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O. BARKOVSKA, V. KHOMYCH, O. NASTENKO

RESEARCH OF THE TEXT PROCESSING METHODS IN ORGANIZATION OF
ELECTRONIC STORAGES OF INFORMATION OBJECTS

The subject matter of the article is electronic storage of information objects (I0) ordered by specified rules at the stage of
accumulation of qualification thesis and scientific work of the contributors of the offered knowledge exchange system provided to the
system in different formats (text, graphic, audio). Classified works of contributors of the system are the ground for organization of
thematic rooms for discussion to spread scientific achievements, to adopt new ideas, to exchange knowledge and to look for
employers or mentors in different countries. The goal of the work is to study the libraries of text processing and analysis to speed-up
and increase accuracy of the scanned text documents classification in the process of serialized electronic storage of information
objects organization. The following tasks are: to study the text processing methods on the basis of the proposed generalized model of
the system of classification of scanned documents with the specified location of the block of text processing and analysis; to
investigate the statistics of change in the execution time of the developed parallel modification of the methods of the word processing
module for the system with shared memory for collections of text documents of different sizes; analyze the results. The methods used
are the following: parallel digital sorting methods, methods of mathematical statistics, linguistic methods of text analysis. The
following results were obtained: in the course of the research fulfillment the generalized model of the scanned documents
classification system that consist of image processing unit and text processing unit that include unit of the scanned image previous
processing; text detection unit; previous text processing; compiling of the frequency dictionary; text proximity detection was offered.
Conclusions: the proposed parallel modification of the previous text processing unit gives acceleration up to 3,998 times. But, at a
very high computational load (collection of 18144 files, about 1100 MB), the resources of an ordinary multiprocessor-based computer
with the shared memory obviously is not enough to solve such problems in the mode close to real time.
Keywords: information system; parallelism; word processing; linguistic programming; library; acceleration; method.

Introduction

The paper [1] offers the system of young scientists
from different countries knowledge exchange, that
provides for communication of the specialists and
interested people on the one of available topics. The topic
is defined on the basis of qualification thesis
and scientific work of the system participants, that
prescribes the previous stage of the data collection in
database, their analysis to classify and identify
topical and scientific and practical directions and authors
who are interested in and look into specified directions.
Classified works of contributors of the system
are the ground for organization of the thematic rooms for
discussion  to  spread  scientific  achievements,
to adopt new ideas, to exchange knowledge and
to look for an employers or mentors in different
countries.

In the thesis [2] it was offered the organization
model of the storage system [3-6] and access to the
scientific thesis of the researchers, lecturers and university
students within electronic storage 10. Both stages are
working with different types of input documents: graphic,
text and audio-files (the last format is used only on the
data access stage). That is why applicability of the
research in the scanned documents classification field for
the classification and structured storing in electronic
storage of the scientific knowledge exchange system is
reasonable.

Analysis of last achievements and publications

Scanned documents processing is a complex process
as it represents the combination of the methods of the
work with the image and text processing, that was noted in

thesis [7-9]. Further, a lot of works are addressed to the
text processing methods [10-14], and realization of
methods is performed in  numerous linguistic
programming libraries — CoreNLP, NLTK, TextBlob,
Spacy, Spark NLP etc. The specific feature of a library is
a possibility to wuse different hardware (massive
parallel system, general memory systems etc). Processing
libraries analysis and text analysis is the goal of
the given work. It will provide fast and accurate
detected text processing for the further
classification.

In the sphere of natural language processing there are
many libraries, but the libraries with the limited
functionality and operate for the specific cases
will not be productive for solving the given task. For
instance, NLP gensim library was originally
created for thematic modeling and can not be
used for complete NLP pipeline construction
as a collection of basic and additional
functions (fig. 1).

The analysis of the NLP libraries expended

features about text processing revealed that
the following libraries with the open code
meet the necessary requirements: Spark NLP;

spaCy; OpenNLP; Stanford CoreNLP., NLTK [15-17].
The comparison of the NLP libraries features is given
in table 1.

Although most NLP libraries support learning new
models by wusers it is important that any NLP
library was able to provide available pre-trained high-
quality models. However, most libraries only support
general pre-trained models (POS, NER etc.). Some
do not allow the use of their pre-trained models for
commercial purposes because of the way they are licensed
(table 2).

© 0. Barkovska, V. Khomych, O. Nastenko, 2022
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NLP pipeline

part-of-speech tagging, POS tagging, POST

named entity recognition, NER

dependency parser

spell checking

sentiment analysis

additional functions

text matcher

date matcher

chunking
Fig.1. Definition of basic and additional functions of NLP pipeline
Table 1. The comparison of the NLP libraries features
Name of the text processing method NLTK Spark NLP spaCy CoreNLP
Sentence detection + + + +
Tokenization + + + +
Stemming + + + +
Lemmatization + + + +
POS tagging + + + +
NER + + i +
Dependency parser + + + +
Text matcher - + + +
Date matcher - + +
Chunking + + + +
Spell checking - + _
Sentiment analysis - + — +
Pre-trained models + + + +
Trained models + + + +
Table 2. Comparison of NLP libraries with the support of pre-trained models
Name Pre-trained models (general) Pre-trained _models (subject- Free license to use pre_z-trained models
oriented) commercially
NLTK + , +
Spark NLP + + + (partially)
spaCy + + + (partially)
CoreNLP + - _
OpenNLP + — +
The conducted analysis of the linguistic focused on natural language processing with ready-made

programming libraries, the functionality of which is

pre-trained models of neural networks, conveyors and
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vector representations of words, as well as supporting the
learning of their own models, showed that Spark NLP and
spaCy are the leaders, therefore, these libraries can be
successfully used for research and experimentation in
order to reduce the operating time of the text unit in the
proposed generalized model of the scanned documents
classification system.

Comparing Spark NLP and spaCy, it should be noted
that spaCy is the most documented library and possesses
an extended training course, as well as the wide industrial
application. In the research [18] the above mentioned
libraries were analyzed on the accuracy of training, model
size, time forecast, F-measures on the same data sets for
all libraries in the process of training and testing. The
spaCy library provided the most efficient performance and
the highest results of the accuracy of training in
comparison with the other models. Therefore, the
experimental part of this work was performed using the
spaCy linguistic library.

Aim of the study is to study the text processing and
analysing libraries with the aim to speed up and increase
the accuracy of the scanned text documents classifications
when organizing an orderly electronic storage of the
information objects.

Achieving the goal is possible by solving the
following tasks:

- to perform the analysis of the modern linguistic
programming libraries for sequential and parallel

implementations of the most common methods of text
processing and analysis;

- to offer the generalized model of the scanned
documents classification system with the specified place
of the block of processing and the analysis of the text;

- to provide a modification of the methods of the pre-
processing module for the system with shared memory;

- to obtain statistics of the time spent on the work of
the pre-processing module for the collections of the text
documents of different sizes;

- to analyze the obtained results.

Materials and methods

The topicality of the research lies in reducing the
time of organizing the new information resources entering
the storage by increasing the speed of processing methods
and analysis of the recognized text in the original image.

Figure 2 shows the place of the methods of text
processing and analysis on the generalized model of the
scanned documents classification system, which consists
of the following units — image and text processing units,
which in their turn include the modules of the scanned
image pre-processing; text detection; text pre-processing;
creating the frequency dictionary; defining the textual
proximity. The mentioned units work in the sequence
shown in fig. 2, that is the final result (the accuracy and

Hardware

Massively parallel

computing system computing systems

‘ Shared memory

"\ 77777777777777777777777777777 ;L 77777777777777777777777777777 !

Recognized text from the

Training set ! v
input image

The frequency

Preprocessed text

— 1
. : 1 ! dictionary
N ‘ ‘
Y H 1
Y ! 1
Scanned v i Text preprocessing module !
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Fig. 2. The scheme of the text processing and analysis methods on the generalized model of the scanned documents classification

system
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Linguistic pipeline components, represented in the
text pre-processing module, are called in order. The
tokenizer is launched at the first stage in the NLP-block
and as a result leads to breaking a paragraph of the text
into smaller parts (tokens), for example, words or
sentences.

The original text, on which the components of the
conveyor were tested, are given below:

['We will protect our players and | will protect my
players always.', 'He played against Everton as a number
6, a number 9 and as a wing-back.', 'Is that fair to him?']

Full breaking of the paragraph into words in the text
form is given below:

['We', 'will', 'protect’, ‘our', 'players’, 'and’, 'I', 'will',
'protect’, 'my’, 'players', ‘always', "', 'He', 'played’, 'against’,
‘Everton’, 'as’, 'a', 'number’, '6', ', &', 'number’, '9', 'and’,
as', 'a’, ‘wing-back’, "', 'Is', 'that', 'fair’, 'to’, 'him’, '?']

Removing noise words as such that do not convey
any semantic load in the text, for example, "the", "a", "at",
"for", "above", "on", "is", "all" is an important step, that
influences the accuracy of the original documents
classification as well as the speed of the result obtaining
by reducing the amount of the text processed. In spaCy in
order to remove such words it is necessary to create the
noise words list and filter the list of tokens from these
words.

The full result of the filtered sentence after removing
the noise words from the tokenized sentence is given
below in the text form:

['We', ‘protect’, 'players', 'I', 'protect, ‘players’,
‘always', ', 'He', 'played’, 'Everton’, 'number’, '6', '/,
'number’, '9', 'wing-back’, ", 'ls', 'fair’, '?']

Lexical rationing takes into account another noise
type in the text. For example, the words "connection”,
"connected”, "connecting” are the derivatives of the
general word "connect". Such rationing reduces related
word forms to a common root word. The process of
shortening a word to the base by discarding auxiliary parts
such as an ending or a suffix is stemming. The results of
stemming are sometimes very similar to finding the root
of a word, but its algorithm is based on other principles.
That’s why a word after processing by the
stemming algorithm can be different from its
morphological root.

The result of the filtered sentence stemming
(stemmed sentence):

['We', 'protect’, 'player’, 'I', 'protect’, 'player’, 'alway’,
"', 'He', 'play’, 'everton’, 'number’, '6', ', 'number’, '9',
'wing-back', "', 'ls', ‘fair’, '?']

Based on the format of the original data — collection
of the text documents — and obtained in the process of
their reading string variables with their contents, stream
processing of the texts is more effective than
processing them one by one in the traditional sequential
form.

In this case, one of the documents of the collection d
is sent for processing by the stream. Testing was done on
the system with general memory AMD Ryzen 5 2600
3.4GHz, having 6 cores and a maximum number of
streams — 12. SpaCy recommends joblib library for
parallel processing of the NLP conveyer units. To

parallelize the workflow, it is necessary to identify a few
more auxiliary methods.

Study results and their discussion

In order to analyze the operation of the text
processing methods without the use of the parallelization
procedure and with the help of it, collections of the
documents of different sizes were used (table 3):

- 1 file of 10 thousand words, about 5 MB;

- collection of 25 files of 225 thousand words, about
120 MB;

- collection of 3024 files, about 200 MB;

- collection of 9072 files, about 600 MB;

- collection of 18144 files, about 1100 MB.

The case that was used for testing consists of the
files that represent classical works of literature in the plain
text format, and in particular:

- A Tale of Two Cities — A Story of the French
Revolution;

- Alice’s Adventures in Wonderland;

- Fairy Tales by the Brothers Grimm;

- Frankenstein; or, the Modern Prometheus;

- Moby-Dick or, the Whale;

- Pride and Prejudice by Jane Austen;

- The Adventures of Sherlock Holmes;

- The Adventures of Tom Sawyer;

- The Iliad of Homer;

- The Romance of Lust by Unknown writer;

- War and Peace by Leo Tolstoy etc.

