI pearn3yeTcs] KOHLCTIII
Model-Driven  Engineering.  IlpemioskeHa  TpexypoBHEBas  apXUTEKTypa  CETCBOM
MHOTOITOJIb30BATEHCKON MPOrpaMMHOM CHCTEMBI. Ipemnoxen MOAXOX K
aBTOMAaTH3MPOBAaHHOMY IIOCTPOCHHIO IM(POBOTO [BOHHMKA, TNPEACTAaBIECH AalTrOPHTM, B
COOTBETCTBUU C KOTOPBIM BBINOJIHSAETCS aBTOMAaTU3UPOBAHHOE ITOCTPOCHHUE.

KnioueBble cnosa
HHTerpupoBaHHas dHepreTuveckas CHUCTeMa, IMporpaMMHas IniatdopMa, aBTOMAaTH3AIHS
HpOFpaMMI/IpOBaHI/Iﬂ, HpOFpaMMHaH I/IH)I(eHepI/ISI, l'[pI/IMeHeHI/Ie OHTOJ‘[OFI/II7[

1. BeBepgeHue

B nmnocnennee Bpemsi pa3BUBAeTCAd KOMIUIEKCHBIA MOAXOJl, paccMaTPUBAIOMIMI COBMECTHOE
pasBuTHe W (YHKIMOHHUPOBAHWE HECKOIBKUX OTJENBHBIX CHUCTEM (AJIEKTpO-, TEIio-, Ta3o-,
XJIaJIOCHA0KEHHS | JIp.) B COCTAaBE MHTErpUpPOBaHHBIX 3Heprerndeckux cucrem (MIC) [1, 2]. Ilpu
stoM noa MOC mnoHuMaercs cucTema, BKIIOYAIONIas COBOKYMHOCTh HHAWBUIYAJIbHBIX CHCTEM
SHEPreTHKH, B3aMMOCBSI3aHHBIX MOCPEJICTBOM ~ OOIIMX  B3aMMO3aBHCHUMBIX  PEKHMOB
(hyHKITMOHUPOBAHUS TIPH TIPOU3BOJICTBE, MOTPEOICHUH U TPAHCIIOPTHPOBKE COOTBETCTBYIOIINX BHIOB
JHEPIHH, a TAK)KE KOMIUIEKCHOM Pa3BUTHH STUX CHUCTEM.

OObeMHeHNE WHIWBUAYAJIbHBIX CHUCTEM JHEPreTHKH B EIWHBIH TEXHOJOTUYECKHH KOMIUIEKC
00eCneunT peann3alyio HOBBIX (YHKIIMOHAIEHBIX BO3MOXHOCTEH, MpUMEeHeHHe 00Jiee COBEPIIEHHBIX
TEXHOJOTMM B 3KCILTyaTalli M CO3JaHHe HWHTETPUPOBAHHBIX LEHTPATU30BAHHO-PACIPEIEIICHHBIX
CUCTEM C KOOPJMHHPOBAHHBIM YIPABICHUEM HX PEXHMaM{ M aKTUBHBIM y4acTHEeM NoTpeOuTeneil B
mporecce dHeprocHaOxkenus. Ilepexonq k moctpoenuto MOC obecrnieunBaeT 00ji€e BBICOKYIO
SKOHOMHMYECKYI0  3(()EeKTHBHOCTb  NEPEUMCICHHBIX  CHCTEM,  BBICOKYI0  HAQJEXKHOCTh H
Oecrniepe0oTHOCTh dHEPTrOCHAOKEHHUS TTOTPEOUTEIICH.

[IpoGiiema ontuManbHOro npoektupoBanus MOC sBiseTcs O4YeHb BaKHOH, a ee 3 (PEeKTUBHOE
peuieHre odecrieyrBaeT 3HAUUTENFHOE CHIKEHHE SKOHOMUYECKHX 3aTpaT M MPHEMIIEMOE KayecTBO
cHaOXXeHUsl ToTpeduTesss HeoOXxomumon emy sHeprued [1, 3, 4]. IIpuMeHeHHE COBpPEMEHHBIX
MOJIXO/IOB HAa OCHOBE KOHIICTIMH IM(PPOBBIX JBOWHUKOB TMO3BOJISET IOBBICUTH aJIeKBATHOCTD
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MaTEeMaTHYECKUX W KOMIBIOTEPHBIX MOJeliel, oOecreunBaeT BO3MOXKHOCTh PEIICHHS IMTPOSKTHBIX
3a/lad B paMKax EIWHOTO IMPOrPaMMHOTO OOECIIEYEHHUsS, YTO TMO3BOJISICT B PE3yJbTaTe IOJIYYUTh
pelIeHrEe MPOSKTHOM 3amaun 0oJiee BBICOKOTO KAauyeCcTBa B CPAaBHCHHU C TMOXOJAMU IPEIbIITYIIUX
MoKoJieHWi. B HacTosiee BpeMs MOIXOAbl K MPOSKTHPOBAHUIO CIIOKHBIX TEXHHYECKHUX CHCTEM Ha
OCHOBE KOHIENINH IU(PPOBBIX TBOWHHUKOB [5] MONy4arOT MIMPOKOE pacIpoCcTpaHeHHe, Kak B
SHEpreTuke [6], Tak U B Apyrux oTpacisax [7-9].

B HNCOM CO PAH cdopmynupoBana HoOBas HaydHas 3amada pa3pabOTKH eAWHOH U
YHUBEPCATHHON TEXHOJIOTHU MOCTpOoeHHS MU(PPoBBIX ABOWHUKOB MDC 1 pazpaboTKu mMporpaMMHOTO
MHCTPYMEHTA JIJIS TPOSKTUPOBAHUS 3THUX CHCTEM. B HacTosIIel cTaThe MPEICTaBICH OPUTHHAIBHBIN
METOJIMYCCKHI TOAXOM K TMOCTPOCHHUIO MPOrpaMMHONM IUIATGOPMBI IS CO3JaHUs IU(POBBIX
neoitankoB UDC u pemieHus 3a1ad uX IPOCKTHPOBAHUS.

2. ®opmynnpoBKa Hay4yHOU Npobaembl U NOAXOA K ee peLleHUIo

Ha ocHoBe BhINIOTHEHHON CTPYKTYypH3alMy MpodieMaTHku 1 uccienoBanuii UOC crnenan BbIBOJ O
HEOOXOIUMOCTH pa3pabOTKH €JUHOM NPOrpaMMHOM  IUIATQOPMBI  UII  MOJCIUPOBAHHA H
mpoektupoBanus NOC. [lnmaTrdopma HomKHA BEICTYTIaTh B Ka4eCcTBE 0a3bl ISl aBTOMATH3UPOBAHHOTO
noctpoeHus: UUGPPOBBIX NBOWHUKOB MOC W pemieHus BCEro KOMIUIEKCa 3agad KOMITBIOTEPHOTO
MoaenupoBanust MOC npu ux NpoeKTUPOBAHUH.

Hosas niatdopma nomkHa OTBeYaTh CISAYIOLIMM TPeOOBaHUSM:

e  (OOecreunBaTh pelieHNE BCEX MOA3a/1a4 B paMKaX €IMHOMN MPOTPaMMHOM CHCTEMBI.

e  (CBd3aTh pelIeHUE OTACIBHBIX [T0133/1a4 B €MHOE PEIICHUE.

e [lo3BomsATh THOKO HAcTpauBaTh BBIYUCIUTEIBHYIO IPOLEAYPY HOA 0COOEHHOCTH

000pYAOBaHMS U MaTEMAaTUUECKUE MOJIENIN, OIIMCHIBAIOLINE €0 PaboTy.

e ['uOko HacTpaWBaTh BHIYHMCIUTENBHBIN MpOLECC, peau3ysl Pa3IHyHbIC aJrOPUTMbI PEIICHHS

3ajauy.

OreMeHTbI 1aT(OPMBI TOJDKHBI OBITH MOCTPOEHBI B COOTBETCTBHU C MAPaAUTMON KOMIOHEHTHOTO
MPOTPaMMUPOBAHHUS, YTO 00ECIIEYUT BO3MOKHOCTD MIPEACTABICHHUS METOJIOB, AITOPUTMOB U MOJENeH
B BHJE DJEMEHTOB MpOrpaMMHOro (oHIa, TPUTOJHBIX JUIS MHOTOKPAaTHOTO HCIOJIb30BaHUS.
[IporpaMMHBIE KOMIOHEHTHI JOJDKHBI 00J1aJaTh CTaHAAPTU3UPOBAHHBIMH B paMKax €IHHOTO
MPOrPaMMHOIO0 HMHCTPYMEHTa INPOrpaMMHBIMH HHTepdeiicaMH C ONHMCaHWEM IOAIPOrPaMM,
(opMaToB BXOJHBIX W BBIXOJHBIX JaHHBIX. B CBOI oyepenb MNPaKTUYECKOE TNPUMEHEHHE
KOMITOHEHTHOTO TMOJXO0Ja TPHUBOJUT K BO3HUKHOBEHHIO CJIOKHOW TMPOOJEMBI, BbI3BAHHON
HEOOXOIMMOCTBIO MHTErpallid B HPOTPaMMHYIO0 CHUCTEMY OOJBLIOrO KOJIMYECTBA IMPOTrPaMMHBIX
KOMITOHEHTOB, HCIOJIB3YEMBIX JUISI MOJEIUPOBAHUS PA3IMYHBIX JIEMEHTOB CHCTEM, KOTOPBIE MOTYT
OBITH TIPEJICTABICHBI MIMPOKUM HAOOpOM OOOPYAOBAHHMS W HAaXOAUTHCS B PA3IUYHBIX COCTOSIHHUSIX.
Bricokasi TpyAHOCTb TOJJIEpKAHUST B AaKTyaJbHOM COCTOSHMM Bcero Habopa HE00XOJUMBIX
MIPOrPaMMHBIX KOMIIOHEHTOB TO3BOJISIET CHENATh BBIBOJA, YTO S pealu3ald MpOrpaMMHON
m1atGopmMbl HEOOXOAMMO MPHBIEYCHNE TMAPaguTM TMPOTPAMMHUPOBAHUS, OPUEHTHPOBAHHBIX Ha
ABTOMAaTH3AIMIO ATANOB TIOCTPOCHHS TPOTPAMMHOTO 00ECTIeUeHHSI.

CoBpeMeHHBIE TOAXOABI K pa3paboTKe MpPOrpaMMHOIO 00ECHEeYeHMs SBIISIOTCS MPEIMETOM
HCCIIEIOBAHNA MHOTUX CIIEIUAIIUCTOB WU MPEACTABJICHBI B JUTEPATYPHBIX MCTOYHHKAX JOCTATOYHO
mupoko. OCHOBOW MOJIETMPOBAHUS COBPEMEHHOTO ITPOrpPaMMHOT0 00ecrieYeHus IBIsIeTCS 0ObEKTHO-
opueHTHpoBaHHbIN moaxon [10, 11]. B pabortax [12-15] s aBTOMarW3amuy 3TAroB MOCTPOCHUS
mporpaMMHoOro oOecredeHusi npeanaraercs konuenuuss Model-Driven Engineering (MDE).
Konmermmst MDE  mpencraBisier  co00if  COBOKYIMHOCTh ~ METOAMYECKHX  IMOIXOJOB K
ABTOMAaTHU3WPOBAHHOMY TIOCTPOEHHIO CJIOKHBIX MPOTPAMMHBIX CHCTEM Ha OCHOBE MPEIBAPUTENHHO
pa3paboTaHHBIX MoOJeNed. JTa KOHLENIHUsl pa3padOTKH MPOrpaMMHOTO OOECTIeYeHUs] B HACTOSIIEE
BpeMsI aKTHBHO Pa3BUBAETCs, MOJIXO/IbI Ha €€ OCHOBE MO3BOJISIOT YCIIENIHO Pa3padaThiBaTh CIIOKHBIC
nporpamMmHusie cuctemsl [16-18]. [logxoasl K aBTOMATH3AIMK 3TAMOB MOCTPOSHHS MPOTPAMMHOTO
o0ecrieyeHus, OCHOBaHHBIE Ha IPUMEHEHUH METAIIPOrpaMMHUPOBAHUS, U3JI0KEHBI B padoTax [19, 20].
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3. HoBbi meToaMuyeckunii noaxop,

B ICBM CO PAH paspabaTeiBaeTcsi OpUTHHAIBHBIA METOIOIOTHYECKHA MTOAX0 K TOCTPOCHHIO
MporpaMMHON TUTATHOPMBI I co3maHusd MUAPOBBIX TBOMHUKOB MOC m permeHus MpakTHIECKUX
3a71a4, BOBHUKAIOUIUX MPU MPOEKTUPOBAHUM 3TUX cucTeM sHepreTuku. Kounenuus MDE sBasiercs
OCHOBOI aBTOMaTH3UPOBAHHOT'O IOCTPOCHUS MPOrpaMMHOTO o0ecriedeHus Ha 6a3e 3TOH IIaTOpPMEI.
Oco0eHHOCTh peanu3aliy 3TOM KOHIETIUHN B paMKax pa3pab0oTaHHOTO IMOAX0a COCTOUT B IIMPOKOM
WCIIOIH30BAaHUN  COBPEMEHHBIX  TEXHOJOTHH  MertamporpammupoBanms [19, 20], xoTopsie
00ecneYnBaroT BBICOKYIO THOKOCTh AJIsl TMHAMUYECKOTO KOHCTPYHUPOBAHNUS JIEMEHTOB IIPOrPaMMHOM
CHCTEMBI 1 BHECEHUS B HE€ HEOOXOIUMBIX U3MEHEHUH.

OCHOBHBIE COCTaBIIAOLINE pa3pabaTbIBAEMOr0 METOANYECKOrO [IOX0a:

1. CocraB mnporpaMMHbIX KOMIIOHEHTOB U HX CTaHJApTU3HPOBAaHHBIE IPOrPaMMHBIE

MHTEP(EHCHI.

2. CoctaB U METOJIbI IOCTPOCHHUSI OHTOJIOTHUH.

3. TpexypoBHEBas apXUTEKTypa MHOTOIOJIb30BATEIBCKON IPOrPAMMHOM CUCTEMBI.

4.  OpurHHaJIBHBIN MOAXOJ K aBTOMaTH3UPOBAHHOMY MOCTPOCHUIO U poBoro aBoitHnka MOC.

OCHOBHBIMHM  COCTaBISIIOIIMMHU  pa3pabaThIBAeMON MPOrpaMMHON  MIaThOpMbl  SIBISIOTCS
CIIEAYIOIIME: KOMIIOHEHTHI, YIpPaBJsoliMe padOTOH OpPyrux MpOrpaMMHBIX KOMIIOHEHTOB;
KOMIIOHEHTBI, PEATU3YIOIINEe MaTeMaTHIECKHE METOAbl U JITOPUTMBbl; KOMIIOHEHTHI Ul JIOCTYIa K
0a3aM naHHBIX, oHTOJOrMM (OoHTONOTMA MODC, BKiIrOYaromas B ceOS OHTOJIOTMHM HWHIMBHIYaTbHBIX
CUCTEM DHEPTeTHUKH, OHTOJIOTHS IporpamMmHoro obecriederns (onrtonorus [10), oHTomOTHS 33ma9).
Java sBnsieTCSs OCHOBHBIM SI3BIKOM HIPOIPaMMHPOBAHMS Ul peanu3auuu miatdopmsl. OTaenbHbIE
MpOTpaMMHBIE KOMIIOHEHTBI MOTYT ObITh peanu3oBanbl Ha C/C++, Fortran, Python u apyrux si3pikax.
st XpaHeHHsT OHTOJIOTHH HCIOJB3YeTCs MPEeIMETHO-OPHUEHTHPOBAHHBIN S3BIK, pa3pa0OTaHHBIA Ha
OCHOBe s13bIKa onucanus JaHHbIX XML (eXtensible Markup Language).

[penoxkeHnast A peaar3anyy IporpaMMHON TIaTGOPMEI TPEXYPOBHEBAsI apXUTEKTypa CETEBOM
MHOTOIIOJIH30BAaTEIbCKOW CHUCTEMBI TpejcTaBieHa Ha puc. 1. [IpuBeneM ommcaHue KakIoro u3 ee
YPOBHEH.

1. Web-npunoxenue, padoTaromiee Ha cepepe. JTa MMOACUCTEMa OTBEYAET 3a B3aUMOJACHCTBHE

C TIOJIB30BATENIIMU B paMKaX KOMITBIOTEPHOM CETH M IS PEIIEHUs] pacueTHO-aHATUTHYECKUX
3a1a4 Ha CTOPOHE cepBepa.

2. Kiwmentckas yacTh cereBoi cucrtembl. OHa mpenHasHadeHa [uis paboThl ¢ rpaduvyecKuMH
KOMIbIOTepHBIME MofensiMu MOC W maHHBIMM 1O WX D3JeMEeHTaM. JTa MOoJACHCTEMa
WCIIOJIB3yeTCA JJIs IOJITOTOBKHM UCXOIHBIX JAHHBIX U IPOCMOTPA Pe3yIbTaTOB BHIYMCIECHHI.

3. lloacucrema xpaHeHus paHHbIX. OHa mpenHa3HaueHa Al XPAaHEHHWS M MHOIOKPATHOTO
MCIIOJIb30BaHMs KOMITbIOTepHON Mozenu MUDC, nCXOoAHBIX JaHHBIX U PE3yJIbTaTOB PACUETOB,
rpaMUecKUX TaHHBIX O TOPOJICKOW 3aCTpOKE.

CepBepHasi 4acThb NPOrPaMMHOI CHCTeMbl pa3padaTbiBaeTcsi Ha s3bIke Java u paboTaer mox
ynpasiieHHeM KoHTelHepa cepsieToB Apache Tomcat. {ns xpanenus mogenu MOC u nepenaun ee
KOHUTYpaIuU MEXIY MOJICHCTEMaMHU MTPOrPaMMHON TIAT(OPMEI UCTIONIL3YETCSl TEKCTOBBIA (hopMmar
oomena manabeiMu JSON (JavaScript Object Notation). Co3gaHHbBIE MTOJIB30BATEISIMU KOMITBIOTEPHBIE
mozenn UOC coxpansrorest iiaTgopMoii B 0a3y JaHHBIX M MOTYT OBITH MHOTOKPATHO MCIIOJIb30BaAHBI
MIpH TIPOBEJEHUHN pacueToB. J[mst B3ammopneiicTBus ¢ 0a3aMu AAaHHBIX HCIOJIB3YETCS TEXHOJIOTHUS
JDBC (Java DataBase Connectivity), o0OecreurBaroiias €IUHBIH HHTEP(EHC B3aUMOICHCTBHS
1aTopMbl ¢ cucteMamu ynpasieHus 6a3amu gaHubix (CYBJ]) npu momomn si3eika SQL (Structured
Query Language). B 3aBucuMoctu oT MacmTaboB pemaeMbIxX 3a7ad, KOJMYECTBA €INHOBPEMEHHBIX
0JIb30BaTeNied W 0COOEeHHOCTEH ceTeBOl Harpy3ku Ha web-npuioxkenne JDBC obecrnieunBaer
BO3MOXHOCTH I'MOKOM MHTErpalliy B IUIATGOPMY Pa3IMIHBIX MHOTONOIb30BaTEIbCKUX PEISALUOHHBIX
CYB/], rakux xak Firebird, PostgreSQL, MS SQL Server u np.

B3anMozeiicTBiEe TMONB30BATENS MPOTPAMMHON IIATGOPMBI ¢ KOMIBIOTEpHOU Mojaenpio MOC
OpraHN30BaHO Kak pabdoTa ¢ HaOOpOM CIIOEB, KKIBIM M3 KOTOPHIX COOTBETCTBYET OJHOMY U3
ypoBHel uepapxudeckoir moaenu MIC. Ilpu >ToM, B 3aBUCMMOCTH OT LieJe MOAECNIUPOBAHUS U
0COOEHHOCTEH perraeMon 3a1a9u, OANH CJIOH MOXKET TPEICTaBIATh KaK OTICILHYIO SHEPTETHICCKYIO
cucteMy (B memoMm) B coctaBe MOC, Tak M OAWH W3 YPOBHEH HEpapXHUECKOW MOJECIH KaKOW-THO0
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moacuctemsl MOC. HWepapxmueckas momens MOC MOXET COCTOATH W3 MOZACIECH OTACIBHBIX
SHEPTEeTHUECKMX CHUCTEM pasHBIX MaciTa0oB (MEXpETHOHANBHBIE CETH, KpYIHBIE TOPOJICKHE
MarucTpalibHbIE CETH, PaliOHHBIC PACIPEACTUTENbHBIC CETH, CETH OTICIbHBIX HACEJICHHBIX MyHKTOB
1.1.). Tak, Hampumep, UOC HEOOTBIIOTO HACEIIEHHOTO MTyHKTa MOXKET OBITh MOAKIIOYEHA K KPYITHON
ra30TPaHCIIOPTHON CHCTEME M TOPOICKOH CHCTeME 3JIEKTPOCHA0KEHUS, TIPH ITOM TEIIOCHA0KaroIIast
cucrema B coctase 3Toit UDC mMoxeT ObITh HeOOMBIIOr0 MacTaba u paboTaTh Ha Ta3e WU yrJe.

Web-unTepdeiic IMoacucTema XpaHeHUs JAHHBIX

|
Komnerorephas mogens H3C

|
| |
| [
| [
| V) CYB]L €
: Cron ¢ MozZensAMH f
| noacucrem U3C | Baza
| y [ TAHHBIX
| |
' (JDBC)
KommoHeHT-KoHTponnep | —
CETEBBIX 3aMpPOCOB Cynepsisop
- /————-\\
\_____-____’/
g S E e [
Monens UDC e ; gussiats OnTonorns
L s (1 3 | M3C
e AT [MocTpoutens [ & | —
. | Ceresbie kKOH(uTy paunn s uudposoro |- ; =
| noncucreMm MOC gy JBOMHHKA jg-—— | .
; < 1 : i....| OuTonmorus
S T e e W bl : 3ana4
YYY . ' : -~
AR E LA e e e G s R A S e e ) SR e I H
! r! o i ! ! P
[ e I | : N A
: Metogprn ||| --eeeoe- > Mogenn } L OHTONOrNA
\ anroput™bl ||| ooeeee. > 3]IEMEHTOB | 10
\ |
| | o SRR
} Bu0aHoTeKH MporpaMMHEIX KOMIOHEHTOB|
———————————————————————————————————— Cucrema_
Web-npunoxenne OHTOJIOTHH

PuUcyHoOK 1: MHOrononb3oBaTeNbCKasA CeTeBas NporpaMmHasn cuctema. TpexypoBHEBas apxXMTEKTypa

ABTOopamMu Obul pa3paboTaH OPUTMHANBHBIN MOAXOA K IOCTPOCHUIO IHM(POBOro IBOWHHUKA H
OpPraHM3allMM BBIYHUCIMTEIBHOIO Ipolecca. B COOTBETCTBHM € 3THM MOJAXOAOM KOHCTPYHPOBaHUE
uM(ppPOBOTO JBOMHMKA W BBIYHACIUTEIHHONW ITOACHCTEMBI BBIMOIHSAETCS B aBTOMATH3UPOBAHHOM
pexume. llogxonm mpeamomaraer, 4TO aBTOMAaTH3MPOBAHHOE KOHCTPYHPOBAHHE BBINIOJHAETCS B
COOTBETCTBHH C AITOPUTMOM, IIaru KOTOPOTO MPEACTABISIIOTCS B CIEAYIOIIEM BUE.

1.

2.

hd

ChopMupoBaTh  CHHCOK  HCIOIL3YEMOTO OOOpPYIOBaHWS HAa  OCHOBE  CO3JIaHHOU
MOJIh30BaTeNIeM KOMITbIOTepHOH Moaenu UOC.

ChopmMupoBaTh CIMCOK MaTEMaTHUYECKUX MOJEIIEH HCIOIb3YEMOTro 000PYI0BaHUs HA OCHOBE
KoMmnbroTepHOi Moaenu MOC.

CdhopmupoBath CIIUCOK HEOOXOJUMBIX MPOTPAMMHBIX KOMIIOHEHTOB Ha OCHOBE CO3/IaHHBIX
Ha TPEABIAYIINX IIarax CIHCKOB.

CdopmupoBath onvcaHue NpOrpaMMHOIO KOMITIOHEHTA, PEaATH3YIOIIEro ajlfOPUTM PEIIEHHS
MIPHUKIIATHON TTPOOIEMBI.

ITocTpouTh MOAEIE KOHCTPYUPYEMOM NIOJICUCTEMBI IPOTPAMMHOM CUCTEMBI.

3arpy3uTh OMUCaHNUE HEOOXOIUMBIX TPOrPaAMMHBIX KOMIIOHEHTOB 13 oHTosioruu [10.
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7. llomkmoounTh K NPOrpaMMHOM CHCTEME IPOTrPAMMHBIE KOMIIOHEHTBI, PEANHU3YIOIIHE
AITOPUTMBI U MAaTEMaTHUECKUE MOJICIIA 000Dy TIOBaHHMS.

8. CdopmupoBaTh CTPYKTYpBI JaHHBIX, HECOOXOAUMEBIC ISl PYHKIIMOHUPOBAHHUS ITOAKITFOUESHHBIX
MPOrPaMMHBIX KOMITOHEHTOB.

4. BbiBoAabl

[lepexon K MOAENMPOBAaHUIO M MPOEKTUPOBAHUIO COBPEMEHHBIX CHCTEM 3HepreTHkH kak MOC
MO3BOJISIET 3HAYMUTENLHO MOBBICUTH 3(PQPEKTHBHOCTE uX paboThl. MOC SBISIOTCS CIOXKHBIMH
TEXHUYECKUMH 00BEKTaMH, TPEOYIOLUIMMHU CTPYKTYPH3alUU OOJIBIINX 0OBEMOB JaHHBIX, IPUMEHEHUS
CIIOKHBIX MAaTE€MaTU4eCKUX MOJENeH W METOAOB, OPraHU3aLUH CIOKHBIX BBIUYHUCIUTEIbHBIX
nporeccoB. TexHOMOrnu nuppoBHIX TBOWHUKOB MO3BOJIAIOT MPEO0IECTh IEPEUUCIICHHBIE TPYIHOCTH.
B craTtpe npeyioskeH METOIUUECKUI OAX0 K pa3paboTKe MporpaMMHON miaaT(opMbl Ui CO3IaHUS
un¢poBeix nBoiHNKOB MOC m perneHns KOMILIEKCa 3a7av, BO3HHUKAIOIIUX MPU MPOCKTHPOBAHUU
3TUX cucTeM. [l aBTOMAaTH3aIl[MM ATAllOB MOCTPOSHUS MPOrpaMMHON IIaT(GOpPMBI peaau3yercs
koHuenuuss MDE. IlpemnoxkeHa TpeXypoOBHEBas apXUTEKTypa CETEBOW MHOIOIIOJIb30BATEIbCKOU
nporpaMMHoOi cuctemsl. [IpemioskeH moaxox K aBTOMAaTH3HMPOBAHHOMY IMOCTPOCHHUIO LU(POBOTO
I[BOI\/'IHI/IKa, MMPpEACTAaBJICH aJITOPUTM, B COOTBETCTBHUU C KOTOPBLIM BBIIIOJIHACTCA aBTOMAaTH3MPOBAHHOC
[IOCTPOEHUE.

[IpenyioxxeHHOE B CTaThe METOAOJIOTMYECKOE 00ECIEUCHHE MOKET IPUMEHATHCS B OpPraHU3alHsX,
3aHUMAIOIIUXCSl Pa3pabOTKON NpPOrpaMMHOrO oOecredeHusl Uil aHaun3a, HPOEKTHPOBAHUS U
ontummzanun UOC pasnnuyHoro Ha3HauyeHus. PeanmuzoBaHHOe mporpaMMHoOe oOecrieueHHe MpH €ro
BHEIPEHUU B IPOCKTHHIE OPraHN3aL[MH OBBICUT KaUY€CTBO MOJYYaeMbIX MPOEKTHBIX PEKOMEHIAINN U
CHM3UT TPYAOEMKOCTb UX MOJYYCHUSI.
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MHPopMaLMOHHbIE TEXHONOTUN ANA NOAAEPHKKHU
apXxeonorn4yeckux uccnepoBaHuii

A. B. Criacu6ro’, A. A. Berpos’, E. C. ®epedepos’”

1 o .

Hpkymcxuil eocyoapcmeennsiti ynusepcumem, HUpxymck, Poccus

2

Hucmumym ounamuxu cucmem u meopuu ynpaeiernus umenu B.M. Mampocoea Cubupckozo omoenenus
Poccuiickoii akademuu nayx, Upkymcx, Poccus

AHHOTauumA.

B pabore paccmarpuBaroTCs CIOCOOBI MPUMEHEHUS COBPEMEHHBIX HH(OPMAIMOHHBIX
TEXHOJOTHH M Ppa3iUYHBIX peIIeHWs 3agad  apXeOoJOTHYeCKUX  HCCICIOBAaHHM.
OmnuchIBacTCs BO3MOKHOCTD M MEPCICKTHBBI CO3/IaHMS apXCOJOTHUECKIX HH(DOPMAIIMOHHBIX
cHucTeM, OOECIeUMBAIOMNX YUeT W aHAIN3 COOpAaHHBIX apXECOJIOTHYECKHX TAaHHBIX Ha BCE
JTamax WCCICAOBAHUS. 3aTParuBaIOTCS BO3MOXKHBIE TPYIHOCTH TIPH CO3IAaHUS TaKHUX
WH(GOPMAIIMOHHBIX cHCTeM. PaccmarpuBaercs OAHO U3 Hanbojee MepPCIEeKTUBHBIX
HaTpaBlieHUH HHPOPMAIIMOHHBIX TEXHOJIOTHIA B apXEOIIOTHH — TPEXMEPHOE MOAETHPOBAHHE.
[IpuBomsitcst mpumeps npumeHeHus: 3D-rexaonoruit (3D-ckanupoBanusi, 3D-nevatn u 3D-
MOJICJIMPOBAHUSA) JJIsl TIPOBENEHUS apXEOJOTMYECKHUX HCCIEOBaHUH B  Pa3IMYHBIX
HampaBlIeHWsIX WM Ha  pa3HbIX JTamax  paboTel. B wacTHocTH:  co3gaHue
BBICOKOJICTAIM3UPOBAHHBIX PEIUIMK PEaTbHBIX OOBEKTOB, BHUPTYaJbHBIC OKCHO3ZUIHMUA U
BBICTaBKH, PEKOHCTPYKIMsI BHEIIHEr0 OOJHMKa dYeloBeKa (Hampumep, IO uepeny),
COXpaHEHHe U BOCCTAaHOBJICHHE TIEPBOHAYAIILHOTO OOJIMKA U3ACIHSL.

Kntouesble cnosa.
HNHpopManoHHBIe TEXHOJIOTHH, WH(pOpPMaIMOHHAs cucteMa, 3D-mozxenupoBanue, 3D-
CKaHMPOBAHHE, APXEOJIOTHSI.

1. BeBepgeHue

[lepBocTenenHoil 3amaveid JOOOrO apxeojora SBISETCS HW3ydeHHE OObeKTa (HaxXOAKH) WU
MoJy4eHue HucTopudeckoii mHpopmamun o HeMm. COBpEeMEHHBIE apXeoJioTW Bceraa padoTaroT C
OOJIBLIMM KOJIMYECTBOM MH(OpMauy, poToMaTepragaMyu 1 pe3ylbTaTaMi CKaHUPOBAHUSI OOBEKTOB
nnn MectHocTd. Ha nmanHbIi MoMmeHT Tonbko B Poccum oOHapyxeHo Oonee cTa ThICAY
apXCOJIOTUYECKUX MaMITHUKOB. JINIIb HEOObIIAst YaCcTh U3 HUX HAXOAUTCS Ha y4eTe U HCCIeTyeTCS.
ExxerogHo oOpaOatbiBatoTcsi OoJblie OOBEMBI HOBBIX MAaTEpUANIOB, CHCTEMATHU3UPYIOTCA CTapble
apXMBbI U UCCIICIOBAHUSL.

B nmocnemnme HECKOIBKO JIET JUIS  TOAJEPKKH W CHCTEMATH3AaIMH  apXEOJIOTHYECKHX
WCCIIeIOBaHUKA B pPabOTy apXeoyiorOB AaKTHBHO BHEIPSIOTCS COBpPEMEHHbIE WH(GOpPMAIMOHHBIE
TEXHOJIOTHH. YK€ ceivac 3amaum, pemaembie [T B oOjacTu apxeosoruu, COCTaBISIIOT JOBOJBHO
0O0JIBLION CITUCOK:

e XpaHeHne W 00paboTka JaHHBIX (arpuOyTHUBHBIE JaHHBIE, Tpaduyeckue JTaHHbBIE,
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Ananms
MoaenupoBaHue
W3BneueHne qaHHBIX
Pa6ora c 6ompmmmu qaraeME (Big Data)

IIpumenenue coBpeMeHHbIX [T TEXHOJOTHMIl B apXEOJIOTHYECKUX HCCIIEAOBAHUAX T03BOJISET
3HAYUTEILHO aBTOMATHU3MPOBATh MPOIIECC MPOBEACHUS HCCIEAOBAHUN M cOOpa JAaHHBIX, TOBBICHTH
Ka4eCTBO IMOJy4aeMbIX PE3yJIbTaTOB.

2. UHdpopmaLuUOHHbIE CUCTEMbI B apXeo10rum

PaboTer mo pazpaboTke, CO3MaHUIO W BHEAPCHHIO WH(GOPMAIIMOHHBIX CHCTEM [UIS pPEIICHHUS
Pa3NMYHBIX 33/1a4 apXCOJIOTUH BEAyTCs JaBHO U B Poccuu, u 3apyOekHOM.

OnmHa W3 TepBHIX apxeojoruueckux uHPopManuoHHbX cucteM (AMC) B Poccunm — ato
«Apxeorpad» [1]. Ona Opima paspadorannsii B 2008 rogy B MHCTHTYyTE MCTOpHH MaTepHUaIbHON
kynbTypbl PAH. Ha cerogasimauii neHp nHbopMamonHas cucreMa 0ojiee He pa3BUBAETCs, TaK KakK C
TeueHueM BpeMeHHn yctapena. AMC «Apxeorpad» Oblla peann3oBaHa B BHJIEC HACTOJIBHOMN
“H(OPMAITMOHHON CHCTEMBI M 00ecriedrBaia y4eT u XpaHeHrne 06a30Boil HHPOpMaIUK O MaMATHIKAX
n Haxomkax. Ilpm momomm cpexctB I'MC Maplnfo ocymecTBusiics HaydHBIA —aHAW3
MIPOCTPAHCTBEHHBIX JaHHBIX. B3aumoneticteue ¢ I'MC Obl10 peanmu3oBaHo yepe3 TexHonoruo DDE
(Dynamic Data Exchange).

B cuny cBoeii cnenmdpukanuy, wuHGOpManMsA, [OJNydaeMmas Ha KaKIOM M3  ITaIloB
ApXCOJIOTUYECKUX HCCIIeIOBaHUM, MpHUMEHsEeTCs OOJNbIIOe KOIMYECTBO KiaccupukaTopoB. Kpome
TOro, HeoOXoAMMO (HUKCHPOBAaTh KaK IMOCIOHHOE OIMCaHWe Iporecca padoT, Tak M OOIIYIO
“H(GOPMAITUIO O MeCTe TPOBEACHUS PACKOIMOK (MCTOPHIO OTKPHITHS, TeorpaduuecKkoe MOI0KEHNE).
Bce »T10 cocraBmser Oonbmioii o0beM WHGOpMAIWH, KOTOPBIH HYXHO 00pabaTeiBaTh U
CHCTEMaTHU3UPOBATh JIs TabHEHIIEro H3ydeHust win XxpaneHus. OTcro/la BBITEKaeT OJJHa U3 TJIaBHBIX
npodieM BHeApeHHsT MH()OPMAILMOHHBIX TEXHOJOTMI B apXeoJOrMYeCKHe HCCIEIOBAHUS — 3TO
OTCYTCTBHE €IUHBIX CTAHIAPTOB OPTraHU3allMM MCCIEAOBAaHMH B LEJIOM, a TAaKKe IOCIETYIOLIETO
ONMCAaHUsl TIONYYEHHBIX PE3yJbTaTOB HA KaXKIOM M3 JTallOB TOrO HccienoBaHus. M3-3a 3toro
CTaHOBHTCSl CIIO)KHO IIPOBECTH OTHOCUTENFHBIE OLEHKH CTENEHH W3YYEHHOCTH HMEIOUINXCS
apXEOJIOTUIECKUX OOBEKTOB.

Bce apxeonorndeckne HMcCleOBaHUS TECHO CBS3aHBI C HCIIOJIb30BAaHHEM MPOCTPAHCTBEHHBIX
JAHHBIX. APXEO0JIOTHYEeCKHEe KapThl B POCCHM COCTaBISUIMCh M HM3JIABAIUCH €UIC JIO PEBOJIIOIUHL.
[IpaBuna cocraBieHHs apXeoJIOrHIeCKUX KapT Hanbosee moyiHo ObUIM onucaHbl B padote "MeToauka
coctaBieHus apxeosnorudyeckor kaptel" [2] B 1939 roay. [JaHHYI0 METOAMYKY HCHOJB3YIOT IO CHUX
IIOp TP COCTaBJICHUU COBPEMEHHBIX apXeOJOTHYECKUX KapT, Hanpumep ¢ ucnonszoBanuem ['MC [3]
(GIS). Omnako 9eTKOTO CTaHAapTa, Kak ¥ MPU OMUCAHUH TOJYyYEHHBIX PE3YJIbTATOB HUCCICIOBAHUM,
IUIL CO3JaHUsl apXeoJIOrMUecKuX KapT HeT. llosroMy, ¢axTHyeckw, NpH COCTABJICHUH KapT
APXCOJIOTUIECKUX HAXOJO0K YacTO BBIMOJHSIETCS JUIb HECKOJIBKO 3TAIOB, OMMCAHHBIX B METOANYKE,
WJIM 3TH 3Talbl He COOIIOAI0TCS BOBCE.

Bce 310 nmenaer mpakTHUECKHM HEBO3MOXKHBIM CpaBHEHHE HMEIOIIMXCS PE3YJIbTATOB HAaYYHBIX
HCCIIeIOBaHNH B 00JIaCTH apXeoJIOTHU U CO3JaHue €AMHON CTaHJapTHU3MPOBaHHON MH(DOPMAIHOHHOMI
CHCTEMBI ISl 3allMCH Bcell cymectByromend napopmarun. Ctpykrypa npoektupyemoit AUC taxxke
JOJDKHA YYUTHIBATH KOJIMYECTBO colepXalleiics B HeW WHPOpManuH, creuupuKanud 3TOH
nHGOPMALIMK U KOHEYHOTO TI0JIb30BaTeNs HH(YOPMAIMOHHON CHCTEMBI.

Ycnosro Bce AUC B Mupe MOXKHO pa3/ieNUTh Ha IBE KATETOPHH: CIyKeOHbIE U HayJHBIE.

Cmyxebnbie AVC co3maroTcss Ha YpOBHE MYHHUIIMIIATUTETa, paiioHa WIM CTpaHBL 10 €CTh B
M000M Cilyyae OrpaHdueHbl TeppUTOpHalibHO. OCHOBHAsA 3ajada TaKUX WHPOPMALMOHHBIX CHCTEM
3aKITI0YaeTCsl B OXpaHe MaMATHUKOB KYJIBTYPHOTO HACJIeUsl © MOHUTOPHHTA UX COCTOsIHUS. JlaHHbIe,
cojepxkaruecs: B ciyxeoHoit AUC, umeror obmmii xapakrep. Peanmusyrorcs takue AVC B Buje
peecTpoB, 6a3 TaHHBIX MU [€OHOPTAIOB.

Hayunbie AVC co3pmatoTcsi Ha ypOBHE NMPOEKTOB, MHCTUTYTOB, My3eeB. OHU pelaioT 3aJadd B
paMKax OmNpeIeleHHBIX HccienoBanuid. Jlanaple, XpaHsanuecs B HayIHBIX AVIC, IMEIOT AeTalbHbIH
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XapakTep OIMUCAHWS W 4YacTO MMEIOT OTpaHWYEeHHBIN MocTyn. Peanmm3yroTcst B Buae peecTpoB, 0a3
JIAHHBIX U T€OMOPTAIOB C AKTUBHBIM HCIIONIb30BaHuEeM TexHonoruit ['NC.

3. 3D-texHONOrMU

Bosnpmioil ckauok B pa3BUTHUHM KOMIIBIOTEPHBIX TEXHOJOIMH B apXEOJOTHHU CBSA3aH C BHEIPEHUEM U
pasBuTHeM Takoi cdepbl, kak 3D-TexHoiornu. Bo03MOXHOCTH TNPHUMEHEHHS TPEXMEPHOTO
MOJICJIMPOBAHMS U apXEOJOTMYECKHX HCCIENIOBaHUN OueHb OOMmMpHBL. OIHAKO, B HACTOSIIEE
BpeMs HE BCE AapXEOJIOTMYECKHE HCCIEAOBaHMUSA IPOBOAATCS C HCIONb30BAaHHUEM TPEXMEPHBIX
TEXHOJIOTHA.

B mepByro ouepenp cnaboe pacmpoctpaneHue 3D-TEXHONOTHH CBA3aHO C TPYAOEMKOCTHIO
nporecca. ApXeoJI0rndeckue HaxOIKH SIBIISIOTCS CJI0KHBIMU OOBEKTaMH ¢ TOUKHU 3PEHUS TEOMETPHUH.
CkaspIBaeTcsi OTCYTCTBHE CIHELMANINCTOB. be3 crenuanbHOM TMOATOTOBKM U COOTBETCTBYIOIIETO
oOpasoBanuss B cdepe wucropuu, apxeojorud U IT HEBO3MOXKHO Ka4yeCTBEHHO OBIaaeTh 3D-
TEXHOJIOTHSAMH JUIA IPOBEACHUS apXEOJOTHIECKUX HCCIeI0BaHUM.

B nacTosiee BpeMsa B apXe€OJIOTMUECKHX HCCIENOBAHUAX pacnpocTpaHeHo 3D-monenupoBaHue
MeToAaMu (hoTorpaMMeTpur M ckaHupoBaHHeM [4]. Takue TEXHOIOTHH TMO3BOJISIIOT COXPaHSTH M
PEKOHCTPYHPOBaTh JIOObIE apXeoJOrmyeckne OOBEKTHI C BBICOKOW TOYHOCTh M JeTanu3aluu. B
PaHHUX HCCIEIOBAHUIX (OTOrpaMMETPHsI UCIIOIB30BAIACh Yallle, YeM CKaHHUpPOBaHHE. TaK Kak u3-3a
BBICOKOW CTOMMOCTU 000pynoBaHusi [y 3D-ckaHHpOoBaHHUA OHO HE OBLJIO IIMPOKO PAaCIPOCTPAHEHO.
OpHako B Hacrosmiee BpeMsa Ui apXeoJOTMUeCKHUX HCCIEeNOBaHUNM JOCTYIHBI pPa3MYHbIE
OromkeTHple Moaenu 3D-ckaHepoB HM TakOW METOJ CKAaHUPOBAaHMS CTAaHOBUTCS Bce Oolee
HnomyJIsipHeIM. BpIOOp ckaHepa OOYCIIOBJIEH XapaKTEPUCTHKAMH >KEJIaeMOro O0OpyAOBaHMS:
pasMepoM CKaHHUPyeMOro OOBEKTa, TpPeOyeMbIM KadyeCTBOM MOJCIH, MPEANoiaraeMbiM MECTOM
WCIIOJIb30BaHUS U LIEHOBBIM JIMANIa30HOM.

Hanpumep, m1s ckaHupoBaHusl OONBLIME apXEOJIOTHYECKUX OOBEKTOB (IMAMSATHHUKOB, CKYJBITYP)
MOTYT OBITH HCIIOJIb30BaHbl Takue ckaHepbl kak 3D-Scanner Creaform Go!SCAN Spark wmm 3D-
Scanner Shining 3D EinScan. [ns ckaHupoBaHHS W MOJEIMPOBaHUs pelbeda MECTHOCTH
HCTONB3YIOTCS ClennalbHble CKaHepbl, Takue kak Ground-based laser scanner Trimble SX10.

HauOonee momynsipHBIMU SIBIISIIOTCSI CKAaHEpPbl, CHOCOOHBIE CKaHHUPOBATH MEJKHE OOBEKTHI C
BBICOKOW TOYHOCTBIO. Takue CKaHepbl MOMOTAlOT COXPaHUTh WH(OpMAIMI0O M BHEIIHUN O0O0JNHK
apXEOJIOTHIECKOTO 00BEKTa C BEICOKOW TOYHOCTBIO, MTOKA3bIBas Pe3ysIbTaT OTKIOHEHUsT MeHee | MM.
Takux pe3ynbTaToB MOXHO JOOWTBHCS MCHONB3YS, Hampumep, ckaHep 3D-Scanner RangeVision
Spectrum [5]. Ilpumep pe3yiapTaTa CKaHHpOBaHUS OOBEKTa C TEKCTYpOd CKaHEpOM
Scanner RangeVision Spectrum npuseaen Ha Pucynke 1.

PucyHok 1: 3D-mozens yepena yenoseka, norpeberHune LLymunmxa 1999 r.
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3.1. TpexmepHble Mogenun BbiICOKOI TOUHOCTH

BricokoneTanuzupoBaHHbIe 3D-monenei apXeOoJOTHIYECKUX 00BEKTOB MO3BOJISIOT
BOCIIOJIB30BATbCSl  yCIAyI'aMH CIHELUAINCTOB IO BCEMY MHpP, HE IIOJBepras Xpynkul u
CBETOYYBCTBUTEIbHBII OPUIMHAI TPAHCHOPTUPOBKE. biaronaps 3D-TeXHOIOrHAM MOXKHO AETAIBHO
W3YyYUTh PEIUIMKY apXeoJIOTHUECKOro O0beKkTa B JI000H TOouke MHpa, CKadyaTh €€ WIN MpH
HeoOXoIuMocTH pacnedaTats Ha 3D-npunTtepe. Pabota ¢ BricokoaeTanu3zupoBaHHbIMU 3D-ckaHamu
JlaeT BO3MOXKHOCTh MCCJIEI0BAaTh O0OBEKTHI, KOTOPBIE BO BPEMS UX U3YUYEHHUS MOTYT OBITH IOJHOCTHIO
YTpPAau€Hbl H3-3a CBOEH XPYIKOCTH, IUIOXOW COXPAaHHOCTU WM IO APYTMM HpHYMHAM. Takum
o0pasom, ncnoib3oBanue 3D-Moeneil 1 perTuK BMECTO OPUTHHANA HE TOJIBKO IOMOTaeT COXPaHUTh
NIEpPBOHAYANbHBII BHEIIHUM OOJMK OOBEKTa, HO CBOAUT K MHUHHUMYMY PHCK YyTpaTbl LECHHOM
apX€OoJIOTMYECKON HAXOIKH.

Kpome Ttoro, meroapl 3D-ckaHHpOBaHUs C TEKCTYpUPOBAHHWEM TO3BOJISIOT H3y4daTh OOBEKTEHI,
TpeOytromue 1Beronepenadd. Takoi crnoco0, HanpuMep, UCTIONB30BAJICS MIPH U3YYCHUU HACKAIBHBIX
pucynkoB ['opHoro Anras [6].

BricokoneranusupoBanibie 3D-Momenn MOTYT HCIONB30BATHCS B KadecTBE YUEOHBIX MOCOOMIA
pU TUCTaHIIMOHHOM (opmare oOydeHHs U MPH TPAAULIMOHHOM (O04HOM). BupTyanbHble Mopenu
apXEOJIOTHYECKUX OOBEKTOB MOXKHO JAEMOHCTPUPOBATH HA YPOKax B JIIOOOM IOMELICHUH, TOE €CTh
JIOCTYHI K KOMIIBIOTEPY WX IPOEKTOpY. s Kakoro-to oqHOro o0beKTa MOKHO CAEIATh HECKOJIBKO
pemwmuk W3 miactuka Ha 3D-mpuHTepe, 4TOOBI OOydaromMecss MOTIM TPEHHPOBAaTHCS Ha HHX
MPOBOJUTH M3MEPEHUS, PEKOHCTPYKLUMHM W Jpyrue 3a4add, CBA3aHHBIC C apXEOJIOTHYECKUMH
uccrnefnoBaHusAMH. J1s1 u3ydeHus OOJBIIOrO KOJMYECTBA apXEOJOIMYECKUX OOBEKTOB Oonblie He
TpeOyeTcsl crenuaibHoe 000pyIOBaHUE, OTHENbHBIC TIOMEIICHHUS U XpaHEHUS HaXOJOK, TIe Obl
moAACPKMBAJIACh ITOCTOAHHAA BJIAXKHOCTL U TEMIIEpaTypa.

[Ipumenenue u ucnonp3oBaHue 3D-TEXHOJOTMH B COBPEMEHHOM MHUPE OTKPBIBAET IOCTYI K
BUPTYAJIbHBIM BBICTABKaM U MY3CAM. COBpeMeHHI)IC TCXHOJIOTUU TO3BOJIAIOT IMPEAOCTABUTH JIA
BBICTABOK KakK HEOONbIINEe OOBEKTHI, TaK M KpPYNHBbIE apXUTEKTypHble maMsATHUKU [7]. Takum
00pa3oM, BO3MOXXHOCTb BHUPTYAJIBHOTO MPEIACTABICHUS Pa3IMYHBIX apXEOJIOTHYECKUX HaXOJOK
o0ecrieunBaeT JOCTYMHOCTH OOBEKTOB KyJIbTYpHOrO Hacieaus, B TOM YHCIE TIIATEIbHO
OGeperaeMHx WKW MPEACTAaBJICHHBIX TOJIBKO B BHJIC OKCIIOHATOB KOHKPETHBIX MY3€CB, HIMPOKOMY
KpYTy JIULL.

3.2. PeKOHCTpyKuuA

C nmomompio 3D-ckaHUPOBaHWUS, CHEIHAIBFHOTO MPOTPAMMHOTO OOECTIEUeHHs] M OIpeIeIeHHBIX
HaBBIKOB CHEIUAIUCTEl  MOTYT TPOBOJAWUTH PEKOHCTPYKIMH BHPTYaldbHBIX MPEIMETOB
apXCOJIOTHYECKUX HAXOJIOK. BOIBINOE KOJNUYECTBO HAXOJOK MPEACTABISIOT M3 ce0s He Ielbie
MPEMETHI, & JIUIIbh UX YaCTH, KOTOPbIe COXPAHUIIKMCH JIO HAIIUX JTHEH.

Hanpumep, packonoTelii KepaMHYECKHH COCYJ] MOXXKHO BOCCTAHOBHUTH TPAKTHUYECKH ITOJHOCTHIO
coOpaB W COEJMHUB BMECT€ KYCOUYKH, Ha KOTOpble OH Obul pa3dut. Ho HHKTO He MOXKer
rapaHTUPOBaTh, YTO BCE KEPAMUYECKHUE OCKOJKH OYyAyT B WAEAITBHOM COCTOSHHM, HUKAKHAE UX YaCTH
He ObTM yTpadeHbl U Ha PEKOHCTPYKLUUH HE ocTaHercs AedekToB. B To ke Bpems, ¢ MOMOIIBIO
COBPEMEHHBIX IMPOTpaMM U aliTOPUTMOB B TIEPCIIEKTUBE MOXKHO OyJeT BUPTYyadbHO BOCCTAHOBHTH
MepBOHAYAIBHBII 00K JIF000T0 IpeAMeTa: pa3dUTOro KEPpaMUIeCKOro COCY1a, KEJIE3HOTO OPYIHUs C
00JBIION [10JIel KOPPO3UH, YACTHYHO COXPAHUBIICHCS (UTYPKH KUBOTHOTO.

OTnenbHBIM HAIpPaBICHUEM B PEKOHCTPYKIMH apXEOJOTHMUYECKMX HAXOJOK MOXKHO BBIJICIHTH
BOCCTaHOBJICHHE OOJIMKAa HCTOPUYECKHX JMYHOCTEH MO MX OCTaHKaM. BoccTaHOBIIEHWE JIHIA TI0
Yyeperny WM METOJ aHTPOIOJOTHYECKOW PEKOHCTPYKUMHM OOJMKAa Ha KPAaHHOJIOTHYECKOW OCHOBE
MO3BOJISIET IO BHEIIHUM JaHHBIM dYepemna, 10 ero peinbedy H CTPYKType PEKOHCTPYHPOBAThH
mopTpeTHoe JHUIO (0OJMWK) dYelloBeKa, KOTOPOMY OTOT dYepen MpUHAIekKand. PEeKOHCTPYKITHS
BHEIIHETO OOJMKa 4YeJOBeKa Ha OCHOBE €ro 4epemna JaBHO SIBISIETCS CaMOCTOSTENbHBIM
HanpaBJICHUEM HayKH U IIMPOKO UCIONB3YETCs HE TOJIBKO B apXEOJIOTHH.
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B mpuBBIYHOM MOHMMAaHUK PEKOHCTPYKIIUN HAa TMOJTMHHOM HYeperie TP MOMOIIX CKYIBITYPHOTO
IJIACTHJIMHA BOCCTAHABIIMBAIOTCS OCHOBHBIE MYCKYJBl M YEpTHl JHIA. JTO KpallHE HEraTHUBHO
CKa3bIBACTCS HA COXPAHHOCTH BaXKHOM apXEOJIOrMUeCKON HAXOIKH.

AJBTEpHATHBOH 3TOMY, COBPEMEHHBIE TPOTPAMMBI W alNTOPUTMBI TO3BOJISIIOT BHUPTYaIbHO
BOCCTAHOBHUTH BHEITHHM OOJMK YeJIOBEKA IO €ro OCTaHKaM, TO €CTh MOCTPOUTH ero 3D-Moxens. 3T1o
HUKaK HE BPEIUT TMOJJIMHHBIM OCTaHKaM, TaK KakK BCE JTalbl PEKOHCTPYKIIMU MPOUCXOJIAT C
HCIoIb30BaHneM 3D-ckaHOB KocTel. Takoi crroco0 mo3BoJIIET HE TOJBKO BOCCO34aTh BHEIIHHUMN BHUI
JIUIIA 9eJI0BeKa, HO ¥ CO3/1aTh MOJHYI0 MOJENb CKeJIeTa HCTOPUIECKON JTMYHOCTH (€CIIN COXPAHMIIHChH
JIOCTaTOYHOE KOJHMYECTBO KOCTeH ckenera). [lpuMep BUPTYyalbHOTO «COCOUHECHUS» KOCTEH
MPOJIEMOHCTPHUPOBAH Ha PucyHke 2 Ha mpuMmepe JUIMHHBIX KOCTEH MpaBoil pyKH YeloBeKa.
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PucyHoK 2: CoeanHeHune 3D-mopenelt no aHaToOMMUYECcKoMy aTnacy (npaBas pyka).

He Tax JaBHO GBIJ'II/I MMPEAJIOKEHBI IMOJTHOCTBIO aBTOMATH3MPOBAHHBIC METOABI PEKOHCTPYKIHUHN
nuna Ha ocHoBe 3D-mozenu depena [8]. Takue meTonsl He TPeOYIOT BMEIIATENHCTBA YEJIOBEKa B
IpoLecc PEKOHCTPYKIMH, HO TIONYyYCHHBIE pPE3yJIbTaThl II0OKa €Ile HEe OTIMYAIOTCS BBICOKHM
Ka4eCTBOM U JJOCTOBEPHOCTBIO.

B HaCcTOANICC BPpEMS aKTUBHO TAKXKC BEAYTCA pa6OTLI Haa ailropurMamMu, KOTOPBIC OBI TTO3BOJIMIIN
AHUMHPOBATD IMMOJTYUCHHBIC TPEXMCPHBIC PCKOHCTPYKIUH.

3.3. MopaenuposaHue penbeda

B apxeonoruu 6osbiioe BHUMaHKE YJCISIOT KapTaM U pelibey MECTHOCTH.

OcoOblii HMHTEpPEeC MPEACTABIIAIOT CIHCHHATM3UPOBAHHBIE TeOMH()OPMAIMOHHBIE CUCTEMBI [9].
Takue cucTteMbl 00ECHEUMBAIOT YIOOCTBO PabOTHI ¢ WHTEPAKTUBHBIMA KapTaMH U BO3MOXHOCTh
MPOCTPAHCTBEHHOI'O aHaiu3a. BaXHbIM HampaBlieHHEeM sBisgercs Takke 3D-MozenupoBaHue
PacKomoB, KOMIUIEKCOB, TOPOAMI W APYTUX ApXUTEKTYPHBIX KOMIUIEKCOB. Il MOAETMpPOBaHUA
penbeda MOKHO UCTIONB30BATh HECKOJIBKO CIIOCOOOB.

B cnyuae, Hanpumep, UCTIONIB30BaHMS JIA3€PHOIO CKaHEpa Pe3yJIbTaTOM ChEMKH SIBISIETCS 00JIaKO
TO4YEK, KOTOPOE MPEJICTABIISIET CO00M MoApobHyI0 Toueunyro 3D-monens oobekta chéMku. Ha ocHoBe
TaHHBIX 3D CKaHWPOBAHHS MOYKHO KaK BBITOJNHSTH IMOATOTOBKY TPATUITMOHHBIX IUIOCKHX YEepPTEXKEH,
TaK W CTPOUTh TPEXMEpPHBbIE MOJEIH OOBEKTOB WJIM WX OTACIBHBIX 4YacTeil. A HCHOIB3yS
unctpymentanbHble cpenctsa I'C Kaprta, ctpouthest 3D-Mo1e1b MOBEPXHOCTH, KOTOPAsi CTPOUTCS C
y4eToM pesibeha MECTHOCTH, Ha KOTOPYIO OyJEeT HAJIOKEHO M300pakeHHe MaTPUYHOM, BEKTOPHOM
WM PacTPOBOI KapThl, TAKKE BKIIOUarolee 00beKTh ¢ 3D-MeTpuKoii.
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4. BbiBOADbI

AHanu3upysi CUTYallul0 B POCCHICKOH HayKe, MOKHO CKa3aTh, YTO BHEJPCHHUE COBPEMEHHBIX
WH(POPMAITMOHHBIX TEXHOJIOTUI B apXEOJOrHYECKHE MCCIICAOBAHMS HAXOUTCS HA HAYaIbHOM JTarle.
He Bce cBsizaHHBIE C apXeoyorueil HaydHbIe [EHTPBI, My3€H W YUpeKJeHUs B Poccnu UCTONB3YIOT
XOTs OBl HECKOJBKO W3 BHJIOB COBPEMCHHBIC HH(POPMAIMOHHBIX TEXHOJIOTHH I TPOBEACHUS
WCCIICIOBAHUMN, XOTS OOIICTPU3HAHHO, YTO OHU BEChMa MEPCICKTHBHBI M MOTYT HMPUMEHSTHCS IS
MHOTHX paboT.

HekoTopble TEXHOIOTHH, TaKHE KaK MH(POPMAIMOHHBIE CHCTEMBbI, WCIIOIB3YIOTCS B apXCOJIOTHH
YK€ JIaBHO W TPOJOJDKAIOT YCHEINHO pa3BuBaThcia. OIHAKO MHOTHE TEXHOJIOTWMH, Hampumep 3D-
MOJICJINPOBAHHE apXEOIOTHICCKHX OOBEKTOB, TOJILKO HAYMHAIOT Pa3BUBATHCS.
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Abstract
The paper presents the software system APP-MNIT, which is capable of performing complex
analytical calculations using parallel computing. The task that was the stimulus for the
development of this complex software is described. The algorithm underlying the operation
of the presented system is given. The results obtained with the use of APP-MNIT are
presented.
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1. Introduction

In scientific practice, there are cases when scientists are faced with problems that look simple in
formulation, but turn out to be extremely difficult to solve. Among such examples, we can note the
still unsolved Collatz conjecture problem [1] or the Inscribed square problem [2].

A similar situation arose in our work. When calculating exact analytical formulas for estimating
the parameters of error-free reading of digital images with multi-threshold integrators [3], we are
faced with the need to solve the following problem:

"Let n points X;, Xp,..., X, be randomly thrown onto the interval (0,L). It is necessary to find the
probability Pny(e,L) that the interval (O,L) does not contain any subinterval of length ¢ containing
more than K points".

It turned out that at present the exact analytical solution is known only for the case k=1 [4-5]. To
advance in solving this problem, we have created several specialized algorithms based on analytical
transformations on a computer [6]. In the next Section, one of the algorithms that formed the basis for
the development of the APP-MNIT software system using parallel computing will be described.

We call APP-MNIT software system "intelligent", because in addition to computing power, it has
all the tools for carrying out complex and branched symbolic-analytical calculations with obtaining

formulas in an analytical form.
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2. Algorithm for Analytical Computer Computation of Multidimensional
Integrals over Convex Polyhedra in n-Dimensional Space

So, we have developed a specialized algorithm for calculating the formulas Ppy(e,L) using direct
integration over domains, which are parametrically specified polyhedra in n-dimensional space. The
idea of the method is as follows. At the initial stage, in the scheme for calculating the formulas
Pnk(e,L), using the usual normalization, the interval (O,L) is replaced by the interval (0,1). Thus, the
parameter L is excluded from further consideration. Further, the probability Pyk(¢) is presented in the

following form:
Pn,k (€)=n!j .. J‘dXI...an, )
Dn,k (5)

where the area of integration Dy (¢) is described by a system of linear inequalities:

0< X <Xy <..< X <X, <L,
Xer1 =% > &,
(2)
Xero =%y > &,
Xy — Xk > E.
At the next stage, integral (1) over domain (2) is rewritten in the equivalent form:
Poc(®) = ! [IDGIDG T 10 X, = X, X, - X, - €1
(€))

X[ X r = X = E]X XX, = X, — €]dX ... dX

n?®
thus, the integration is already carried out over the entire space. The indicator function of the
integration area Dy (¢) is transformed into a product of unit functions
0, z<0,
I[z] =
1, z>0,

that are included in the integrand of the integral.

After that, the n-dimensional integral (1) with the help of successive application of the relation

| m m | m
(Hl[xr -a, ]J(Hl[ﬂi - X, ]j =22 0% —a B —x KB —a;) [Tle; —a,1 | [TUB-B1|; (4)
j=1 i=1 g=1 s=1

I
j=1 i=l

q%j s#i

reduces to a set of iterated integrals with the limits of integration already placed. If, using the
algorithmic scheme (4), we calculate the limits of integration with respect to the variable X; in the

original integral (1), then it will split into two integrals:
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P, (&)=n! I : I J'dxl 1[x,, — %, —&ll[x, (Hl[xm X, ]) X
—o0 —oo| 0O m=3

m=2

n—k
x1[1- XH(F'l[x,mk — X - 8]jdX2 ...dx, +

o oo [ X, —E n (5)
e T T e b el [T %1
0

— 00 — O

x1[1- xn(tk'l[xm+k — X - 5]de2 ...dx,.
m=2

After carrying out in each of the expressions into which the original n-fold integral decomposes,
setting the limits of integration over the variables X,, then X3, and so on, as a result, we obtain a
complete set of iterated integrals, to the sum of which the original multiple integral (1) is reduced, and
the limits integrations are already set in it. At the final stage, the following is done:

1. Sequential integration of each of the N iterated integrals into which the original integral (1) has
decomposed is performed.

2. The results obtained are combined (the limits of change of the free parameter ¢ are taken into
account).

The presented algorithm allows constructively calculating the formulas P,(¢), which completely
solves the problem of finding the probability P,k(¢) for fixed values of n and k. The main difficulty in
using this method of getting formulas P,(¢) for cases n>4 is associated with a huge amount of
calculations that need to be done (it is required to set the limits of integration, check all intermediate
systems of inequalities for compatibility and directly calculate iterated integrals). The table shows an

example of manual results obtained using the above method for n=3 and n=4.

Table 1

Exact analytical formulas P, (€) for fixed values of n and k (manually calculated)
n k change area of € P&
3 2 (0,1) 1-3¢’+2¢
4 2 (0,1/2) 1-12e’+24¢>-14 ¢*
4 2 (1/2,1) 2-8e+12¢’-8¢+2¢*
4 3 (0,2) 1-4¢*+3¢"

However, for n>4, the volume of necessary calculations increases so much that it becomes
unrealistic to do manually all the necessary work. Therefore, we have created a special software
package for computer calculation of the necessary dependencies (using the scheme presented above).
The algorithms were implemented in Matlab and C++. With their help, the formulas Py (¢) up to n=11

were calculated.



3. Increasing the speed of the algorithm using parallel computing

Unfortunately, the computer programs based on the algorithm in Section 2 still did not allow us to
obtain enough data to make further progress in solving the problem. The solution was the
development of a specialized software system for a supercomputer (cluster) using parallel computing.

To create such a system, a cluster of the Information and Computing Center of Novosibirsk State
University (NUSC NSU) was used. C++ was selected as the programming language; the program
used both OpenMP and MPI programming interfaces. The developed software system was named
"APP-MNIT". In printed form, the code of the software system occupies more than 70 sheets.

At the beginning of software system's development in 2010, the peak (theoretical) performance of
the computing complex was 5447.7 Gflops, and the one obtained on the Highly Parallel Linpack test
was 4085 Gflops [7]. The complex was on 18th place in the 9th edition of the TOP 50 CIS
supercomputers rating [8]. Due to the high workload of the complex, there were restrictions on the
number of cores used by users. Most of the time APP-MNIT system used 16 cores. This, as will be
shown below, made it possible to make significant progress in solving the problem posed.

It is known that not every problem can be effectively solved using parallel computing [9-10]. The
algorithm of direct integration over areas, described in the Section 2, can be efficiently parallelized.
The brief essence of the parallel algorithm is as follows. Recall that it is necessary to calculate the
integral (1), where the area of integration Dpy (¢) is described by a system of linear inequalities (2).
The parallel algorithm allows to significantly reduce the time for checking and transformation of the

system of equations (2):

X, >,

X, > a, : —>~CPU-1
X2>ﬁ’ X2<X3

a>p.
X, > f,

=>CPU-2

X, < X, X, < X

pB>a.

Figure 1: Schematic diagram for the parallel verification of the system of inequalities.

As can be seen in fig. 4, there are two alternative lower limits in the system of inequalities, a and
p. The algorithm needs to check both options. The parallel algorithm allows checking these options
simultaneously by sending data to different processors (due to this, a significant acceleration of the

calculation process is obtained).
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Further, the calculation is carried out in accordance with the scheme given in Section 2. In fact, all
the cores are “equal” and do the same work (it was found that for large n, the loading of the cores
occurs fairly equally). Due to the absence of time-consuming interprocessor interactions, the software
system scales well and can be run on a large number of cores. At the final stage, it only necessary to
combine the results obtained, taking into account the boundaries of the free parameter ¢ (similar to the
sequential algorithm).

With the help of a parallel algorithm, it was possible to obtain polynomial values up to n=14 (this
result was obtained on the NUSC NSU computing cluster in 27 hours on 16 processors). An example

of an analytical solution obtained by the software system is presented in Table 2 below.

Table 2
Exact analytical formulas P, (€) for fixed values of n=13 and k=2
n k change P&
area of £
13 2 (0,1/8) 1-858¢”+12012¢°+80080¢"-3294720¢°+30086628¢°-62925720¢ -

909369747¢%+607341600¢°-34250637564¢™°+ 8277827280¢" -
54680029443¢'?-3365355508¢™
13 2 (1/8,1/7) 104e-5850e’+158444¢%-2848560¢"+38877696¢>-419752476¢°+3535787112¢’-
22501646739¢%+ 104573017120¢’-341340799228¢°+738292725456¢" -
948033227011e"+546390458380¢ "

13 2 (1/7,1/6) -143+11440¢-417846€+9241804¢3-138278855¢"*+ 1479488868¢>-
11654720220°+68485295736¢’-300346819344¢5+971335553760¢°-

2252457979200¢'%+ 3547733904000¢'-3402622080000¢**+1501156800000¢ ™

Despite the fact that the parallel algorithm moved only 3 steps further than the sequential one, this
result was very important, since it made possible to discover new dependencies and helped in the
development of a rigorous mathematical proof of the formulas obtained using a computer. The
following is an example of a formula that was obtained with the help of the presented software

system. For odd values n=2m+ 1 on the segment 1/(nMH+1) < & < 1/m, new formula was established:

P2 (8) =Cll (1=me)™ (1- (m—=1)&)" - 2C2 (1-me) ™ (1 - (m-1)e)™ " +

2m+ 2m+1

+CM 1-me)™ (- (m-De)™ 2.

2m+1

Detailed information about finding this formula and its proof can be found in [11].