For each of the methods listed in the word
processing module testing was conducted on each of the
five collections. The testing included 10 10 application
launches to determine the average execution time of the
methods.

Fig. 3 represents the block diagram with parallel

modification of the methods of the pre-processing module
for the system with shared memory.
For the systems with shares memory the programme
model for the decomposition of the traditional sequential
approach is the fork-join model, which involves
generation of parallel flows, their independent
performance, combination of the results in the main
stream. Thus, the operating time of the module is
significantly reduced and instead of the sum of the
processing times of all documents the area of preparation
of the original text for the creation of the frequency
dictionary is equal to the time of the longest processing,
which corresponds to the most voluminous original text.

The time, given in the table in the line without
acceleration, is the sum of the time of tokenization
methods, removal of stop words, POS tagging and
steaming. Here is an example for a file of 10 thousand
words: the time of tokenization is 0,054 seconds, the time
of the stop words removal is 0,012 seconds, the time for
POS tagging is 0,583 seconds and the time for stamming
is 0,1524 seconds. That is, the total operating time of the
pre-processing module  without acceleration and
use of nlp.pipe is 1,3964 seconds for the collection
including only one file with the volume of 10 thousand
words.
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Fig.3. Block diagram with parallel modification of the preprocessing methods for the shared memory systems

Table 3. Statistics of the time spent on the operation of the text pre-processing module

Number of files
Method 1 25 3024 9072 18144
Without acceleration 1,3964 sec 8,42 sec 758,7 sec 1956,78 sec 5894,6 sec
nlp.pipe 1,781 ¢ 6,354c 620,35¢ 1604,9¢ 5691,4¢
Paralleling 2 streams 1,413 ¢ 3,247¢ 350,4c 821,3c 3854,8m
4 streams 1,348 ¢ 2,87¢ 192,7¢ 443,46¢ 2310,7¢c

According to the results depicted on the graph (fig.
4), we can observe the tendency of acceleration but the
resources of an ordinary multiprocessor-based computer
with the shared memory obviously is not enough to solve
such problems in the mode close to real time. Parallel

algorithm for several streams has an advantage only in
case of presence of a large number of documents, and the
higher the number of streams the greater the acceleration.
If it is necessary to analyze a small amount of text it is
better to divide the data into parts and transfer to nlp.pipe.
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0
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Fig.4. Graph of the text preliminary processing methods acceleration
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The next step of the functioning of the text
processing unit is the work on the creation of the
frequency dictionary module and the module of
determining the textual proximity. As the compilation and
organization of the frequency dictionary is given in the
article of the authors of this survey [2], further research
will be related exactly to the definition of the textual
proximity which is an important step for the efficient
storage of documents and its organization. Determining
the percentage of similarity between the texts in the given
generalized classification system of the scanned
documents is proposed to avoid duplication of documents,
that is resaving of an existing document with a different
name.

Conclusion

In the course of the research it was proposed a
generalized classification system of the scanned
documents, which consists of the image and text
processing units, which in their turn include the modules
of the scanned image pre-processing; text detection; text
pre-processing; creating the frequency dictionary; defining
the textual proximity. As the given units operate in the
sequence, that is the final result (the accuracy and time of
classification) depends on all methods used, the reduction
of the time for classification and arrangement of the new
information resources entering the system is possible by
increasing the speed of processing methods and analysis
of the recognized text in the original image.

Therefore, in the research it was proposed the
parallel modification of the methods of the pre-processing
module for the system with the shared memory and
conducted its software testing with the definition of the
obtained acceleration depending on the different number
of the computational streams used.
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JOCJIPKEHHS METO/IIB OBPOBKH TA AHAJII3Y TEKCTY IIPU OPTAHIBAILIIL
EJEKTPOHHUX CXOBHII| IHOOPMAIINHUX OB’EKTIB

IIpenMeToM JOCITI[DKEHHS B CTaTTi € €JEKTPOHHE CXOBHIIE iHPopMaUiiiHHX 00’€KTiB, BIOPSIIKOBAaHE 3a BU3HAYCHHMH
[IpaBWJIaMH Ha eTali HaKONWYEHHs KBaMi(iKalifHMX Ta HAayKOBHX pOOIT YYacCHHKIB 3alpOIOHOBAHOI CHCTEMHU OOMiHY
3HAHHSMHM, HAJAHHUMHU [0 CHCTeMH y pi3HuHX (opmaTax (TekcroBi, rpacdiuni, aymio). KiacudikoBani poOOTH ydYacHUKIB
CHCTEeMH € IJCTaBOI0 JJIs OpraHiamii TeMaTHYHUX KIMHAT JUIi OOrOBOPEHHS i3 METOI PO3IOBCIOJDKEHHS HAYKOBHX
JOCSITHEHb, 3all03MYEHHS HOBUX ilei, 0OMiHy 3HaHHSIMH Ta MONIYKy pOOOTOAABLIB a00 MEHTOPIB Y Pi3HHMX KpaiHaX CBITY.
Meta pobOTH — IOCHIKEHHsS 0i0MiOoTeK OOpOOKH Ta aHalli3y TEeKCTY i3 METOI NMPHUCKOPEHHs Ta 30UIbIIEHHS TOYHOCTI
k1acudikarii ckaHOBaHMX TEKCTOBUX JOKYMEHTIB MPU OpraHizallii BIOPSAAKOBAHOTO €JIEKTPOHHOTO CXOBHUINA iH(opMariitHux
00’exTiB. B cTaTTi BUPILIYIOTHCS HACTYITHI 3aBAAHHS: JOCTIJUTH METOAN OOPOOKH Ta aHaITi3y TEKCTy Ha 0a3i 3alporoHOBaHOI
y3arajibHEHOT MoJeni cucTeMH Kiacudikaiii CKaHOBaHHUX JOKYMEHTIB i3 3a3HaYCHHM MiclieM OJIOKYy OOpOOKH Ta aHamizy
TEKCTY; NOCHIIUTH CTaTHCTHKY 3MiHY Yacy BUKOHAHHS PO3poO0IIeHOT maparenbHol MoIUudiKaii METOAiB MOIYIIIO TIOEPEAHBOT
00pOOKHM TEKCTy JUIs CHCTEMH 13 3arajbHOK IaM’SITTIO JJIsl KOJIEKIIH TEKCTOBUX JOKYMEHTIB PI3HOTO pPO3Mipy;
[IpOaHali3yBaTu OTPUMaHI pe3yabTaTH. BUKOPUCTOBYIOThCS Taki MeTOAM: MapallelibHi YUCENIbHI METOAU COPTYBaHHS, METOAU
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MaTeMaTHYHOI CTaTUCTHKH, JIHIBICTHUYHI METOOM aHaji3y TekcTy. OTpHMaHO HACTYNHI pe3yJbTaTH: B XOJi BHKOHAHHS
JIOCIIKSHB, OYJIO 3alpPONOHOBAHO y3aralbHEHY MOJENb CUCTEMH Kilacu(ikallii CKaHOBaHMX JOKYMEHTIB, KA CKJIAJa€ThCS 3
0JI0OKY po0OTH i3 300pakeHHsIM Ta OJIOKY poOOTH i3 TEKCTOM, sIKi, B CBOIO Yepry, BKIIOYAIOTh MOJYJI MOMEPEIHB0T 00pOOKH
CKaHOBAHOTO 300pa)KCHHS; MOAYJb PO3MI3HABAHHS TEKCTY; MOMEPETHBOI 00POOKH TEKCTY; MOOYJOBH YaCTOTHOTO CIOBHHKY;
BU3HAYCHHS TEKCTOBOI OJM3BKOCTI. BHCHOBKH: 3alipornioHOBaHa mMapaieibHa MoAudikailis MOIYJII0 MONepeaHboi 00poOKu
TEKCTY J1a€ HMPUCKOpeHHS 10 3,998 pasiB. Ase, nmpu ayxe BUCOKOMY OOUYMCIIIOBAILHOMY HaBaHTa)KeHHi (kosekuis 3 18144
¢aitnis, 6muspko 1100MO6), pecypciB obunctoBadya Ha 6a3i 6araronpouecoproro LIITY i3 3aranbHO0 MaMATTIO HE TOCTATHBO
JUTS BUPILICHHS MOAI0OHMX 3324 y peXHUMi, HaOJIMKEHOMY JI0 PEaIbHOTO Yacy.

KnrwouoBi cioBa: indopmaniiina cucrema; mnapanenizM; oOpoOKa TeKCTy; JIHTBICTHYHE IporpaMyBaHHs; 0i0mioTeka;
MIPUCKOPEHHS; METO.