4. Conclusion

This work is an example of how the solution of tasks that seem very simple to formulate and solve
turns into a complex scientific problems that requires not only the development of specialized
algorithms, but also the creation of systems using parallel computing. We called the APP-MNIT
system "intelligent", since it is not a primitive "calculator", but has the ability to carry out complex

and branched analytical transformations and obtain formulas in an analytical form that a person is not
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able to get due to the gigantic volume of required calculations. We hope that in the future we will be

able to expand the capabilities of the developed algorithms and program systems to solve similar

more difficult problematic tasks.
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Abstract

The paper deals with the problems of complex model coupling. It is suggested that joint use
of component-based and ontological approaches facilitates the processes of technical,
conceptual and methodological coupling. As a methodological tool for solving semantic
interoperability problems a component-based modeling ontology and related knowledge base
are considered. As a software tool the knowledge-based systems development platform is
applied. As a mathematical tool a hydrological-ecological balance model is taken. At the
current stage of study mostly imputed data is utilized for testing. The proposed software
system inherits from the platform general-purpose components for editing a conceptual
model, designing knowledge base rules and forming a complex model in the form of a
workflow and provides new modules specific to the modeling of water resources.

Keywords
Knowledge-Based Systems, Component-based Modeling, Ontology, Water Resources

1. Introduction

Monitoring, modeling, forecasting and quality estimating of the water resources faces a lot of
challenges to be solved. For instance, a lot of diverse techniques related to different levels of
coordination and various stakeholders leads to methodological chaos; insufficient competence or lack
of proper measure and analytic tools in specialized laboratories to select adequate solutions;
difficulties in organizing sampling during mass analysis in the control and monitoring system; at last,
the complexity of the considered object itself. Traditionally, mathematical models and scenario
analysis are among the most effective and popular tools that allow you to bind and coordinate
information of different contents in the process of studying complex objects. In recent years,
mathematical and simulation models related to the water resources studies have shifted from the
category of monodisciplinarity to interdisciplinary. This trend has increased the complexity of models
not only from the mathematical viewpoint, but also from the perspective of software required for
designing and simulating models. In this context, the key problems are the issues of organizing
interaction between subjects and objects of the modeling process, in particular:

e communication between research groups: both from different knowledge domains and

geographically remote;

e combining models into a single united resulting model related to the considered complex

object;

e analysis and transformation of data obtained from various sources to process in computations.

The paper makes contributions for answering these problems by applying the component-based
and ontological approaches: one to handle with decentralizations and coupling issues, another for
semantic interoperability. In the component-based approach a complex model consists of two or more
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separate models connected by a common computational framework to ensure automatic interaction
between them. So, a complex model can be mono disciplinarian, i.e. it can cover only a few processes
from one area. But most benefits from component-based approach one can achieve when carrying out
a comprehensive assessment of the phenomenon with the help of many complementary models from
different domains.

In the course of this interdisciplinary research complex model can be considered as system of
systems [1] — a hierarchical structure with different levels of abstraction, where systems and
indicators at lower levels can scale to higher levels. Then as complex model and number of related
elements is growing, the developer needs to store and process more and more heterogencous
information about units and their proper coupling. And it is vital to take into consideration possible
inconsistence in semantic interoperability. That's where ontological approach can suit. By creating an
ontology of a certain subject area (the standard form includes such elements as a concept, relation,
property, instance), the developer formalizes and structures knowledge in a special way (for example,
using patterns). As a result, it is created a single expandable conceptual space, that can be interpreted
by both researchers and computer programs. So, the joint usage of component and ontological
approaches along with related web-based software system is relevant and makes contribution to the
application of modern information and communication capabilities towards the system analysis,
modeling and simulation problems.

In the next section of the paper there is a discussion about the principles, pros, cons and typical
problems of the component-based modeling in the general way with examples regarding to
environmental studies. Then to handle coupling problems a software tool and information models is
proposed. At last an illustrative hydrological-ecological example is considered.

2. A scenario modeling in the knowledge-based systems development
platform
2.1. The component-based modeling approach overview

The ideas of component-based modeling and design are widely in demand in various fields of
knowledge and are based on general concepts of analysis, synthesis, decomposition, etc. In the
context of current research component-based modeling is considered for problems of mathematical
and simulation modeling related to water resources, in particular, and environment modeling in
general. For this reason, Integrated Environmental Modeling (IEM) [2, 3] research area was chosen as
one of the main source of inspiration for carrying out our studies.

IEM is rather new scientific discipline that studies the relationship of the main characteristics of
society and the economy along with the biosphere and the atmosphere within a single model structure.
A distinctive feature of IEM is focusing on achieving practical results and obtaining ready-to-use
recommendations that could be implemented by specialists from government agencies to solve
environmental problems. In this regard, it is important to find a balance between the computational
possibilities to carry out multivariate, efficient and accurate calculations with interpreted results and a
complex coverage of the studied problem considering all the diversity of interacting objects and
subjects. Thus, the necessity to involve local groups with different competencies stimulates the active
use of the component-based approach in solving IEM related problems.

IEM community has proposed a set of various protocols (OpenMI, OMS, BMI) to solve the
problem of modularity and connectivity. Current IEM frameworks utilize modern software
engineering principles and contain a set of queries and functions for model coupling as well as
integration with other common software infrastructure (data bases and CRUD operations,
visualization, etc.). The main purpose of existing IEM standards is technical integration, i.e.
supporting model chain implementations: automatic data exchange between models; proper execution
of model sequence; issues regarding hardware performance. For instance, the OpenMI (Open
Modeling Interface) standard is actively used for water resources modeling (Delft3D, InfoWorks,
MASCARET, SOBEK, RFSM-EDA). Key OpenMI features confirming its technical integration
capabilities are the following:
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e two types of component implementation: facade pattern or direct support of programming
interface from model code;

e unidirectional and bidirectional connections between components: various options for
querying and returning data;

e two types of events: a change in the status of a component or a change in the element
value involved in the exchange data process between components.

To overcome mentioned semantic interoperability problems it is necessary to extend coupling
process with two more integration stages: conceptual and methodological ones. Conceptual
integration deals with semantic interpretation of components inputs and outputs and related coupling
problems. Concept consistency, concept-based constraint checks, unit conversion are in the scope
here. Methodological integration handles more complex coupling difficulties in the system of systems
context: methods consistency, model scaling, meaningful model chain interpretation and validation.

So to support conceptual and methodological integration the explicit knowledge processing
methods and tools should be utilized, including ontology and knowledge bases. In the next sections a
discussion about this topic is done in more details.

2.2. Software system architecture overview

A web-based software system for intelligent support in modeling and forecasting the water
resources is being developed on the base of knowledge-based systems development platform
(KBSDP) [4]. The key platform characteristics are the following: a web-oriented component-based
open client-server architecture; the ability to integrate external problem-oriented tools into the applied
KBS; the central role of the conceptual model in the development process; the application of the
workflow approach for the components assembling [5].

In order to take into account the specifics related to the scenario modeling process (SMP) of water
resources, including the computational modules, new problem-oriented components (W-T and W-C)
have been developed as well as existing ones have been modified.

The W-T component is a unified user terminal through which interaction with other components is
carried out. The W-T concerns with: control over the sequence of the SMP; storing all necessary
information about the state of the SMP, adapting the functionality of other components to the current
context and calling appropriate methods.

The W-C component utilizes the benefits of component-based architecture of KBSDP. The W-C
contains a set of modules for solving emerging computational problems: calculations by formula or
function, differential equations solving, extreme problem solutions, etc. The W-C implementation is
carried out both on the basis of open libraries and original programs developed by the authors. The
W-C modules are coded in Java, C++, PHP. The launch of executable modules is based on the
software and technical characteristics described during registration in the KBSDP: URI, access
methods, including authentication parameters, etc.

Additional meaningful information about models and methods needed for conceptual and
methodological integration is described in the form of ontology.

2.3. A component-based modeling ontology for coupling

Currently, the prototype of component-based modeling ontology for KBSDP is being developed.
Mainly this ontology is compilation of published ontologies [6-10] with adoption for KBSDP specific.
The main contribution was made by water resource ontology [6] and following its ideas component-
based modeling ontology for KBSDP is presented in multilevel form:

e The resource level deals with general information about researchers, affiliations, project
history and versioning, etc.

e The technical level deals with information about underling computational infrastructure,
including target operating systems, common purpose software and hardware facilities,
supported programming languages, etc.
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e The coupling level deals with information about underling modeling and simulation
infrastructure, including parameters of frameworks for model executions, specific software
and hardware facilities, supported programming interfaces, etc.

e The formal level deals with information about equations, models, solutions, numerical
methods in terms of mathematical theory.

e The domain level currently relates to water resources. This level was created based on
different sources of information: reference literature; official sources of information
(registers and cadastres, funds and data banks); publications (monographs, journals) and
web resources containing the results of surveys and monitoring data; water resources
ontologies.

e The unit measure level deals with quantity types ontology.

e The scenario level deals with information about multivariate calculations and analysis.

2.4. A component-based modeling knowledge base for coupling

The KBSDP has components for creating rules on the top of ontology. Thus it has functionality for
generating knowledge base fact templates from the ontology elements. Then these templates can be
organized in rules with the help of special inbuilt graphical web editor. When constructing the
knowledge base rules, the following conditions are used: the presence of a fact of the specified
template, a restriction on the value of the fact slot (text, number), a comparison of the slot value with
an existing fact, a comparison with the slot value of another fact. To form the right side of the rule,
the following types of actions are used: creating a new fact, modifying an existing fact, deleting a fact.
The KBSDP generates a knowledge base code on DROOLS.

In the context of a component-based modeling the KBSDP provides three groups of users
(mathematicians, domain experts and knowledge engineers) jointly form recommendations in the
form of logical rules for solving problems of the following types:

e identification of the process regarding to the research objectives, depending on the
conditions in which the complex object is functioning;

e identification of algorithms for processes, depending on the spatial scale, the time step, the
availability of observational data and expert assessments, the numerical solution method;

e selection of computational components for algorithms: matching of input and output
interfaces of components; validation of the model chain execution.

The result of performing logical inference is the specification of the complex model in terms of the
proposed component-based modeling ontology.

3. Anillustrative example

As an illustrative model, a hydrological-ecological balance model in the form of system of linear
ordinary differential equations was considered [11]. It was divided into a set of elementary
component-models and described according to proposed ontology. The domain ontology level deals
with different sources of water intake/expenditure and different sources of substance
intake/expenditure. The mathematical layer corresponds to the elements of the water balance equation
and the mass balance equation of the substance.

From the computational viewpoint, a model component is a software module that implements
calculation algorithm and supports program interface of one or more modeling frameworks. For
testing purposes, the components of the model [11] were coded in Java and C++ along with providing
OpenMI standard support. According to the model [11], the following components have to be
developed: discharge from the main source for the water body; flow rate of tributaries; waste-water
discharges; rainfall water; water intake; evaporation from the surface; water flow to an adjacent
objects; substance consuming due to its decomposition or by organisms consumption; loss or intake of
substance to/from the bottom; intake of a substance as a transformation of other substances; intake of
a substance as a product of biochemical processes; input/loss of a characteristic substance along with
water discharge.
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Ontology instances related to these components describe specific situations in their properties and
relations. The rules for determining the composition of the complex model depending on the research
objectives and the availability of information were formed. To perform computational experiments, in
addition to the components of balance models, other model components to generate necessary input
data were developed. In turn, available statistical information about the hydrological characteristics of
a water body and expert assessments were used as input data for data generation components.

Currently the testing process was carried out with regards to the following principal algorithm:

1. The user creates instances of the ontology (paper section 2.3) that characterize the ecological

and economic situation in the territory.

2. The user forms the objectives of the current study in terms of ontology instances.

3. Based on the knowledge base prototype (paper section 2.4) during interactive inference the

specification of the complex model is formed.

4. If all the necessary data has been obtained, the user performs the assembly of the complex

model in accordance with the specification.

5. The user launches a complex model for computation.

The computational experiments have shown the fundamental operability of the models, methods
and tools applied in the web-based software system for intelligent support in modeling and forecasting
the water resources. The obtained results confirmed the idea that the combination of component-based
and ontological approaches allow quickly prototyping complex models with technical, conceptual and
methodological integration support.

4. Conclusions

The web-based software system for intelligent support in modeling and forecasting the water
resources it is being developed in the form of a component-based modeling knowledge-based system.
As a tool for its creation the authors' knowledge-based system development platform (KBSDP) is
applied. Simultaneously the set of KBSDP components is refined and extended.

Based on the review of the component-based modeling methods and tools applied in the integrated
environmental modeling domain three classes of model coupling problems have been identified:
technical integration (matching data to run a chain of models), conceptual integration (matching the
conceptual apparatus), methodological integration (matching modeling methods). It is suggested to
apply ontological and knowledge-based approaches for model coupling process. As a result a
component-based modeling ontology along with related component-based modeling knowledge base
are considered.

To perform computational experiments, as an illustrative example of a complex model for testing
proposed web-based software system a well-known balance model for calculating changes in the
hydrological and ecological characteristics of water object is utilized.
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Abstract

In the paper, we propose an approach to mitigating uncertainty in the correspondence of
computational tasks and resources of a heterogeneous environment. The aforementioned
uncertainty has a negative impact on such objectives of distributed computing as the problem-
solving time, the reliability of computations, and the efficiency of resource use. The results of
the experimental analysis demonstrate the advantages of using the proposed approach to
improve above listed parameters due to a classification of computational jobs.

Key words
Distributed computing, heterogeneous environment, job classification, mitigating uncertainty

1. Introduction

Nowadays, job scheduling and resource management are among the challenges in providing
distributed computing in heterogeneous environments [1]. When allocating resources to execute jobs,
the following questions arise:

e  What properties does a job have?

e What are the computational characteristics of the resource?

e What resource is more matching for a rational job execution?

With respect to the aforementioned questions, there is a need in studying job properties and
determining their correlation with the resource characteristics. In this regard, one of the advanced
approaches for allocating resources in such a way as to ensure their efficiency and rationally execute
jobs is the job classification [2]. Therefore, let us consider some recent approaches to job classification-
based scheduling that improve the results of traditional strategies of resource allocation such as the
computer resource requirements-based, QoS-based, evolutionary algorithms-based ones, etc.

Zuo et al. [3] propose a job classification-based method of computation scheduling in a cloud
environment. The proposed job classification is carried out by taking into account the intensity in the
use of various components of a computational resource by jobs. The following three classes of jobs are
distinguished: jobs with CPU intensive use, jobs with the I/O intensive use, and jobs with the memory
intensive use.

The greedy-based algorithm for cloud computing scheduling was proposed in [4]. Within the
proposed algorithm, jobs are classified based on QoS with respect to the following two criteria: job
completion time and bandwidth. Corresponding to the jobs classes, the most suitable branch of the
algorithm is selected, the required evaluations are computed, and the obtained results are used as
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feedback with the scheduler. The proposed algorithm allows the scheduler to decrease the job
completion time and increases user satisfaction.

The fulfillment results of evolutionary algorithms can also be improved by applying additional task
classification. User characteristic-based analysis is applied by Kaur et al. [5] for allocating the right
resources to execute submitted jobs through the genetic algorithm. Such a classification was useful in
improving the scheduling efficiency and load balancing of cloud resources.

Examples of improving scheduling results in other well-known strategies through job classification
are shown in [6].

A common problem of the considered approaches to job classification within computation
scheduling is the selection of a limited number of predefined job characteristics. This leads to the
effective applying these approaches only in the specific cases for which they were developed. In this
regard, we proposed an approach to a job classification that gets rid of this limitation.

The rest of the paper is organized as follows. Section 2 provides a brief description of techniques
used for evaluating workflow makespan. The main aspects of the job classification are represented in
Section 3. In Section 4, we give an illustrative example to show the essence of our approach to
mitigating uncertainty and the results in its application. Finally, the last section concludes our study.

2. Evaluating program execution time

Program execution time is one of the key factors in resource allocation. Depending on the available
information about computing process, various methods for predicting program execution time are used.
We consider jobs that are formed in distributed applied software packages developed in the Orlando
Tools framework [7]. A job represent the execution specification for one of programs (modules) of
scientific workflow.

Workflow management systems (Pegasus [8], Taverna [9], etc.) similar Orlando Tools often
implement only one or two methods for predicting the module execution time. In comparison with such
systems, Orlando Tools provides a large set of capabilities for determining the module execution time.
In particular, it supports the following evaluations of the module runtime:

e  User’s evaluation,

e  Dynamic analysis-based predictive evaluation,

o  Test-based predictive evaluation within a continuous integration of applied software,

e Evaluation based on the statistical information of job executions.

Methods for predicting the module execution time used in Orlando Tools are discussed in detail
in [10].

3. Job classification

We define the finite set H = {hq, h,, ..., h;} of job characteristics. For each characteristic, the
following attributes are set:

e Domain D; of values for ith characteristic,

e Integer rank r; = 1 indicating the importance extent for ith characteristic,

e  Weight w; > 0 reflecting a numerical expression of the importance for ith characteristic.

If a domain of values for the ith characteristic is not defined, then D; = {6}, where 0 is a symbol of
an uncertainty.

We use the set H to form the finite set C = {c,, c5, ..., ¢, } of job classes. Each class is defined by
the following two sets of characteristics: basic (mandatory) set and additional (optional) set.

We use the Boolean matrices A and B of dimension k X m to determine the characteristics of the
basic and additional sets of class characteristics. The element a;; = 1 (a;; = 0) of the matrix A means
that the ith characteristic belongs (does not belong) to the basic set of characteristics of the jth class.
Likewise, the element b;; = 1 (b;; = 0) of the matrix B means that the ith characteristic belongs (does
not belong) to the additional set of characteristics of the jth class. Each ith characteristic included in the

basic or additional sets of the jth class has the specified domain D;; < D;\{8} of valid values for this
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class. Note that if a;; vV b;; =0, then D;; = {8}. Matrices A and B must satisfy the following
constraints:

kK =
VitiAiz1 @5 = 0,
K
Visi Viti(aij Abyj) = 0.
A job is represented by the Boolean vector x of dimension k. A one-to-one correspondence is

established between the element indices of the vector x and the indices of characteristics from H.
The value of the ith element is determined as follows:

. {0, it D! = {6},
' (1, otherwise,

where D; is the domain of the ith characteristics required in the job. The vector x must satisfy
the constraint:
kK =
Ni=1%; = 0.

Within a primary classification, we use the following characteristic function to determine the
accordance between the characteristic domains given in the job and domains of characteristic required
in the jth class:

] :{0, if Ai: (al’ijij = 1)A(D{nﬁl*j :,t(Z))’
J 1, otherwise,

where i € 1,k, j € T, m. The results of applying the primary classification of the job are represented by
the Boolean vector y as follows:

Yj =)(j,j €1lm.

However, as the result of the primary classification, the job can be correlated with several classes at
once. Therefore, in order to further mitigate the uncertainty, a secondary classification using additional
knowledge is required. To this end, we define the additional characteristic functions of the secondary
classification as follows:

0, if max {f¥(x,2)} = f¥(x,2) > e,
X]]'((X.y, z) :{ Vl:ylzl{fl ( )} f} (x,2) k
1, otherwise,

where fjk (x) is the kth function intended to evaluate the extent of belonging of the job to the ith class,
e, is an upper limit on the equivalence for the function values, z is an additional information,
k=12,.. and [ € 1,m. For example, the functions fjk(x) can take into account the following
knowledge: the number of optional characteristics matching the class, an aggregated rank of
characteristics, a summary weight of characteristics, and statistical information about job executions.

Often different resources may be suitable for executing the same job, but with a different efficiency.
Based on experience in managing the computing environment, resource administrators can pre-assign
resources to execute the most appropriate classes of jobs, thereby mitigating the uncertainty in matching
resources to jobs. In many cases, this can significantly increase the efficiency of resource use and
improve the quality criteria for executing jobs. We use the Boolean matrix R of dimension t X k to
determine the relations between resources and job classes, where t is a number of resources. The
element r;; = 1 (r;; = 0) of the matrix R means that the ith resource matches (does not matches) to
the jth class.

4. Example of mitigating uncertainty

Within estimating the extent of mitigating uncertainty of the resource allocation, we use the
information entropy also named Shannon entropy. In information theory, the entropy of some random
variable (for example, a resource's match for a specific job) reflects the average level of uncertainty
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inherent to the possible outcomes of this variable. We consider the information entropy in the following
way assuming that the decrease in entropy provides mitigating uncertainty of the resource allocation:

HW) =¥, pi()g (),

where v is a random variable, n is a number of variable outcomes, p;(v) € [0,1] is the probability of
the ith outcome (X7~ p;(v) = 1), and g(v) is calculated as follows:

g(v) — {0' lfpl(v) = 0;

—log,p;(v) otherwise.

Let us consider the environment that includes three resources (HPC clusters) with different
computational characteristics. The environment administrator has defined eight job classes. These
classes have different basic sets of job characteristics and one optional characteristic, which represents
the required job execution time. The matching of resources to job classes, based on administrator
expertise, is reflected in the matrix

00011111
00000000

A job arrives in the environment. In this job, all mandatory characteristics are specified. The optional
characteristic has not been given. We consider two random variables: a job's match for defined classes
(v,) and a resource's match for a specific job (v,). For these variables, p; (v1)-pg(v1), p1 (V2)-p3(v3),
H(v,), and H(v,) are calculated in mitigating uncertainty of the resource allocation.

Table 1 demonstrates the results in mitigating uncertainty. Its first row shows the initial probability
of the v; and v, outcomes, as well as corresponding them H(v;) and H(v,). The next three rows of
Table 1 show the results of sequentially applying primary classification, secondary classification using
computational history, and secondary classification using the results of the module testing. Each stage
of the classification is accompanied by clarifying the matching of resources to job classes using the
matrix R. In this example, we have achieved mitigating uncertainty for H(v,) from 3.00 to 0.34 and for
H(v,) from 1.06 to 0. Decreasing in H(v;) and H(v,) is shown in Figure 1.

11110000
R:[ ]

Table 1
The results in mitigating uncertainty

pi(v) p(w) p3(wy) pa(wy) ps(y) pe(y) p(v) ps(wy) pi(vp) p(v) ps(w) ¢ H(w,)
0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.333 0.333 0.333 3.00 1.06

0.250 0.250 0.250 0.250 0 0 0 0 0.444 0.556 0 2.00 0.99
0.115 0.741 0.132 0.012 0 0 0 0 0.988 0.012 0 1.14 0.09
0 0.936 0.064 0 0 0 0 0 1.000 0 0 0.34 0

3.50
3.00
3.00
2.50
2.00
2.00
1.50 106 0.99 114
1.00
0.34
0.50 0.09 - 0.00
0.00
Without classification Primary classification Secondary Secondary
classification using  classification using
computational the results of the
history module testing

mH(v)m H(v,)

Figure 1: Decreasing in H(v;) and H(v,)
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5. Conclusions

The presence of uncertainty in scheduling distributed computing is a persistent challenge. Therefore,
the study of this uncertainty in its various forms is an important direction of research.

Our contribution in this field of research lies in developing a heuristic approach for mitigating
uncertainty in the matching of computational resources and jobs, which are launching in the
heterogeneous distributed computing environment. The proposed approach is based on job
classification using a set of characteristic functions. In comparison with other approaches to a study of
such uncertainty, we use information entropy to estimate the uncertainty mitigation extent.

An illustrative example shows the essence of our approach and some useful results in its application.
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Abstract

Resource management is a critical part of modern large-scale distributed systems and an active area
of research. The diversity of systems, workloads and requirements have lead to many domain-specific
problem statements, solutions and simulation tools proposed by researchers, which are hard to compare
and reuse. In this paper, an overview of related resource management problems is made and a general
simulation framework to support studying such problems is presented. The framework has modular
architecture, and is built around the generic simulation core and a set of basic resource models, which can
serve as a common foundation for development of domain-specific models, components and simulators.
The framework prototype has been evaluated and proved to be flexible and adaptable to different problem
domains, while achieving performance and scalability needed to support the modeling of modern large
scale problems.

Keywords

distributed systems, resource management, scheduling, simulation, cloud computing, IaaS, FaaS, workflow

1. Introduction

Modern systems and applications are increasingly distributed. This is due to the growing
computational and data processing demands, and the need to serve and connect large numbers of
clients and resources while meeting high performance, availability and scalability requirements.
Grid computing infrastructures, peer-to-peer networks, Internet-scale applications and cloud
computing platforms are examples of modern large-scale distributed systems that can consist
of millions of machines spread across many locations around the world, processing hundreds
thousands requests per second from billions of clients.

Distributed computing technologies allow to flexibly aggregate the resources of individual
machines into scalable high-performance computing infrastructures with required characteris-
tics. Resource management, including resource allocation and task scheduling, is a critical part
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of operating such large-scale infrastructures due to their significant financial and environmental
impact. The energy used by the world’s data centers has doubled over the past decade and is
estimated to account for around 1% of worldwide electricity use [1]. Even a small reduction of
resource fragmentation rate can lead to substantial cost savings for public cloud providers [2].

Resource management and scheduling in distributed systems is an active area of research
aimed at optimization of resource utilization, application performance, energy consumption and
other operational aspects of such systems. While this area of research is established decades ago
and has accumulated many results, the constantly increasing system scales, emergence of new
computing paradigms and technologies, and changing requirements introduce new problem
statements and challenges. The diversity of systems, workloads and requirements have lead to
many specific problem statements and solutions proposed by researchers, which are often hard
to compare, reuse and combine.

The proposed resource management methods should be subject to thorough evaluation before
using them in real systems. Due to the large scale of considered systems, it is generally not
feasible or time-consuming and expensive to conduct experiments and evaluate the proposed
methods in a full-scale system, even for system developers. Also, due to the client behavior,
dynamicity and non-determinism of real environments, the experimental conditions and results
are not reproducible, which is unsuitable for comparison of several methods. Building a copy
of real system for running experiments is also economically infeasible. Therefore, the initial
evaluation is usually performed by means of simulation. The quality of obtained results depends
on the quality of used simulation models of the studied system and its workload. Thorough
evaluation also implies running the studied methods on diverse sets of system configurations
and workloads by conducting thousands of simulations. This and the large scale of considered
systems places high demands on performance and scalability of the used simulation tools in
order to obtain experimental results in a reasonable time.

Currently there is a lack of generally accepted frameworks for studying and evaluation of
resource management methods, including ready-to-use simulation models and benchmarks.
Researchers often had to implement and evaluate the proposed methods using their own purpose-
built simulators and benchmarks. This complicates the comparison of methods proposed by
different authors and reproduction of results. While there are some established simulation
frameworks used by researchers, e.g. [3, 4, 5, 6], they are intended to be used as libraries and do
not provide ready-to-use simulators. This has lead to development of many domain-specific
and ad-hoc simulators based on these frameworks by different authors [7, 8, 9, 10, 11].

While the problem specialization is inevitable, we argue that it is possible to improve research
efficiency by reducing the diversity of used tools and duplication of efforts. First, we propose
to establish common benchmarks for method evaluation, including ready-to-use simulators,
datasets, evaluation scenarios and result processing tools. A researcher needs only to implement
a new method using the provided API, and then can immediately run and compare it with
existing methods. This will reduce the researcher effort and the need to develop ad-hoc solutions.
Second, we propose to systematically study the related problem statements, identify similar
problems and generalize them where possible. This will provide a basis for unified framework
and reuse of tools between researchers studying different application domains. We propose to
use optimization modeling and simulation as foundations for this framework. The increasing
scale of modern systems also requires the improvement of performance and scalability of current
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simulation frameworks to tackle the new challenges.

This paper is a first step towards implementing this vision. Section 2 provides a broad overview
of resource management problems in modern large-scale distributed systems. Section 3 presents
the proposed general simulation framework for studying such kind of problems. Section 4
evaluates the framework implementation and compares it with state-of-the-art solutions. Section
5 concludes and outlines the future work.

2. Resource Management in Large Scale Distributed Systems

Resource management and scheduling in distributed systems is an active area of research since
1990s. In a general form, it considers how to efficiently execute a given workload on a given
system subject to specific requirements and constraints in order to optimize the metrics such as
application performance, resource utilization, cost, etc. Due to a variety of existing workloads
and systems, there are many domain-specific problem statements. In this section, we briefly
characterize some of them relevant to the large-scale systems.

Large-scale distributed computing systems, such as volunteer computing projects [12, 13] and
grid infrastructures [14, 15], are aimed at aggregation of autonomous resources, such as desktops
and compute centers, into large resource pools to support compute- and data-intensive research.
Volunteer computing projects like Folding@Home can attract millions of volunteers and achieve
peak performance surpassing the world’s fastest supercomputers. Grid infrastructures like EGI
federate resources of hundreds of compute centers amounting together millions of CPU cores
and hundreds of petabytes of storage.

The main workload in these systems are high-throughput computing jobs [16] consisting of a
large number of independent tasks. Due to heterogeneity and dynamic availability of resources,
scheduling tasks in these systems is not a trivial problem. For example, in volunteer computing
projects it is needed to minimize the total execution time of large bag-of-tasks experiments
while avoiding slow and misbehaving machines. In grid computing infrastructures, due to
their cooperative nature, it is important to optimize the average job throughput and resource
utilization while ensuring fair resource sharing across user communities and respecting compute
centers’ policies. Other types of workloads executed in these systems include workflows [17, 18]
consisting of tasks with data dependencies, parallel jobs consisting of tasks communicating
with each other, or more complex many-task applications [19]. In general, such workload can
be represented as a set of multi-task jobs. The subjects of study are job and task scheduling,
resource allocation, load balancing etc.

Popular internet-scale applications, such as search engines, social networks and video stream-
ing services, are aimed at serving a large number of clients while providing the desired quality of
service in terms of response time, throughput, availability and consistency [20, 21]. To achieve
these goals, service providers build and operate geo-distributed infrastructures consisting of
many data centers across the globe [22]. The workloads running in these systems can be divided
mainly into services and batch processing parts [23, 24].

Services workload is related to processing of requests from clients, where response time is
critical, by a set of long-running backend processes. The challenges are how to select the number
of processes and allocate resources to them, distribute requests and balance the load between

81



them such as to optimize resource utilization and operational costs while achieving the desired
performance and fault-tolerance objectives [25]. The requests here are mostly independent,
however in some cases dependencies may exist, e.g. in the form of transactions. Due to faults,
which is a norm on a large scale, and fluctuating user load with sudden spikes, the used methods
should be able to quickly adapt to such changes.

Batch workload is related to performing auxiliary data processing and computation jobs,
such as building a search index or training a deep learning model. These jobs are usually split
into many parallel tasks that are executed in background on dynamically allocated resources of
clusters [23, 24]. The challenges on the jobs level are how to allocate resources between multiple
jobs to optimize the cluster resource utilization while respecting job resource requirements,
priorities and deadlines, providing fairness, etc. The challenges on the job level are how many
tasks to use, how to schedule them and distribute processed data between them, how to avoid
stragglers, recover from failures, etc.

Another more recently emerged type of data center workloads is stream processing which
consists in near real-time parallel processing of large data streams by a set of continuously
running processes [26, 27, 28]. The processes are organized into the acyclic directed graph,
which edges correspond to data streams between the processes. The challenge is how to map
the processes to available resources to optimize resource utilization while reaching the desired
throughput and latency objectives.

The diversity of described data center workloads poses additional resource management
challenges. Since operating separate resource pools for each workload leads to wasted resources,
the same machines are used to run different workloads [23, 24]. The challenge is how to keep
the desired performance guarantees for critical workloads while efficiently using the remaining
resources for running other workloads.

Cloud computing has emerged as a new paradigm for on-demand access to a wast pool of
computing resources providing a modern alternative to on-premises deployments [29]. Clouds
can significantly lower time-to-solution via quick resource provision, skipping the lengthy
process of building a new cluster on-premises or avoiding long queue wait times on shared
computing facilities. By providing a wide range of possible virtual machine configurations,
clouds allow to easily adapt to changing workloads. Clouds can also reduce the total cost of
ownership by allowing dynamic auto-scaling of computing resources depending on the current
load, or by using spot instances that represent excess cloud capacity. These advantages lead
to migration of many workloads, including the described above, to public clouds. At the same
time, the new paradigm has posed new resource management challenges, both from the point
of view of cloud provider and user.

Public cloud providers operate many virtualized data centers worldwide, arranged in a
hierarchy of regions and availability zones. In Azure, larger zones have over a hundred thousand
machines, spread over more than a hundred clusters [2]. A cloud provider offers computing
resources in the form of virtual resources (machines, disks, networks) on a pay-per-usage basis.
This forms the core Infrastructure as a Service (IaaS) layer upon which all higher cloud layers
(Paa$S, SaaS, FaaS) are built. Therefore, allocation of resources of physical machines (PMs) to
virtual machines (VMs) is a crucial aspect of cloud resource management [2].

VM allocation brings several resource management challenges. First, the initial assignment of
VM request to PM should be computed quickly in online fashion, i.e. without knowing the next
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requests, while avoiding the resource fragmentation. It should also take into account customer
requirements in the form of VM placement constraints, e.g. spread VMs across different racks
to avoid correlated failures. Second, migration of VMs between PMs is required to avoid hot
spots, reduce the number of active PMs and perform PM maintenance [30]. Third, as VMs
often do not utilize all allocated resources, such resources as CPU are oversubscribed to avoid
their underutilization [31]. However, since VM resource demand can be highly dynamic, static
allocation can lead to resource contention and VM performance degradation. Therefore, dynamic
allocation methods are needed that adapt to changes in VM load, control allocations and migrate
VMs from overloaded PMs. Since VMs can run various customer workloads unknown to the
cloud provider, predicting the future VM load and the impact of oversubscription is much more
challenging [32].

Cloud computing also brings new resource management challenges from the perspective
of a cloud user related to careful selection and dynamic management of allocated resources
according to specific workload needs and objectives. First, the diversity of VM types leads to
the problem of finding the optimal resource configuration for running a particular workload,
e.g. HPC job or web application [33]. Depending on the situation, the objective can be the cost
of running workload or the execution time, subject to additional constraints like performance,
deadline or budget. Second, for workloads with dynamic resource needs it is essential to leverage
the cloud elasticity by dynamically allocating and releasing resources in order to reduce costs.
This requires additional methods, such as horizontal and vertical auto-scaling strategies [34].

Serverless computing model [35, 36] enables the execution of user workloads in a cloud without
explicit resource allocation by the user, as it is done previously with VMs. The workload is
described in the form of functions, which code is executed on demand on resources dynamically
allocated by the cloud provider. While this approach is currently applicable to a limited set
of workloads, it removes a burden of managing resource allocations from the cloud users.
However, the related challenge is just shifted to the provider, which is now responsible for
dynamic resource allocation of resources for running user functions [37]. The objective is to
minimize the related resource overhead, e.g. time the function code is idle when being loaded in
PM memory, while meeting the desired invocation latency and performance targets. In contrast
to the user-side problem, the provider has less information about the function workload, which
also brings additional complexity.

The complexity and diversity of modern applications and workloads, the shift towards
resource virtualization and the mentioned resource management challenges have lead to de-
velopment of new platforms, such as OpenStack and Kubernetes. These platforms play a role
of operating systems for distributed resource pools and provide resource management com-
ponents that address some of the mentioned challenges. For example, OpenStack includes a
VM scheduler for placement of VMs, while Kubernetes includes a scheduler for management of
pods, groups of containers. While these platforms support sophisticated resource management
policies, their core algorithms are simple and has a potential for improvement [38]. Besides
that, existing solutions are often designed for specific types of workload, which complicates the
use of unified resource pools for running heterogeneous workloads.

The described diversity of systems, workloads and requirements have lead to many specific
problem statements and solutions proposed by researchers, which are hard to compare, reuse
and combine. This and the trend towards running diverse workloads across large distributed
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resource pools requires describing and generalizing these problems within a common framework.
We propose to use optimization modeling and simulation as foundations for such framework.
First, all mentioned problems can be formulated as optimization problems, and mathematical
models can provide a clear and succinct form for their description and generalization. Second, as
was explained in Section 1, simulation is an important tool for initial evaluation and comparison
of proposed resource management methods. In this paper we focus on the simulation part,
while the optimization modeling will be covered in future work.

3. Simulation Framework

This section describes the proposed simulation framework called DSLab, which is intended to
support the research of resource management in large-scale distributed systems. We describe
the requirements to such framework, its architecture and current implementation.

3.1. Requirements

From the overview of resource management problems in Section 2 we can identify several
important requirements that should be met by the proposed simulation framework.

First, in order to support the modeling of diverse system configurations and workloads, it
should be generic, modular and flexible, with ability to extend and adapt it to various domains
and use cases. That means that the framework should be built as a set of loosely-coupled
modules around the generic core and application programming interfaces.

Second, it should be performant and scalable in order to support modeling of modern large-
scale systems consisting of up to millions of entities and generating millions of events per second.
It should also be resource efficient to support simulating such systems on an average personal
computer, and should facilitate parallel execution of multiple simulations for conducting large
experiments and parameter studies.

Third, the framework should support the modeling of basic system resources (compute,
storage and network) with adequate levels of accuracy. For considered problems, it is generally
not needed to model the CPU or network usage on the level of instructions or packets. How-
ever, it can be important to realistically model the resource sharing, contention, performance
degradation and other similar effects.

Finally, the framework should be easy to use and extend. This includes the ability to precisely
control simulation and create custom scenarios, deterministic execution for reproducibility,
support for logging and visualization, ability to implement own extensions or methods with
minimal effort, support for description and import of system configurations and workloads in
common formats, and a rich set of examples.

3.2. Architecture

The developed DSLab framework has modular architecture presented on Figure 1. It consists of
three layers. Simulation core layer includes the generic discrete-event simulation engine and
application programming interface (API) for interaction with it. Resource models layer includes
the extensible set of ready-to-use models of basic system resources, such as compute, storage
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Figure 1: Architecture of DSLab framework.

and network. Simulators and extensions layer includes the extensible set of domain-specific
models, components and complete solutions, such as ready-to-use simulators, built upon the
previous two layers.

Despite this layered logical architecture, the framework is actually developed as a set of
loosely-coupled modules. The only mandatory dependence is the simulation core, which is
small and easy to understand. Therefore a user can choose how deep to dive into the framework
and which modules to use for particular simulation needs. Note also that the framework core is
not specifically tied to resource management and can be used in other research and educational
domains.

The framework prototype has been implemented in Rust programming language. The choice
of Rust was motivated by performance requirements, rich set of modern features and vibrant
community. While being as efficient as C++, Rust also provides memory safety guarantees and
avoids related bugs. On the downside, Rust is not so widely popular among the researchers as
C++, Java or Python, and has a rather steep learning curve. We plan to address this issue by
supporting integration with components written in other languages in the future. Below we
provide an overview of current implementations of the mentioned layers.

3.3. Simulation Core

The simulation core is implemented as a compact library providing a generic discrete-event
simulation engine. This engine can be used to implement arbitrary deterministic simulations
consisting of user-defined components producing and consuming events. The engine manages
simulation state, which includes clock, event queue and random number generator. The latter is
initialized with user-defined seed to ensure deterministic execution and reproduction of results.

The simulation is configured and managed via the Simulation interface, which includes
methods for registering simulation components, stepping through the simulation, obtaining
the current simulation time, etc. It is possible to use any user-defined Rust types as simulation
components, and future work will address integration with other languages. The components
access simulation state and produce events via the SimulationContext interface. Each component
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Figure 2: Event-driven simulation in DSLab.

\

typically uses a unique simulation context, which allows to differentiate events produced by
different components. To be able to consume events, the component should implement the
EventHandler interface, which is invoked by the engine to pass events to the component. Each
simulation component is registered with unique name and identifier, which can be used for
specifying the event source or destination, logging purposes, etc.

The simulation is implemented as a sequence of events (see Figure 2). Each event has a unique
identifier, timestamp, source, destination and user-defined payload. The simulation engine
supports using arbitrary serializable types as event payloads, the structure of payload is opaque
to the engine. The events are processed in their timestamp order by retrieving the next event from
the event queue, advancing the simulation clock to event time and invoking the EventHandler
of component specified as the event destination. When processing the event, the component
can create and emit new events with arbitrary future timestamps via its SimulationContext. It is
also possible to cancel the previously emitted events before they are processed, e.g. to change
the completion time of some pending activities.

The simulation core also provides convenient facilities for logging of events or arbitrary
messages during the simulation with inclusion of component names, logging levels, etc.

The described simulation core functionality proved to be sufficient for currently implemented
use cases. The simulation execution is performed sequentially using a single thread. While
using multiple threads can potentially speed up simulation, the efficient parallel implementation
of discrete-event simulation is a challenging problem. Since in practice researchers often need to
run a large number of simulations, it is more reasonable to run many independent single-treaded
simulations in parallel than to try to parallelize a single simulation. The performance of current
implementation of simulation core is evaluated in Section 4.
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3.4. Resource Models

This layer should provide a set of ready-to-use models of basic system resources, which are
needed for simulating the considered distributed systems. The current prototype includes
several implementations of generic compute, storage and network components, which can be
used in simulations.

Compute component represents an abstract model of computing resource, such as a single
machine or a cluster, which can perform computations represented as compute tasks. The
resource is characterized by the provided number of CPU cores, their speed in flop/s and amount
of memory. The compute task is characterized by the amount of computations in flops, number
of used cores, and amount of used memory. Two models of compute resource are currently
implemented.

The singlecore model implements a resource with single core, which resources are evenly
shared between the currently running tasks. Each time some task is completed or a new task is
submitted, the resource shares and completion times of all running tasks should be updated. A
naive method of iterating over all tasks and updating their completion times on each such event
can lead to a poor performance. An efficient method is implemented which supports addition
of a new task and removal of the task with the smallest completion time in O(log n), where
n is the number of concurrent tasks. The same method is used for modeling equal bandwidth
sharing in storage and network models.

The multicore model implements a resource with multiple cores, which supports execution of
parallel tasks. In this model, the compute task can specify the minimum and maximum number
of used cores, and provide a function which defines the dependence of parallel speedup on the
number of used cores. The cores allocation for each task is computed upon task arrival and, in
contrast to previous model, is not changed during the task execution. This model also supports
manual allocation and release of cores and memory, which can be used to model other use cases.

Storage component represents an abstract model of raw data storage, such as disk, which can
perform data read and write operations. The storage resource is characterized by its capacity,
read and write bandwidth. The operation is characterized by its type (read or write) and
the amount of data. The implemented disk model supports computing completion times of
operations based on a user-defined bandwidth model, a function which returns the bandwidth for
the given data size to be read or written. Three models are included currently: constant, random
with given distribution and empirical with given weighted values set. In addition, there is
support for modeling bandwidth sharing and degradation. The file_system model implemented
on top of the disk model supports modeling storage system consisting of multiple disks on the
level of file system operations, such as file read and write.

Modeling of network communication is essential for simulation of distributed systems and
applications. The study of considered resource management and scheduling problems does
not generally require the use of sophisticated packet-level network models. Moreover, such
fine-grained models are prohibitively expensive on large system and time scales. Therefore, the
cheaper models that simulate only the aspects of network behavior important to the studied
problem are used. Since these requirements may depend on the use case, the network modeling
is not embedded in the simulation core and instead is implemented on this layer.

In general, the network can be characterized by its topology (link graph), including the
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latency and bandwidth of individual links. The network communication is characterized by
the data size, source and destination. In cases where communications correspond to small
messages, it is sufficient to model only the network latency. This does not require the use of
dedicated network model, as the simulation core directly supports emitting events with arbitrary
delays. However, in cases that involve large data transfers it is necessary to model the network
bandwidth. Depending on whether the network contention can occur or not, it can also be
necessary to model the bandwidth sharing between the contending data transfers. Finally, the
network topology modeling needs can range from a single backbone link to a complex link
graph of a wide-area network.

Currently two network models are implemented that cover the basic modeling requirements.
The network topology corresponds to a single backbone link with specified latency and band-
width. The simulation components are assigned to the network hosts, and the network is
bypassed for communications between components on the same host. The models support
message passing and data transfer operations. The message passing operation corresponds
to emitting an event with delay equal to the network latency between the event source and
destination. The data transfer operation corresponds to transferring the specified amount of
data between the specified source and destination, with notification of the specified component
after the transfer is completed. The constant_bandwidth model assumes that all data transfer
operations use the full link bandwidth. The shared_bandwidth model implements dynamic equal
sharing of link bandwidth between concurrent data transfers. The implementation of support
for modeling arbitrary network topologies is in progress.

3.5. Domain-specific Simulators and Extensions

The described simulation core and resource models can serve as a common foundation for
development of domain-specific models, components and complete simulators for different
use cases. To verify this assumption, test the flexibility of the current prototype and provide
examples of its use, the following simulators and extensions have been implemented.

The DAG extension is dedicated for studying the scheduling of workloads represented as
directed acyclic graphs (DAG), such as scientific workflows or data-parallel jobs. It includes
the model of heterogeneous distributed computing system comprised of several resources,
the model of DAG job consisting of multiple tasks with data dependencies, the runner which
executes a DAG job using the specified scheduling algorithm, the interface for implementation
of such algorithms and several ready-to-use implementations. The extension also provides the
tools for bootstrapping simulation, importing DAGs in common formats and visualization of
DAG execution traces. The extension was successfully used to reproduce results of experiments
from [39].

The IaaS extension implements a model of cloud computing infrastructure for studying the
cloud resource management on Infrastructure as a Service (laaS) level, such as virtual machine
placement and migration. It includes the models of basic cloud components such as physical
machine (host), virtual machine, VM scheduler, placement store, monitoring service, etc. The
extension allows to provide user-defined models for host power consumption and VM load,
and implement custom VM placement and migration algorithms. The unique feature of this
extension is support for modeling of multiple concurrent VM schedulers operating on local,
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asynchronously updated copies of resource pool state.

The FaaS$ extension is aimed at modeling the Function as a Service (FaaS) layer of clouds,
including the scheduling and execution of cloud functions in dynamically deployed containers. It
includes the models of serverless application, cloud function, container, host, container manager,
function registry, invocation scheduler, etc. The extension allows to implement and test custom
container management policies, function invocation scheduling and container deployment
strategies. The extension was successfully used to reproduce the results of experiments from
[37].

4. Evaluation

The evaluation of the developed simulation framework can be performed based on the formulated
requirements. As presented in Section 3, the DSLab framework is modular and is built around
the generic simulation core, it supports the modeling of basic system resources on adequate
level and is proved to be flexible and adaptable to different use cases. Therefore, this section
focuses on evaluating the performance and scalability of the framework required for modeling
the large-scale systems. The detailed evaluation of the accuracy of implemented models will be
made in a separate work.

The evaluation is based on implementation of several benchmarks and examples from dif-
ferent domains. In each case, the performance of implementation using DSLab is compared to
implementation using one of the state-of-the-art solutions.

4.1. Ping-Pong

This example simulates the interaction between IV processes. Each process communicates with
P other processes, which are called process peers. On each iteration a process sends a Ping
message to one of its peers and waits for reply from the peer. Upon receiving a Ping message, the
process replies to the sender with the Pong message. Upon receiving a Pong from the peer, the
process starts the next iteration, and so on, until it completes the specified number of iterations.
This simple example allows to benchmark the performance and scalability of the simulation
core by creating a large number of simulated entities and events.

Two implementations are created: one using DSLab, and the other using SimGrid [5] (version
3.31), a popular framework for developing simulators of distributed applications written in C++.
Both implementations can be configured to use either a fixed message delay or a simple network
model with no bandwidth sharing. The obtained simulation times for various numbers of
processes and iterations are presented in Table 1. The developed framework is significantly (20-
30 times) faster than SimGrid, being able to process up to 10 millions of events per second. DSLab
also demonstrates better scalability and allows to simulate a system with million processes.
The use of network model (bottom half of the table) noticeably impacts the performance and
scalability of both implementations. We plan to investigate this issue in the future. Overall, the
results without network model demonstrate that the developed simulation core provides high
performance and scalability.
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Table 1
Results for Ping-Pong benchmark

Simulation Time (s)
Processes Peers Iterations Network Model DSLab  SimGrid

2 1 1000000 N 0.17 5.27

2 1 10000000 N 1.61 52.29
1000 10 1000 N 0.35 5.93
10000 100 1000 N 4.27 159.81
100000 100 1000 N 82.88 -
1000000 100 1000 N 946.20 -

2 1 1000000 Y 0.26 7.19

2 1 10000000 Y 2.52 72.48s
1000 10 1000 Y 0.53 71.20
10000 100 1000 Y 8.49 7739.58
100000 100 1000 Y 253.94 -
1000000 100 1000 Y 4202.09 -

4.2. Master-Workers

This example simulates a typical distributed computing system consisting of heterogeneous
hosts. A host provides computing resources in the form of CPU cores and memory for execution
of compute tasks. Each host runs a worker process which manages execution of tasks on the
host. The master process, which runs on one of the hosts, is responsible for accepting new
tasks, scheduling tasks to workers and collecting task results. Each task has varying complexity,
resource requirements, input and output data sizes. When a task is assigned to a worker, the
worker downloads the task input data from the master to the local disk, executes the task, stores
the result on the local disk and uploads it to the master. This more complex example uses
several resource models (compute, storage, network) allowing to test their implementations
and evaluate their impact on performance.

Two implementations are created: one using DSLab, and the other using SimGrid (version
3.31). Both implementations can be configured to use either a network model without or with
bandwidth sharing. The obtained simulation times for various numbers of workers and tasks
are presented in Table 2. Similar to the previous example, the implementation using DSLab
significantly outperforms the one using SimGrid. The framework scalability allows to simulate a
system with million workers. However, the use of more complex network model with bandwidth
sharing (bottom half of the table) also noticeably impacts the simulation performance.

4.3. Scientific Workflow Execution

This example simulates the execution of scientific workflow in distributed computing system.
Several realistic workflow instances with thousands of tasks are produced using the workflow
generator from the WfCommons project. The system consists of 10 computing resources with
10 cores each.
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Table 2
Results for Master-Workers example

Simulation Time (s)

Workers  Tasks Bandwidth Sharing DSLab  SimGrid
100 10000 N 0.08 0.63
1000 10000 N 0.08 7.47
1000 100000 N 0.97 41.05
10000 1000000 N 16.31 14015.21
100000 1000000 N 21.53 -
1000000 1000000 N 26.11 -
1000000 10000000 N 320.32 -

100 10000 Y 0.13 0.60
1000 10000 Y 0.17 20.60
1000 100000 Y 5.97 335.53
10000 1000000 Y 977.40 -

Table 3
Results for Workflow Execution example

Simulation Time (s) Memory (MB)
Workflow Tasks DSLab WRENCH DSLab WRENCH

Montage 4991 0.20 9.08 16 459
Epigenomics 9995  0.44 12.46 27 649
Srasearch 9997 0.66 38.88 42 2444
Genome 9998  0.64 48.40 34 790

Two implementations are created: one using DSLab with DAG extension, and the other
using WRENCH [11] (version 2.0), a workflow management system simulation framework
based on SimGrid. The obtained simulation times and memory consumption are presented in
Table 3. The implementation using DSLab is 30-70 times faster and consumes significantly less
memory than the one using WRENCH. The simulated workflow execution times produced by
our implementation and WRENCH differ only by 5-6 %. This difference can be explained by
more detailed workflow execution modeling in WRENCH (including the workflow manage-
ment system, storage access, etc.) and other simulation peculiarities. However, the observed
performance difference cannot be explained only by the use of more detailed models.

4.4. Virtual Machine Placement

This example simulates the placement of virtual machines on the hosts of a cloud data center. The
specified number of virtual machines with varying characteristics are created in the beginning
of the simulation and passed to the cloud scheduler. The scheduler uses BestFit algorithm
to assign virtual machines to hosts. The simulation proceeds until all virtual machines are
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Table 4
Results for Virtual Machine Placement example

Simulation Time (s)
Hosts VMs DSLab  CloudSim Plus
200 6000 0.11 8.07
2000 60000 18.11 472.61
5000 150000 123.51 2704.86
10000 300000 511.69 18625.51

Table 5
Results for Cloud Function Invocation example

Simulation Time (s)
Invocations DSLab  OpenDC

40000 0.109 4.965
400000 0.952 26.865
4000000 11.028 231.706

40000000 169.720  2410.613

scheduled and started on hosts.

Two implementations are created: one using DSLab with IaaS extension, and the other using
CloudSim Plus [6] (version 7.2.0), a popular cloud computing simulation framework written in
Java. The obtained simulation times for various numbers of hosts and VMs are presented in
Table 4. The implementation based on DSLab is 20-70 faster. This can be partially explained
by the performance difference between Rust and Java runtimes, and simulation peculiarities.
However, as in the previous case, the performance overhead of the state-of-the-art framework
is significant and can be prohibitive for simulating large scale cases.

4.5. Cloud Function Invocation

This example implements the trace-driven simulation of cloud function invocations in FaaS
environment. The traces with different number of invocations of two functions are used. Two
implementations are created: one using DSLab with FaaS$ extension, and the other using OpenDC
[40] (version 2.0), a new platform for datacenter simulation. The obtained simulation times are
presented in Table 5. Again, the implementation based on DSLab is significantly faster, though
the gap is decreasing for the larger number of invocations.

5. Conclusion

Resource management is a critical part of operating modern large-scale distributed systems and
an active area of research. The diversity of systems, workloads and requirements have lead to
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many problem statements, solutions and simulation tools proposed by researchers, which are
hard to compare and reuse. We propose to improve research efficiency by reducing the diversity
of used tools and duplication of efforts. As a first step in this direction, a general simulation
framework for studying such problems is developed.

The presented DSLab framework has modular architecture, built around the generic simu-
lation core and a set of basic resource models, which can serve as a common foundation for
development of domain-specific extensions. The framework prototype has been evaluated and
proved to be flexible and adaptable to different problem domains, while achieving the perfor-
mance and scalability levels needed to support the modeling of modern large scale problems.
The framework along with the described examples is published as an open source project’.

Future work will address the remaining issues, such as integration with other languages and
model validation. It is also planed to investigate the other aspects of the proposed vision, such
as generalized problem statements and the use of optimization modeling. Finally, we plan to
further improve and extend DSLab, including investigation of its use in other research and
educational domains.

Acknowledgments

This work is supported by the Russian Science Foundation (project 22-21-00812).

References

[1] E. Masanet, A. Shehabi, N. Lei, S. Smith, J. Koomey, Recalibrating global data center
energy-use estimates, Science 367 (2020) 984-986.

[2] O.Hadary, L. Marshall, I. Menache, A. Pan, E. E. Greeff, D. Dion, S. Dorminey, S. Joshi,
Y. Chen, M. Russinovich, et al., Protean:{VM} allocation service at scale, in: 14th USENIX
Symposium on Operating Systems Design and Implementation (OSDI 20), 2020, pp. 845-
861.

[3] R. Buyya, M. Murshed, Gridsim: A toolkit for the modeling and simulation of distributed
resource management and scheduling for grid computing, Concurrency and computation:
practice and experience 14 (2002) 1175-1220.

[4] R. N. Calheiros, R. Ranjan, A. Beloglazov, C. A. De Rose, R. Buyya, Cloudsim: a toolkit for
modeling and simulation of cloud computing environments and evaluation of resource
provisioning algorithms, Software: Practice and experience 41 (2011) 23-50.

[5] H. Casanova, A. Giersch, A. Legrand, M. Quinson, F. Suter, Versatile, scalable, and accurate
simulation of distributed applications and platforms, Journal of Parallel and Distributed
Computing 74 (2014) 2899-2917.

[6] M. C. Silva Filho, R. L. Oliveira, C. C. Monteiro, P. R. Inicio, M. M. Freire, Cloudsim plus:
A cloud computing simulation framework pursuing software engineering principles for
improved modularity, extensibility and correctness, in: 2017 IFIP/IEEE symposium on
integrated network and service management (IM), IEEE, 2017, pp. 400-406.

"https://github.com/osukhoroslov/dslab

93



(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[19]

[20]
[21]

[22]

[23]

[24]

S. K. Garg, R. Buyya, Networkcloudsim: Modelling parallel applications in cloud simula-
tions, in: 2011 Fourth IEEE International Conference on Utility and Cloud Computing,
IEEE, 2011, pp. 105-113.

W. Chen, E. Deelman, Workflowsim: A toolkit for simulating scientific workflows in
distributed environments, in: 2012 IEEE 8th international conference on E-science, IEEE,
2012, pp. 1-8.

P.-F. Dutot, M. Mercier, M. Poquet, O. Richard, Batsim: a realistic language-independent
resources and jobs management systems simulator, in: Job Scheduling Strategies for
Parallel Processing, Springer, 2015, pp. 178-197.

Z. Cai, Q. Li, X. Li, Elasticsim: A toolkit for simulating workflows with cloud resource
runtime auto-scaling and stochastic task execution times, Journal of Grid Computing 15
(2017) 257-272.

H. Casanova, R. F. da Silva, R. Tanaka, S. Pandey, G. Jethwani, W. Koch, S. Albrecht, J. Oeth,
F. Suter, Developing accurate and scalable simulators of production workflow management
systems with wrench, Future Generation Computer Systems 112 (2020) 162-175.

D.P. Anderson, ]. Cobb, E. Korpela, M. Lebofsky, D. Werthimer, Seti@ home: an experiment
in public-resource computing, Communications of the ACM 45 (2002) 56-61.

D.P. Anderson, G. Fedak, The computational and storage potential of volunteer computing,
in: Sixth IEEE International Symposium on Cluster Computing and the Grid (CCGRID’06),
volume 1, IEEE, 2006, pp. 73-80.

L. Foster, C. Kesselman, The Grid 2: Blueprint for a new computing infrastructure, Elsevier,
2003.

L. Bird, Computing for the large hadron collider, Annual Review of Nuclear and Particle
Science 61 (2011) 99-118.

M. Livny, J. Basney, R. Raman, T. Tannenbaum, et al., Mechanisms for high throughput
computing, SPEEDUP journal 11 (1997) 36-40.

L. J. Taylor, E. Deelman, D. B. Gannon, M. Shields, et al., Workflows for e-Science: scientific
workflows for grids, volume 1, Springer, 2007.

E. Deelman, K. Vahi, G. Juve, M. Rynge, S. Callaghan, P. J. Maechling, R. Mayani, W. Chen,
R. F. Da Silva, M. Livny, et al., Pegasus, a workflow management system for science
automation, Future Generation Computer Systems 46 (2015) 17-35.

L. Raicu, I. T. Foster, Y. Zhao, Many-task computing for grids and supercomputers, in: 2008
workshop on many-task computing on grids and supercomputers, IEEE, 2008, pp. 1-11.
E. A. Brewer, Lessons from giant-scale services, IEEE Internet computing 5 (2001) 46-55.
J. R. Hamilton, et al., On designing and deploying internet-scale services., in: LISA,
volume 18, 2007, pp. 1-18.

L. A. Barroso, U. Hélzle, The datacenter as a computer: An introduction to the design of
warehouse-scale machines, Synthesis lectures on computer architecture 4 (2009) 1-108.
M. Schwarzkopf, A. Konwinski, M. Abd-El-Malek, J. Wilkes, Omega: flexible, scalable
schedulers for large compute clusters, in: Proceedings of the 8th ACM European Confer-
ence on Computer Systems, 2013, pp. 351-364.

A.Verma, L. Pedrosa, M. Korupolu, D. Oppenheimer, E. Tune, J. Wilkes, Large-scale cluster
management at google with borg, in: Proceedings of the Tenth European Conference on
Computer Systems, 2015, pp. 1-17.

94



[25]
[26]

[27]

(28]

[29]

[30]

[31]

[32]

[38]

[39]

J. Dean, L. A. Barroso, The tail at scale, Communications of the ACM 56 (2013) 74-80.

T. Akidau, A. Balikov, K. Bekiroglu, S. Chernyak, J. Haberman, R. Lax, S. McVeety, D. Mills,
P. Nordstrom, S. Whittle, Millwheel: Fault-tolerant stream processing at internet scale,
Proceedings of the VLDB Endowment 6 (2013) 1033-1044.

M. Zaharia, T. Das, H. Li, T. Hunter, S. Shenker, I. Stoica, Discretized streams: Fault-tolerant
streaming computation at scale, in: Proceedings of the twenty-fourth ACM symposium
on operating systems principles, 2013, pp. 423-438.

Y. Mei, L. Cheng, V. Talwar, M. Y. Levin, G. Jacques-Silva, N. Simha, A. Banerjee, B. Smith,
T. Williamson, S. Yilmaz, et al., Turbine: Facebook’s service management platform for
stream processing, in: 2020 IEEE 36th International Conference on Data Engineering
(ICDE), IEEE, 2020, pp. 1591-1602.

M. Armbrust, A. Fox, R. Griffith, A. D. Joseph, R. Katz, A. Konwinski, G. Lee, D. Patterson,
A.Rabkin, L. Stoica, et al., A view of cloud computing, Communications of the ACM 53
(2010) 50-58.

A. Ruprecht, D. Jones, D. Shiraev, G. Harmon, M. Spivak, M. Krebs, M. Baker-Harvey,
T. Sanderson, Vm live migration at scale, ACM SIGPLAN Notices 53 (2018) 45-56.

S. A. Baset, L. Wang, C. Tang, Towards an understanding of oversubscription in cloud, in:
2nd USENIX Workshop on Hot Topics in Management of Internet, Cloud, and Enterprise
Networks and Services (Hot-ICE 12), 2012.

E. Cortez, A. Bonde, A. Muzio, M. Russinovich, M. Fontoura, R. Bianchini, Resource central:
Understanding and predicting workloads for improved resource management in large
cloud platforms, in: Proceedings of the 26th Symposium on Operating Systems Principles,
2017, pp. 153-167.

N. J. Yadwadkar, B. Hariharan, J. E. Gonzalez, B. Smith, R. H. Katz, Selecting the best
vm across multiple public clouds: A data-driven performance modeling approach, in:
Proceedings of the 2017 Symposium on Cloud Computing, 2017, pp. 452-465.

T. Lorido-Botran, J. Miguel-Alonso, J. A. Lozano, A review of auto-scaling techniques for
elastic applications in cloud environments, Journal of grid computing 12 (2014) 559-592.
L. Baldini, P. Castro, K. Chang, P. Cheng, S. Fink, V. Ishakian, N. Mitchell, V. Muthusamy,
R. Rabbah, A. Slominski, et al., Serverless computing: Current trends and open problems,
in: Research advances in cloud computing, Springer, 2017, pp. 1-20.

E. Jonas, J. Schleier-Smith, V. Sreekanti, C.-C. Tsai, A. Khandelwal, Q. Pu, V. Shankar,
J. Carreira, K. Krauth, N. Yadwadkar, et al., Cloud programming simplified: A berkeley
view on serverless computing, arXiv preprint arXiv:1902.03383 (2019).

M. Shahrad, R. Fonseca, I. Goiri, G. Chaudhry, P. Batum, J. Cooke, E. Laureano, C. Tresness,
M. Russinovich, R. Bianchini, Serverless in the wild: Characterizing and optimizing
the serverless workload at a large cloud provider, in: 2020 USENIX Annual Technical
Conference (USENIX ATC 20), 2020, pp. 205-218.

L. Suresh, J. Loff, F. Kalim, S. A. Jyothi, N. Narodytska, L. Ryzhyk, S. Gamage, B. Oki, P. Jain,
M. Gasch, Building scalable and flexible cluster managers using declarative programming,
in: 14th USENIX Symposium on Operating Systems Design and Implementation (OSDI
20), 2020, pp. 827-844.

H. Casanova, Y. C. Wong, L. Pottier, R. F. da Silva, On the feasibility of simulation-driven
portfolio scheduling for cyberinfrastructure runtime systems, in: Job Scheduling Strategies

95



for Parallel Processing, 2022.

[40] F. Mastenbroek, G. Andreadis, S. Jounaid, W. Lai, J. Burley, J. Bosch, E. Van Eyk, L. Versluis,
V. Van Beek, A. Iosup, Opendc 2.0: Convenient modeling and simulation of emerging
technologies in cloud datacenters, in: 2021 IEEE/ACM 21st International Symposium on
Cluster, Cloud and Internet Computing (CCGrid), IEEE, 2021, pp. 455-464.

96



Cpepa uvMuTauMOHHOro mogenupoBaHma GPSS Studio wu
moaenupyowee agpo GPSS World Core

Braguvup B. Jesarkos 23, Tumyp B. JleBarkos 3, Maxcum B. degoros °, Pacyns P.
Munnuxanos /, Bacummii M. Hlecrtiok !

I Axademus nayx Pecnybauxu Tamapcman, ya. Baymana 20, Kasanv, 420111, Poccus
2 KHUTY-KAH, yn. K. Mapxca 0. 10, Kazanvs, 420015, Poccus
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AHHOTauuA

OnuceiBaeTcs pasputue cpenasl mozaenupoBanus GPSS Studio m ee mpumeHnenue st
MPOBEICHHE WMHTAIIMOHHOTO WCCICOBAHUS CJIOKHBIX JHCKPETHBIX CHUCTeM. [loka3zaHb
0COOCHHOCTH W TMPEUMYIIECTBA NPHMEHCHUS CPEAbl Ha BCEX JTallaX HMMUTAIMOHHOTO
uccnenoanus. [lpencraBieHO MopenHpylomee sSIIPO CpPemsl — POCCHHCKAs CHCTEMa
moaerupoBanus GPSS World Core u oncanbl HOBbIE (PYHKIIMOHATBHBIE BO3MOKHOCTH Spa
B YaCTH HUCIOJH30BAHUS B MOJEIH JUHAMHUYCCKOTO BBI30BAa MPOTPAMM Ha JIPYTUX S3BIKAX
mporpaMMmupoBaHus. [IpuBeNeHBI TIpUMEpbl NPHUMEHEHHS CPeAbl TP  IPOBEICHUS
MPAaKTUICCKUX MMUTAIMOHHBIX UCCIICIOBAHIA.

KnioueBble cnosa
CJ‘IO)KHLIG CHCTEMbI, UMHUTALIMUOHHOC MOI[eJ'[I/IpOBaHI/Ie, CprKTypHaSI cXema, HpHJ‘IO)KCHI/Ie,
HCCJICIOBAHUE

1. BeBepgeHue

CymiecTByeT MHOXKECTBO SI3bIKOB M CHCTEM HMHUTAIIOHHOTO MoAenupoBanus (naisee IM). 3a Bpemst
CYIIIECTBOBAHUS TaHHOW TeXHOJOTHH (¢ 60-X TO0B MPONLIOro Beka) co3aano cabie 500 sa3p1k0B M.
He mHOrMM OBLJ1a yroToBaHa JUTMHHAS XKU3Hb U TOMYJIIPHOCTH y MoJib3oBaTeeil. B HacTosiee Bpems
MHPOBBIMU JIUJIEPAMHU CPEIU HUX SIBISIOTCS AOCTATOUHO «MOJIOABIE» sI3bIKM, Takue kak SIMIO [1],
AnyLogic [2], Extend [3], Simul8 [4].

Ho ne otctaer ot Hux u 1361k GPSS, xotopomy yxe cBeime 60 ner. B atom cmeicne s3pik GPSS
SIBJISIETCS MUPOBBIM pekopacMeHoM. Ha ero ocHoBe Obu10 cO31aHO Lesioe ceMeicTBO sS3bIk0B. HaunHas
¢ nepBoii Bepcuu k. ['opnona B 1961 roxy [5] u 3akanumBas GPSS World [6], GPSS/H [7], SLX [8]
u aGPSS [9]. [NapammensHO ¢ 3amagHsiM MupoM, si36lk GPSS mpumMensiics u pa3BuBajics Takke B
CCCP, a 3arem u B Poccuu. B 70-e roapl OH mnpu3HaABajCs OJHMM M3 BEOYLIUX S3BIKOB
MPOTPaMMUPOBAHHUS U €ro pa3BUTHeM 3aHnManach komnanus IBM. Ilocne nepexona ¢ mainframe Ha
MepcoHaNbHbIe KOMIIBIOTEPHI, kKomnanust IBM mpekpatuna nognepxky GPSS u nossuinocs Gonbiioe
KOJINYECTBO YHHUBEPCHTETCKHX W KOMMEpUYecKuX paspaborok. Cpeian HUX, OZHHUM U3 Hamboiee
yAa4HbIX U QyHKUMOHANBHBIX cTanl 536k GPSS World paspabotku kommannu Minuteman Software,
kotopsiii B 2001 romy ObuI JIoKanu30BaH B Poccuu U mostydns miupoKoe pacipoCTpaHeHNUE.

Ho nocrenenHo, nHGpopMaoHHbIe TEXHOJIOTHU yXoauu Biepeln, a GPSS World, Haunnas ¢ 2012
rojia He COBEPILIEHCTBOBAJICA. XOTS IO CBOW MOJEJIUPYIOIIEH MOIIY, IPOCTOTE Pa3paboTKU MoJeeid,
MPOU3BOJUTEIBHOCTH BBIUYMCICHUN W MOIMYJISPHOCTH Y TOJIb30BAaTENeH HAaXOIUTCS Ha BbIcOUaiiiiem
ypoBHe. IloaToMy, Bctam Bompoc — JMOO HEOOXOAMMO COBEPIICHCTBOBATh TEXHOJIOTHIO
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WCTIONTb30BAHUS S3bIKA U TIPUBECTH €€ K TPeOOBaHMSAM M BO3ZMOXKHOCTSIM COBPEMEHHBIX TEXHOJIOTHH,
160 361K ympeT. Haunnas ¢ 2011 B komnanuu «3nuHa — Kommeiotepy (r. Kazanb) Hayamich paboTel
Mo MOJICpHHM3aLMH ucTonb3oBanus sA3bika GPSS World, mocpencTtBoM co3aanusi BHEIIHEH 0007I0UKH
IUTS YIIpaBIICHUS] UMHUTAIMOHHBIM HccienoBanueM. CHadana, B 2013 romy moOSIBIIICS pacIIdpeHHBIA
pemaxtop GPSS World [10], a 3aTem B 2018 roay — cpena mogenupoBanust GPSS Studio. CxemarndHo,
ncropwus pasputus GPSS mokazana Ha puc. 1.