NCCIEJOBAHME METOJ0OB OBPABOTKHU U AHAJIN3A TEKCTA IIPH
OPI'AHM3 AU DJIEKTPOHHBIX XPAHUJINII] THOOPMALINMOHHBIX
OBBEKTOB

IIpeamerom mccnenoBaHNUSA B CTAaTbe SBIACTCS 3JIEKTPOHHOE XPaHMIIHINE MH(GOPMAIMOHHBIX O00BEKTOB, YIOPSIOUYCHHOE IO
OIpe/IeTICHHBIM NIPaBHUJIaM Ha JTalle HAKOIUICHUS KBATU(DUKAIMOHHBIX M HAYYHBIX PabOT YYaCTHUKOB IPEAIaracMoil CHCTEMBI
oOMeHa 3HAHMSAMH, IIOCTYNAIOMMMH B CHCTEMY B paslH4YHBIX (opMmatax (TEeKCTOBBIe, TrpadHUecKue, ayamuo).
KnaccudunnpoBanHbie pabOTHl Y4aCTHUKOB CHCTEMBI SIBIISFOTCSI OCHOBAHHEM JUISI OPraHM3allM¥ TEMAaTHYSCKUX KOMHAT IS
00CYXIICHHS C LEeNbI0 PACHpOCTPAHEHHs HAYYHBIX JOCTIDKCHHH, 3aMMCTBOBAHMS HOBBIX HJeH, 0OMeHa 3HAHHAMH M IIOHCKa
paboTonarereil WM MEHTOPOB B pa3HBIX cTpaHax Mupa. ILleas paboTel — mcciaenoBaHne OGHOMHOTEK O0OpPabOTKH M aHAIHM3a
TEKCTa C [ENbI0 YCKOPEHMS M YBEIMYEHHS TOYHOCTH KIACCH(HUKAINM CKAHHPOBAHHBIX TEKCTOBBIX JOKYMEHTOB IIPH
OpraHH3alMU YHOPSAAOYESHHOTO JICKTPOHHOTO XPaHWIHINA WH()OPMAIMOHHBIX OOBEKTOB. B cTaThe pemaroTcs ciexyrolnue
3aJa4H: HCCIEOBATh METOABI 00pabOTKM M aHallM3a TeKCTa Ha OCHOBE MPEIIOKEHHOH O00OOIIEHHOW MOIENH CHCTEMEI
KJTacCU(UKAIMK CKaHUPOBAHHBIX JIOKYMEHTOB C YKa3aHHBIM MECTOM OJioka OOpabOTKM ¥ aHajlM3a TEKCTa; HCCIEIO0BATH
CTaTHCTUKy W3MEHEHHE BpPEMEHH BBIIONHEHHA pa3pabOTaHHOH mMapamielNbHOH MoAH(UKAIMM METOHOB  MOJIYISA
HpeIBAPUTEIFHON 00pa0OTKM TEKCTa JUI CHCTEMBI ¢ OOIICil MaMsATHIO JUIl KOJUIGKIMI TEKCTOBBIX JOKYMEHTOB Pa3HOTO
pasMepa; IpOaHANM3HPOBATh INOTyYEHHBIC PE3yIbTaTHl. VICTIONB3yIOTCSA CIEAYIONIHe METOABI: IapaulelIbHBIC UYHCICHHBIC
METOABI COPTHUPOBKH, METOIbl MAaTEMAaTHYEeCKOH CTaTHUCTHKH, JHHTBHCTHYECKHE METOIBI aHamm3a TekcTa. IlomydeHsl
CIIEAyIONIAe Pe3yJbTAaThl: B XOA€ BBHIIONHEHMS HCCIENOBAaHMI ObUIa MpelIokeHa O0O0OOIIeHHAas MOJENb CHCTEMEI
KIaccU(UKALUM CKaHUPOBAHHBIX JOKYMEHTOB, COCTOAIIAsl U3 On0Ka paboThl ¢ M300pakeHHeM U 0J0Ka paboThl ¢ TEKCTOM,
KOTOpBIE, B CBOIO O4Yepelb, BKIIOYAIOT MOIYTH HPEABAPUTENBHON 0OpabOTKH CKaHHPYEeMOTO H300paKeHHs; MOIYIb
pacro3HaBaHMsl TEKCTa; MPEIBAPUTEIBLHON 00pabOTKM TEKCTa; MOCTPOCHMS YaCTOTHOIO CIIOBApPS; OIpEeTCHHEe TEKCTOBOIL
O6mm3ocTr. BBIBOABI: TpemoXKeHHAs MapaiensHas MOAM(HKAIUS MOXIYJS IIpeABapHTENbHON 00pabOTKM TeKcTa maer
yckopenue B 3,998 pa3za. Ho, mpu o4eHb BBICOKOM BBIYHUCIUTENbHOM Harpyske (kouiekuus u3 18144 daiinos, okono 1100M6),
pecypcoB BEMHCIHTENS Ha Oa3e MHOTONponeccopHoro LITY ¢ obmieit maMAThI0 HETOCTATOYHO AT PEIIeHHs ITOJOOHBIX 3a1a4
B peXUMeE, IPUOTMKEHHOM K peabHOMY BPEMEHH.

KnioueBble cioBa: mHOOPMAIMOHHAS CHCTEMA; IapajuieNn3M; oOpa0OTKa TEKCTa; JIMHTBUCTHYECKOE MPOTPaMMHPOBAHHE;
OHOINOTEKA; YCKOPEHHE; METO/I.
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T. M. BATIOK, B. A. BUCOIIbKA

PO3POBKA IHTEJIEKTYAJbHOI CACTEMM NIJATPUMKHA COLIIAJIIBALIT
KOPUCTYBAYA 3A IOAIGHICTIO IHTEPECIB

O0’€KTOM JIOCTIDKEHHS € TPOoIlec coliaizarii 0coOUCTOCTEH, OCKIIBPKH B HAIIl Yac 3aBJaHHs COIliaji3alii € Jy»e BaXJIMBUM 1 BCi
CyJacHi CONiaJbHI MepeXi HaMaralThcsi MaKCHMaJbHO OINTHMI3yBaTH Ta aBTOMAaTH3yBaTH COLIaIi3allilo pPi3HOMaHITHUX
KOPHCTYBaJiB 3 BUKOPHUCTAHHAM IONYJSIpHUX cydacHHX T, Takux sk HEHpOHHI Mepexi Ta alrOpUTMH aHai3y KOPHUCTYBAI[bKOTO
KoHTeHTY. [IpeaMeToM J0CTIHKEHHS € METOAH Ta TEXHOJIOT1YHI 3acO0H MOUTYKy Ta (OpMyBaHHS CHHCKY PEICBAHTHUX KOPHCTYBAadiB
3a moAiOHICTIO 1HTepeciB s 3aificHeHHs couiamizauii. BinmoBinHo 37iliCHIOEThCS aHami3 MPOoQissi KOPUCTyBada CHCTEMH, a caMe
BU3HAYCHHS CIIPABKHOCTI KOPHCTYBa4Ya Ha OCHOBI TOIIYKY JIIOJICBKOTO OOJIMYHYsI HAa KOPUCTYBALBKUX (OTOrpadisx 3 BUKOPUCTAHHIM
HEHpPOHHHX MEpeX 1 aHaji3y KOPHCTYBAI[bKOTO KOHTEHTY 4epe3 alrOpUTMH HediTkoro momryky Ta mozeni Noisy Channel. Mera
poOOTH — CTBOpEHHS IHTENEKTyalbHOI CHCTEMH Ui colliaii3auii 0coOMCTOCTe Ha OCHOBI HEYITKOTO MOLIYKY 3a KIIOUYOBUMH
cioBamu, mozeni Noisy Channel, anroputmy epeKkTHBHOTO PO3INOIIIY TEKCTOBOTO KOHTEHTY Ta 3TOPTKOBOi HEHPOHHOI Mepexi. B
CTaTTi BUPIIMIYIOTECS HACTYITHI 3aBJAHHS: NPOaHAII3yBaTH CydyacHi Ta HAMBITOMINN MiIXOOHW, METOAHW, 3aCOOM Ta aNrOPUTMHU
PO3B’sI3yBaHHS 3aj1a4 coliaiizamii ocoOrcTocTeil 3a HoAIOHICTIO iHTepeciB; po3po0Ka 3arajabHOI CTPYKTYPH THIIOBOI iHTEIEKTyaIbHOT
CHCTEMH coliamizamii ocoOucToCTell 3a CHUNEHMMH iHTepecamu; chopMyBaTH (YHKIIOHAIBHI BHMOTH 10 OCHOBHHUX MOJIYJIIB
CTPYKTYpH THIOBOi iHTEIEKTYalbHOI CHCTEMH COIiani3alii 0OCOOMCTOCTEH 3a CIUIBHUMH IHTEpECaMH; PO3POOUTH iHTENEKTyalbHY
CHCTEMH MIATPHMKH COLiai3amii KOprcTyBaya 3a NOAIOHICTIO IHTEpeCiB Ha OCHOBI HEHPOHHUX MEpPEX, HEUITKOTO MOUTYKY Ta MOZIETL
Noisy Channel Ta mpoBecTH eKcIepHUMEHTaJIbHY ampoobariro. BHKOpHUCTOBYIOTECS Taki MeTOaM: MeTon JIeBeHIITelHa; anropuTM
N-rpam; mozmens Noisy Channel; HediTkuit momryk. OTpEMaHO HACTYIHI pe3y/IbTaTH: NOOYAOBAHO Ta ONKCAHO 3arajibHy CTPYKTYPY
THUIIOBOI IHTENEKTYAIBHOI CUCTEMH coliani3aiii 0cOOMCTOCTe! 3a CIUIBHUMHM iHTepecaMH. [0 OCHOBHOTO NMpPH3HAYEHHS CTBOPEHHS
CHCTEMH B IIEpIIly Yepry BapTO BiIHECTH CTBOPEHHS HOBOTO aJTOPUTMY aHaNi3y KOPHCTYBAI[bKOTO KOHTEHTY Ta TOLIYKY HaiOLIbII
pENeBaHTHHX 3a iHTepecaMH KOPHCTYBa4iB Ha OCHOBI TAKMX alTOPHUTMIB sk N-rpaM, po3mmpeHHs BuoOipky, JleBeHnireiina, ta Moeni
Noisy Channel. Takoxx 3a3HaB HOJAJIBIIOTO PO3BUTKY INAOIOH aCHHXPOHHOTO CTBOPEHHS MPOIPAMHOTO HPOAYKTY, IO JIO3BOJISIE
CTBOPHUTH MPAKTUYHO IIOBHICTIO AMHAMIUHY CHCTEMY. BapTo y/10CKOHAINTH 3TOPTKOBY HEHPOHHY MEPEXY, 10 JJO3BOJIHUTH €PEKTUBHO
Ta JUHAMIYHO 3i1HCHIOBATH TOIIYK JIFOACEKUX 00IMYb Ha oTorpadii, Ta mepeBipsATH HASBHICTH BXKE iICHYIOUHX JII0Jel B 0a3i JaHUX
cucreM. BUCHOBKH: BUSBICHO, IO pealli30BaHUI aNropuT™M 31ilicHIOe BHOipKy mpubmu3Ho B 10 pasiB mBuAIIe, HOK 3BHYAHHUNA
anroputM JleBenmreiina. Takoxx peani3oBaHH B CHCTEMi alrOpPUTM A pOpMyBaHHsS BHOIPKHM KOPUCTYBayiB € €()EKTHBHIIIAM Ta
TOYHIIINM NpUOIN3HO Ha 25-30% B MOPIBHSAHHI 31 3BUYAHHIM anropuT™MoM JleBeHTeHHa.
Kumrouosi ciioBa: Bincrans JleBeHmreitna; anroputm N-rpam; monens Noisy Channel; HewiTkuii nomyk.

Beryn KOPHUCTYBaYiB.

AHani3 ocTaHHiX JocaizxeHb i mydaikaniii

Po3po0sicHHS Ta BOPOBAKCHHS IHTEICKTYaIbHOT

cucremu (IC) couianmizanii ocoOucTOCTEH € aKTyaJIbHOIO
Ta TEpPCIEeKTUBHOIO  3aJadyelo, TaKk sK CbhOTOJHI
KOPHCTYBaYi COIMiaabHUX MeEpEex HaMararoThCs
ONTUMI3yBAaTH JKHUTTEBI TMPOILECH Ui EKOHOMII dacy i
BINIOBITHO, MJIsI OUTBIN IOUITBHOI/€PEKTHBHOI #Oro
peaizarii, 30kpemMa, Ui aBTOMATH3AIll TOIIYKY iHIITHX
MONIOHMX 1O  BJIACHUX  IHTEpPECiB  KOPHCTYBadiB
comianpHUX Mepex. Taka IC Bupimye aBi BaKITUBI
mpoblieMHu  TemepilHporo dYacy iHQopmaruzamii Ta
riobamizamii:  aBTOMaTu3alisi  TmpoIecy - coriamizamii
KOPHCTYBa4iB Ta MaKCHMaJbHO ONTHMI3y€ EKOHOMIIO
yacy Juis oprasizamii OyZeHHUX MoTped y CIiIKyBaHHI Ta
KOPDUCHOMY  TIPOBEIEHHI 4Yacy 3  OJHOJAYMIISAMH.
Creopenns IC edexkTuBHOTO aHamizy Ta Mmigbopy
KOPHUCTYBaviB € Ba)XXJIMBUM 3aBJAHHSM, TaK SK Ha JaHUH
MOMEHT He icHye nomiOHux cucreM. Crcrema corianmizarii
JI03BOJINTH ONTHMI3yBaTH MPOLEC MOIIYKY Ta 3HAHOMCTBa
moneit B inrepHeri. Jlns peanizauii nanoi IC morpi6HO
BUKOPHCTAaTH 3rOPTKOBY HEHPOHHY MEpEeXy JUIi MOLIYKY
o0mup Ha Qortorpadii. Takox HEoOXinHO 3acTOCyBaTH
QITOPUTMH HEYITKOTO MOIIyKy Ta Mojens Noisy Channel
JUI aHaji3y iHdopmamii mpo KopucTyBaya i (opMyBaHHS
CIHCKY pENeBaHTHUX KopucTyBadiB. [lisg ycminmHOro
ctBopeHHs IC coriamizarii 0coOUCTOCTEH 3a CHiILHUMH
iHTepecaMyl HaWBXJIMBIIIMM 3aBIAaHHSAM € TIPaBUIHHO
3pO3yMITH Ta  OMNpaIfoBaTd  MpOIEeC  comiamizamii

B HampsiMy OOCHiDKeHHS Ta peajisalfii MmpoIeciB
coujanizanii ChOrofHI ICHY€E IOCHUTh BeJIMKa KIUIBKICTh
nyOuikanii, 30kpema, B [1-2] aBTOpH HPOIOHYIOTH HOBY
CHCTEMY DPaHTiB cepell KOPUCTYBadiB COILiaIbHOI Mepexi
Ta aJaNTUBHY MEPEKEBY MOJEINb IUIS 3pY4HOI B3a€MOil
MDK KOpPHCTyBauyaMH. TakoX aBTOPH IPONOHYIOTh
YIOCKOHAINTH CHCTEMY arperamii Ta COpTyBaHHS
iHpopMamii B COMIAILHUX MeEpeXkax BIIMOBITHO MO
3amaHuX mapameTpiB. B [3-4] aBTOpM MPONOHYIOTH
YJOCKOHAJIMTHA MOJKJIMBOCTI COIIAIbHUX MEPEX B SKOCTI
aHaIizy JTaHUX KOPHCTYBaYiB, (dopmyBaHHS
XapaKTEepPUCTUK POOOTH KOPHUCTyBaya Ta yIOCKOHAIUTH
MOXJIMBOCTI ~ COI[ialbHUX  MEPEeX  4epe3  IOIIyK
peneBaHTHOI TOAIOHOCTI MiXK KOPHCTyBadaMH Ta, B
MOJAJbUIOMY,  BH3HAYCHHS  OCHOBHHX  IHTEpeciB
KOpHCTYBauya 1 BHJauya HOMY HaWOiNIbII peJeBaHTHUX
CHIBNA/IiHb NPH KO)KHOMY HAcCTYITHOMY HOIIYKY KOHTEHTY
B coliaybHIA Mepexi. B [5] aBropu nmponoHyoTs HOBHI
MiAXIA A7 COPTYBaHHs/30epiraHHs JaHUX B XMapi Ta ix
BU/Ia4y TPH TOIIYKY 3 BHKOPHUCTAHHSIM HOBOi THYYKO{
Mojzeni BUAOOYBaHHA IaHWX B COIIAJbHHAX MeEpexax.
OcHoBHOI0O mepeBaroro moaidHoi IC € Te, mo omucy
mpakTH4HO aHatoriB abo Hemae (Tinder Ta Badoo) [6],
abo e € 3aKpUTUMH KOMEpLIHHUMH HpPOEKTaMU, TOMY
KaTETOPUYHO CTBEPUKYBATH, IO AHAJIOTH ICHYIOTh € HE
npunyctumuM. [logionicte IC 3 Tinder ta Badoo € B
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3aCTOCYBaHHI 3TOPTKOBOI HEHpOHHOI Mepexi, sKa
TepeBipsie  HAsSBHICTh AHAJOTIYHMX KOPHUCTYBadiB Ta
BHKOPUCTOBYETBCS JUJIS  iIeHTH(IKAIl KOPHUCTyBadiB
cuctemi [7]. OcHoBHUM HepoiikoMm Tinder ta Badoo € Te,
II0 BOHH HAIAIOTh MAaKCHMaJIbHO OOMEXEHHH MEXaHI3M
couianizanii, J03BOJISIOUM BiA]IIBTPYBaTH KOPHCTYBadiB
mo crari, BIKy Ta MICIE3HaXO/DKEHHIO, IO €
HEONTHUMI30BaHMM IIPOLIECOM 1 HECYTTEBO EKOHOMHTH
BUTpPAYCHUH Yac Ha corriamizarito [8].

BujinenHs1 HeBUpilleHUX paHillle YaCTHH 3arajbHOl
npodsemu. Mera podotTu

Mertoro nanoi crarri € ctBopenHs IC comiamizamii
OCOOMCTOCTEHi Ha OCHOBI HEYITKOTO TOMIYKYy 3a
KITIOYOBUMH cjioBamMH Ha 6a3i moxeni Noisy Channel 3
anropuT™MaMu €()EeKTHUBHOTO PO3MOJTY KOHTEHTY [9] Ta
3TOPTKOBOI HEWPOHHOI Mepexi Uil iIeHTH]IKaImil
kopuctyBadiB. Ha chorojeHns He icHye moxionoi IC
aHaJ i3y KOPHUCTYBAalbKOTO KOHTGHTY Ta (OpMYBaHHS
CIHCKY HaiOLIbII TTO1IOHNX 3a IHTEepecaMy KOPUCTYBAYiB.
O0’ekTOM aHali3y JaHHUX AJIsl cColiaji3alii € nmepcoHalbHi
npodijai MOTEHLIMHMX peleBaHTHUX KopHcTyBauiB [10]
couianbHux Mepex. IC Mae ananizyBaty iHopmalito Ipo
KOpUCTYBauiB 1 Ha OCHOBI 1poro QopmysaTu
MIOCOPTOBAHUM CHHCOK KOPHCTYBadiB 3a BHUpPaxyBaHUM
BimcoTkoM Tomi6HocTi [11] Mixk kopuctyBadamu IC, 1o i
€ OCHOBHOIO TIEpeBarol0 CHCTEMH B MOpPIBHAHHI 3 i
ocHoBHUMH aHanoramu [12]. IC moBuHHa ckiamatvcs 3
TaKAX eTalliB: PEECTPallis/aBTOpPH3alis KOPHUCTyBaya,
03HaHOMIICHHSI KOPHCTyBaua 3 MPaBUJIaMH KOPHCTYBaHHS
cucremoro [13], 3aBaHTaxkeHHs ¢oTorpadii (Ha OCHOBI
3rOpPTKOBOT HEWPOHHOI MEpeXi MepeBipeHO Ha HasBHICTb
JIOJIChbKOro 00nnuus Ha (OTO Ta y BxKE icHyruil 6asi
maaux IC) [14], nomaBaHHS aBaTapy KOpPUCTyBada Ta
3anoBHeHHs ajnbOoMy dororpadismu. Hactynnum eramnom
€ BBEJICHHS KOPHCTyBadeM KOHTEHTY Ipo cebe, aHali3
BKa3aHOI iH(popMamii Ta ii MOpiBHIHHS 3 KOHTEHTOM IIPO
BX€ ICHYIOUNX B CHCTEMi KOPUCTYBa4iB 3 BUKOPUCTAHHIM
anroput™my  JleBeHmITeliHa, aNrOPUTMIB  HEYITKOTO
momyky Ta Moxemi Noisy Channel, micms doro Oyne
c(hOpMOBaHUI TOCOPTOBAHMH CITMCOK KOPUCTYBadiB 3a

BHpaxyBaHUM BIZCOTKOM noaidoHocTi MIXK
KOPHUCTYBa4aMHU. € MOJKITUBICTh JI0JJATKOBO
BindineTpyBaTH  CPOPMOBAHMHA  CIIMCOK,  3MIHHTH

ocobucty iHdopmariito B pe3yabTari 4oro Oyae HaHOBO
chopmoBaHMii CMUCOK, ab00 BHWHTH B TOJIOBHE MEHIO
cuctemMu. TakoXk Bci 3MiHHM, BHECEHI KOPHUCTyBadeM, Ta
nepermcku 306epirarumyTbess B BJl, a Bci ¢otorpadii B
XMapHOMY cepBici 30epexeHHs Mefia-naHux. OCTaHHIM
KPOKOM € JOCHDKeHHS npodimo Ta iHTepeciB [15]
obOpaHoro 3 cdopMoBaHOi BHOIPDKM KOpHCTyBada Ta
MOYATOK CIUIKyBaHHS 3 OOpaHMM KOpHCTyBaueM, BCs
MEepenucKka y BHUIISAAI OKPEMOTO IIOTOKY IOBiJOMJIEHB
Oyne 36epirarucs B B/I.

SKmo 3aiHCHUTH TOCTAaHOBKY Ta OOIPYHTYBAaHHS
mpoOieMu, TO 1i MOXKHA TIOJAUIMTA Ha [IBI OCHOBHI
YaCTHHH, a caMe€ peamizamis poOOTH BOX HEHPOHHHX
MEpeX: 3TOPTKOBOi Ta CiaMChKOi, IO JJO3BOJIHUTH
3MIMCHUTH TOUIYK JIIOJACEKOTO OOJIMYYsl Ta BiATBOPEHHS
anmroput™iB ~ SEO-TexHoOJOTiH, a caMe alropurMy

Jlesenmreitna ta Moxeni Noisy Channel, siki HeoOXimHi
JUTS 3MIMCHEHHS coliai3allii KOpHCTyBaviB 3a CIITBHUMH
intepecamn Bcepenuai IC. B Ham wac BaXIMBICTBH
BUKOPUCTAHHS MAIIMHHOTO HaBUaHHSI B cydacHux IC
coriaiizamii ocoOucTocTel € Oe3MepeyHo BaKIMBOIO, TaK
SK BCl COIiaJIbHI MEpEeXi ONEepYIOTh BEIUKOI KUIBKICTIO
nmaHux [16], yacto HEOOX1THO 3MIUCHUTU PO3MOMALT TaHUX,
IO JO03BOJIUTh ONTHMI3YBaTH Ta MPUIIBHIIIATH POOOTY
CHUCTEMHHUX MPOIIECIB, I[HOI0 MOXXHA JOCSITTH 3MIHCHUBIIN
00pOOKYy YacTUHH NaHWX 3 BUKOPUCTAHHSIM MAITUHHOTO
HaB4YaHHI. BaxauMBO Takok He 3a0yTH IPO OCOOIMBOCTI
CTBOPCHHSI CEpPBEPHHUX IpOTpaM, a caMe ONTHMI3aIliio
aJTOPUTMIB B3aEMOJIiI CEPBEPHUX IMPOTpaM, peali3yBaTH
JTOPUTM ONTHMI30BaHOI TAKETHOI TMepemadi JaHuX
pisHHX po3MipiB. HeoOxigHO peani3yBaTH aJropuTMH
aHai3y TEKCTOBHMX JaHUX B COIlIAJIbHUX Mepexkax [17],
CTBOPUTH HEHPOHHY Mepexy, sika MopiBHIOE (oTorpadii
KOpUCTYBaua Ta TEKCTOBY 1H(GOpMAII0 3ajJHIICHY
KOPUCTYBa4eM 1 Ha OCHOBI MpOaHaI30BaHUX JaHHUX
dbopmye BuOipKy. BakiauBo peanizyBaTd ONTHMAJbHE
30CpeKCHHS ~ JaHUX HAa  MOOUIBHUX  MPHCTPOSX,
chopMyBaTH OCHOBHI IIAOJOHU 30€pekKeHHS 0OpPOOKH Ta
(hopMyBaHHS BUOIPKH IAaHUX 3 BUKOPHUCTAHHSIM ITOTOYHOT
BHOIpKU. [IOTpiOHO ONTHUMI3yBaTH aJITOPUTMHU TOIIYKY
iHbopmamii Ta 3IIHCHUTH peaji3allilo  MeXaHi3MiB
BUAOOYBaHHS MAaHUX, CTBOPHUTH HEHPOHHY MEpEKy, sKa
aHai3ye Ha BXOJIi BCIO TIOJIaHy COIiaIbHY iH(pOpMAIIlito Ta
3 BHKOPHUCTaHHSAM BXIJHHUX TapaMeTpiB  BIIKHAIA€E
HEepeJIeBaHTHY 1H(pOpMaIlito, 30epirarouu JIUIIe HEOOXITHY
B NEBHUM MOMEHT BHOiIpKy maHuX. Takox MOTpiOHO He
3a0yBaTy 3MIHCHIOBATH ONTUMI3ALiI0 MTPOIIECIB BCEpEIUHI
CHCTeMH, a came 30epiraHHsi JaHUX Ha cepBepax CUCTEMHU
Ta B JoKanbHIW BJ] mpuctporo, Ta onTHMi3aiiio
ANTOPUTMIB TIepeadi Ta 30epiraHHs JaHuX.