IEZI

KOMI‘IBHLJ Wolverine Software

GPSS/360 [—
m Micro GPSS Web GPSS m o
T a3BuUTUe

CTOKroNlbMCKan WKONA BbICWEN 3KOHOMUKW | GPSS B mupe
Norden
GPSS

KomnaHua IBM

GPSS/PC GPSS World
1961... Bonbwwue IBM NepcoHansHbie IBM W 06nadHbIe BLINUCAGHWA . 2022
nvac| —  [mac2.0|—s[ancma | 2001

Nokanusaumnam
1978 1980 1984-1990 DT Peaeon paseuTHe GPSS

Model - 6 2013 GPSS World 8 Poccumn

2018 | Cpepa GPSS Studio | Ha daHHbIiT momeHm
ewinyweHo 30

PLIS
- Komnakua 2022 | GPSS World Core | pesusos cpedei
3nuHa - KomnbioTep

Pucynok 1: cropus passurus cemeiictsa s361k0B GPSS B Poccnn (CCCP) u B Mmupe

Konnenryansroit ocHoBoit co3manus GPSS Studio crama ycoBeprieHCTBOBaHHAsT METOJIOJIOTHS
MMUTAIIMOHHBIX McchenoBanuii [11]. Hcmonmp3oBaHwWe METOAONOTHH TO3BOJNMJIO HE IPOCTO
AaBTOMATHU3UPOBaTh TMPOLECC HMHTAIMOHHOTO  HCCIENOBaHUS - OBUIO  CO3JIaHO  €IHMHOE
HCCIIEIOBATENBCKOE IMPOCTPAHCTBO B paMKax OJHOTO MPOTPAaMMHOTO HWHCTPYMEHTA, YAANOCh
COIJIaCOBaTh M CHHXPOHU3UPOBATh UHTepdeiichl 0OOMeHa AaHHBIMHU U PE3yJIbTaTaMi MEKAY dTallaMH,
YHUDUIMPOBATH SI3bIK B3aUMOICHUCTBHS MOJIH30BATENS C MOJICIBIO B ITPOIIECCE HCCIICAOBAHHS.

PaccmoTpum Bozmoxunoctu GPSS Studio 6o0s1ee noapo6HO.

2. Pa3pabotka mopgenu m uccnepoBaHue B cpege mogenupoBaHua GPSS
Studio

OCHOBHBIM DJIEMEHTOM, OOBEAUHSIONIMM HMHTallMOHHOE ucciegoBanue B GPSS Studio, cramo
MOHATHE NpoekTa. [IpoeKT MHTerpupyer, B BUAE CTPYKTYPHPOBAHHOI'O JEpEeBa, BCE YTO CBSA3AHO C
KOHKPETHBIM UMUTAI[IOHHBIM HCCIIEIOBAHUEM: UCXOJHBIE TaHHbIE, BAPUAHTHI MOZIeNIEH, CTPYKTYpHBIE
CXEMBI, Pe3yNbTaThl OTIAJKH, PE3YJIbTaThl IKCIIEPUMEHTUPOBAHUS U (GOPMHUPYEMBIE TOJIb30BaTEIeM
0TYeTHI 00 HccneaoBaHuU. BHYTpH npoekTa MOKeT ObITh CO3JaHO HECKOJIBKO BAPUAHTOB MOZEIIH H JUIS
KaXIOW U3 HUX CO3/1a€TCs CBOS BETKA B JIEPEBE MPOEKTA.

Co3panue m000# MoIeNIn HauMHAETCS ¢ Pa3pabOTKH HePapXUUECKON CTPYKTYpHOH cxembl. Cxema
— 3TO0 rpaduvecKoe OTOOpaKeHHE CTPYKTYPhl MOJEIUPYEMOIl CHCTEMBI B BHUJE 3JIEMEHTOB, CBS3EH
MEXIy 3TUMH DJIEMEHTAaMH M TPH HEOOXOIUMOCTH «IEeTaIM3alUN» KaXXAOr0 3JIEMEHTa HOBBIM
YpPOBHEM B BUJE MouepHeit cxembl. CyliecTByeT Tpu BUIA JIeMEHTOB cxeMbl (TOBoB) — HexenmuMebIit
aneMeHTapHbI TOb, KOTOPEII HE COAEPKUT TOUEPHUX CXEM, HO UMeeT Joruky B Buae GPSS monenu,
KoMmno3uTHbI TObB, He nMeromuii cBoei TOruKH, HO coaepKalui B cebe gouepHioo cxemy u TOBbI
JUTS OTTUCAHMS TaHHBIX. JlaHHBIE, ONMCaHHBIE HA KOPHEBOM YPOBHE, UMEIOT JIEUCTBHUE TI0 BCEH CXEMe,
a JaHHbIE, OMTMCAHHbIE Ha JOYePHEM YPOBHE — JIEHCTBYIOT TOJFKO HA HEM U APYTHUX YPOBHSAX, TOUEPHUX
10 OTHOILEHUIO K 3TOMY ypOoBHIO. COIJIaCHO JIOTUKE MOJAEIH, 3JIEMEHTHl BHYTPU YPOBHS U 10UEpHHE
CXEMBI MEXTy OO0 COEIMHSIOTCS CBA3BIO0, B CIyYae €M MEX/Y HUMH JIBUKYTCS TPAH3aKTHI.

[Mocne 3aBepiieHus: pa3pabOTKH CXEMbI, OCYIIECTBISIETCS] aBTOMATHUYECKas TeHepaIys MOJICIH Ha
s3eike GPSS World Core.

[Ipumep cTpyKTYpHOM CXEMBI M aBTOMaTHYECKN CTEHEPUPOBAHHOTO TEKCTA MOKA3aH Ha puUC. 2.
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/ YPOBHH CXEMBI

ABTOMAaTHYECKHU

CT€HEpUPOBAaHHBIA —
TEKCT MOJENH

Pucynok 2: [Ipumep cxeMbl 1 TekcTa npocteiimeit mogenu 3 «KpacHoit kaurm» [paiibepa

Hanee, ocymecTBisieTcs OTJIaAKa MOAEH. [ yIpoIeHus 1 yCKOpeHHs OTJIAAKH, B PAMKax Cpeabl
CO3/IaH CMELMAJbHbIH HMHTEPAKTHBHBIA OTJIQIYMK C BO3MOXKHOCTSIMU IIOLIAroBOM  OTJIAQJAKH,
KOHTPOJIBHBIMU TOYKaMH, C AMHAMUYECKOW BU3yaln3alUeil TapaMeTPOB TPAH3aKTOB, MATPULL U IPYTUX
CYA mopnemnu. [Ipumep paboTs! 0TIa4MKa MIPUBEAEH Ha puc. 3.

Jnvma-Kaursrorep - GPSS Sudio (srpaenecxan sepss]

]

1733751847194

JENTIALIIG, B, MXSMTEE PT]H X Verbot ]
¥ Voo 3800

Pucynoxk 3: TIpumep pabotst otnagunka GPSS Studio
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ITo pe3yapTaTaM yCHEIIHOTO BBITOJIHEHUS MOICIH (hopMuUpyeTcs TunoBoi st GPSS cranaapTHbIN
OTYET, pa3/ie]ICHHBIN Ha OTICNIbHBIC pa3jeibl Mo 00beKTaM Mojaeu (OJIOKH, YCTpOWCTBA U T.J.) U
MPEACTABIISIIOIINY THAIOTH Iepexoia U3 OAHOr0 pasjiena B IPYroi NI aHalu3a pe3yabTaToB.

BaxxnelmmM mpenMyImecTBOM Cpelbl MOJCTHUPOBAHUS SBISIETCS BO3MOXKHOCTD CO3JAHHS BOKPYT
MOJIETT UMUTAIIMOHHOTO TPWIOKEHUs. /|11 3TOro MMeroTes criennanbHble KOHCTPYKTOPHI (popM asis
CO3JIaHUSl TUAJIOTOB BBOJIA MCXOJHBIX JAHHBIX B MOJENb, IJIAHUPOBAHUS SKCIICPUMEHTOB M BHIBOJA
pe3yIbTaToB (TEKCTa MOJEIH, CTPYKTYPHOH CXEMBI, BBEJICHHBIX NaHHBIX JKCIEPHUMEHTA, JUHAMUKH
pe3ynpTaToB, Tabmuil, TpaduUKOB CcepUid OSKCIepuMEHTOB U 1Ap.). C TOMOIIBIO CpeiCTB
KOHCTPYUPOBAHUSI MPHIOKCHUHA YIAeTCS MaKCUMAJIbHO NMPUOJIM3UTH S3bIK BBOJA U S3BIK BBIBOJA K
npeaMeTHoW objacT uccienoBaHus. Pa3paboTumk Jake MOMKET CO3[JaBaTh CBOM, Haubolee
MIPUBBIYHBIE CIEIHATUCTaM TPEAMETHOW 00macTé (OpMBI BBOJA JAaHHBIX M BBIBOAA PE3yNIBTATOB.
Hanpumep, ucnonp3yst HapaboTanHble Ha npeanpusaTusx MS Excel tadmursr. [Ipumep dpopmupoBanus
HECTaHIapPTHBIX JUAJIOTOB BBIBOJIA PE3YJIBTATOB B TAOJIMYHOM PEAKTOPE, TOKa3aH Ha pPuC. 4.

PucyHox 4: BeiBoa KU3HEHHOTO UKJIA TPAHCIIOPTHBIX CPEACTB B MOJEIN

Co3manue TPUIIOKEHHUH CYIIECTBEHHO pacIIMpsieT KPYyr MOJIb30BaTeNel, C HUM MOTYT padoTath
CTHELUAIUCTHI PpeMETHOHN obnactu — He podeccronansl M. Tlpu 3ToM, NpuiioxKeHne MoayvdaeTcs
HE3aBHCHUMBIM OT CpEAbl MOJEINPOBAaHUSA M MOXKET UCIOIb30BaThCSl aBTOHOMHO, @K€ Ha APYTOM
KOMITBIOTEPE, HO B JIFOOOM Clly4ae, IJIsl IPOBEAEHHS 3KCIEPUMEHTOB TpeOyeTcs sApo MOAEINPOBAHUSL.
Hcnonp3yst MPUIIOKEHUE, TOIB30BATENb MOXKET IIPOBOIUTH IIOJHOLEHHOE MCCIECIOBAHUE, PEAIU3ys
pa3IM4YHBIE CLEHapUW — TPOBOAS OTACIBHBIE OKCIEPUMEHTBI, CEPUU JKCIEPUMEHTOB WIH
ONITUMH3AaLMOHHBIE 3KCIIEPUMEHTHI (puc. 5).

Yapouernas ssrmsiouers 135580
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Pucynok 5: Ontumuzanuonsslil sxcniepument B GPSS Studio
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Bce 3xcniepuMeHThI coXpaHsoTcs B 6a3e JaHHBIX NpUiIoxkeHus. K HuM M0oXXHO BEpHYyTCS BO BpeMs
M000T0 ceaHca Tuaora Ijist IeTalbHOro aHainu3a. He Hy KHbIe SKCIIEpUMEHTBI BCeT1a MOKHO YAaIHTh.

Baxxneiimell BO3MOXXHOCTBIO, TPEJOCTABISIEMOM I0OJIB30BATEN0 B UIMUTAIMOHHOM MPUIOKEHHH,
SIBJIACTCS] HAKOIUIEHNE BUPTYaJIbHOIO OTYETA M0 HCCIETOBAHMIO B CEAHCE INAJIOra, Ky 1a I0JIb30BATENb
«CKJIazpIBaeT» HauOoJiee BaXKHbIE M 3HAYMMBbIE pe3yibTaThl. 110 3aBeplieHuu ceaHca, BUPTYaIbHbIH
OTYeT MpeBpallaeTcsl B PealbHbIN, IyTeM coxpaHeHus B HykHbIH MS World wim MS Excel oaiin,
KOTOpbI OyJIeT MOMONHATBCS BO BpeMs IPYTUX CEaHCOB. 3aTeM, HCIIONb3ys Takoil oOTder-
moiryabpuKkaT MOXHO OBICTPO €ro CTPYKTYpHUpPOBaTh, IOMOJIHHUTH TEKCTOM H 0Oojee OBICTpO
c(hOpMyINPOBaTh BBIBOJABI M PEKOMEHAAIIUH M0 UCCIICIOBAHUIO.

Ha puc. 6 npuBenena ympouieHHas cxeMa MpOBEISHHUs] UMHUTALMOHHOTO HCCIEIOBaHUS B cpene
monenupoBanus GPSS Studio.

Bri6op
- BBox nnu xoppexkTupoBka
JaJIbHENIIIEro
JaHHBIX U IUIAHUPOBaHUE
HalpaBJICHUS
9KCIEPUMEHTOB
WCCIIeIOBaHUS
A
Tabnuua Tabnuua
(hakTopoB IIoKa3arenen
OKCIepHMEHT Cepust SKCIIEpUMEHTOB WJIM ONITUMH3ALHS
GPSS World Core
OKCTIepUMEHTBI
AHanus
pe3yJIbTaToOB -
9KCHEPUMEHTOB - dopMHpOBaHHe
bopmuposarue HUTOTOBOT'O OTYETA
BUPTYaJILHOTO OTYETA pE3yIbTaTOB

Pucynok 6: Cxema npoBeieHNst UMHTAIIMOHHOTO HccaenoBanus B GPSS Studio

3. Aapo mogenupoBaHua GPSS World Core

ba3ucHBIM 3J1IEMEHTOM B Cpejle MOJEIUPOBAHUS OCTACTCS €r0 AP0, B KOTOPOM PEaIU3yHOTCs BCe
3alUTaHUpOBaHHbIe dKcnepuMeHThl. [locme 3aBepmieHus passutus GPSS World B kommanum
Minuteman Software n mepemade ero B OOO «3Onuna — Komnbrorep», Hadanach HOBasl KHU3Hb
CHUMYJIAITOpPa, HO HE B OAWHOYKY, a B TaHaeme ¢ GPSS Studio. Ceiiyac cucrema MojaenupoBaHUS
WCIIONIB3YeTCsI IO OO0JIbIIIeH 4acTH, KaK SAPO MOJIEITMPOBAHUS — JIUIsl TPOBEACHHS IPOTOHOB, CO3/JaHHBIX
B GPSS Studio mozeneit u peanuzanuy CIUIAHUPOBAHHBIX SKCIIEPUMEHTOB.

B Hacrosiiee BpeMs B 3bIK BHECEHBI CYLIECTBEHHBIE ITPaBKU U MPOBEICHA JIOKAIN3ALIUS BCEX €r0
UHTEP(EHCOB HA PYCCKU S3bIK. BaxkHEHWIMM JIOTIOJHEHUEM sI3bIKA CTall0 BBEJCHUE OJIOKAa BBI30BA
MOJyJiel, HallMCaHHBIX Ha JIPYrOM S3bIKe MporpaMMHupoBaHus. IIpakTHka MOKa3bIBaeT, 4YTO B JHOOOM
MeCTe MPOorpamMMbl MOKET BO3HHUKHYTh HEOOXOJMMOCTH BBI30Ba BHELIHEH MPOrpaMMBbl - AJsl BBOJA
TAHHBIX, IPOBEICHUS CIIOKHBIX PACUETOB HJIH BBIBOJIA HE CTAH/IAPTHBIX PE3yIHTATOB. DTO JOMOTHEHHE
si3bika GPSS World cyniecTBeHHO 1mupe TeX BO3MOKHOCTEH, KOTOphIe cyiecTBoBay emie B GPSS/360
u GPSS V (6iox HELP).

B cBi3M ¢ HEOOXOIMMOCTHIO 3aMEHbl HWHOCTPAHHOTO NPOTPaMMHOTO obOecreueHus Ha
OTEYECTBEHHbIE TIPOTPAMMBI U TIOCJIE€ 3HAYMTENbHBIX aBTOPCKUX W3MEHEHWH B MPOTPAMMHOM KOZE,
ObuIa OCYILIECTBIIEHA pETUCTpanys HoBOro nporpamMuoro npoxaykra GPSS World Core B Pocnatente
P® [12].
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Ha puc. 7 nokaszan npumep 3xpanusix popm GPSS World Core.
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Pucynoxk 7: IIpumep pa6otsl ¢ GPSS World Core

[Tmanupyercst [OMOTHEHNE BO3MOKHOCTEH SI3bIKa €Ille IeTBIM PsIOM HOBBIX OJIOKOB, HAIIPUMED,
u3 yncia Hanbosee dPPEeKTUBHBIX 0JI0KOB, Hcnonb3yeMbix B GPSS/H u kotopeix He 010 B GPSS
World. Taxke HauaTsl paGOTHI IO CO3AaHUIO KPOCCIIATGOPMEHHON BEpCHH S3bIKa, YTO OCOOCHHO
BaYKHO MPU NIEPEX0/I€ MHOTHX TOCYJapCTBEHHBIX CTPYKTYP M KPYMHBIX Koproparuii Ha Actpa JIuHykc
u apyrue Linux Ha moo0HbIe ONepaioOHHbIE CHCTEMBI.

4. UmutauyuoHHble nccnegosaHua B GPSS Studio

[Iponiecc co3manus W pa3BUTHSL CPEAbl M sApa MOJECTUPOBAHUS CONPOBOXKIAICS PETYISPHBIMH
MPaKTUYECKUMH TPUMEHEHUSIMH B TPOIECCE HCCIENIOBAHUS CIOXKHBIX JUCKPETHBIX CHUCTEM B
pa3IMYHBIX 00JACTSIX SKOHOMHKH - B OCHOBHOM JUIS KPYIHBIX TPEANPHUITHN M TPU peau3aiuu
UHPPACTPYKTYpHBIX 00beKkTOB. Takoe wuTepaTuBHOE TepekitodeHne (pa3paboTKa/MpaKkTHKa)
MO3BOJIMJIO HAM C OJHOM CTOPOHBI IIPOBEPSATH HOBBIE METOANYECKUE M MIPOrPaMMHBIE PEIICHUS, a C
JPYroil CTOPOHBI — OJMKE 3HAKOMHTHCS C MpoOJIeMaMu M 3ajadyaMH, KOTOpbIE BO3HUKAIOT IPH
MPOEKTHPOBAHUH, IKCIUTyaTallui U MOJIEPHU3AINH CIIOKHBIX CHCTEM. Bce 3TO MO3BOIMIIO I0CTATOYHO
rIIyOOKO MPOBECTH TECTUPOBAHUE NMPOMYKTA M AONOIHUTH €ro LENbIM PSIIOM HOBBIX BO3MOXKHOCTEHA,
HE00XOMMOCTh KOTOPBIX TIOJICKa3aja MPaKTHKa

3a mocienHue TOABI, HAMH M HAIIUMHU TapTHEpaMH, ObUI peajn30BaH LEJBIA Psx OONBIINX U
Ba)XXHBIX NPOEKTOB ¢ Hcnonas3oBanueM GPSS Studio. Hanpumep, 3T0 MonenupoBaHue IBUKEHHS
rpy30BbIx noe3noB o cetn AO PXK/] [13], nccnenoBanne cUCTeMbI MPOU3BOJICTBEHHON JIOTHCTUKA
MIPOEKTa KPYITHOTO IEJUTIOI03HOTO 3aBojia [ 14], aHan3 TEXHOJIOTHUECKHX MPOIIECCOB CYI0CO0POTHOTO
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npom3BoacTBa [15] u t.1. Ha puc. 8 mpuBeaeH mpumep pa3pabOTKH B MOJICTH CTAIICIFHOTO PACTIMCAHMS
JUISL CyTOCTPOUTEBHOTO TIPSATIPUSITHSL.

Bee HsmereriR - 1) Sxcriopr Bsibpartsx 4275 Word (] Sxenopr ecex aar & Word
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Pucynok 8: CtanenbHoe pacnucanue

Ceifyac neT akTHBHOE M MaCCOBOE BHEIPEHHE MMUTALIMOHHOTO MOJICITMPOBAHMS PAKTHIECKH BO
Bce chepbl SKOHOMUKH, HO HAaHOOIBIINI HHTEPEC Ul HAaC MPEACTABIISIOT CICAYIOIIE HallpaBIeHHs:

e [IpoMbInieHHOE MOJETMPOBAHUE, HAIPUMEP, B YaCTH pPealn3allii HAIMOHAIBHOTO MPOEKTAa
MOBBIILICHHUS TPOU3BOAUTEIEHOCTH TPyAa

e JlomomHeHHE CETEBOrO IUIAHMPOBAaHUS HOBBIMH BO3MOKHOCTSIMH 33 CHUET HCIOJIB30BaHUS
rpaduyeckux cTpykTypHbIX cxem GPSS Studio n mogeneit

e Peammzanus miatopMbl ympaBlieHHE CIOKHBIMH CHCTEMaMH Ha OCHOBE HMHUTAIIMOHHBIX
MPIITOKEHUH (UG POBBIX JTBOWHUKOB)

5. 3aknwoueHue

B mnocnenHue roasl HaONIOAAeTCs PEHECCAHC HHTEpeca K MPUMEHECHUI0 HMHUTAIIMOHHOIO
MOJIETTUPOBaHUsSI. DTO CBS3aHO C IEJIBIM PSIOM MTPHYINH:

e [IpakThueckoil peamu3ammeil HOBBIX WHTErPAIMOHHBIX TIOIXOJ0B K WMHUTAIMOHHOMY
HCCIEI0BAHUIO

e [losBneHMEM HOBBIX TEOPETUYECKHMX METOJIOB U QJITOPUTMOB B HMHUTAIIMOHHOM
MOJICTUPOBAHUHT

e KayecTBEHHBIM U  KOJIMYECTBEHHBIM PBIBKOM HWH(POPMAIIMOHHBIX  TEXHOJOTMH U
BBIYMCIUTEIBHBIX MOIIIHOCTEH

B coBokymHOCTH, Bce 3TH ()aKTOPHI TO3BOJIWIIM MHOTHM pa3paboTyrKaM, B TOM YHUCIE M HaM B
pamkax GPSS Studio, npuOI13uTh UMUTAIIMOHHOE MOJICIIMPOBAHUE K UCCIICIOBATENIO, 3HAUUTEIILHO
YCKOPUTh BBIYUCIIEHUS W CHHXPOHWU3UPOBATH 3alpPOCHl 3aKa3uyUKOB (TI0 BPEMEHHM M KadecTBY) C
BO3MOXXHBIMU TEMIIaMH pa3pa60TK1/1 MOJCIN U IPOBEACHUA UCCIICAOBAHUA.
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MpoeKkTMpoBaHMe KOMBUHALMOHHBIX CXeM HAa PYHKLUMOHANbHO-
NOTOKOBOM Napasjn/ie/ibHOM A3blKe NPOrpamMmmMmmnpoBaHnA

Jlapes PomanoBa .

! Cubupckuii pedepanvrwiil ynusepcumem, np. Ceoboonwiil, 79, . Kpacnosapck, 660041, Poccus
? Kpacrospckuii 2ocyoapemeennoiii azpaphbiii ynugepcumem, np. Mupa, 90, 2. Kpachospek, 660049, Poccust

AHHOTauuA

B cratbe IMPpUBCACH 0630p SA3BIKOB IMPOrpaMMHPOBAaHUA U MHCTPYMCHTAJIbHBIX CPEACTB OJIs
IMPOCKTUPOBAHHUA JIOTUYCCKHUX CXEM. Omnucadbl OCOOECHHOCTH S3bIKa (I)y'HKLlI/IOHa.HBHO-
IIOTOKOBOI'0 IMapauiCJIbHOIO MPOrpaMMHUpPOBAaHUsA, ITO3BOJIAIOIIUE TIPUMEHATH €ro IIpUu
MPOCKTUPOBAHWN KOMOWHAIIMOHHBIX cxeM. [IpuBeneHbl IpuMephbl (YHKIHHA, peaTn3yroIInuX
HEKOTOPBIC KOM6I/IHaI_II/IOHHH€ CXEMBbI pa3sHbBIMHU criocodoamu.

KnioueBble cnoBa
KomOuHannonnas cxeMma, ( YHKIIMOHATLHO-TTOTOKOB BIN SI3BIK, ApXUTEKTYpHAas
HE3aBUCUMOCTD, MapaJlJICIIN3M

1. BeepeHue

Ceroansi TpeOOBaHUS K TMPOCKTHPOBAHUIO NUGPOBBIX HHTErpaibHbIX cxeM (MC) mocTosHHO
Bo3pacTatroT. OAHONW M3 THaBHBIX 3afad IPOEKTHPOBAHHS TaKHX CXEM SBIAETCA OOecreueHue
MEPEHOCUMOCTH TIPOEKTHBIX PelIeHHH MeKAy 1eneBbiMU Tuiatgopmamu MIC. MaTerpansHas cxema 1mo
CYIIECTBY MPEJCTABISAETCS COOOM CUCTEMY TapabIeNIbHOW 00paboTK HH(OPMAIMOHHBIX TTOTOKOB, &
ANrOpUTMBI € (YHKIMOHMPOBAHMS, Ha 3aKIIOYUTENBHBIX dTallax CHHTe3a, MPEJICTAaBISIOTCS Ha
si3pikax onucanus ammapaTypsl (HDL si3pikax). KomOunammonnsie cxembl (KC) ABRsItOTCS OCHOBOM
npu npoektupoBanun MC. TloatoMy 3dQekTuBHBIE pelieHds M0 00eCHeUeHHI0 apXUTEKTYPHOU
HE3aBUCHUMOCTH Tipu mpoekthupoBannd KC wMoryr OBITh HailiieHBl B 00JacTH TEpPEeHOCHMBIX
[apaJJICIbHBIX IIPOTPaMM.

2. 0630p cyw,ecTByOLNX peLleHUM

TpauIMOHHO JIOTMUYECKHE CXEMBI NMPOSKTUPYIOT HA S3bIKAX ONMUCAHMS alNapaTypbl, TAKUX Kak
Verilog u VHDL [1]. OTH 53bIkM ¥ TPUMEHSIOTCSI TOJNBKO Ha HU3KUX YPOBHSX aOCTpakivd, Te
MMEETCsI IPUBSI3KA IIPOrPaMMBbI K OIPEICTICHHON apXUTEKType.

Cy1miecTByer psiji peIlieHHH, NOAAEPKUBAIOIINX HCITOIb30BaHUE aallTHPOBAHHBIX, HMIIEPATHBHBIX
SI3BIKOB TIPOIPaMMHPOBAHUS BBICOKOTO ypoBHs (C++) B KayecTBe S3BIKOB OINMCAHUS ariaparypel,
nanpumep Handel-C [2] i  Impulse-C [3]. JlaHHble s3bIKH B MEPBYIO OYEpe]b CO3AaHBI IS
pelIeHHs] YaCTHBIX 3aJa4 M IOATOMY NPH NOCTPOCHHH PELICHHH Ha STUX S3bIKAX IMPOUCXOAUT
KECTKasl IPUBSI3Ka K KOHKPETHOH apXUTEKTYpe.

s konctpyupoBanus mudpossix UC Gonee 3 GeKTUBHO MPUMEHSTh (GYHKIIMOHAIBHBIE SI3BIKH,
KOTOpbIE 00JaatoT 0ojee MOIIHBIM MEXaHH3MOM aOCTpPaKIWHU MO0 CPAaBHEHHIO C MMIIEPATUBHBIMH
s3pIKaMH. VI3 TakuX SI3BIKOB I NPOCKTHPOBAHHS JIOTHYECKUX CXEM IOJXOISAT BCTPOCHHBIC
noaMHOkecTBa s3bika Haskel: Wired [4], Lava [5]. B s3pike Wired ectb Oonblnast Oubnmorexa
(GYHKIMIA, MO3BOJSIOMIAS JIETKO CTPOMTh KOMOHMHAIMOHHBIE cXeMbl. Ho monyyaemble perieHus
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2022, Irkutsk, Russia
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3a9acTyl0 CIHMIIKOM TIapaMeTpu3oBaHbl. Lava oOmamaeT pacHMpeHHOH CHCTEMOW THIIOB, YTO
yropomaer mnpoerupoBaHue cxeM. OIHAKO IOCIENOBAaTENbHAS] CTPYKTypa CIHCKOB HAKIAIBIBACT
OrpaHMYEHHs] Ha MpeoOpa3oBaHMs MapajieNu3Ma W HE T03BONseT 3(P(dEeKTUBHO NPOU3BOIUTH
pacmnapa’ieMBaHue.

SAzpik [TUDATOP [6] sBisieTcss (HyHKIMOHATHLHBIM SI36IKOM, TOUICPKUBAIONIMM MOJIEIh MMOTOKA
JAHHBIX W TapajuleJM3M Ha YpOBHE OMepalyid, 4To SBISETCS HauOojiee MpPUBICKATEIBHBIM JIJIs
HE3aBUCHMOT0, CKBO3HOT'O IMPOSKTUPOBAHUS ITU(PPOBBIX cXeM [7]. B si3bIKe OTCYTCTBYIOT IHUKIIBI, YTO
M03BOJIAET M30eXKaTh KOH(IMKTOB MPU HCIIOIB30BAaHUH OJTHUX M TeX )K€ IaHHBIX.

B momermm QyHKIIMOHATHHO-TIOTOKOBOTO TapaiuienbHoro mnporpamvupoBanus (DI 6pum
IMPOU3BEACHbBI HCEKOTOPLIC MO]II/I(bI/IKaHI/II/I, MO3BOAIOIINUE analTUupoBaTb €€ A OIMMCAaHHA
HUHTETpajJbHBIX cXeM. JluHamuyeckas CHUCTeMa TUIIOB MOJENM Oblla 3aMEeHEHa Ha CTaTHYECKYIO,
MoAACPKMBAEMYIO B A3bIKaX OIMCaHUA allllapaTypbl. b BBCICHLI YCTHIPEC CKAJIPHBIX THIIA
naHHpIX: OuroBoe moje (bits), jmormueckuid Tum (bool), memo4yuciieHHBIM TUN Oe3 3Haka (uint),
[IETIOYHCIICHHBI 3HAKOBBIM THH (int). B BHIOM3MEHEHHOW MOJENM MPHUCYTCTBYIOT HEKOTOPHIC
BEKTOPHBIE TUIIBI TAHHBIX, TAKWE KaK CIUCKU JAHHBIX, aCHHXPOHHBIE, ITapalljielIbHbIe U 3a/Iep)KaHHbIC
CIIMCKH.

Jlist obecriedeHUs apXUTEKTYPHOW HE3aBUCHMOCTH TPH pa3pabOoTKe MeTolla BBICOKOYPOBHETO
CHHTE3a MHTEIPAIBHBIX CXEM HCIIOJIb3YeTCs MPOMEKYTOUHOE IMPEJCTaBICHUE MPOrPaMMbl Ha SI3bIKE
[MNDATOP B Buze nadopmanmonHoro rpada (pucyHok 1).

PucyHok 1: MHbopMaumoHHbIN rpad

B naHHOM s3bpIke 3a7ada C MaKCHMAJbHBIM IApaJUICIM3MOM ONUCHIBACTCS C TOMOIIBIO
MapauielbHOr0 W aCHHXPOHHOTO CIHHCKOB, a WX 00paboTKa TPOM3BOAMTCS C TOMOIIBIO
npeoOpa3oBaHUst STUX KOHCTPYKITHA.

[Tepexox k KOHBeHEepHOH 00pabOTKe TOXKE MPOU3BOAMUTCS ITYTEM TpaHC(HOPMAIIMU YIPABJISIOIETO
rpacda u noay4deHrueM HHPOPMAIIMOHHOTO r'pada B ApyCHO-MapauiebHON dopMme.

3. MeTtoa NpPOEKTUPOBaHUA KOMOMHALMOHHDLIX cXxem Ha (YHKLMOHaNbHO-
NOTOKOBOM fA3blKe

OcHOBHasi wujes pa3pabaTblBAEMOro METOAa IPOSKTUPOBAHUS KOMOHMHAIIMOHHBIX —CXEM
3aKJIIOYAaeTCs B ONMCAHMU JIOTHMUeCKHMX cxeM Ha s3bike I w co3gaHMe WX HUX
CTEIMATM3UPOBAHHBIX ~KOMOMHAIMOHHBIX ~CXEM, KOTOpbIe HE HMCIOT CHHXPOHH3AIlUK U
obecreynBaroT 0oJiee BHICOKYIO MPOM3BOAUTEIBHOCTD 32 CUET MPSIMOr0 aCHHXPOHHOTO pelleHus 0e3
00paTHO# CBSI3H.

4. lMocTtpoeHue normyeckmnx cxem Ha asbike PN nporpammuposaHua

KoMmOunHanmoHHbIe cXeMBbl pa3padaThiBAlOTCs Ha ocHOBE bByneBoil anreOpbl, rie MCIOIb3yeTcs
JABOUYHAas CUCreMa CHHUCIICHUA. HOBTOMy OCHOBHOM THII JaHHbIX AJI1 CO3aHUA JIOTHUYECKHUX CXEM Ha
(yHKIMOHAJIBHO-TIOTOKOBOM $3bIKe — bool. ApryMeHT npuHMMaeT 3HadeHus true uim false.
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4.1. MpoeKkTupoBaHUE NOrMYECKUX I1IeMEHTOB

OneMeHTapHble JIOTUYECKHE ONEpaly Peau3yloTCsl ¢ IOMOILBIO JOTMYECKUX JIEMEHTOB [8].
Kaxnpiit u3 stux anementoB Ha sizbike DI npeacrasiser coboit oraenpHyto pyHku. Tak, Obi1
pa3paboTaH KOMIUIEKT (hYHKIUH, pealTu3youx clieayromue jornueckue onepanuu: WU, NN, HE,
U-HE, WIU-HE, uckmouatomee WIIWU, U-UJIIN-HE. Ha pucynkax 2 u 3 mnpuBeneHsl (QyHKIWH,
peanu3yooupe HeKOTOpbIe U3 Pa3pabOoTaHHBIX JIEMEHTOB.