DYHKIIOHAJ CUCTEMH

OnHUM 3 OCHOBHUX 3aB/IaHb € pealli3allis aropuTMy
JleBeHmTeliHa, OCKUTBKH BiH BHKOHYE OCHOBHY pOOOTY
IC, 30kpema, mOmIyK BigCTaHEH MK CIOBaMH, TOOTO
aHamizye momiOHICTH ciiB B KoHTeHTI. OCHOBHa CyTh
anroputMy JleBeHIITEHHA TOJIITaE B TOMY, IO MOJKHA
noOy/yBaTH KIiHIEBHH aBTOMAaT, SKMH TOYHO pO3Ii3HAE
Hablp psakiB Ha 3agaHiil Bigcrani JleBeHmureitHa 10
iTHOBOTO cioBa. [IOTIM MOXJIMBO TMOAAaTH OyIb-SKe
CJIOBO, 1 aBTOMar mpuiiMe abo BiIXWUJIUTH HOTO 3aJIeKHO
Big TOro, 4uM € BigcTaHb JIeBeHINTEHHA 10 IIHLOBOIO
CJIOBa IOHAWOINBIIE TI€ BIJICTAHHIO, SKAa HAaMEpesn
BU3HAYECHA, 110 JIO3BOJIIE BUKOPHCTOBYBAaTH  LEH
ITOPUTM ISl BEIIMKHX OOCATIB TEKCTOBOTO KOHTEHTY.
KpiM TOr0, OCKIJIbKH CTBOPIOETHCS KIHIIEBUH aBTOMAT, BiH
3IIHCHIOE BCIO poOoTy 3a O(n) yacy 3 JOBXHHOKO psKa,
IO TECTYEThCS. MoOKHa 3pOOMTH BHUCHOBOK, IO JaHHWH
AITOPHUTM 1/I€aJTbHO MiAXOIUTH A POOOTH 3 CepeaHiMU
0o0’eMaMU TEKCTy, OCKUIBKM BHKOHYETHCA JIHIHHO 1
IIBUJIKO 3IiHCHIOE OOpOOKY MiATOTOBICHOI TEKCTOBOTO
KOHTEHTY.

[Himiami3yeTscst MaTpuIld, sKa BHMIpIOe (m, n) -
KOMIpKH BijcTaHi JleBeHIITeHa MiXK M-CUMBOJIBHUM
npedikcoM OIHOro 3 n-IpediKcoM IHIIOTO  CJOBa.
Marpuiio  3aloBHIOIOTH B BEPXHBOTO JIIBOTO JIO
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HUYKHBOTO MTPaBoro KyTa. KoxkeH cTpruOOK 1Mo TOpHU30HTAaTI
abo BEPTHKATI BIZIIOBITa€ BCTAaBIIi/BUIAJIEHHIO
BiAMOBiAHO. BapTicTh 3a3BH4aii BCTAHOBIIOETHCS Ha 1 JIs
KOXHOi 3 omepariid. JliaroHaTbHUH CTPHOOK MOXKE
KOIITYBaTl 1-2 CHMBOJH, KOJHM i B PAJIKY 1 B CTOBIII
CHMBOJIH He 30iratoThcs, abo 0, sikino 30irarotecsa. Koxaa

Tabmuns 1. [lpuxiao pobomu ancopummy Jlegenwmetina

KIITHHKA 3aBXKIW MIiHIMI3y€ BapTiCTh JIOKAJIbHO. TakuMm
YUHOM YHCJIO B HWKHBOMY TIPaBOMYy KyTi € OTpHMaHa
Bizcranp JleBeHmreliHa Mix oOoma cioBaMu. B Ta0m. 1
MOJIAaHO TIPUKIIAJ aHalli3y IBOX CIIB Ta 3HAXOKCHHS
BiACTaHEll MDK HHMH, SKa B pe3yJbTaTi JOPIBHIOE
3HAYEHHIO 4.

words wl m e i | e n S t e i n
w2 0 1 2 3 4 5 6 7 8 9 10 11
| 1 1 2 3 3 4 5 6 7 8 9 10
e 2 2 1 2 3 3 4 5 6 7 8 9
% 3 3 2 2 3 4 4 5 6 7 8 9
e 4 4 3 3 3 3 4 5 6 6 7 8
n 5 5 4 4 4 4 3 4 5 6 7 7
S 6 6 5 5 5 5 4 3 4 5 6 7
h 7 7 6 6 6 6 5 4 4 5 6 7
t 8 8 7 7 7 7 6 5 4 5 6 7
e 9 9 8 8 8 7 7 6 5 4 5 6
i 10 10 9 8 9 8 8 7 6 5 4 5
n 11 11 10 9 9 9 8 8 7 6 5 4
Mogems Noisy Channel € amropuTMoM sl  TPH3BOAMTE JO 0OMEKEHHS MiHIMaJIbHOI JOBXKHHU CIOBA,

BU3HAYCHHS MPABIWIILHOTO CJIOBA B CHUTYalLifX, KOJIH BOHO
HE3po3yMiJie Ticisi BUKOHAHHS alroputMy JleBeHmTedHa.
[IyM y npOMy KOHTEKCTI — 1€ BCE, L0 IPUXOBYE CUTHAIH
Ta AaHi. Mojenb 3allyMJIEHOTO KaHAJIy OTpuUMala TaKy
Ha3BY, TOMY 1[0 BUXIJTHHMH CUTHaJ — NPU3HAYECHE CIIOBO —
NpUXOBaHE MiJ Yac Tepeiayi, KoJHu MopylieHHs abo
MOMUJIKM CTBOPIOIOTH IIyM Y KaHalli. Y 1bOMY BHIaJKy
uryM noJisirae B oporpadivnii nomuii. Ko ciioBo He
3HalZICHO B CIIOBHHUKY TiepeBipku opdorpadii, BoHO
imeHTHUdiKyeThCs K opdorpadiyHa MOMUIKA, 1 CIOBa-
KaH/IM/IaTH TIPOIIOHYIOTHCSI HAa OCHOBI IXHBOT HMOBIpHOCTI
OyTH TIpH3HAUYEHHWM CJIOBOM, SIK TPaBHJIO, B Pe3yJbTarTi
TOTO, HACKIIBKM IIi cioBa Onm3bki 10 opdorpadivHOi
MOMIWIKH. Sk TpaBwiio, HAWIMOBIpHINII KaHIWAATH
BKJIIOYaTUMYTh OJHY 3MiHY, 1 € YOTHpPH PIi3HI THUIH
MMOMUJIOK B CITIBCTAaBJICHHI JTEP: BUAAJCHHS, BCTaBKa,
3aMiHa Ta ckacyBaHHs. HalnpocTimmiM npukiagzoM ojaHiei
3MIiHM MOe OyTH: BiJCYTHI JliTepH, Hanpukian, leter
3aMicTh letter, HamuMcaHO 3aiiBi JIITEpH, HAIPUKIAL,
misstake, 3amicTe mistake, JiTepum mepecrTaBlieHi,
HaTpuKian, recieved 3aMicTh received, 3aMiHEHI JITEpH,
Hanpukiaj, fimite 3amicTe finite.

AnroputM N-rpaM HIMPOKO BUKOPHUCTOBYETHCS, €
JOCUTh TIPOCTHA Ta BHCOKOe(heKTHBHHMA. Imes meTomy
ToJIArae B TOMY, 11O SIKIIO /iBa ciioBa A Ta B 30iratorses 3
OISy Ha MOJKIJIMBI TOMHIIKH Ta HETOYHOCTI, BOHH,
HMOBIPHO, MaTUMYTh CIIBHI N-Tpamu, A€ N — JOBXHHA
migpsiaka. [lix gac iHaekcarii cJIOBO YiTKO TiUTHhCS HA
N-rpamu, a moTiM I CJIOBO BBiiiIe A0 CIIOBHHWKA IS
koxHOI N-rpamm. Ilig 4Wac momryky, MOTOYHHM 3amuT
TaKOX MOUTUThCT Ha N-Tpamu, a Uii KOXHOI 3 HHX
BUKOHY€THCSl TIOCIIJIOBHUH TIOIIYK CIUCKY CJiB, IO
MICTATH TaKUH MiAPSAIOK. Haii6inbm JacTo
BUKOPHCTOBYBAaHHM Ha NPAKTHUI € 3-rpaMH — MIAPSIIKY 3
JOBXHHOIO B 3 cuMBOJM. Bubip Oinpmioro 3Ha4eHHS N

TIPH SKill TOMUIIKA BXKE MOXKYTh OYTH BUSBJICHI.

IC comam3zamii ocoOucrocreil 3a CHUIBHUMH
iHTepecaMu Ha ocHOBI SEO-TexHoyorii Ta MeTOIB
MaIIMHHOTO HaBYaHHS Ma€ OJHY 30BHIIIHIO CyTHICTb, a
came: Kopucmysau 1 OCHOBHI BHYTpIIIHI CYTHOCTI, 1O
SKUX Hajexarts: bpaysep, Koumpoaep cucmemu, baza
oanux, Cecis kopucmysaua, Cepgep ta Cepgic cucmemu.
[Min wac ¢yunkuionysanus IC corianizauii ocoducrocTen
3OIMCHIOETBCA TIOCTIMHA B3a€EMOi MK 30BHIIIHIMH 1
BHYTPIIIHIMH CyTHOCTSIMHU:

1. Mpwu inimiamizamii poborn IC 30BHINIHS CYTHICTH
KopucryBau BXOAWUTH B CHCTEMY 32 JIOTIOMOTOIO
BHYTPIIIHBOI CYTHOCTI — bpaysep.

2. 3a TOIIOMOTOI0 CYTHOCTI bpaysep Ta BHYTPIIIHBOL
CYTHOCTI Koumponep cucmemu 3MIMCHIOETHCS
aBTOpM3allig abo peectpaiis kopucrysada B IC.

3. IMicnst yenimHoi peectparii/aBropusanii CyTHICTb
Koumponep cucmemu Hancuiaae CceciiHMH TOKEH B
CYTHICTB bpaysep Ta 30epirae MOTOYHHI TOKSH BCEPEIUHI
Opay3epa Ha 4ac iCHyBaHHS Cecii.

4. CytHictb Kopucmyeay 3IIHCHIOE 3aBaHTa>KCHHS
Bi1acHO1 QoTorpadii A1 MiATBEpKEHHS CHPaBXHOCTI 3a
JIOTIOMOT010 CYTHOCTI Bpaysep, sikuii nonae ororpadiro
3a JIONIOMOT 010 CYTHOCTI Konmponep cucmemu.

5. Cyrnicts  Kommponep cucmemu Ha OCHOBI
HEHPOHHMX MeEpeX IepeBipse HAABHICTh OOIMYYS Ha
¢dororpacdii cyrHOCcTI Kopucmysay Ta mepeBipse Ha
HasBHICTh Bxke aHanorigHux ¢otorpadiit B BJ1 IC.

6. Cytricte Koumponep cucmemu Ha OCHOBI
cytHoCcTi Cepgep 30epirae BcCi OTpUMaHi JaHi Mpo
KOpHCTyBada Ta Hajacuiae CcPOpPMOBaHI [aHi B 1HIIY
BHYTPIIIHIO CYyTHICTh basza danux.

7. CytHicts basa oanux 36epirae Bcro iH(pOpMaIliro
Ha JIOIIOMOT'0I0 BHYTpIIIHBOI cyTHOCTI Cepgic cucmemu.

8. Cepsic cucmemu omnpaupoBye iHpOpMALi0 Ta
CTBOPIOE CIIMCOK YHIKaJIbHUX KOPUCTYBaYiB CUCTEMH.
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9. Cepsic cucmemu Ha OCHOBI alTOPUTMIB HEUITKOTO
MIOIITYKY 3IIMCHIOE aHaJi3 JaHUX KOPUCTyBada, SKUH B
MAHUH MOMEHT IIPAIIO€ BCEPEOUHI CHCTEMH Ta IHIINX
3apeecTPOBAHNX KOPHUCTYBaUiB.

10. Ha ocHOBi pe3ympTaTri poOOTH aNrOPUTMIB
HeuiTKoro mnomyky cytHocteld Cepsic cucmemu 1a Cecis
Kopucmyeaia CTBOPIOE CIIMCOK KOpHUCTYyBaYiB,
c(hopMOBaHUil IO CMAAHHIO BiJICOTKOBOI MOAIOHOCTI Mixk
HUMH BIJIIOBIIHO 10 JaHUX TIOTOYHOT'O KOPUCTYyBayYa.

11. Cytnicts Cepsic cucmemu 3IIHCHIOE KIHICBY
MIePEBipKY OTPUMAaHUX TaHIX Ha  HasABHICTP
MIOIIKO/DKEHNX Ta HEJOCTOBIpHMX MJaHMX Ta 30epirae
OTpuUMaHy iH(GOpMAIlI0 3a IOIOMOTOI0 CYTHOCTI baza
OaHux.

12.3a  7gomOMOTOI0  KOPHCTYBaIbKOTO  3aIlUTY
chopMoBaHi naHi 3 CyTHOCTI hasza Oanux HAICHUIAIOTHCS
cytHocti Kopucmysau.

13. Kopucmysau  3niiicHIOE  Teperysin — HaJaHOoi
iHpopMmanii Ta BuUOUpae Mpodinb KOpUCTyBaya, SIKHHA
oMy HaiOlnblIe cro00aBcs 3 BAKOPUCTAHHSAM CYTHOCTI
Cepgic cucmemu.

14. CyTtHicTh Kopucmysau 3M1IHCHIOE Jit0
MIPOCTABJICHHS BIOJOOAHHS IHIIOMY KOPHCTYBady, IUIs
TOTO 100 IHIIMA KOPUCTYBAaY CUCTEMHU MIT TOOaYUTH, M0
fforo oOpaB MOTOYHMIA KOPUCTYBaY.

15. Cytrocti  Cepgic cucmemu Ta Koumponep
cucmeMmy TIOYNHAIOTH NIEPETHCKY 3 1HIINM KOPHCTYBaueM,
¢dopMyroun fianor, SKHA 3a JIOIOMOTOI0 CYTHOCTEH
Koumponep cucmemu ta baza Oanux 30epiraerbcs Ta
icaye BcepenuHi IC y BuIUBSIII ITOTOKY IOBIZIOMIIEHB
KOHKpPETHOI  cecii Uil MOJaNbIIOro  JAWHAMIYHOTO
BiZIOOpaXXEHHSI JMHAMIKM JIaJlory JIaHWUX/TIOBIIOMIIEHb
KOpHUCTYBayiB/ceciii B KOHKPETHUI MOMEHT 4acy.

16. Cytricts Cepgic cucmemu HaICHIA€ 3aIHT
cyTHOCTi basza Oawux IS TIepeBipKH HASBHOCTI JaHUX,
OCKIJIBKM OJTHUM 3 HaWBa)KJIMBIIINX acIeKTiB CHCTEMHU €
Oe3reka KOPUCTYBaviB Ta JAaHUX, BIAMOBIIHO Yac Bif yac
cytHicTh Cepgic cucmemu HaACWIAE CyTHOCTI basza danux
3aIuT, MO0 TEePEeBIPUTH LUTICHICT AAHWUX Ta HAIICIaTH
MOBIZIOMJICHHSI TIPO MOMMJIKY y pasi MeBHHX NpodieMm 3
00pOOKOI0  [aHWX, TaKOX HEOOXimHO 3abe3nednTH
MOBHICTIO aCMHXPOHHY OOpOOKYy Ta TepelaBaHHs JaHUX
3apajay MakCHMalbHO HIBHAKOT podotu 113, o 103B0INTH
KOpHUCTYBa4yaM ONTUMAaJIBHO MIBUAKO KopuctyBatucs IC.

BayTtpimHsa cyTHiCT basa Oauux CKIamaeTbea 3
OCHOBHHX €JIEMEHTIB, SIKi JI03BOJISITH OE3IIEYHO Ta IIBHIKO
OIIpaIbOBYBATH iHPOpPMaIlil0 KOPHCTYBada, a came:

- [lepeBipuru nasi.

- [lepeBiputn HasBHICTH Oekar Qaiis.

- 30eperTa aaHi.

- 30eperTu aianor KOpucTyBaya.

- ChopmyBaTH maKkeT JaHUX.

- [IepeBipuTH IPaBUIIBHICTH 3AIATY.

- BinnpaBuTy nani Ha 3a0HT.

IMicns  1woro cyTtHicTh Kouwmpoaep cucmemu
Hajcunae 3amuT  cyTHocTi  Cepgic  cucmemu  Ta
acHMHXpOHHY 00poOKy nanux. CytHicte Cepgic cucmemu
32 JIONOMOTOK0 BUKOPHUCTAHHS JWHAMIYHUX HOMIIH
MOCTIHHO 3JilicHIOE TepeBipky cTaHiB IC, B sSKuX BOHa
3HAXOJUTKCS 1 BIMOBIHO pearye Ha BCi 3MiHM CHCTEMH B
KOHKpeTHHIH MomeHT uacy. CyrtHicte Cepsgic cucmemu

3MIHCHIOE Yac Bif yac B OKpeMoMy moTomi mepeBipky IC
Ha HAsABHICTP IIOMHJIOK Ta BHHATKIB, fKi He Oymu
3apeecTpoBaHi B JKypHaJi CHCTEMH 1 HaMaraerbes ix
BUNIPAaBUTH abo Hamicnath Ha O0OpoOKy CyTHOCTI
Koumponep cucmemu Ha TOHanblie OIPALIOBAHHS.
CytHicte Konmponep cucmemu Mae Taki QyHKIIIT:

- OnpaitoBaHHs JaHUX KOPUCTyBayva.

- OnpaitoBaHHs J1aHUX CHCTEMH.

- IlepeBipka naHux.

- IlepeBipka qoCTymHOCTI cecii.

- [lepeBipka ineHTHdIKATOPIB.

- BuBeeHHs OBIZOMIICHHS ITPO HOMMUIIKY.

- 30epiraHHs MOCUIIaHb CHCTEMH.

- [lepeBipku TOKeHa KOPUCTYBaYa.

- [TepeBipka npaBHILHOCTI OHOBJICHB.

Cytaicts Cepsic cucmemu MiCTUTD Taki QyHKIII:

- CTBOpEHHS CIIMCKY KOPHCTYBayiB.

- AHaJi3 CIHCKY 3a JI0MOMOTOI0 aJITOPUTMIB.

- CTBOpEHHSI BiICOTKOBOTO CITiBBIIHOIIICHHS.

- OOpoOKa mepencoK KOpUCTyBaviB.

- CTBOpEHHsI IOTOKY MOBiZOMIJICHb.

- OOpoOKa MOTOKY MOBITOMJICHB.

- CTBOpEHHS KOPUCTYBAIIbKUX TOKEHIB.

CytHicTs Bpayszep, X0d 1 HE € OCHOBHOIO, aji¢ MICTHUTh
Taki QYHKIIIi:

- ABTopu3zarist/Peectparis.

- 30epeKeHHS TOKCHY.

- [lepesipka cecii.

- BimoOpakeHHs IOBiJOMJICHb KOPUCTYBady.

- 34nTyBaHHS KOPUCTYBALBKUX MTOBIIOMJICHD.

- HonaBanus dororpadii kopucrypaya.

- BimnpassieHHs 3anKUTiB KOPUCTYBavya Ha CepBep.

- BinoOpakeHHs TOMUIIOK KJIIEHTA.

[icnst Toro sik cytHiCTs Cepsic cucmemu copMmyBaB
3aUT TIOTOKY TIOBIIOMJICHb, BIH BIATIPABIIAE 3alUT
cyTHOCTI Kommponep cucmemu, SKAH 3alUTy€e TOKCH
miamory B cytHocTi  Cepgic  cucmemu. OcraHHS
Bi/INIpaBIIsi€ IOTOYHUH TOKEH. B SIKOMY MICTSATBCS AaHi PO
motouHy ceciro. Jlami cytHicTe Kowmpoaep cucmemu
4yepe3 CyTHICTh bpaysep BigoOpaxkae chopmoBaHuii
miaor cyTHocTi Kopucmysau, micias 4doro Kopucmyeau
ab0 mpoI0BXKye podoTy, a60 Bux0auUTh 3 IC.

Pe3ysabTaTH Aoc/igKeHb Ta iX 00roBOpeHHs

CTBOpeHO  JiarpaMy TMEpexodiB  CTaHiB, sKa
BifoOpakae cHCTEeMy, IO B 33aJaHWH MOMEHT dYacy
3HAXOJUTHCS TOYHO B OJHOMY 3 CKIHYEHOI MHOXKHHH
craniB. JliarpamMa CKIaIa€eTbCs 3 MEPEXOJiB, SIKI MIiCTATH
IIiCTh OCHOBHHX €TalliB:

1. Bxin kopucrtyBaya B CHCTEMYy — KOpPHCTYyBad
BxoauTh B IC, 31ilicHIOE peecTpaito i/abo aBTopH3aiiio.

2. lonaBanns ¢ororpadii — KOpuUCTyBad Ja0Ja€e
BracHy (ororpadito, IC nepeBipsic HassBHICTb 00N HA
dotorpadii Ta CHpaBXHICTH KOpPHUCTyBaua, 3IIHCHIOE
momyk mo ¢ororpadisx B BJl, B pasi ycmimmHoro
nonaBaHHs Qororpadii 36epirae ii B B/, a kopucryBau
OTPUMYE JOCTYII 10 CITUCKIB KOPUCTYBAUiB.