And2Not << funcdef Param
{
return << Param: *: -—;
}
PucyHok 2: ®yHKumMA Ha A3bike PIM nporpammupoBaHMA, pPeanusylowan JIOTMYECKUIn 3n1eMeHT
NNN-HE

Xor << funcdef Param
{
x1l << Param:1;
X2 << Param:2;
return << ((x1,x2:-):*,(x1:=,x2):%):+ ;
}

PucyHok 3: dyHKumA Ha Aasbike P nporpamMmMmmnpoBaHKUA, peanunsytowan ormiecknin anemeHt U—HE

Jlornueckme >JIEMEHTHI C TpEMA HIIN Gomee BXOoJaMH pPEaIM3yrOTCd Ha AAHHOM A3BIKE
OporpaMMUpPOBAHUA ITYTEM IMOJA4YH CIIMCKA U3 BXOAHBIX 3JIEMCHTOB BMECTO OAHOI'O apryMCHTA.

4.2. NpoeKTMpoBaHUE KOMBUHALMOHHbIX CXeM

Ha ocHoBe normueckux 3nemeHToB Ha si3bike DI cTposTcs KOMOMHAITMOHHBIC CXEMBI ITyTEM
BBI30Ba COOTBETCTBYIOMINX (DYHKIIWIA.

Ha nmanHOM si3bike ObLM pa3pa0oOTaHbl ClEAYIONIHEe KOMOWHAIMOHHBIE CXEMBI: MOIYCyMMATOP,
NOJIHBIA JIBOMYHBIA CyMMAarop, MHOTOpaspsHbIA CyMMaToOpbl, JBOMYHBIE ITUPPATOPHI 51
nermm@paropsl Ha 1Ba, BOCEMb, IMISCTHAANATH W TPUANATH 1Ba BXoma, 4-X, 8-mm, 16-tu- m 32-x
KaHAJIbHBIC My.]'H)TI/IHIIEKCOpr nu )IeMyHBTI/IHJ'IeCOpI)I.

CymiecTBytonme B SI3bIKE KOHCTPYKIIMH, TaKWe KaK MapajUIeNbHBIA CIHCOK W 3aJePXKaHHBIN
CIIMCOK, a TakKe pEKypCHs, CBOWCTBEHHAs JIAHHOMY S3bIKYy, TIO3BOJISIFOT pa3padaThiBaTh
KOMOHMHAIIMOHHBIE CXEMBbI Pa3JIMYHBIME CIIOCO0AMH C Pa3HOW CTENICHBIO MMapalie/3Ma.

Tak, eci MPOM3BOJWTH BBOJI, BBIBOJ JAHHBIX MJIM MX 00pabOTKY C MOMOIIBIO MapauieTbHBIX
CIIMCKOB MOKHO 3Ha4UTEIILHO YCKOPHUTH PaboTy MporpaMmbl. Hampumep, 3T0 MpojieMOHCTPUPOBAHO
B (DYHKIMH, peasM3yIONIeH MPAMOYTONbHBIN JemudpaTop (PUCYHOK 4), T/e MapauieIbHbIA CITUCOK
MIPUMEHSIETCS TSI TOJICUeTa BBIXOAHOTO CHUTHANMA S.

Dec R << funcdef Param // JemudpaTop NpAMOYTOJIEHED Ha 8 BEXOIOB
{
DO << Param:1;
D1 << Param:2;
D2 << Param:3;
D3 << Param:4;
// momcueT pes3yJsbTaTa IO JIOTUUECKOM OGyHKUMM
A0 << (D3:Not,D2:Not) :And2;
Al << (D3:Not,D2) :And2;
A2 << (D3,D2:Not) :And2;

A3 << (D3,D2) :And2;

B0 << (D1:Not,DO:Not) :And2;
Bl << (D1:Not,DO) :And2;

B2 << (D1,D0:Not) :And2;
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B3 << (D1,DO0) :And2;
S<<[(A0,BO) :And2, (AO,B1l) :And2, (AO,B2) :And2, (AOQ,B3) :And2,
(Al1,B0) :And2, (Al1,B1l) :And2, (A1l,B2) :And2, (Al,B3):And2,
(A2,B0) :And2, (A2,B1l) :And2, (A2,B2) :And2, (A2,B3):And2,
(A3,B0) :And2, (A3,B1) :And2, (A3,B2) :And2, (A3,B3):And2 ];
return <<S; // BHIBOO pe3yJibTaTa

}
PucyHok 4: dyHkuma Ha asbike G, peannsytowan npsmMmoyrosbHblin gewmdpatop

Jnst pa®oThl ¢ GONBIIMMH TAHHBIMH TTPUMEHSIOTCS MHOTOpa3psIHble KOMOMHAIIMOHHBIE CXEMBI.
[Ipr KOHCTPYHpPOBaHWK MHOTOPA3PSAHBIX KOMOWHAIIMOHHBIX CXEM HapallldBaHWE Pa3psAHOCTH H
Yyhcla KaHAJIOB MPOU3BOOUTCA C TOMOINBI0 NHPAMUAAIBHOM CTPYKTYphl Ha OCHOBE YK€
pa3paboTaHHBIX OoJiee MPOCTHIX CXEM WM C ITOMOIIBI0 XBOCTOBOH peKypcur. B mepBom citydae, Ha
si3pike DI mpu moctpoernu (ynkumu N-pa3psagHoit (N-KaHaJIbHOI) cXeMbl B HEE€ BKIIOYAIOTCS
BBI30BBI IPyTUX (DYHKLIUH MEHBILIEH Pa3psiAHOCTH (C MEHBIIEM YHCIOM KaHAJIOB).

Ha pucynke 5 mpuBeneHa ¢yHKIMs |6-THKaHAJIBHOTO MYJIBTHILIEKCOpA, PEAJM30BAaHHOIO Ha
OCHOBe (DYHKUMH JBYXKAaHAJIBHOTO MYJBTUIUIEKCOpAa W JIBYXKpPAaTHOrO BbI30Ba  (pyHKIMU
BOCBMHKAHAJIBHOTO MYJIBTHILIEKCOPA.

MUX16 1 1 << funcdef Param // mynbTumiexkcop 16 x 1
{

A<< (Param:1, Param:2, Param: 3, Param:4, Param:5, Param: 6, Param:7, Param: 8, Param:1
8,Param:19, Param:20) :MUX8 1 1;

B<< (Param:9,Param: 10, Param:11, Param:12, Param:13, Param: 14, Param:15, Param:16,
Param:18, Param:19, Param:20) :MUX8 1 1;

Y << (A,B,Param:17) :MUX2 1;

return << Y; // BHBOZX

}

PucyHok 5: ®dyHKunM Ha asbike MMM, peannsyowan WecTHaAUATUKAHAbHbIA MYNbTUMNIEKCOP

HapalwuBaHNEM

B cnydae mocTpoeHusi MHOrOpa3psiHBIX KOMOMHAIIMOHHBIX CXEM C ITOMOIIBIO0 PEKYPCHH HA SI3bIKE
OIIIIT nmepBoHaUanbHO HAa OCHOBE KOJIMYECTBA MH(OPMALMOHHBIX BXOAOB CUMTACTCS KOJIMYECTBO
AAPECHBIX BXOAOB IO COOTHOIICHHIO N = Ing m , ra€ n — KOJIMYCCTBO aJApPECHBIX BXOOAO0B, a M —
KOJIMYECTBO I/IH(bOpMaHI/IOHHBIX BXOOB.

Homep akTHBHOTO BBIXOIHOT'O CUT'HaJIa PacCUMTBIBAETCS MO PopMyIe:

n-1
F = X;, ecu ZXi* 2l =i
i=0
I'e 1 — HOMep TEeKyIIero 3eMeHTa, Xi — aKTUBHBIA BBIXOJAHOW CUTHAJL.
DyHKIMS, peaau3yrolas TaKol MyJIbTHILIEKCOp, IPUBEICHA Ha PUCYHKE 6.

MUX N << funcdef Param ({ // MyJbTUIIIEKCOP (peKypcus)

<< Param: 1; // wmudopMauMOHHEHE BXOIH, NozalTcsa MmaccueoM // bool list
<< Param: 2; // A- ampecHee Bxomel // bool list
<< Param: 3; // cuerumx // int
<< Param: 4; // HOMEp BHXOINHOTO curHasa // int
<< Param: 5; // BrEIXOODHOe 3HaueHume //bool
<< Param: 6; // paspemenue //bool
[((E,0):[!=,=]1):2]" // UMKJ OPOBEPKU e€CJiM E PaBHO HYJIO

(

MmO

{"No signal"},
{(D,A,S,1,F):MUX N1}
) :.>> return; // BHBOI
}
MUX N1 << funcdef Param // MynbTHUIIIEKCOP PeKypcusa (OCHOBHas O(YyHKLMA)

{
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m << D:|; // m - xoInMuecTBO MHOOPMALMOHHEIX BXOIOB
n << (m) :mmm; OOOCYUET KOJMUYECTBa alpPeCHEX BXOIOB

[((i,n):[>=,<]):?2]" // OCHOBHOM LMKJ MNPOTPaMME (pPeKypCUs)
(
{(D,S) :Resl},
{(D,A, (S, (A:[(n,1):-1:int, (2,1) :math.pow) :*) :+, (i,1) :+,
D:[(S,1):+]) :MUX N1}
) : .>>return;
}
Resl << funcdef X // BcmnomoraresibHaa OyHKUMA, TIOe D u S — apryMeHTH,

nocTynuBmMe B QYHKLMIO U3 MUXiNl
{
D <<X:1;
S << X:2;
R << D:[(S,1):+]; // R=Dy,; nomMemaeTcs B [HapajlJIEJbHEI CIMUCOK
return << R;

}
PUCYHOK 6: ®yHKUMA Ha a3bike O, peannsytoLias MHOMOKaHabHbIN MybTUNIEKCOP PeKypcueit

5. MpaKTtnyeckue pesynbraTtbl

Ilo pesynbTaTaM MpOBEJACHHBIX WCCIENOBAHUN TUTAHUPYETCs pa3paboTarh KOMIMISTOD, C
IIOMOIIEI0  KOTOPOTO pa3paboTaHHbIe KOMOWHAIMOHHBIE cXeMbl Ha s3bike DI  OymyT
MpeoOpa3oBLIBATECS ¢ TPOMEKYTOUHOTO TpecTaBieHus (MH(OpManMoOHHOrO Tpada mporpamMmbl)
HampsMyto, T.e. 0e3 HapyIIeHUs JJOTUKH IMPOSKTUPOBAHHUS, B KOHKPETHbIE KOMOMHAIIMOHHBIE CXEMBI
Ha s3bIKe Verilog.

6. 3aKknwouyeHue

B xoze npoBeeHHOro rccaeI0BaHus sl TOCTPOSHUST KOMOMHAIIMOHHBIX CXeM ObLT BBIOpaH SI3bIK
OIIII nporpaMMHpOBaHHWS, SBISIOIMIMNACA apXUTEKTYPHO-HE3aBUCUMBIM M,  CIIEJOBATENBHO,
TIO3BOJIAIOIIHIH JIETKO IEPEHOCHTh MPOSKTUPYEMbIE PEIICHHSI CXEM Ha APYyTrHe IeJIeHHbIC TIaT(QOpMBI.

Ha naHHOM sI3bIKE ¢ TIOMOIIBIO (DYHKIIMH, PeaTu3yIOIIMX OCHOBHBIE JIOTHUSCKUE IEMEHTHI, ObLIN
pa3paboTaHbl CyMMAaropbl, MWHU(GPATOPbL, ACMUPPATOPHL, MYJIbTHIUIEKCOPHl W AEMYJBTUILIEKCOPHI
Pa3IMYHBIMUA CIIOCOOAMMU.

Ha ocnoBe pa3paboranHbIX cxeM pa3zpadarbiBaeTcst MeToA ux nepenoca Ha HDL si3b1ku.
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Comparative Analysis of Tools for Automating Microgrid
Modeling
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Abstract

Nowadays, microgrid modeling is an extremely relevant problem. In solving this problem,
the most important properties of such grids are studied, including their survivability,
reliability, opportunity to self-organize, ability to regulate the supply and demand of energy
resources, use of renewable resources, etc. The paper addresses a comparative analysis of
well-known tools for automating microgrid modeling. We discuss the functionality of the
tools under consideration. In addition, we highlight the main directions of their development.

Keywords
microgrid, modeling, automation tools, comparative analysis

1. Introduction

At present, the intellectualization and digitalization of technologies for data processing and
analyzing in the context of studying environmentally friendly and resource-saving functioning energy
systems is one of the key directions of energy development both in Russia and abroad. At the same
time, in the last decade, microgrid development is established as a new influential technological trend
in the field of energy development [1]. A microgrid is a local energy system with its own energy
infrastructure, generally capable of autonomous operation [2]. Such a system is characterized by the
use of technologies for distributed generating energy. Such technologies support applying renewable
energy sources (solar panels and wind turbines), as well as various energy storage devices. Generally,
diversification of energy sources in a microgrid increases its energy independence and reliability of
electricity supplies to consumers, as well as improves the distribution of energy resources,
environmental friendliness, and other criteria of the microgrid work quality. In particular, microgrids
use is of key importance for unique natural territories in terms of supporting nature conservation.

2. Tools for automating microgrid modeling

The study of microgrid as a complex system based on mathematical modeling determines the
following features of the microgrid model:

e A large number of model variables and mathematical equations that describe the

dependencies between these variables,

e The presence in the model of random variables with different laws of their distribution,

e  The variety of relations between model elements,

e  The existence of various constraints and dependencies from a model time.

Solving the problem of analyzing microgrid performance parameters considering interaction with
other similar systems reasonably requires advanced methods and tools for creating the microgrid
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model, as well as preparing and carrying out large-scale experiments using parallel and distributed
computing, including calculations in the heterogeneous distributed computing environment.

Nowadays, in Russia and abroad, there is a trend to develop specialized methods and tools for
automating the analysis of microgrid functioning processes, including their interaction with each
other. The results of such studies are reflected in a wide range of works by Russian and foreign
scientists (e.g. [3, 4, 5]). Based on these results, it can be claimed that the advanced methods and tools
in this area of research include the economic regulation of demand and supply of energy resources,
multi-criteria analysis of the efficiency and balance of their generation, distribution, and consumption,
as well as specialized multi-agent decision-making technologies. Here, in general, multi-agent
technologies are designed to automate and intellectualize the decision-making process by delegating
the rights and responsibilities of microgrid entities to software entities (agents). Agents dynamically
perform the coordination of generally contradictory criteria based on competition and cooperation in
the process of self-organization of a multi-agent system, carried out automatically.

Based on the specifics of the problem being solved, the following key characteristics of tools for
automating microgrid modeling can be distinguished:

e  Means used for describing subject domain (UML, XML, DSL, semantic web, ontology, etc.),

e  Parameters of microgrids and they elements that can be determined (for example, structural
and functional parameters), as well as criteria used for the microgrid performance evaluation
(for example, cost, emissions volume, survivability, reliability, etc.),

e  Simulated economic mechanisms for regulating the demand and supply of energy resources,

e  Type of modeling (analytical, simulation, agent-based, or combined),

e Application software architecture (monolithic application, software library, software applied
package, distributed software applied package), application type (desktop, network, service-
oriented, etc.), and licenses for the software distribution, use, and support,

e  Computing environment (PC, HPC-cluster, Grid system, cloud environment, fog computing
platform, heterogeneous distributed computing environment),

e  Computing scalability (low, medium, high),

e  Simulation results optimization (one-criteria selection, multicriteria selection).

A large spectrum of specialized models, algorithms, methods, and tools to support the study of
microgrids has been developed (e.g. [6, 7, 8]). In particular, Basak et al. [9] demonstrate applying the
Matlab system for microgrid modeling considering aspects of the microgrid concept and function.
This scientific work highlights the implementation of a control strategy for islanded mode, which
proved to be effective in meeting critical demands with the cooperation of microsources and storage
devices. However, the possibilities of this system for analysis and prediction are quite limited, as the
model is proposed as educational. Rozhentsova et al. [10] provides a multi-agent model of a
microgrid designated as an “active consumer”. The considered microgrid consists of a generalized
production workshop, represented by three types of machines, and distributed solar-wind generation.
The model was designed in the AnyLogic simulation environment. It allows for variation of
parameters for conducting experiments and testing hypotheses. The authors emphasize the success of
the model launch and conclude the viability of the chosen approach. At the same time, this model is
limited to a single subject area. It does not both consider islanded mode (as being focused on
economical criteria) and allow expansion by elements with different behavior. In [11], HOMER
software is applied to design and analyze the performance of a microgrid consisting of a photovoltaic
system, wind system, and a diesel plant. The authors demonstrated the process of model description,
which is detailed enough, and optimization, which provides the best possible configuration of the
modeled system. At the same time, some analysis cases would require integration with external
systems. The HOMER website [12] mentions a feature to link with the Matlab system. However, this
feature is intended for the dispatch algorithm. It does not support integration with external models.
Moreover, the HOMER software is represented as a monolithic desktop application, whereas many
analysis and prediction cases require a larger scale of calculations, which implies the utilization of
cloud and fog computing. Thus, the results of a comparative analysis of the considered tools show a
number of remaining challenges. Among these challenges are the integration of remaining
developments, their flexible adjustment to the specifics of the tasks being solved, adaptation for use in
the HPC-environment, and methodological support, which have not been fully resolved.
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3. Conclusions

We provide a comparative analysis of tools for automating microgrid modeling. The microgrid
concept combines advanced technologies and developments in the fields of energy,
telecommunications, and information processing to create self-regulating and more reliable energy
systems in comparison with traditional ones. Applying microgrids leads to increased efficiency of
energy supply, rational use of existing infrastructure, and integration of renewable energy sources.
The results of the comparative analysis of tools for automating microgrid modeling made it possible
to formulate key directions for the development of similar tools.
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TexHonoruu BigData B Poccun: BO3MOXHOCTU MU NepcneKTUBbI

mmMmnopTosameuwieHumA
1N.H. Urnatbes’

! Upxymcxuii 2ocyoapemeennuiii ynueepcumem, yi. Kapna Mapxca, 1, Upxymcxk, 664003, Poccus

Abstract

IIpuBoautcss  ommcanume  TexHomormu Big Data, cTpykrypa ©  BO3MOXXHOCTH
HUMIIOPTO3aMECIICHNA Ha pOCCI/IfICKPIX nponeccopax MU CcepBEpax. [Toka3zaug! pe3yIbTaThl
aHaJIM3a ¥ TECTUPOBAHUS POCCUHCKUX MPOIECCOPOB, a TAKXKE UX CPABHEHHE C MPOILIECCOPAMHU
Intel.

Keywords
Big Data, umnopro3amenenue, mpoieccop «Ib0pycy», nmporeccop «baiikam.

1. BeBegeHue

Bonpmioe komumdyectBo nupoBoit  MH(MOpMAIMM  CTAJ0 HEOTHEMJIEMOM YacThi0 Hameil
JNCHCTBUTENBHOCTH. UYENOBEYECTBO CXKEIHEBHO CO3MaéT KBUHTWLIMOHBI OaliT wuH(OpManuu
Pa3IN4HON CTENEeHH BaKHOCTH, KOTOPYIO HEOOXOAMMO XpaHWUTh U 00pabaTeiBaTh. MIMEHHO ISt 3TOM
menu 1 OpuH co3nanel Big Data (BD) — cTpykTrypupoBaHHBIE MM HE CTPYKTYPHPOBAHHBIE MACCHBBI
JNaHHBIX Oonpmioro oowvema. Mx oOpabarhiBalOT MpPH MOMOIIM CHENHANBHBIX aBTOMAaTH3HPOBAHHBIX
WHCTPYMEHTOB, YTOOBI HCIIOIB30BATh IS CTATUCTHUKH, aHANIN3a, IPOIHO30B U MPUHATHS PELLICHUH.

BD y:xe ucnonp3yeTcsi IOBCEMECTHO: B TOCYNPABIECHUH, IPOMBIIUIEHHOCTH, MEAULIMHE, TOPTOBJIE
n npyrux coepax. Jliobas orpacnp, B KOTOpPOH HYXHO aHAJIW3WPOBATH OOJBIINE MAacCHBHI
uHpOpMaH, yxe He MoxeT oOoiTuch 6e3 BD. Urto ans storo Heodxommmo? EcTh 3 OCHOBHBIX
anemeHnTa BD: cepBepHoe XpaHWIHMINE, T/le XpaHUTCS HH(POpPMALHS; TPOIEccop, KOTOPHIA OyneT
o0pabaThIBaTh JTaHHBIE M CaM aJTOPUTM 00paboTKH. /|0 HEKOTOPHIX MOp JaHHOE O0OpY/IOBaHWE U
TEXHOJIOTHH 3aKyNalIUCh IPEUMYLIECTBEHHO 3a IPAHUIIEH, HO 1IOCIIE BBEACHUS CAaHKLIUNA KpyITHEHIINe
3amangHble komnanuu IBM, Intel 1 AMD o00BsiBMIIM O TpEKpalieHWH MPOJaXK CEPBEPHOTO U
MOJIL30BATENLCKOTO 00opymoBaHust Ha Teppurtopuun PD. B cBsa3u ¢ wem B Poccum BO3HHKIA
HEOOXOAMMOCTh Pa3pabOTKK COOCTBEHHBIX TexXHOJOTHH M obopymoBanus BD 6e3 mcmomb3oBaHus
KOMIIOHEHTOB MHOCTPaHHBIX KommnaHui. Takum oOpazom mpoOiieMa MMIOpPTO3aMeleHus: B cdepe
MHUKPO3JIEKTPOHUKH, B YHACTHOCTHU B cepBepax BD, sABnsieTcs akTyaabHOM.

2. OTeyecTBEHHbIE NPOLLECCOPbI U UX XaPaKTEPUCTUKU

Cepaiie m000r0 BBIYHACIUTENBHOTO LIeHTpa — npoueccop. B Poccun cymectByer 2 KpymHBIX U
MEPCIIEKTUBHBIX pa3paboTrumka mnpoueccopon: Baikal Electronics u komnanust MIICT (MockoBckuii
Hentp Cmnapk Texnomoruit). [lepBas xommaHus pa3pabaThiBaeT MPOLECCOPHI IO JIMIIEH3WH M Ha
apxurektype kommannu ARM. Btopas — mporeccopsr «Omp0pyc» Ha COOCTBEHHOH apXHUTEKType
VLIW (Very Long Instruction Word), oT[e/nbHBIE 3JIEMEHTBI KOTOPOW WCIIOJIb3YIOT B CBOMX
npoueccopax kommnanusa Qualcom. Baikal Electronics 1 MLICT yske HECKOJBKO JIET BBIITYCKAIOT CBOH
MPOIIECCOPHI TSI POCCHHCKUX TOCCIYXKO0 M PSIIOBBIX TIOJIB30BaTEICH.

I'maBHOM MpOOIEMON NAaHHOTO HCCIENOBAHWU CTal TOT (DAaKT, YTO €IUHCTBEHHBIM POCCUUCKUM
CepBepHBIM TporieccopoM siBisieTcst Baikal-S, mpogaku KOTOPOTro JOKHBI HAYaThCS TOJBKO B 3TOM
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roay. Ilpu 3TOM coriacHo OeHYMapKaM KOMIAHHH-Pa3pabOTYMKa OH MMOKa3bIBACT PE3YJIbTAThI,
COTIOCTAaBUMEIE C JmepamMu B 3Toi oTpaciu — Intel Xeon Gold 6148 u Kunpeng 920 [2]. [TosTomy
OBLTO peIIeHO MPOBECTU CPaBHEHHE POCCHUICKUX M MHOCTPAHHBIX MPOLECCOPOB, MpeAHA3HAUYEHHBIX
JUTA TIepCOHANbHBIX KommbloTepoB [3]: Baikal-M, Baikal-S, Dms0pyc-8CB u Dmpopyc-16C, Intel
Xeon Gold 6148, Intel Atom E3940, Intel Core 13- 7300T (Ta6numa 1).

Tabnuua 1
XapaKTepUCTUKKM NpoLeccopos
Baikal-S Inbbpyc 3nbbpyc  Intel Xeon Intel Intel Core
Xapakrepuctuka  Baikak-M -, oo 8CB 16C  Golde1as M 3 73007
E3940
TexHonornyecknit )8 16 )8 16 14 14 14
npouecc (Hm)
ApXuTeKTypa ARM ARM VLIW VLIW x86 x86 x86
ObLee KonMyecTso 8 48 8 16 20 4 5
agaep
Konunyectso 3 ) ) ) 40 4 4
NMOTOKOB
TaKTOBanA yacTtoTa
agep npu 1,5 2,5 1,3 2 2,4 1,6 3,6
TectupoBaHum (M)
MaKcumanbHbIN
obvém 128 768 256 1024 768 8 64
onepaTuBHOM
namsaTtu (I'B)
dHepronorpebae- <30 120 110 170 150 9,5 51
Hue (BT)
Kaw nepsoro
ypoBHA L1 B 48, 32 64, 64 64,128 64,128 32,32 32,24 32,32
Kaxkgom sape (Kb)
Kaw sroporo 4x1024  24x512 8x512  16x1024  20x1024 2048 2x256
ypoBHs L2 (KB)
Kaw TpeTbero
/oosrs L3 (ME) 24 24 16 32 27,5 8 64
Kaw-namatb 4-ro ) 32 ) ) ) ) )
ypoBHaA (MB)
[op4 BbiNnycKa 2018 2022 2018 2021 2017 2016 2017

JanHble TaObnump! 1 MO3BOJSIOT cAeNaTh Pl BHIBOJOB:

®  TEXHMYECKHH MPOLECC OTEYECTBEHHBIX IPOLIECCOPOB YCTYNAET 3apyOeKHBIM aHAJIOraM;

®  [I0JIb30BATENILCKUE OTEYECTBEHHBIC IPOLECCOPHI COMOCTAaBUMBI 110 XapaKTEPUCTHKAM C

3apyOCIKHBIMHU;

e mpoueccop Baikal-S melicTBUTENbHO HE YCTymaeT MO CBOWM XapaKTEPHUCTHKAM OJHOMY H3

auaepoB peiHka — Xeon Gold 6148.

Hanee mpencraBuM pe3ysibTaThl TeCTHpOBaHUM mpoueccopoB (Tabamua 2). 3a OCHOBY B3STO
TectupoBaHue mporeccopoB Baikal-M wu Intel ot m3ganms Cnews Zoom [4]. Bce TecTsl B3sTH U3
OTKPBITBIX UCTOYHHKOB [5, 6], MO3TOMY HX IEepevyeHb OrPaHu4eH, a HEKOTOPhIC U3 MPEACTaBICHHBIX
MPOLIECCOPOB HE MPOXOIUIIN YacTh TECTOB.

CTOUT OTMETHTH, YTO MPOLECCOPBl DNIBOPYC MMEIOT COOCTBEHHYIO apXHUTEKTYpY, MOJ KOTOPYIO
OOJIBIIMHCTBO IPOrpaMM IIPOCTO HE IPHUCIOCOOIEHO, MOITOMY YacTh TECTOB MPOBOAWIACH NPHU
MOMOIIH 3MYJISILIH TPOLEccopa apXUTEKTYphl X80, U3-3a YEro pe3yibTaThl TECTOB HHMXKE, YEM MOTJIH
Ob1 ObITh. DTy mpoOJeMy MOXXHO PELIMTh C IOMOILBIO CIIEHUAIbHO CO3JAHHOIO HPOTrPAMMHOTO
obecrieueHus, KOTOPOE CMOXET HCIOJb30BaTh B IIOJHOH Mepe BO3MOXHOCTH 3THX IIPOLIECCOPOB.
Hanpumep, B coBpeMeHHBIX MOOWIBHBIX mporeccopax Qualcomm Snapdragon coaepxar
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comporieccopbl Ha ocHoBe VLIW-apXuTekTyphl, 6yaroaaps KOTOPbIM CKOPOCTh 00pabOTKU 3ByKa U
MYJIBTHMEINA, a TAKXKE YaCTh ITU(POBOM 00padOTKH OECIIPOBOIHBIX CHTHAIOB BO3POCTIA.

Tem He MeHee, pe3ysnbTaThl OYCHb Jaxe Bhinatoniuecs. CepBepHblil nporeccop Baikal-S, kak u
ObLTO TIOKA3aHO paHee, JCHCTBUTEIBHO CHOCOOCH KOHKYPUPOBATh C JIYYIIUMH CEPBEPHBIMHU
MPOIIECCOPaMH, JaXKe MPH TEXHHYECKOM OTCTaBaHHH, a MOJENU ONBOpYC BBIJAIOT JOCTOMHBIC
SHAYCHUA MJIA UCIIO0JIb30BaHWA Ha IMEPCOHAJIBHBIX KOMITBIOTEPAX.

Tabauua 2
Pe3ynbTaThl TECTHPOBAHUS MPOIECCOPOB

TecTupoBaHue Baikal-M  Baikal-S, 3nbbpyc Anbbpyc Intel Xeon  Intel Atom Intel Core

2.5y, 8CB 16C Gold 6148 E3940 i3- 7300T
SpecCPU Int 2017 7,92 88 10,68 24,5 100 - -
SpecCPU FP 2017 8,01 99 16.55 43 100 - -
Coremark 66195 799500 43008 76232 455000 39387 72238
Whetstone 16477 282900 16495 43184 162500 - -
Geekbench 5, st 217 498 159 (x86) 211 (x86) 838 - -
Geekbench 5, mt 1524 17000 1100 (x86) 2926 (x86) 13389 - -
SpecCPU Int 2017 7,92 88 10,68 24,5 100 - -
SpecCPU FP 2017 8,01 99 16.55 43 100 - -
Coremark 66195 799500 43008 76232 455000 39387 72238
Whetstone 16477 282900 16495 43184 162500 - -
7zip, Decompress 11557 132840 13638 33490 97000 6360 9851

3. 3aKknoueHue

B 3axmrouenue ciexyer oTMETHTh, 4TO Ha Tepputopun Poccuiickoil @enepanyi MpoOU3BOAATCS
TaK JK€ JMCKM W cepBepHOe obopynoanme. Hampumep, xommanumu Aerodisk m Hopcu-tpanc
3aHHMMAIOTCS CEpBEPHBIM 000pynoBaHHeM. Hopcu-TpaHC K TOMY e MMEEeT COIJIallleHne ¢ KOMIaHuen
Huawei no Beimycky cepBepoB Ha uunax Kunpeng (HO MX MOYKHO 3aMEHHUTb M OTEUYECTBEHHBIMH).
Kommanmun Mukpon u Gs Nanotech 3aHMMaloTCs IIPOM3BOJICTBOM TBEPAOTEIBHBIX AHUCKOB Ha
Tepputopun Poccuu, wW3-3a 4ero HE 3aBHCAT OT HMIIOPTAa HANPSAMYyI0, HO OOOpYyJIOBaHHE I
IIPOU3BOJCTBA IIPEUMYILIECTBEHHO UMIIOPTHOE.

Takum 00pa3zoM, pe3yibTaThl MPOBEICHHOIO HMCCIECAOBAHMS MOKA3ajlHM, YTO TEXHOJOTHUH IS
3amemennss BD B Poccum Ha oTeuecTBEeHHOE ammapaTHOE OOECIEUYCHHE eCTh YXKE ceidac, HO HET
JOCTaTOYHBIX pecypcoB Juisi obecriedeHus: Hyx a1 rocyaapcrea. [IpaButensctBo PD mpeanpuaumaet
HeoOxoaumble Mepbl Uit pasButus UT-oTrpacian, mosToMy NepcreKkTuBH ee pa3BuTus B Poccuu, Ha
MO B3IJISI/1, BIIOJHE ONTUMUCTUYHBIE.
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AHHOTauuA

BCGO6T:6MJ'HOHIC€ 1 CTPEMUTCIIBHOC PAa3BUTHE TEXHOJIOTHH U I/IHTepHeTa AKTYaJIM3UPOBAJIO
HpO6JIeMy 6C3OHaCHOCTI/I JAaHHBIX. B cBsa3u ¢ HOTpeGHOCTLIO B OGCCHC‘{GHHI/I 3alIUThI U
COXPAaHHOCTHU JAHHBIX MOSABHIICA croco0 nepeaaun U XpaHCHHUA JaHHBIX, KOTOpLIfI CKpPBIBACT
caM (1)aKT 3TOro — CTeFaHOl”pa(bI/ISI. I[J'ISI COKPBITHA CEKPETHOT'O COO6]J.[€HI/I${ B OTOKYMCHTC-
Hocurene ObLIO OpCaAJIOKCHO MHOXKECTBO PA3JIMYHBIX METOA0B. B ,E[aHHOfI pa60Te
OpeaAIOKCHO PACCMOTPEHUC KOJOB HCIPABJICHHUA OILIHOO0K JIIA MOZ[I/I(l)I/IKaI_II/II/I MCTOIUKHN
creranorpagun. B padore npencrasien ko Puma-CoxomoHa.

KntoueBble cnosa
KOZ[BI HCIIPABJICHUA OIIII/I6OI( PI/IZ[a-COJ'IOMOHa, TCOpHA KOAUPOBAaHUA, CTeFaHOI’pa(bI/ISI.