3. ®opMyBaHHS CHHCKY KOPHCTYBadiB — CHCTEMa
3IIMCHIOE aHaJIi3 BCIX JaHWX KOPUCTyBaya Ta Ha IX OCHOBI
3IIMCHIOE 32 JONIOMOT'OI0 aJIrOPUTMIB HEUITKUH 110 MOLTYK
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M0 TEKCTOBiM iHQopMarii IHMHUX KOPUCTYBadiB, THM
caMiUM (OpMy€e CIUCOK PENCBAaHTHUX KOPHUCTYBadiB II0
BiICOTKOBOMY CITiBBiTHOIIICHHIO, COPTYE CIIMCOK IIO
CIaJaHHIO 1 HAJACUIIA€ Ha MIEPeTIIsi KOPUCTYBady.

4. lepernsag BHUOpaHOTO TPORIMTO— KOPHCTYBAY
3aiiicHIoE meperysi  obpaHoro mnpodinio, meperisiae
¢dororpadii, 3arampHy iHQopMalilo Ta  iHTepecH
BHOpAaHOrO KOPHCTyBaua 1 B pe3ynbTaTi YCHiXy CTaBUTh
BIIOJI00aHHS NPO(DLITIO Ta PO3NOYNHAE MTEPEIHCKY.

5. 3nilicHeHHs Tepenucku — (QOPMYETHCS OKpEMHUit
MOTIK TOBINOMIICHh [UIA NEpPENHCKH MDK  IBOMA
KOPHUCTYBa4aMHM, SKUH IMHAMIYHO OHOBJIIOETHCS Ta
30epiraeTscs B 0a3i JaHUX CHCTEMH.

6. 30epexxenns mammx Ta Buxix 3 IC — micnd
3MIACHEHHS  TIEPETUCKM  3MIHCHIOETBCS  TMEPEBipKH
HAsSBHOCTI TOKEHa Ta pPOOOTH cecii, 30epiraloTecs BCi

[Tin6ip
KOPHCTYBauIB

Jlonasanus

Puc. 1. Kommo3uiiina cxema iHTeIeKTyalbHOI CHCTEMH

Cuctema
corjiamzargi
0co0KCTOCTEH

30epesKeHHs JaHUX

Gororpadii

chopMOBaHI JaHi, KOPHCTYyBalbka iH(pOpMAIs, IOTIK
moBioMJIeHb Ta JoryBaHHS B B/ cucremu, micis woro
KOPHCTYBa4 BUXOAUTH B TOJIOBHE MEHIO CHCTEMH.

Ha puc. 1 momano xommosmmifiHy cxemy IC, 3a
JIOTIOMOTOI0 SIKOI 3JIMCHEHO IMOaii 00’€KTIB Ha KJIACH Ta
BiZIOOpa)XX€HO 3aJIeXHICTh KiaciB Mix coboro. Ha puc. 2
MOJIaHO JllarpaMy CTaHiB, IO OMKCY€ 3MiHH CTaHy 00'€KTa
NPOTArOM yChOTO Tpolecy podotu cucremu. Ha puc. 3
NOJaHO Jiarpamy Kiacudikanii BuaiB iHpopmanii, a
Tako)K 11 MIABUIAIB Ta 3aJIeKHOCTEN HEOOXIOHMX ISt
po6otu IC. Ha puc. 4 momano nmiarpamy crieHapiro podotu
IC, sxa Oymye cmeHapiii Toro, fK 3a JOIIOMOTOIO
CHHXPOHHHX Ta ACHHXPOHHHUX IIPOIECiB, 3MiH CTaHiB,
¢opM maHWX Ta yMOB BUKOHAHHS 3alUTIB (YHKIIOHYE
cHucTeMa.

KopuctyBau

Bsaemopis
KOpHCTYBAYIB

Cepaep
CUCTEMH

O6pobuTn
H(popmaILi0

36epertu
JaHi

Bximna

Q)

iH(opMmaLis

Puc. 2. liarpama craHiB

DyHKIIOHATBHICTH

[TepeBipka

JonapanHs

Puc. 3. liarpama knacudikanii BuaiB indopmarii

[Tomyx
pereBaHTHUX
KOpHCTYBayiB

DyHKITIOHABHICTh

YrpaiinHsg

CoptryBanHs
OpHCTYBAYiB

[TigTpumka

O6pobka naHmx

[TepeBipka
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Osnaii
SHAMOMHTHCA 3 3apC€CprBaTI/ICSI ABTOpI/ByBaTI/ICﬂ
TIpaBUJIAMH KOPUCTYBAHH S
1 2 3
- l JlonaBaHHS
Kopuctysau (ororpadii
i 3
Hep?BlpHTH ALOBHHTH Jonatu aBatap (]
HASBHICTh JIUIS anbp0ooM
4 [ | 6 [
44 1 O I \
Iepernsay T [epermstayTn Ilepernsanytu
(oTorpadii ommc iHTepecH Orsin
7 I 9 [ BUOpaHOTO
DopmyBaHHS T \ npogi 10
CIUCKY
Kopnchaqu —
3ilicHEeHH S
e pemCKH 36epertu qaHi ®opma
- 30epexK CHHsL
10 |
[ Jani ] [ Hemae
36epeKeHO TIOMHUJIOK Buiiu 3 cucremu 2 Iarepdeiic BT
11 [
I

Puc. 4. liarpama cueHapiro poOOTH iHTEIEKTyaIbHOI CHCTEMH

3pificHeH0 TOOYMOBY miarpaM CYTHICTB-3B’SI30K,
CHCTEMa Ma€ HACTYITHI CYTHOCTI:

1. Kopucmysaw — CyTHICTb, IO BIIIOBiTaE 3a
JIOJaBaHHA OocoOMCTOi iH(pOpMAIli, MOIIYK BiIMOBIIHHX
kopuctyBadiB IC, momaBaHHs ¢oTorpadii Ta 3aiHICHCHHS
Jiayory 3 BHOpaHUM KopHcTyBaueM (puc. 5). Kopucmysau

Mae 5 arpubytiB: ID kopucryBawa, Jlorin, ITapo:sb,
ITepconanpri nani, Cepenniit 6an. CytHicte Kopucmysau
Mae TpHu 3B’s3ku 3 cyTHicTIO CepBep, a came: "lllykae
kopuctyBauiB”, "Hancumae indopmamiro” Ta "Bubupae
KOPHCTyBay4a 3i CIIHCKY "

H KOPUCTYBAY A
ID_xopucryBaua Jlorin ITapons Hep;(;l:nbm Ce%e;fm

ID_xopucryBauiB

Puc. 5. Cyruicts "Kopucrysau"

2. bpaysep — cyTHICTB, IO BINOBIAA€ 32 MiTPUMKY
IHTepPaKTHBHOTO JiaJIoTy MiX KopucTyBadeMm Ta IC.

3. baza oOanux — CyTHICTh, WIO BIINOBITaEe 3a
30epeXCHHSI NaHWX KOPHCTyBada, MiJiOpaHWX CIHCKIB
pENeBaHTHUX KOPHCTYBadiB Ta NMPOMDKHHUX PpE3yJIbTaTiB
¢ynkiionysanns IC.

4. Konmponep cucmemu — CyTHICTb, IIIO BiJIOBimae
3a KOHTPOJIb KOpeKTHOTrO (yHKmioHyBaHH: IC.

CEPBIC CUICTEMU

ITepcoHamnbHI Cepenniii
nani Oan

5. Cepgic cucmemu — CyTHICTB, IO BIATIOBiZae 3a
BUOIp ormepamii, 3miCHEHHS BigNOBINEH 3a 3aIlwT,
BUKOHAHHS aJrOPUTMIB aHAaJi3y TEKCTOBOi iH(opmarrii,
MEPEBIPKU CIPABXHOCTI KOPUCTYBadiB Ta (HOpMyBaHHSI
MOCOPTOBAHOTO CITMCKY KOPHCTYBauiB 110 iHTepecax
(puc. 6). CytHicts Cepgic cucmemu Mae 5 aTpuOyTiB:
ID cepBepnoro ceancy, Haspa omepamii, Ilapamerpu

3amuTy, OIiHKa KOpHCTYyBayiB, 3HAUEHHS CEPEeTHHOTO
apameTpy.

i i
§ 3HaueHHs
1D_cepBepHOro Hazpa [Tapamerpn Ouinka CePEAHBOTrO
ceaHcy oreparii 3aIUTy KOpHCTYBa4iB napameTpy
] 3HaYCHHS
ID_cepBepHUX ceaHCiB Hang . Iap aMETpH Oy ) CepeHix
onepanii 3alMTIB KOpHCTyBa1B napameTpiB

Puc. 6. Cyrnicts "Cepsic cucremu"
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6. Cecis kopucmysawa — cnmabka CyTHICTh, MmO Ta 2 cialOki 3B’S3kM 3 CyTHICTIO Kopucmyseau, a came:
BimoOpa)kae cecil0 MOTOYHOTO KOpHCTyBadya Ta MICTHUTh  "3amuT TokeHa" Ta "BimmoBimp Ha 3amut”. Cecis
BCi HEOOXiZmHI MmapaMeTpu UIi POOOTH KOPHCTyBada  Kopucmyeauya Mae CiIaOKuil 38’530k 3 cyTHicTIO Cepsep, a
BeepenuHi cecii (puc. 7). CytHicts Cecia kopucmysaua €  came: "Tlepenae mani cecii”.
cabkoro CyTHICTIO, Mae 2 arpubytu: ID ceancy, Token

. CECIA T
e cediey KOPUCTYBAUA OkeH
ID_ceanciB Tokenn

Puc. 7. Cyruicts "Cecis kopucTyBaya'™

7. Cepgep — cyTHiCTB, mo cama no cobi mictuth  Inentudikatop. CytHicth Cepsep Mae HOTHPH 3B’SI3KH 3
ymmre chopMOBaHi JaHiI Ta ileHTUdIKaTopH, ae € ayxke  cyTtHicTio Cepgic cucmemu, a came: "30epirae mpoMixkHi
BaXKJIMBOIO, OCKITBKM ~ caMe  3aBIAKH  cepBepy napamerpu’, "Haxcwmae 3amut xopuctyBauy", "30epirae
3MIACHIOETHCS B3a€MOIiSl MDXK IHIIMMHU CYTHOCTSIMH Ta BCI  TOTIK Jiajory KopucTtyBauiB” Ta “"®dopMmye CIHCOK
JaHi B pe3yipTaTi poOoTH 30epiraroTbCs Ha cepBepi  KOPHCTyBadiB'.