1. BeeaeHue

Obecnieuenne 06€30MaCHOCTH SBISIETCS OCHOBHOM 3ajaueil mpu nepegade AaHHbIX [1]. OnHuM u3
MHOJKECTBa MOJXOJOB JJs OOECHEYeHUs] HAJC)KHOW TPAHCIIOPTHPOBKH CEKPETHOW WH(pOpMAIHH,
sBisieTcs: creraHorpadus. CreraHorpagus — Ccrmocod Tmepemayd W XpaHeHHs WH(OpMAIUH,
CKPBIBAIOIINI (PaKT NaHHOTO JeicTBHs. Takoil pe3ynbTaT MOy4aeTcsl MPU MOMEIICHHH CEKPETHOTO
COOOIIeHNsI B JIPYroe, CKphIBas caMO CYIECTBOBaHWE IepenaBaecMor mH(opmanuu [2]. ['maBHOM
3a/laueld JaHHOTO CI0cO0a SBISETCS COXpPAaHEHWE B TaliHe WHGOpMAalUU O CYIIECTBOBAHHUH
coobmenus [3]. Kak mpaBmiio, 370 ocyIiecTBIsSeTCS TakuM 00pa3oM, 4ToObI TPEThEMY JIUILY OBLIO
CJIO)KHO 3aMETHUTh CYIIECTBYIOIIEE CEKPETHOE COOOIIEHUE Cpeu IepeiaBaeMoil HHPOpPMaIi, a OHa
MPENICTABISIIACh €My OTKPBITOM, Oe30MacHO M afeKBaTHOH. B MHPOpPMAIIMOHHBIX TEXHOIOTHSIX Y
creraHorpadguy JBe TIaBHbIe 3anmaun. l[lepBas — rapaHTHS IENIOCTHOCTH [AHHBIX, BTOpas —
JI0OKa3yeMOCTh MpaB MpUHAANCKHOCTU. ClenoBaTeabHO, JAHHBIE JOKHBI OCTABATHCS CKPBITHIMU B
CUTHAJIE XOCTa, Jake €CIIM OH MPOXOAWT (MIBTPAINIO, ITOBTOPHYIO BEIOOPKY, OOpE3Ky, CiKaThe
JMAHHBIX C MOTepsMUA U T. A. [4]. OmHUM U3 CIOCOOOB peanu3anuyd CTEraHoTpauu SBISIETCS
pa3paboTKa pelieHns, UCTIOIb3YIoIero kanaia cBsa3u. CyIIecTBYOIIee MOIXOABl B JEKOIUPYEMBIX
KOJ[axX B CTeraHOrpa(uu BCTPEYAIOTCS C PA3IMYHBIMU CIOKHOCTSMH, HAIPUMED, pa3Mep CEKPETHOTO
COOOIIEH s, CITIO’)KHOCTh allTOPUTMA JIeKOAUpOoBaHus u nedopmarus [S5, 6, 7]. DT BOMPOCH CO3AIOT
CHpOC ISl TaNbHEHIETo MCCIeA0BaHUS B 00JacTH MPUMEHEHUS! KOJOB C UCHPAaBICHHEM OIIMOOK B
creraHorpaduy, HAXOXKICHUY HOBBIX METOJIOB U AITOPUTMOB.

2. CreraHorpadwus
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OCHOBHBIE COCTABIISIOIIUE [T CTETaHOTPaQUH:
— HokymeHT-HOCHUTENb (A), KOTOPBIH COMEPIKUT CKPBITHIC JaHHBIC, HAPUMEP TEKCT, N300paKeHHe,
ayuodaiisl, BUACO(aIbl, JOKYMEHTHI | T. II.;
— CekpetHoe cooOrienue (B), 7aHHbIe B 00BIYHOM WM 3alIU()pOBAHHOM BUJIC;
— Crero-¢pynxius (Fe) u o6patuas crero-pynxuus (Fe™1);
— Kimtou (K) anst oToOpaskeHHs U CKPBITHS COOOLICHUSI.

K v
v A

|

i Fe | » Fe'! p
B

PucyHoK 1: Cxema TMNMYHON cTeraHorpaduyeckoin onepaumm

CymecTByeT HECKOJIBKO BHAOB CTEraHorpauu: TEKCTOBas, ayAuo, BHICO, cTeraHorpagus
n300pakeHnd M TPOTOKOJNOB. Ecnm paccMoTpeTh ayamo-creraHorpaduio, TO B HEW CEKpETHOE
cooOmienue (B) sBiseTcs 4acThlo LHU(POBOTO CUTHANA, YTO CO3JACT HE3HAUWTEIbHBIC M3MEHEHHUS
JIBOWYHOM ayauo-mocienoBatensHOCTH. LnppoBol 3BYK, MO CpaBHEHHIO C aHAJIOTOBBIM ay.aHo,
SBIISIETCS. JUCKPETHBIM, KOTODBIM CO34aeTCs IyTeM OUCKPETH3alUd HEMPEepPBIBHOIO aHATIOTOBOTO
CUTHaJIa C ompeaeneHHoN dyacToTol. Hanpumep, B CD-ayauo cranaapTHas 4acToTa AUCKPETH3ALNH
okoio 44 xl'u. Ilpm mpuMeHeHHMM KOJMPOBaHUS C HAUMEHBIIMM 3HAYallUM OWUTOM JIBOMYHBIC
00pa3upl HUQPPOBOTO ayaUO 3aMEHSIOTCS ABOMYHBIM 3KBHBAJEHTOM CEKpeTHOro coolmeHus (B).
Ecnu 3amava 3akmioyaercst B TOM, YTO HYXHO BCTaBUThH OykBYy «B» (100110 B nBoMuHOM hopmarte) B
mp3-daitn ¢ BHIOOpPKOW 16 OWT, TO HAMMEHBIINI 3HAYMMBIA OWT 8 IMOCIEIOBATENBHBIX BBIOOPOK
(kaxmass W3 KOTOPBIX COACpKUT 16 OuT) 3ameHsercss OWTOM JBOWYHOTO KOJa, KOTOPBIA
COOTBETCTBYET OykBe «B».

Tabauua 1
Mpumep BCcTpanBaHua Bykebl «B» B mp3-dain

O6pasey mp3-ayamo

Ob6paseu, mp3-aygmo «B»
Paseu mp3-aya C 3aKOANPOBaAHHbIMU AaHHbIMMN

1001 1000 0011 1100
1101 1011 0011 1001
1011 1100 0011 1101
10111111 0011 1100
1011 10100111 1110
1111 1000 0011 1101
1101 1100 0111 1001
1000 1000 0001 1110

1001 1000 0011 1100
1101 1011 0011 1000
1011 1100 0011 1101
101111110111 1100
101110100111 1111
1111 1000 0011 1100
1101 1100 0111 1000
1000 1000 0001 1111

OFrRrFPOOF KO

3. Teopusa kogupoBaHuA

Teopust KomupoBaHUsT — 3TO HaykKa O Iepenadye WH(PpOpPMANWK MO 3alIyMJICHHOMY KaHaly, C
KOHEYHOU LIENBI0 YCIEITHOTO BOCCTAHOBJICHUS TIOJTYYSHHOTO COOOIICHHUS C OIMIMOKaMU ¥ 0OpaTHOTO
BO3BpalllCHUs] K OpUTHHATY B Oe3ommubounoM Buje [8)]. Ilepenaya maHHBIX MPOUCXOIUT B OUTAaX MO

118



KaHajlaM CBs3MU. ]_HyMBI MCHAKOT COACPKaHUC COO6H.[CHHI7[, OTIIPABJICHHBIX OTIIPABUTCIICM, IMOITOMY
MOJIY4YCHHOC ,Z[perfI CTOpOHOﬁ COO6H_I€HI/IC MOXKET OTIHMYAaThCA OT UCXOOHOIO. KO)_'H:I HCIIPABJICHUS
OIIHOOK OBLIH BBIBCIACHEBI C LCJIBIO obecrnieueHus nepeaavyu JaHHBIX 0e3 omuboK Mo 3allyMJICHHBIM
KaHaimaMm cBs3u. OCHOBHas np06ﬂeMa TCOPUU KOAUPOBAHHUA 3aKIIIOUACTCH B 0o0ecreyeHur BBICOKOTO
YPOBHA HAJACKHOCTHU IIPpU IE€peaavyc I/IH(i)OpMaLII/II/I 1O KaHaJIaM CBs3H.

3.1. PaccrosHue XammuHra

Paccrosane Xommunura [8] mpumensercs s M3MEPEHUS OTIMYUN JIByX CTPOK OHWTOB.
Paccrosiane Xammunra dy (x,y) MEKIY ABYMS CTPOKAMH, & X = X1Xp ...Xp HY = Y1V5 ... Y — 3TO
KOJIMYECTBO OTIUYHBIX APYT OT JIpyra MO3UIUI B IBYX CTPOKaXx.

n-1

dyCey) = ) W 5+, M
j=0 gy
rae (xj + yj) = {0, xj = ¥j\1,x; # y;, Wy — bynkuus MmeTpukun MHHKOBCKOTO.
Toraa paccrostHre X3MMUHTa MOXKHO IPEJCTaBUTh KaK:
dy(x,y) = Wy(x,y). (2)

3.2. Kopabl Pupa-ConomoHa

Koapr Puna-ConoMona npeacTaBisitoT co00i KOABI ¢ TPSMBIM HCIPABICHUEM OIIUOOK, KOTOPHIE
Obutn paspabotansl B 1960 roay [8]. Koast Puna-ConomoHa ycTpoeHBI Tak, YTO, €CIH MPOUCXOIUT
noreps WM yJaleHue HHGOpManMOHHOro OJOKa € JaHHBIMH, IPU HAJIMYHE JAOCTATOYHOTO
KOJINYECTBA OCTABILUXCS JaHHBIX, €T0 MOXKHO BOCCTaHOBHTH. B komax Puma-Conomona 6mok u3 k
OWUT NaHHBIX KOJUPYETCsl B N OWT JaHHBIX, KOTOPBIE ABJSIOTCA KOIOBBIM CIOBOM, rae n > k s
nepeaayu JaHHbIX [9].
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PucyHoKk 2: Kogosoe cnoso Puaa-ConomoHa B suae (n,k), rae n — aamHa Kogosoro cnosa, k —
Konmn4ectso 6UT, a 2t — KOAMYECTBEHHbI NMoKa3aTe b NnapuTeTa ANA KaXK40ro CMmBona.

4. 3aKknwueHue

B sToli cTarbe ObUT MPOBENEHO M3yYEHHE OTKPHITOW MH(POPMALMHU IO CTeraHorpaduu U Teopuu
koaupoBanus. [IponemMoHcTprpoBaH npuMep BeTpauBaHust OykBbl «B» B mp3-daiin. Takum oOpaszom,
ucnonb3ys ko1 Puna-ConomMoHa MOKHO MOBBICUTE 3()()EKTUBHOCTH cTeraHOrpaduu, IMyTeM KOHTPOJIS
paccTosHUSIMH XEMMHHra, OJHAKO HEOOXOAMMO NPOAHAIM3UPOBATh H3OBITOYHOCTH, KOTOPYIO
nopoxnaer kox Puma-Comomona. JlanbHeiimas paboTta OyJeT OCYWIECTBIATHCA AJISI HOCTPOCHHS
HOBOI MOzeny NpUMEHEHHs KOAOB ucmpaBieHHus ommbok Puna-Conomona B creranorpaduieckom
MPUIOKEHUH, @ TAK)KE KOHTPOJIb U30BITOUHOCTH MTOJyYEHHOW CHCTEMBI.

5. bnaropapHocTu

HccnenoBanue BhIMONHEHO IpU GuHAHCOBOW moanepkke PODU B pamkax HaydHOTO mpoekTa Ne
20-37-51004, Cosera mo rpantam llpesunenta Poccuiickoit @®enepannyn B paMKax TIpaHTa
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[Ipesunenta MK-1203.2022.1.6, CeBepo-KaBka3ckoro meHTpa MaTeMaTHUYECKHX HCCIEAOBAaHUHI IO
noroopy Ne 075-02-2022-892 ¢ MuHHCTEpCTBOM HayKH W BBICIIEro oOpa3zoBaHusi Poccuiickoit
O®enepanuu u ctunenauu [pesunenta CI1-3186.2022.5.
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UHTerpauma cpeacts KOHTeMHepusauuum Ana aBTOmMaTU3aLUU
pa3paboTKu 1 BbINONIHEHUA NAKETOB NPUKAAAHbIX NPOrpamm

Cepreii 'opckuii, Poman Koctpomun u Vsan Cunopos

HJICTY CO PAH, Jlepmonmosa 134, Hpxymck, 664033, Poccus

AHHOTauuA

CraTbs TOCBSIICHA PA3BUTHIO METOJOB IIOCTaBKM KOHEYHBIM IIOJIB30BATEISIM  BeO-
OPHUEHTHPOBAHHOT'O MHCTpYMeHTaIbHOTO KoMmIutekca Orlando Tools, npenHa3Ha4eHHOTO JIIs
pa3paboTKH W BBHINONHEHHWS MAKETOB MPHUKIATHBIX HOPOrpaMM B  paclpeAeieHHON
BBIYHCIIUTEIBFHON — cpefe. OcobeHHOCTH  3KCIUTyaTallud JIOCTYHHBIX PpECypcoB Y
MTOJIB30BaTeNe TPeOYIOT MPHUMEHEHUS PA3IMIHBIX METOAOB M (POPMATOB PAaCHPOCTPAHCHUS
porpaMMHOTo obecneueHns. DPPeKTUBHAS pa3paboTKa BeO-OpUCHTHPOBAHHBIX CEPBUCOB U
NPWIOKEHUH TpeOyeT NpPUMEHEHHs IeNoro KOMIUIEKCa IPOrPaMMHBIX  CPEJICTB,
HEOOXOJMMBIX KaK U caMOl pa3paOOTKH, TaK U U aBTOMATH3AINH TIPOIECCOB, CBSI3AHHBIX
¢ 00CTy)KHBaHHEM U COTIPOBOXKICHIEM TPUIIOKEeHUH. B paboTe mpoBomUTCsl CpaBHEHUE TPEX
BapuanToB roctaBku Orlando Tools B BuJie BUPTyaIbHON MalIWHBI, B BU/Ie KOHTEHHepa HIIH C
WCTIOJIB30BAHUEM CPEJICTB KIACCHYECKOW (PYYHOH) YCTAaHOBKH MPOTPAMMHOTO O0ECTICUCHUSI.
[Nonmy4yeHHble pe3ynbTaThl MOKa3alH, 4To (opMar KOHTEHHepa IO3BONSET YCKOPHTH U
YIOPOCTUTH Mpoluecc Beiycka HOBbIX Bepcuil Orlando Tools u cHU3UTH TpeboBaHUS K
CHCTEMHBIM pecypcaM HEOOXOAMMBIM JJIsI ero paboTel, objerdass MOJIH30BATEIIM
OpTaHM3aLHIO U IPOBEICHUE HAYIHBIX YKCIICPHMEHTOB.

Kniouesble cnosa
KOHTeﬁHepHSaHI/IH, MaKeThl TMPUKIAAHBIX TporpamM™M, pacrnpeacICHHbIC BbIYUCIICHUA,
aBTOMaTU3alusa

1. BeepeHue

AKTyaJbHBIM HaIlpaBJICHUEM Pa3pabOTKH CIOXKHOTO mporpaMmHoro obecneuenus (I10) sBnsercs
Mepexo/ OT MOHOJIIMTHON apXUTEKTYPHI K MOy TbHOM [ 1]. KaXkap1it MOy b BRITTOTHSET ONPEAETICHHYIO
¢yHkumioo win ponb. Kommosumusi Monyieil oOpasyeT CIOXHBIE CBS3HM B HHCTPYMEHTaJbHBIX
KOMITJIEKCaX W TO3BOJISICT JMHAMHYECKH MacIITaOHMpOBATh NMPHIIOKEHUE B CIIydasX BO3pacTaromien
Harpy3ku [2]. Takum obpazom, oOmiee HampasieHue mo pazpadorke 110 moxHO chopmymnupoBats
CIIeIyIOIUM 00pa3oM: OOJIbIIIOe TPUIIOKEHHE COCTOUT U3 HE3aBUCUMBIX MOJYJICH.

C npyroif cTOpOHBI, HA MOAXOJ K CO3JaHUIO MPUJIOKEHUH B 3HAYUTEIILHOM CTENEHH BIHUSET WX
BHYTPCHHSISI CTPYKTYpa M Pa3BUTHE IJIOOAJbHBIX BBIYMCIMTENBHBIX ceTed. Tak Kak HpUIIOKEHHS
3a4acTyI0 HE BBITIOJHSIOTCS JIOKAJFHO B M30JIMPOBAHHOW Cpefie, a TPeOYIOT CBSI3M C BHEIIHHMHU
cepBepamu. [1pu 3TOM B3aUMOACHCTBHE C HUMH peann3yeTcs uepe3 BeO-uHrepdeiic.

Ha nannbiit MOMeHT HaOutogaeTcsi GOJIBIIOE YHCIIO CPEACTB Pa3pabOTKH BEO-IPUIIOKEHUNA. DTO U
MHOJKECTBO SI3bIKOB TporpammupoBanus (JavaScript, PHP, Python, Ruby, Java, Perl u n.p.) u
Pa3IMYHBIX CPEJCTB JUIs HUX ((PpeliMBOPKOB, OMOINOTEK, HAOOPOB UHCTPYMEHTOB H T.II.) HAIlCJICHHBIX
Ha pa3paboTKy Kak BeO-uHTepdelica cucTeMsl, Tak 1 ero (yHKIHOHANBHOTO HamosnHeHus (front-end u
back-end). Ilpm »TOoM BBIOOpP cpeacTB pPa3padOTKM BO MHOTOM 3aBHCHT OT MPEINOYTCHHUN
pa3paboTYMKOB W Tojbk30oBareieii. OcobeHHOCTRI0O coBpeMeHHoro [1O sBisercs cuTyamwsi, Koraa
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HOBBIE CPEJICTBA WJIM HOBBIE BEPCHH CYIIECTBYIOIIUX CPEACTB pa3pabOTKH MOSBIAIOTCA ¢ OONBIION
HHTEHCUBHOCTEIO [3].

He 3aBucumo oT BBIOOpa CpeACTB pa3paOOTKH MPUXOIUTCS peliaTh MpodieMy pa3BOpavydBaHUS
(mocTtaBKM MOTyJIeH Ha peCypCHI TIOIB30BATENS ) TAKOTO MPIITIOKEHHH, TaK KaK MPOIIECC er0 yCTAHOBKU
MOJXET OBITh JIOCTATOYHO CIIOKHBIM. B HYacTHOCTH, 3TO aKTyajbHO, KOTJa Y pa3padOTYMKOB HET
BO3MOXKHOCTEH MPOTECTHPOBATh PA0OTOCTIOCOOHOCTD CUCTEMBI Ha IIMPOKOM CIEKTPE KOH(MUTYpaIuii
MporpaMMHOTO ofOecriedeHns. B 3ToM cimyuae paspabarbiBaeMO€ MPHIIOKEHHE MOXKET HMETh
JOCTAaTOYHO JKECTKYIO MPUBS3KY K KOHKPETHBIM BepcusiM cuctemHoro [10.

B uenom, coBpemenHas pa3zpabotka [1O TpeOyeT HamMuus: M30JIUPOBAHHOM Cpelibl I pa3pabdoTKU
W TECTHPOBAHUS;, H30JIMPOBAHHON CpeIbl BEHIMOIHEHUS; CPEICTB aBTOMATUYECKOTO OOHOBJICHUS
MIPHUJIOKEHUS; CPEICTB aBTOMATHUECKOTO OOHOBIIEHUS KOH(UTYpAaIMU CPeAbl BBHITTONHEHHS, HU3KHIX
HaKJTaJHbIX PAacXOJOB Ha OOCITY)XKHBaHWE cpenbl (UCIONB30BAHUS TIPOLECCOpa, ITUCKOBOM U
OTlepaTHBHOMN MaMATH).

B pamkax uccnemoBaHW, MPOBOAMMEIX aBTOpaMH CTaTbd, aKTUBHO pa3BHBaeTcs (HperMBOPK
Orlando Tools (OT) [4] mns pa3paObOTKH W BBITOJHCHHUS PACIIPEICICHHBIX MAKETOB MPUKIIATHBIX
nporpamm (PIIIIIT) B BeumcnutensHO# cpeme. OOparHast cBsi3b oT moib3oBareneii OT mokazana
HEOOXOAMMOCTH Pa3BUTHUS CUCTEMBI, C IIENIbI0 COOTBETCTBHUS TPEOOBAHUSAM, YIIOMSIHYTBIM BbITIe. Takum
o0pa3oM, B CTaThbe NPEACTaBIEHBI PE3YJbTATHl WHTETPAIMH CPEICTB KOHTEHHEPHU3AIMHA CHUCTEMBI
Docker ¢ 1enpi0 aBTOMAaTU3UPOBAHHOTO OOECIEYCHUS TOJIb30BaTeNie M30JIMPOBAHHOW M
JIETKOMIEPEHOCHMOH Cpeioil BHITIOITHEHHS HAYYHBIX TPUIIOKEHUH.

2. CpepacTtBa BUpTyanmsauum

IIpu pazpabotke I1O paspaboTunkaM HEOOXOIUMO YUUTHIBATh 3HAUYUTEIHHOE YHCIO BAPHAHTOB
KOHUTypauuii 1eneBoi cucteMbl. sl 3TOTO0 IIMPOKO HMCHOJIB3YIOTCS CPEACTBa aBTOMATHYECKOM
KoH(urypauuu [5] unu BupTyanusauuu [6]. OHU MO3BOJSIOT ONEPATUBHO CO37aBaTh HEOOXOANMYIO
cpeny BeinonHenus At 110. OpHako B cityyae, KOrJa OTCYTCTBYET BO3MOXKHOCTb THOKOW HAaCTPOHKH
cucremHoro [1O MoryT BO3HUKATh MPOOIEMBI COBMECTHUMOCTH [7].

[MoTpeOHOCTh cO3MaHusi OE30MaCHOM, W30JUPOBAHHOW CPE/bl BBINOIHCHUS CHOPMHUPOBATIACH
JIOCTAaTOYHO JaBHO, eule Ha 3ape pazButus UNIX-cucrem B 1970-pie rT. IlpomomkutensHoe BpeMms
TOJIBKO BHPTYyaJH3aI¥isl TO3BOJSUIA PA3JENUTh PECYpPChl XOCT-CHCTEMBI MEXIY PpPazIHIHBIMH
MPUWIOKEHUSIMH, Y KOTOPBIX B HAJIWYMK COOCTBEHHOE OKPYKCHHE B BHJIE JIMYHOW ONEpanMOHHON
cucteMbl. OJIHAKO 3HaYUTEIbHBIE HAKJIAJHbIE PACXOAbl HA N3MEHEHUE, MUTPALIMIO U COMPOBOXKICHUE
BUPTYaJIbHBIX MAIlIMH CIIOCOOCTBOBAIIM Pa3BUTUIO HHBIX MEXaHU3MOB CO3/IaHHsI M30JIMPOBAHHOM Cpelibl
(TIECOYHMIIBI) — BUPTyaTU3allii Ha YPOBHE OIIEPAIMOHHON CHCTEMBI HA OCHOBE KOHTPOJIBHBIX TPYTIIT U
MPOCTPAHCTB UMEH (CZroups U namespaces COOTBETCTBEHHO) B cucTeMax Ha 6aze UNIX.

OTH MeXaHU3MBI MO3BOJIUIN MCIIOIB30BATh SIAPO, CUCTEMHBIE OMONINOTEKH, CETh M MPOYEe XOCT-
CHCTEMBI, HO HM30JIMPOBATh OTJENbHbIE Mporecchl. OIHAKO WX HCIONB30BaHKWE OBUIO HE MO CHITY
HETOJIrOTOBJICHHOMY I0JIb30BaTelt0. PeBosonnio mpoussei Bbixoj cuctembl Docker [8], koropas
MO3BOJIMJIA YIIPOCTUTH PabOTy C MEXaHU3MaMH BUPTYyaJIH3ally HAa YPOBHE ONEPAllMOHHON cHcTeMbl. B
pamkax Docker paccmarprBaroTcs o0pa3bl M KOHTEHHEpHI (IT0 aHAJOTHH KaK KJIACC M 3K3EMILISIP
KJlacca), Ha B3aMMOJICHCTBUH C KOTOPBIMH U CTPOUTCS BeCh Mpoliecc padboTsl ¢ Docker.

Bonee Toro, KoHTelHEp — 3TO HOBOE OCMBICIICHHE UCIOJIHSEMOTo Gaiina. ['maBHOEe ycioBue ero
BBINOJIHEHUSI — MOAXOSIIAasl BEpcusi onepanroHHoi cucteMmbl. Konreitep (00pa3) conepxur B cebde
BCE HEOOXOAMMOE /171l 3aIycKa MPHIIOKEHUH, HACTPOSHHBIE CHCTEMHBIe OMOIHOTeKH U T.1. [Ipn aTOM
snpo OC, o0IHMe CUCTEMHBIC KOMIIOHEHTBI MCIIOJIB3YIOTCS U3 poauteibckoir OC. brnaromaps atomy
00pa3bl KOHTEHHEPOB 3aHMMAlOT B pa3bl MEHBIIE MecTa, 4eM O0O0pa3bl BUPTYANbHBIX MAIlHH.
KonrteiiHeps! ropa3fo npoie NepeHOCUTh MEXIy CHCTEMaMu — IEPEHOCUTCa 00pa3 U (dailibl JaHHBIX
w B/l — Murpanus U MacmTabupyeMOCTh NMPIIIOKEHUs yrpoiiaeTcs B pa3sl. Ocoboe mecto Docker
3aHUMAaET B CPEJCTBAX HEMPEPHIBHOM MHTErPAllMU IPOTPAMMHOTO 00eCIeYeHusI.

[Ipy ncnonb30BaHUK METOAOB HEMIPEPHIBHON MHTErPallii BHICTPAUBAIOTCS LIETIOUKH (KOHBelep),
KOTOpBIE€ COMPOBOKAAIOT BCE IIard, OT TECTUPOBAHUS U KOMITWISIIIMKA HAMMCAHHOTO KOJa, 10 COOpKU
YCTaHOBOYHBIX (DaiifIOB M MOCTaBKU HA PECYPCHI MOJIb30BATENEH B aBTOMAaTHUECKOM PEXUME.
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3. Orlando Tools

Orlando Tools — »3TO cmenuanM3upoBaHHas cpeda s pa3paOOTKM M UCIOJIB30BAHUS
paclpeleNeHHbIX I[AKeTOB  MPHUKJIAAHBIX HPOrpaMM B TETEPOTCHHBIX  PacHpeAcIeHHBIX
BBIYUCIUTENBHBIX cpefax. OT mo3BossieT KOHEUHBIM IOJIb30BATENSAM ONUCHIBATH BBIYUCIUTEIIBHYIO
Mozens B XML-¢aiine uin Bu3yaibHOM pelakTope. BerarcnurensHas Moaenb U CO3JaHHbIe padodne
mpoleccsl XpaHsaTca B 0aze NaHHBIX 3HaHWU. (s aBTOMAaTH3alUM BBIIIETIEPEYHCICHHBIX JTAIllOB B
coctaB OT BkjIIOYEHA MOACUCTEMA HEMPEPBIBHON WHTEerpanuu npukiagHoro I10. Dra moacucrema
obecrreunBaet padoty ¢ peno3utopusmMu Git. BeO-HHCTpYMEHT C OTKPHITHIM UCXOAHBIM KozoM GitLab
HCIOJIb3yeTcs B Ka4eCTBE CUCTEMBI YIIPABICHUS PEIIO3UTOPHEM.

IepBas Bepcust OT npeacrasisiza coOol HNEeHTpaIu30BaHHYIO cucTtemy. Ha manubiii Mmoment OT
BKJIIOYAET B ce0sl CenyIone KOMIOHEHTHI:

e baza gamapix SQL — coxepxkut Bcto mHpopManuto o PIIIIIT moms3oBareneit, BKIoUYas
WHPOPMALIUIO O BBIYUCIUTENBHBIX pecypcax, pernosuropusx PIIIIT u uadopmanmio o
MIPOBOJMMBIX pacueTax, B TOM YHUCIIEe CChUIKH Ha (paiiibl JaHHBIX.

e QaiinoBas 0a3za JaHHBIX — COOECPKHUT B ceOe (hailibl JAaHHBIX HMCIIOIb30BAHHBIE IS
IIPOBEIEHHS PACUETOB MOJIb30BATEIAMH.

e Jlemonsl Orlando Tools obecreunBaromue Boimoaaenne PIIIIIT.

e BeO-unTepdeiic cucremsl — cpeacTBa paboThl moas3oBarens ¢ OT.

OTu 4YeTblpe KOMIIOHEHTHl yCTAaHaBIMBAIOTCS Ha OJAMH BBIYMCIMTENBbHBIN pecypc (Pucynox 1)
(BUpTyaJIbHYIO MAIIMHY) U TpeOyloT mist cBoeil paboThl HacTpoeHHbIl BeO-cepsep (PHP, Apache2,
Mysql). Ilpum pa3BUTHH TIOJB30BATENLCKONH 0a3bl BO3HUKIA HEOOXOIUMOCTh IIPEIOCTaBUTH
BO3MOKHOCTB ITOJIB30BATENSIM pa3BepHYTh coOcTBeHHBIE cepBephl OT B cBOEH BRIYUCINTENBHOH Cpese.
[TpramH 5TOr0 MOKET OBITH HECKOJIBKO, O/IHA U3 HUX IOCTYTHOCTh BEIYMCIUTENBHBIX PECYPCOB TOIBKO
B JIOKaJbHOW ceTH. AKTyanbHOH Obmma u otnaaka PIIIII ¢ ero momynsimMu Ha KOMIBIOTEpE
paspabotuuka ¢ magpHewmuM nepenocom PIIIIII Ha ocHOBHO# cepBep a1 MpoBeaeHNS pacdeToB. [ms
nepenaun PIIIIII ero pajabHEWIIUM MOJIB30BATEIIAM JKEIATEIBHO ObLIO MPEIYCMOTPETh MyOIHKAIMIO
rotoBoro PIIIIII ¢ BO3MOKHOCTBIO €ro OBICTPOro pa3BepPTHIBAHUS M UCTIONb30BaHHUS.

Penosutopuii MO

Penosutopuu OT:
e JlemoHbl OT;

KoHeuHble
nosnb3osatenn e Web-UnTepdec.
Be6-nHTe pdeiic I
= Cepéep OT+ <«  BHewHwMit pecypc V\t
Apache+PHP+MySQL pecyp <% [laHHble
\ MOHUTOPUHTa
API|, SSH -
BHewwHWM pecypc :
B — —
. — : 'L,,
BHewwHwit pecypc PeTpocneKTuBHasA
A BA,
BHeWHWit pecypc | < —
BblUMCUTENbHBIE PeCypCbl X4

PucyHok 1: OpraHusauma cucrem OT.

Tax xak cepsep OT BBINONHSJICA B BUPTYaJIM3UPOBAHHOM Cpeje, MocTaBka HOBBIX Bepcuid OT
BbI3bIBaJA psi TpyAHOcTel. U3-3a TOrO0, UTO pazMep BUPTYalbHOM MaluHbl npeBbian 2 I'b, Murpanus
BUPTYaJIbHBIX MAIllMH OblIa 3aTPyIHHUTENbHA B CHIIy TOTO, YTO B Ipoliecce padOoThl €e pasMep MOr
CHJIBHO YBEITMUUBATHCS 32 CUET 0a3bl paCUETHBIX IaHHBIX H BPEMEHHBIX CHCTEMHBIX (aitnos. [Tpu aTom
Jla’ke YMCTKA JaHHBIX HE MTO3BOJIsIa YMEHBIIHUTD YK€ YBEJMUCHHBIH pa3Mep BUPTyalbHOI MallliHbI 0e3
HCTIOJIB30BaHUS apXUBAaTOPOB U3-3a 0COOEHHOCTEH PabOThl BUPTYAJIBHBIX JUCKOB. BriHOC mamnok 6a3sl
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pacYeTHBIX JAHHBIX 3a MpeAesbl BUPTYyaIbHOW MAIIWHBI 1 MOHTHPOBAHHME HX IPH 3aIlyCKe pEIIao
TOJIBKO YaCTh MIPOOIIEMBI, TIPH ATOM YCIOXKHSS Tporiece ucmonb3opanus OT.

Taxum o6pazom, OsiTH chopmynupoBaHk cienytomue Tpedosanus k MK Orlando:

1. ©OblcTpoe U JIeTKOE pa3BepThIBAHUE CHCTEMBI,

2. wMalbiii 00beM CKAaYMBAEMbIX JAaHHBIX,

3. BO3MOKHOCTb OBICTPOTO MEPEHOCA JTAHHBIX MEXIY CEpBEPAMH,

4. Bo3MoOxxHOCTB IyOimkaru PIIIIT.

Bropoil u TpeTnii MyHKTHI B CITy4ae MCIOJIB30BaHUSA BUPTYaJIbHBIX MAlWH BBIIOJIHSIMCHE HE B
nojaHoM obbeme. [lepBoHaYambHO paccMaTpUBAJIOCh ABa BapuaHTa co3aHus koHTeiinepos OT:

e TIepBBI BapHaHT MperycMaTpUBall CIIOJIb30BAHUE MOMYISIPHBIX TOTOBBIX KOHTEHHEPOB C
caifta hub.docker.com. 1 co3manus ckpunra passeproiBanus OT Ha 1eneBoM pecypce ¢
HCIOJIB30BaHNEM FOTOBBIX KOHTEIHEPOB;

® CO3JaHHE CBOETO KOHTEHHEpa, BKIIOYAIOIIETo Bee HeoOxoaumoe st padbotsr OT.

B nmpouecce paGoThl MPOBOIMIIOCH TECTUPOBAHNE 000X BapHaHTOB. B uTore ObuT BEIOpaH BTOPOH
BapuaHT, KaK 0ojiee >KU3HECTOWKHUN M MPOCTON IUIs mosib30oBatens. [lepBrlii BapuaHT ObLT OTBEPTHYT
CJIEYIOIIUM NPUIHHAM:

e po0bJeMaTHYHO NOA00paTh TOTOBYIO CBSI3KY KOHTEHHEPOB C MpexycTaHoBIeHHBIM [10 u
HacTpouth padory OT ¢ aTMu KOHTEHHEpaMu;

e 1pu moaepuuzanuu OT moxeT moTpedoBaThecs TOAOOP HOBBIX KOHTEHHEPOB.

Peanusanust BTOporo BapuaHTa MMeeT BH[, IpeicTaBieHHbIH Ha PucyHoke 2. boul ucnonb3oBaH
TOTOBBIA OTKPBITHINA KoHTeHHep [9] ¢ cucremamu Apache, PHP, Mysql. Dockerfile ncnonb3oBaHHbIH
Uil ero co3maHusa Ob1 onTuMmusupoBaH mia OT. daiiner 6a3 JaHHBIX MOTYT OBITH 3aMEHEHBI Ha
BHEIIIHUE 1 BEIHECEHBI M3 KOHTEWHepa A 00JerYeHus ux nepeHoca u oOHoBiIeHus. s obnerdyeHus
nporiecca pa3paboTKu Toxe caMmoe ObUIO clenaHo ¢ ¢aiinamu BeO-uHTepdeiica u ¢aiinaMu 1eMOHOB
OT. To ectp Bce kommoHeHTHI OT MoOryr OBITH NpPH 3amyCcKe 3aMEHEHb Ha BHEITHHE WIIH
HCIIOJIb30BaThCA U3 KOHTEMHEpA.

Penosuropuii o6pasos

O6pasbl OT no Bepcuam
KoHeuHble (OT+Apache+PHP+MySQL)

nonb3oBaTen

O6pa3sbl BbMUCAUTENEN

Beb-nHTepdeic 1
&> KoHTelHep OT+ KoHTeliHep D)
Apache+PHP+MysQL BbluMCMTENb @ 0 HanHele
\ MOHUTOPUHTa
API, SSH KoHTenHep

BbIYUCIUTEND |

=

o r ——
BHeLLHMM pecypc PeTpocneKkT1BHas
" B4,
BHewHui pecypc | ¥ e

BbluncnutenbHble pecypcbl

PucyHok 2: HoBaa komno3snuma KomnoHeHTos OT.

IIpouecc ynakoBku OT B KOHTEHHEP CONEPIKUT CIAECAYIOIINE FTAIbL:
e paspabotka Dockerfile;
e TI0ATOTOBKA (hailioB 0a3 MaHHBIX; MOATOTOBKa (haimoB BeO-MHTEpdeiica; MOAroTOBKa
(hatimo nemonos OT.
Crpyxtypa Dockerfile:
1. Bribop 6a3oBoro oOpasza. JlaHHBI mar obmerdar co3gaHue 0a30BOTO OKpPYKEHHUS IS
BBINOJIHSIEMbIX B KOHTEHHEPE IPOrpaMM.

124



2. VYcranoBka PHP, Apach, Mysql. Mano otnugaercst OT YCTaHOBKH B OOBIYHOM PEXKHME.
HOHOHHﬂeTCH CO3JaHUEM NIEPEMEHHBIX OKPYIKCHUA U OTCYTCTBUEM MHTCPAKTHBHLIX IAroB
B YCTaHOBKE.
3. ¥Ycranoka nemoHoB Orlando. Ucnomasiembie daitnbr OT ObLTH MOMEMIEHBI B OTACITHHYIO
IarnkKy co BCEMHU HeO6XOI[I/IMLIMI/I JJIL UX paGOTI)I JUHAMHWYCCKHUMHU 6I/I6JII/IOTeKaMI/I. HHH ux
nobaBneHust B 00pa3 ucnoib3yercs komanaa ADD.
4. VYcranoska BeO nnrepdeiica. Takxke ncnonp3oBanack komanga ADD.
ITocne moaroToBKY (haliIoB IS CO3MaHMsI 00pa3a BRI3BIBACTCS KOMaHIa cOOpKH oOpa3a:
docker build --build-arg PHP_VERSION=7.4 —t orlando
B pesynbraTe ee BhImoNHEHUS co3naercs oOpa3 KoHTelHepa ¢ uMeHeM orlando. OH MOXeT OBITh
OITyOJTMKOBAH B CIEIHATU3NPOBAHHBIX PEMO3UTOPHUAX JUTS JabHEHIIeH 3arpy3Kd M UCIIOE30BaHUS.
Jiist 3arpy3ku oOpa3za, co3laHus KOHTEHepa U ero 3amycka UCIIOIb3yeTCsl KOMaH Ia!
sudo docker run -i -t -p "8080:80" --name=my_orlando orlando

4. CpaBHeHMe noaxoan0s

1t OOBbEKTHUBHOM OIlEHKH pPAa3jNYHBIX BapHaHTOB ycTaHOBKH OT, MBI ONpeneiuiu psn
XapaKTEepPUCTUK TOTOBOM CHCTEMBI TpeOyromuxcs 1 e€ padotel. B Tabnume 1 npuBeneHo cpaBHEHHE
pasnuuHbix BapuaHToB ycraHoBku OT. IlpakTuka mokazana, 4TO HCHOJIB30BaHHE KOHTEHHEPOB
MO3BOJISIET CHU3HUTH TPEOOBaHMUS K PecypcaM M UX KOJIMIECTBY.

Tabnuua 1
CpasHeHMe BapuaHToB noctasku OT
Kectkuii 1uck Kecrkuit OnepaTuBHas CkaynBaeMble JaHHbIE
cucrema, GB muck OT, GB namsats OT, GB s yecranosku OT, GB
BuprtyansHas mamnHa 4 5.6 1 2.2
Docker-konTeitaep 4.8 1.3 0.6 0.6
YcranoBka Ha 54 0.3 0.6 0.2
BBIJICJIEHHBIN PECYPC

Kak Bugno w3 Tabmumer 1, mcnonbs3yemslii panee BapwaHT pacrnpoctpanenuss OT B Buze
BUPTYaJlbHBIX MAIlMH PAacXxoAyeT HauOoJbllle YHCIO CHCTEMHBIX pecypcoB. Jlaxe B ciyyae
HCIOJIB30BaHUS €JUHUYHOIO 3K3EMIUISIPA CUCTEMBI Ha pecypce. ENMHCTBEHHOE €ro MpeuMylIiecTBo,
9TO OOJilerdyéHHasi YCTaHOBKAa M 3allyCK B CPAaBHEHMH C YCTaHOBKOW Ha BbLIeJICHHBIH pecypc. Ilpu
Hanmu4yMe  BBIJENeHHOro pecypca mui  OT  mpenmouyTHTEensHBIM — OyJIeT  MCIONB30BaHWE
HenocpencTBeHHON yctaHoBkM OT. OpHako BapuaHT ¢ KOHTEMHEpamMH HE CHUIIBHO €My yCTyHaeT B
IUTaHE MCIIOJIB30BaHUs CUCTEMHBIX pecypcoB. IIpn 3ToM, eciii BBIAETIEHHBIN pecypce NpeAHa3HaueH A
3aImycKa HeCKOIbKUX 3K3eMIuisipoB OT mnm mcrnonp3oBaHus A APYTUX IeNeld BapuaHT MMOCTaBKU B
Buze KoHTeitHepa Docker cTaHOBUTCS IPEANIOYTHTEIBHBIM.

5. 3aknroueHue

B cratee mpexacraBieHpl OCOOCHHOCTH BHEAPEHHS KOHTEHHEpW3alWu I OOJeTYeHHs
pa3BopayMBaHUS W TOCTaBKM HHCTpyMeHTaimpHoro komruiekca OT. HempepsBHO mpomomkaercs
paspabotka kak OT, Tax u PIIIIII. B mpomecce skcruryaTanuy BO3HHUKAIOT TPYAHOCTH, KOTOpBIE
BIIUSIOT Ha U3MeHeHue apxuTekTypsl OT, 4To mo3BosseT caenars 3TOT HHCTPYMEHTAIbHBIN KOMIIEKC
Oonee yHHMBepcalbHBIM. PazmmdHbie (pOpPMBI TOCTaBKH PACHIMPSIOT CHEKTP PECYpcoB, Ha KOTOPBIX
MokeT ObITh 3amyiieH OT. B yacTHOCTH, MPUMEHEHNE KOHTSHHEPHU3AIMK HE 3aMEHSICT CYIIIECTBYIOIINE
MeTonsl pactpoctpaHeHuss OT, a mpenocTaBnsieT ajabTepHATHBHBIN mnoaxon. IIpaktudeckue
SKCIIEPUMEHTHI TIOKa3alli, YTO UCTIONb30BaHue Docker-o0pas3oB sBiseTcs JOCTOWHBIM JOMOTHEHHEM B
apceHaie pa3paboTInKoB H mmonb3oBaTenei OT.

6. bnarogapHocTu
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MoctpoeHne obnacteit AOCTUKMMOCTM B MNPOCTPAHCTBE
BO3MYLIEHUA ONA  OUEeHMBAHMA  pPobacTHOCTM  nNNaHOB
UHPOPMALMOHHOrO B3aMMoaencTeuna rpynnupoBKU
NoABUXHbIX 06beKTOB

Buranuii Anaronsesiny YIIakos |

! Canxm-Ilemepbypeckuil 20cyoapcmeenblii yHu6epcumen aspoKoCMuYecko20 npubopocmpoenus, yi. borvuas
Mopckas, 0. 67, num. A, Canxm-Ilemepoypeckuti, 190000, Poccus

AHHOTauuA

[pemtoxken crmocod oOmeHKH poOACTHOCTH (YCTOHYMBOCTH) IUIAHOB HH(GOPMAIMOHHOTO
B3aMMOJICHCTBHSI TPYNIUPOBKA IOABM)KHBIX OOBEKTOB. /[l OIlEHKH pOOACTHOCTH
MPEUTOKEHO BHIMONHATE TIOCTPOSHHUE amMpPOKCHMUPOBAHHBIX 00NacTel JOCTHKUMOCTH B
MIPOCTPAaHCTBE IMOKa3aTesield KayecTBa IJIAHUPOBAHMS, JUIS clydyash MHTEPBaJIbHO-3aJJaHHBIX
BO3MYIIAIONINX Bo3aekcTBri. [Iporpammuas peanuzanys BeIonHeHa B Matlab.

KntoueBble cnosa
Matlab, 0061acTh AOCTHXMMOCTH, ONTHMAIbHOE YOpaBJIEHHE, TPOCTPAHCTBO BO3MYLICHMUI,
JJOTHKO-AMHaAMHU4YCCKasa MOACIIb, p06aCTHOCTI>.

1. BeeaeHue

B mponomkenue uccnenoBaHus, CBS3aHHOTO C PEUIEHMEM 33Jadll MPOrPaMMHOIO YIpaBJICHUS
(mnanupoBanust) uHGopMamoHHbiMUA npoueccamu (MuII), mpoucxoasmmMu npu B3auMOACHCTBUH
IpynnupoBKH moABMKHBIX 00bekToB (I100O). B obmem ciaywyae MHII Briarouaror B ceOsi mpoLecch
nonydyenus: 11nO unpopmannu o koHTponmupyembix oobektax (KuO), ee oOpaboTku, XpaHEeHHH, H
MpoLecChl Mepeaayd U npuemMa HHGOpMalUd KOHEYHbIMH moTpeOuTensmu. Llenp pemenus naHHOM
33Ja4d COCTOMT B IIOBBIIICHWH OIEPATUBHOCTH W KadecTBa yNpaBieHWs ykazaHHbiMH WHII B
HHTepecax o0eceueH sl CBOEBPEMEHHOT0 M 000CHOBAHHOT'O MPUHATHS perieHus o cocrosiunu KuO. B
[1-2] 6bu10 IpEenCTaBIEHO pa3pabOTaHHOE U PEaIi30BaHHOE HA IPOTPAMMHOM YPOBHE IOJIMMOJICTIBHOE
OlMCaHue ONepaTHBHOIO MporpamMmHoro ynpasienus WuII npu Bzaumopeiicteun 1110, kotopoe, B
YaCTHOCTH, MOYKHO MCIOJIb30BaTh Ul PELICHU 3aJjad pacyeTa, aHaln3a U ONTUMHU3ALlUH [T0Ka3aTesnen
kauectBa MHII, xak mokaszaHno B [3].

B nmannoiil crathe mpemmaraercs OLEHHTh POOACTHOCTH MOJYYEHHBIX IIAHOB MH(POPMALIMOHHOTO
B3aumoneiicteuss  (MuB)  rpymnmupoBku  IInO. [Ing  3TOro  BBIMOMHSIETCS  TIOCTPOCHHE
annmpoKCUMHUPOBaHHBIX obOnacteld goctrxumocty (Ol) [4-7], He o ympaBIeHuUIo, a MO BO3MYLICHHUIM
Ha OCHOBE JIOTHIKO-THHAMUYeckux moneiei (JIIM). B kauecTBe mCXOMHBIX McxomaHoi JIJIM Moxet
BBICTYHaThb Kak [1-2], ynmomsiHyTas BO BBEOEHUM, Tak H, Hampumep, JIJIM mnporpammHo-
MaTeMaTH4YecKOro o0ecreyeHns mpouecca MoAepHU3aUHU CI0XKHBIX 00beKTOB [8]. T.e. 00beKTOM 1S
O/l OynyT siBaThCs mokasatenu kadectsa JIJIM. [Tox Bo3myIarommm Bo3eiicTBreM Oy 1eM TOHUMaTh
nporpaMMy ympasjeHus rpynnupoBkoii 1110, cocraBieHHyo 10 BeIxozaa u3 ctpost ogHoro u3 11n0O u
Kak clefcTBHe OoJiee He IPUroHAst UI BBINOJIHEHHUS OCTaBIeHHbIX 3a1a4. B xauectBe [110 moxer
BBICTYNIaTh, HAlpUMep, Malblii KOCMHYECKHI amnmapaT, OeCHHJIOTHBIA JIieTaTeJbHBIM ammapar,
HA3eMHBII POOOTOTEXHIUUECKHH KOMILJIEKC.
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2. NocTpoeHune 061aCcTU JOCTUNKUMOCTU NO BO3MYLL,EHUAM HA OCHOBE J1I0TMKO-
ANHaMUYeCcKon mogenmn

PaccMoTpyM HMHTEpBaJbHBIM BapHaHT 3aJaHUsl HCXONHBIX JAaHHBIX. B 3ToM cimywyae Oynem
npeanonarath,  9TOo  O0NACTh  JOMYCTUMBIX  BO3Mymarommux  Bosmewicteuid  Z(x(t),t)
(ueneHanpaBiIeHHBIX, HTHIUPPEPEHTHBIX, HEU3BECTHBIX, JINOO MX KOMOMHAIIMI) CO CTOPOHBI BHEITHEN
cpenbl, OyAeT OMUCHIBATHCS CICAYIOIMMHA COOTHOLICHUSIMH:

FPO<§5O<EPO,  j=1..m, W
e 51(1)’ g}(z) — 3aJaHHbIC BEKTOpHBIC HeENpepbiBHBbIE (QyHKIMH (B 3aBucuMocTH oT JIJIM),

OTpeelIIoIre BO3MOXKHBIE MUHUMAIIbHBIE U MAaKCUMAJIbHBIC 3HAYCHHUS BO3MYIIAIOMINX BO3/IEHCTBUI,
KOTOpble MOTYT TIOSBHUTBbCS Ha DJTalne pealn3alid  Kaxaoro (QUKCHPOBAaHHOTO  IUIaHa
¢byHKunoHMpoBanus rpynnupoBku [110 B paMkax TOro WIIM MHOTO CLEHAPHS BO3JCHCTBUS BHEIIHEH
CpelBl.

[TycTh 3aaHO HEKOTOPOE HAuyalbHOE COCTOsHWE rpynmupoBku 1110 X(t,) u paccmarpuBaercs
HEKOTOPBI (UKCUPOBaHHBIA uiaH ee (yHkimonuposanus U;(t). Torma ykasaHHBIM BEKTOpaM H
oOmactu BO3MymaOmmx Bo3aedcTBui (1) A7 PUKCHPOBAHHOTO CLEHAPHS 5 ;(t) coorBercTBYeT
00macTb (MHOKECTBO) BO3MOKHBIX 3Ha4eHUH (a3oBbIx nepemenHbx JIJIM. Ha3oBem 3T0 MHOKECTBO
O/l nmnamuyeckoii cucremsl (rpynnupoBku [110) mox BozaelicTBHEM BO3MYILCHHN U 0003HAUUM ee
KaK (2). MHOxecTBY (2) B IPOCTPAaHCTBE COCTOSIHUN COOTBETCTBYET MHOXKECTBO TOUYeK (007acTh) B
MPOCTPAHCTBE 3HAYCHUM TMOKazaTeel (PUCYHOK 1), oleHHBaomuX 3QPEeKTUBHOCTh U YCTOMYHBOCTD
¢byHkunonupoBanus rpynnupoBku [110, koTopoe 0603naunm Kak (3).

D (tr, to, X0, &, ). 0))
D (ty, to, Xo, E, Uy). 3)

B nanHo#i ctathe paccMOTPUM TOJIBKO JBa KOMIIOHEHTa BEKTOPHOTO MOKa3aTelsl U3 pa3paboTaHHOM
JIAM, KOTOpBIEé COOTBETCTBYIOT ITIOKa3aTelsM, XapaKTepU3YIOIIMM CyMMapHOE€ WHTErpaibHOE
Ka4eCcTBO BBHIMOJIHEHHBIX oOmepanuid, BXoadmux B coorBercTByromue WHII (J;) u cTpareruro
pacxonoBanus pecypcos (/) B mpouecce MuB rpynmuposku I110.
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1: OA AnA cokpaleHHOro BekTopa 2: PesynbtaT noctpoeHne O B
nokasarenen pecypcoemrocty " NpOCTpaHCTBe Bo3MyLLeHM B Matlab
onepaTUBHOCTU

Ha pucynke 1 mnokazana OJl (3) mist coKpam€HHOrO BeKTopa IIOKazaTeliel KadecTBa
¢ynxmonuposanus rpynmupoku [1n0 (cocrostiuero us J; 1 J,) Buza:

7 =gl @)
[lycte 3apmaHbl JOONYCTHMBIC TpaHMIBl WM3MEHEHMH 3HAYeHWH YACTHBIX  IIOKa3aTelel
¢yHkunonupoBanuss TpynnupoBkd IInO B Buae cootHomenuit (5) um (6), ompenensiomux B
IPOCTPAHCTBE MOKa3aTesel HEKOTOpyro obnacts Py (puc. 1).

Jar =J1 =1, )
Jaz = J2 = b2, (6)
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KonnenrtyansHo omenka poOactHocTn 1iaHoB MHB rpymmupoBku [1nO  3akmiodaercs B
BapbUPOBaHUH KOA(PPHUIMEHTHI Ba)KHOCTH IMOKa3aTesiell KauecTBa MPOrPAaMMHOTO YIPAaBICHUS UIS
Pa3INYHBIX KOMOMHAIMKA BO3MYIIAIOMINX BO3AeHCTBHN. B pesyinpraTe moigydaeM HaOOPHI TOUEK IS
3aJaHHOTO KOJHMYecTBa HAOOpPOB BO3MYIIAIONIMX BO3ACHCTBUN, KOTOpBIE CIY)XaT HCXOTHBIMH
JAHHBIMU JJI MOCTpOeHus anmnpokcumupoBanHbix O/ mo BosmymenusaM. Ha ocHoBe mosydeHHOTro
Habopa Touek cTpoutcs anmpokcumupoBanHas O/, kortopas ¢opmHupyeTcs Kak BBITYKIbIH
YeTBIPEXYTOJbHUK. I3-3a orpaHmyeHHOCTH 1O 00BEMy TE3UCOB MpPHUBEAEM Cpazy MpHUMEp
rpaduueckoro npeacrasieHuss Ol (pucyHOK 2), peaqu30BaHHBIA HAa IPOrpaMMHOM ypoBHE B Matlab
[9]. Ha pucynke 2 cunum 1BetoM nokaszana O/, a >ke’aTbIM — 30Ha HEUyBCTBUTEIBHOCTH.

3. 3akawuyeHue

Takum oOpa3oM, Uil TOTO YTOOBI OLEHHTH podacTHOCTh minaHna WMHB rpymmupoBku I[1nO k
BO3ACHCTBHIO TEX WM WHBIX BO3MYIICHHH B ClIydac HX HHTEPBAIBLHOTO 3aJaHHs HEOOXOANMO
noctpouts OJl, ONMCHIBAIOIIYI0 MpPOLECC NPOTPaMMHOrO yIpasieHHs rpynnupoBkoit IInO B
MIPOCTPAHCTBE TIOKa3zaTelied KauecTBa IUIAaHWPOBAaHUA, [UIA Clydas MHTEpBaIbHO-33JJaHHBIX
BO3MYLIAIOMINX BO3JeicTBUil. O4eBUAHO, YTO CYIIECTBYIOT pa3nu4Hbie crocoOsl noctpoenus O/, Ho
pelIeHusl MOCTaBICHHOM 3ajjauyd MpPEUIOKEHHBIH METOJ HMMEEeT Takue MpeuMyIlecTBa Kak
TFEOMETPUYECKOE HAIVIAJHOE IOCTPOEHHWE MM JIUIA, NPUHUMAIOIIETO pEIIEHHE, W MOBBILICHHE
CKopocTH TpuHATHS pemeHud. [lpemmaraercs Ha ocHoBe muomanun nepecedeHus OJ] u 30HBI
HEYyBCTBUTEIIFHOCTH OLIEHMBATh pobacTHOCTH iaHa MuB rpynmmuposku [110.

4. bnaropapHocTu

UccnenoBanusi, BBIOJHEHHBIE MO JaHHOW TEMAaTUKE, MPOBOAWINCH NpU (HUHAHCOBOM
noanepxke PODU B pamrax Haydroro npoekta Ne 19-38-90221.
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UccnepoBaHMe maTemaTUyeckoid mogenu metoaa CpaBHeHUA
yucen 8 COK pgna yeTHbIXx AMana3oHOB

Erop M. Iupsies *?, Exarepuna C. Besyrnosa’?, Huxonaii H. Kyuepos’? u Buxrtop A.
Kyuykos’~
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AHHOTauuA

AHaJII/I3I/Ipy$I MCTOJbl IIOBBIIICHHUA HAACKHOCTH B PaCHpPCACIICHHBIX BbIYUCIUTCIBHBIX
CHUCTCMAX, 3a4YaCTyr0 HCCJICOOBATCIN r[pH6er al0T K CUCTEMEC OCTAaTOYHBIX KJIaCCOB (COK)
Onpe):[eneHHe 3HaKa 4Yrcja U CpaBHCHUC YUCECIT ABJIAIOTCSA HeOGXO,I[I/IMBIMI/I OonepanuiaMu Impu
06pa60TKe JaHHBIX. Ecmn I TPAAUIUOHHBIX CUCTEM CUHCIICHHA OTU OIICpallvUi ABJIAIOTCS
CTaHAApPTHBIMH, TO IJIA TaKou CHCTEMBI, KaK COK >t Oonepanru ABJISAFOTCSA CIIOXXKHBIMU. "
CO31aHHuC Bq)(i)eKTI/IBHOFO MCTOZa, BBIIMOJHAOMICTO 3TH OICpaluu ABJSICTCA OTKPBITBIM
BOIIPOCOM. B ,I[aHHOfI pa60Te paccMaTpruBacTCsa OHUH U3 HaI/I60J'Iee NEPCIECKTUBHBIX METOAOB,
€ro MaTeMaTH4CCKast MOJCJIb U ITPOBCACH CpaBHI/ITeHBHHﬁ aHaJIn3 C ApYTUMU MOACIIAMU.

KntoueBble cnosa
MOL[yJ'ISIpHaS[ apI/I(i)MeTI/IKa, CpaBHCHHUEC YHCCII, ONpCACJICHHUA 3HAaKa 4YuCiia, CHUCTCMa
OCTAaTOYHBIX KJIaCCOB, YCTHOCTh YHCIIA.

1. BeeaeHue

CpaBHeHME 4HCeN SBISETCA OJHOM M3 OCHOBHBIX ONEpalUil B BBIYMCIUTENBHBIX CUCTEMAax U HE
NpeACTaBiIsgeT OONBLION CIOKHOCTH TPH OOBIYHBIX BBIYMCICHUSX. JTa ONepalys HCHOJIb3YEeTCs
MPaKTUYECKU B JIIOOOW 0OJIACTH MPUMEHEHHUS! BBIYMCIUTEIBHONW TEXHUKH, OyAb TO MaTeMaTHUECKHUE
BBIYUCIICHHS], PEHJICPUHT, XpaHeHNE aHHBIX, IIepefada JaHHBIX, U3BJICUCHNE JTaHHBIX, H(pOoBaHUE
u A B Hacrosmee BpeMss MHOTMMHM YYEHBIMH B HMX HCCIEIOBaHUSAX OBUIO YCTaHOBICHO, 4YTO
npuMeHeHue cuctembl octaTtousbix kinaccoB (COK) [1] B oGmactu pacnpeleneHHBIX BBIYUCICHUH
noBbIimaeT 3PpPEeKTUBHOCTL ANTOPUTMOB HazxexxHocTH [2]. B oOmeMm ciydae onepanuio cpaBHEHHS
MO’KHO BBIIOJIHUTH JOBOJIEHO HMPOCTBIM CIIOCOOOM: BBIUECTH OJHO YUCIO U3 APYIOro U, €CIH YUCIIO
OoTpHLATENFHOE, TO MepBoe Ooiblie BTOporo u Haobopor. Muorue meromsl B COK pabotaror c
WCTIOJI30BaHUEM 3TOr0 CBOHCTBA. OTHAKO OHM YacTO HEA(PPEKTUBHBI, TOCKOJBKY IJIs1 HUX TpeOyeTcs
JeneHne Ha OOoJIbIIMe YHWClia WIM HCIOJIb30BAHME CIOXKHBIX B BBIYMCIHMTEIBHOM OTHOIICHUH
aIropuTMOB [3]. ANrOpUTMBI OIPENEISAIOT MO3ULIMOHHYIO XapaKTEPUCTUKY YKcia [4], KoTopasi CIy>KUT
OCHOBAaHHEM [yl OIpEICNeHHs 3HaKa yucia. B 3Toil cTarbe MBI pacCMOTPUM HOBBIA alrOPUTM
ONpeAeIeHNs 3HaKa YucIia AJIs Yncel B 4eTHOM quana3one B COK.
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2. Cucrema OcTtatouHbix Knaccos

COK He sBnsieTCS TpaJulMOHHONW CHUCTEeMOW cumciieHus [5], kotopas ocHoBana Ha Kwutaiickoit
teopeme 00 octatkax (KTO) [6]. COK ompenensercs BEKTOPOM B3aUMHO TMPOCTBIX YHCEN, TaK
Ha3bIBACMBIX MOJYJCH, KOTOPbIE MOXKHO 0003HAYUTh KaK (Pq,Ps, ..., Pn). DTOT BEKTOP HA3bIBACTCSI
6asucom COK. Basuc Takxke onpesensercs Npou3BeIeHUEM BCeX MoayJiel B Bektope: P = [[1% p;,
IZie N SBISIETCA JUIMHOWM BekTOopa Moayiel p;. Ilosunnonnoe uncno X npexacrasiserca B COK B Buze
BEKTOpa OCTATKOB (X1, X3, ..., Xp), TAC

x; = X(mod p;)
X, = X(mod p;)
X, = X(mod py)

B sTom cityuae Haki1apIBaeTCs orpaHuueHue Ha unciio X takoe, uro X € [0, P — 1], B npoTuBHOM
cllydae OCTaTok OT uncia X Oyzaer momydeH u3 uncia X', rme X' = X — P. Kpome Toro, ciiencTBue us
KTO rapantupyeT yHHMKaIbHOCTh NMpPEACTABICHHS HEOTPULATENBHBIX LENBIX YHCEN W3 MHTEpBaia
[0,P —1]. Hdna mnpencraBinenusi otpunateiabHbix yucenm B COK  BBINONHSETCS CIOXKEHHE TIO
ocHoBanuio. To ectb, —X Oyzer npezcrasicHo B Bugae X~ = N — |X7|. DTo CBOWCTBO UCIOIB3YETCS
B METOZaX ONpeeIeHNs 3HAKa YHCiIa, OCHOBaHHBIX Ha mpeoOpazoBanuu yncia u3 COK B 0600mEnHy0
no3uIoHHyo cuctemy cuucienus (OIICC) [7].

I'maBHOe npenmymecTBo COK a5 BBIYMCIEHUH 3aKITH0YAETCS B IPOLIECCE BBIMOIHEHUS OCHOBHBIX
apupMeTHUYeCKuX onepanuid (CIOKEeHHe, YMHOXKEHHEe M BbluMTaHue). Onepauud CIOXKEHHS,
YMHOKEHHS U BBIYUTAHUS BBIIOJIHSAIOTCS] B COOTBETCTBHHU CO ClleAyroIeil oOmel popmynoii:

A*B=(prz.---.xn)*(ﬁpﬁz,---,ﬁn): (1)
= ((x1 * B1) mod p,), ((x2 * Bz) mod pz), ..., ((xn * B) mod pp),

rac * 0003HAYAET TAKUE Ornepanuu CI0XCHUA, YMHOXKCHUS NI BIYUTAHUSA.

I[aHHBIC onepanuu ABJIAOTCA MOAYJIBbHBIMU HUJIN KIIPOCTBIMW JJIA COK, ApYyrue, Kak Halrpumep
CpPpaBHCHUC U OMPCACIICHNUC 3HAKA — «BBIYUCIUTCIBHO CJIOKHBICY [8]

3. TpaguuyuoHHble metoabl B COK
3.1. Mertopa Kutaiickoirt Teopembl 06 OcTaTKax

CymectByer criocob npeodpaszoBanus unciaa u3 COK na ocHoBe KTO B OIICC [5]. Jns atoro

HCTIONB3yeTCs clieayromas Gopmya:
X=|ZloPi-xi- |Pi_1|pi| @

P - N . o
rae P; = — |Pi 1|p ABJISIETCSl MYJIBTUIUIMKATUBHON 00paTHOH BennunHOU P; Mo Moay:ro p;. 3aTem
i i

)
P

BOCCTaHOBJIEHHBIH HOMep HeoOxoaumo cpaBHuTh ¢ P/2. Ecnmn X < P/2, Torna yncio Oomnblue HyJis, B
00paTHOM cily4ae MEHbLIE.

AIIFOpI/ITM 9TOT0 METOAA 3aKJIFOYACTCA B CJIICAYIOLICM:

Auaroputm 1

P )
Bxon: (x4, X2, o, Xp), (01,02, -, Pn) P =[li=1pi, P; = o A L= 1,n.

i

Bruixoxa: S
l.sum=20
2. Jlnsi i 10 1 BHIMOJHUTD:

2.1 sum+= x; (Pll)(pl)Pl

3. X = summod P
4. Ecmm X < P/2:
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5.5=1

6. Nnaue:

7.5=0

OpmHaKo y 3TOro METOJla €CTh CYIIECTBEHHBIN HeqocTaToK. J[Ji1 TOro 4To0bl MOMy4YnTh HOMEp X,
HEOOXOJMMO BBIMIOJHUTH JCIIEHUE Ha OONbINOe 4YuUCIO P, 4TOo Tpu OOJBIIOM 3HAYEHUU YHUCEI
3HAYUTEIFHO YBEIIMYHUT BPEeMsl, HEOOXOAMMOE JIJISl BBIYMCIICHHIA.

3.2. MerTtop 4yeTHOro AnanasoHa

[Tockonbky auanazon COK sBasieTcst 4eTHBIM yucioM, oauH u3 moaynet COK sBisercss yeTHbIM
gyucioM. be3 moTepu OOIMHOCTH MBI MPEATIONIaraeM, 4TO MOJYJb D, SBISETCS YETHBIM, TIO3TOMY C

X
o a X
IIOMOIIIBKO CBOHMCTBA [L;)—J] = lEJ [9] OIMPCACIICHUC 3HAaKa CBOAUTCA K ABYXI3TAITHOMY aJICOPUTMY:
o p o
TMEPBLIM 3TAll — ACJICHUC HA LEJI0C YUCIIO Pn = p—, BTOpPOM 3Taml — ACJICHUC Ha LECJII0C YUCIIO an, Hu 3TO
n
(bOpMaJ'ILHO MATEMATHYCCKHU NMECT CJ'IC,Z[YIOH_[I/Iﬁ BUO:

2-X X| 2
S(X) = — | = [P—nJ-p—n. 3)

[IpeoOpaszyem nanHyto GopMyiy, ¢ TOUKH 3pEHHUS TPUOINKEHHON MO3ULIIMOHHON XapaKTepUCTUKH.
B kadecTBe MO3UIMOHHON XapaKTEPUCTUKH (DYHKIIMS:

N

00 = > ke @
i=1 2

_ e,
rae k, = TL .
1A

JlokazaTenbCTBO TOYHOCTH MPUOIMKEHUs npescTaBieHo B [10].

Auaropurm 2. Cpasaenue uricen B COK ¢ uetHbiM auana3osoM ¢ f(X)
BBon: Xcgf(xl, ey X)), chf(yl, V), k= IZN . |Pi_1|pi/pil’ mst i=1,n—1, rie N =
[log,(—n +n - P)].

BeiBOoa: X > Y-‘10°, X <Y-0I’, X =Y —-°00".

L. fx=0;f =0;

2. Jasi:= 110 n BbINOJHHUTD:

21 fy = |f + Ko xi s

22.fr = |fy + K il s

3. Ecam fy > fy Torna Bepuytsp ‘10’

4. Ecam fy < fy Torna Bepuyts ‘01’
5. Hmnaue «00»

ANTOpUTM 2 UMEET 21 YMHOKEHUH U N CIOXKEHHM.

Hpe;[naraeMLIﬁ noaxoa CHUKACT BBIYHUCIIMTCIIBHYIO CIOKHOCTh aJIrOpUTMa CPpaBHCHHUA YUCCIT B
COK.

4. 3aKknwueHue

Ha ocHoBanuu MPOBCACHHOTO HCCJICAOBAHUA MATCMATUYCCKUX MO}ICJ’IGﬁ MOX>XXHO 3aK/JIH4YUTb
CJICOYIOIIECC. BO-HCpBLIX, B IpeajiaracMoM METOJC UCKIIFOYACTCA JCJICHUC HA 6omnbiroe unciio P. O6a
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METOoda Tpe6yIOT OJHMHAKOBOC KOJIHUYCCTBO CIIOXKCHUH U yMHO)KCHHfI. HpezmaraeMLIﬁ METO
HCIIOJIB3YCT HpI/I6J'II/DKCHHy}O MNO3UIIUOHHYIO XapaKTCPUCTHUKY. Taxxke Hpe,[[J'IO)KeHHLIﬁ AJITOpUTM
MO3BOJIACT p€ajin30BaTh MECTOJ 0€e3 UCIOIL30BAHUS OOJNBIIMX YHCENT npu JJIMHE MO,E[y.l'ICﬁ ot 32 a0 64
ourt. U3 OTPpHULATCIIbHBIX XapaKTCPUCTUK MOXKHO BBIACIIUTDH TO, YTO H€O6XOI[I/IMO 0oJlbllIee KOJIMYECTBO
MPEABBIYMUCICHHBIX XapaKTCPUCTHUK.

I/ICHOHBBYH HpeﬂHO)KCHHBIﬁ MCTOJ BO3MOXXHO YMCHBIIINTL BBIYUCIUTCIIbHYIO HArpy3Ky Ha CUCTEMY,
TEM CaMbIM 3(1)(1)6KTI/IBHO MNOBBICUTH HAIC)KHOCTDL PACHPCACIICHHBIX CUCTCM.

5. bnaropapHocTu

UccnenoBanue BbImoiHeHo mpu ¢uHaHcOBOH moxnepxke PODU B pamkax HaydHOTO MpOEKTa
Ne 20-37-51004, Cosera mo rpantam Ilpesumenta Poccuiickoit deneparuu B pamMKax TIpaHTa
[Ipesunenta MK-1203.2022.1.6, CeBepo-KaBka3ckoro meHTpa MaTeéMaTHYECKHX HCCIEAOBAHUHI IO
noroBopy Ne 075-02-2022-892 ¢ MUHHCTEPCTBOM HayKH W BBICHIEro oOpasoBaHusi Poccuiickoit
Oenepanuu u ctunenauu [pesunenta CI1-3186.2022.5.
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