(puc. 8). CytHicth Cepsep Mae 2 atpudytu: [lakeT naHmx,

[laker faHuX CEPBEP InenTu pixaTop

ITakeTn maHmx

CytHicts Kopucmysau Ta cnabka cytHicte Cecis ~ Kopucmysau Mae 3B’s3ku 3 cyTHicTIO Cepsep tumy 1-N.
Kopucmysaua MawTh ciabki 3B’sa3ku tumy 1-N (puc. 9). CytHicte Cepsep Mae 3B’s3ku 3 cytHICTIO Cepsgic
Crnabka cytHicTh Cecis kopucmyeaua Ma€ CIHaOKUH  cucmemu, a came: TUITY I-N Ta 1-1.
3B’s30k 3 cyTHiCTIO Cepgep tumy 1-N. CyTHiCTh

InenTu dixatopu

Puc. 8. Cyrnicts "Cepsep"”

ID_cepeeproro

[Taxer xammx )( Ineamndixarop Hancinae samm

KOpHCTYBaYy

[Tepeonamshi ~\ /” Cepe it
Tari fan

CEaHCy

ID_xopucryBaya KOPHCTYBAY 30epirae mpoMixHI
i i TaApaMETpH
Hagcitnae ingopmarino CEPBEP pametp

Haspa
onepaii

Qopmye crmcok
KOPHCTYBAYiB

apore KOPHCTYBAYIB
31 CITHCKY,

. Bubupae

Binmosizp 1a samur
CEPBIC

Oepirae MOTIK Aianory CUCTEMH

KOpHCTYBayiB

3amuT ToKeHa Teperae

JaH1 cecti

CECIA

KOPUCTYBAYA 3HaueHHs
CEPETHEOTO Oninxa
napaverpy/ \ _KODHCTyBayiB

[Tapaverpn
3AMHTy

Puc. 9. Jliarpama CyTHiCTb-3B 130K

CrtBopeHO jiarpamy TmepexoiiB  cTaHiB, ska craHiB (puc. 10) Ta po3pobJIEHO MaTpHIIO IEpexojiB
BiZoOpaxkae cucreMy, LI0 B 3aJaHMil MOMEHT dYacy  (Tabm. 2).
3HAXOJUTHCSI TOYHO B OJHOMY 3 CKIHYEHOI MHOXXWUHH
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Tabauns 2. Mampuys nepexodie cmanis cucmemu

IloTouHnuii cran YMmoBa His Hacrynnmuii cran
[IOYATKOBUI CTAH Bxix kopuctyBada B cucteMy 3aBaHTaKEHHS CUCTEMH OUIKYBAHHAA
OUIKYBAHHA 3aBaHTAXKEHO CUCTEMY Peectpartist OITPAITIOBAHH
OITPAIIIOBAHHS 3apeecTpoBaHO ABTOpH3aLlis KOPUCTYBaya OUIKYBAHH:A
OUIKYBAHHA ABTOpH30BaHO CTBOpEHHS TOKEHY KOPUCTyBaua OITPAITIOBAHH
OITPAIIIOBAHH S CTBOpEHO TOKEH Binnpasnenns TokeHa B Opay3ep Ha OUIKYBAHHAA
30epeKeHHs
OUIKYBAHHA 36epeKeHO TOKEH Bxig koprcTyBaya Ha TOJIOBHY KIHLIEBUI CTAH
CTOPIHKY
IIOYATKOBUI CTAH Kopucrysau y cucremi 3aBanTakeHHs (ororpadii OUIKYBAHHAA
OUIKYBAHH:A 3aBaHTaxeHO (oTorpadiro [omryk o6muaus Ha dororpadii OITPALIIOBAHHS
OITPAITIOBAHH 3HaiineHo oomus IMepeBipka 00U OUIKYBAHHS
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Puc. 10. [liarpama nepexoiB cTaHiB

IC moBuHHA CKTafgaTHCS 3 TAaKUX €TAIliB: PEECTPAIlis
i/abo ABTOPH3AIIS KOpHCTYyBaya, 3HaOMCTBO
KopucTyBaya 3  mpaBuwiamu  kopuctyBaHHs — IC.
3aBaHTaxkeHHs (QoTorpadii, sSIKy 3 BHKOPHUCTAHHSIM
3TOPTKOBOI HEHpOMEpeki TepeBipeHO Ha HAasBHICTh
JIFOJICBKOTO 00JMYYs, Ta HA HAsBHICTH IIbOTO OOIMYYS B
Bxke icHyrouiii bBJI cucremu, J1omaBaHHS ~aBartapy
KOpUCTyBa4ya Ta 3alOBHEHHS aibbomy ¢ororpadisMu.
HactymauM  KpokoM €  BKa3aHHS  KOPHUCTyBayeM
iHdopmarii mpo cebe, aHani3 BkazaHoi iHopmarii Ta ii
TIOPiBHSIHHSI 3 1H(HOPMAIIi€I0 PO BXKE ICHYIOUUX B CUCTEMI
KOpPHUCTYBadYiB 3 BUKOPHCTAHHIM aNrOPUTMY
JleBeHmTelHa, aNTOPUTMIB HEJITKOTO MOIIYKY Ta MOJEINI
Noisy Channel, micins goro ¢opMyeTbcs HOCOPTOBAHHN
CITUCOK KOPHWCTYBaWiB 3a BHUPaXyBaHUM BiJICOTKOM
CXOJKOCTI MK KOPHCTYBauaMH. € MOIIUBICTh J0OaTKOBO
BindinpTpyBarn  copMOBaHMH  CIHCOK,  3MIHUTH

ocobucty indopmariiro B pe3yabTari 4oro Oyae HaHOBO
chopmMoBaHUi CIUCOK, ab0 BHHTH B TOJIOBHE MEHIO
cuctemu. Tako Bci 3MiHM BHECEHI KOpHCTyBadem, Ta
nepenucku 30epiratumyTthest B B/, a Bci dortorpadii B
XMapHOMY cepBici 30epexeHHs Mmefia-naHux. OcTaHHIM
KPOKOM € JIOCJIIIPKEHHS TPOQUII0 Ta iHTepeciB 0OpaHoro 3
copmoBaHOi  BHOIPKM  KOpHCTyBaya Ta  IOYaTOK
CHIJIKYBaHHS 3 00paHUM KOPHCTyBa4yeM, BCS MeperncKa y
BUTJISII OKPEMOTO IMOTOKY IOBIIOMIICHb 30€piraeThcs B
B/1. 3aransauit anroputm pobotu IC monanwmii Ha puc. 11
y BUIJISAI use case JiarpaMu Ta Ha puc. 12 y Burmami
activity giarpamu. Jlanmi mogaHO OCHOBHI CKPIiHIIOTH
podotun IC, Ha puc. 13 momaHo mporec HOAABAHHSI
iH(opMamii Mpo KOpHCTyBada, a caMe OIMC, iHTepecH Ta
3arajgpbHa iHGOpMaIlis Mpo Te, MO Ta KOro IIyKae
KOpHUCTYBaY.
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Puc. 12. Activity giarpama

Ha puc. 14 nopano morouni nonani Qotorpadii Ta  minBubipku. Y HIH KOXeH mmap Mae Ttonorpadiuny
BUKOPHCTAaHHS 3rOPTKOBOT HEHPOHHOI Mepexi. 3rOPTKOBa  CTPYKTYypy, TOOTO KOXEH HEHpOH MOB'A3aHUH 3
HEWpOHHA Mepeka CKJIaJaeTbcs 3 IIapiB JIBOX THUIIB:  (PIKCOBAHOIO TOYKOIO BHMXIJHOTO 300pa)KE€HHS, a TaKoX 3
3TOPTKOBHX ImapiB i subsampling mapie abo mapiB  0067acTi0O BXIiZHOTO 300pa)kKeHHS, SKa OMPAIbOBYETHCS
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JIaHUMHU HEHpOHOM. Y KOXKHOMY MiCIli KOXKHOTO IIapy
iCHye WITUH psAx pi3HUX HEWPOHIB, KOXKEH 31 CBOIM
Ha0OpOM BXiJHUX Bar, IOB'I3aHUX 3 HEHPOHAMU B
MPAMOKYTHOMY  (parMeHTi  TOINEpPEeIHbOTO  Imapy.
3ropTKkoBa HEWpPOHHA Mepeka J03BOJISIE BH3HAYUTH YU €
Takuil KopuctyBau Bxke B BJI, Ta un 300paxkeHe oOnm9us
Ha doTtorpadii, sSK BHIHO Ha BUAUIEHOMY (parMeHTi
CKpIHIIOTYy — 2 KapTUHKHA CHCTEMa HE J03BOJIE
IMOCTABUTH HA aBaTap, OCKUIBKH HA HUX HEMa€e 00IHJusl.
Ha puc. 15 momano cdopMOBaHMHA  CIHCOK
KOPHUCTYBa4iB 3 BHUKOPHUCTAHHSAM HEYITKOTO MOUIYKY
MMOCOPTOBAaHMWN 3a BUPAXyBaHWM BiJICOTKOM IOMiOHOCTI
MK KopuctyBadamMu. Cepen airopuTMiB HEJITKOTO
TIONIYKY BHOpAHO JIiHIHHUH MOIIYK — MPOCTE IOCIiIOBHE
3aCTOCYBaHHS METPHUKH (B JaHOMY BHUIAIKy METPUKH
JleBenmreitHa) Mo cimiB 3 BXigHOro Tekcty. I1[o0
00YKCIIOBATH ONTHUMANIbHY BIICTAHP MIX CJIOBaMHU B

TEKCTi, MOTPIOHO MOIU(IKYBATH AITOPUTM 3HAXOKCHHSI
3BUYAHOT BixcTaHi JleBeHIITEHHA HACTYITHUM YHHOM:
30epiratv He JBi, @ TPW OCTAHHI PSJIKH MAaTpPHIIi, a TAKOXK
JIOJIaTH BiATOBIHY TOJAAaTKOBY YMOBY — B pa3i BUSBIICHHS
TPaHCMO3MII TPH  PO3paxyHKy  BIACTaHI  TaKOX
BpaxoByBaTH 1 ii BapTicTe. Takum unHOM MOM(iKyBaBIIN
ITOpPUTM BHKOpHcTaHo Mopenb Noisy Channel, mo
JTO3BOJIMJIO ONTHMIi3yBaTH MpOIEC aHaNi3y iH(POpMAIio,
CIOYATKy CTBOPUBILHU MAaTPHIIIO napamMmeTpiB
KOPUCTYBaiB, IOTIM AaCHHXPOHHO 3 BHUKOPHUCTAHHSIM
JIHIAHOTO TIONIYKY MOPIBHIOBATH TOTOYHI TMapaMeTpH i
(hopmyBaTH 10 KOXKHOTO IMapaMeTPy BiZICOTOK MOMIOHOCTI.
OcTaHHIM KpOKOM € TIOIIYK CEPEeaHBOTO BiJICOTKY
nmoaioHocTi KopuctyBadiB. Ha puc. 16-17 momano BuOGip
KOpHCTyBada, meperisin npodimo T1a  dororpadiit
0o0paHOro KOpHCTyBaua Ta  IIOYaTOK  IEPEMHCKH.
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Puc. 16. Bubip xopuctyBaua

Puc. 17. llepermsin ¢potorpadiii kopucTyBada

0 BiTHOCATHCS JIO CYYacHOI colliamizallii 0coOMCTOCTEMH,
a came iHQopMamis PO HEHPOHHI Mepexi 3
pO3Mi3HaBaHHSA OOJUYb Ta aJTOPUTMU HEYITKOTO IMOIIYKY
IUTSI  OTIpaIlioBaHHA TeKcToBoi iH(popmamii. Omnmcano
OCHOBHI MPU3HAYEHHS CIIPOEKTOBaHOi Ta po3pobinenoi IC,
MeTy ii CTBOpEHHS, IKi OCHOBHI IPOOJIEMHU BHPILIYIOTHCS
IpU CTBOPEHHI Takoro Tuily cucteM. [IpoananizoBaHo
NpUYMHUA Ta (AKTOPH, MO € BAXJIMBAMH JJIs 3HAYCHHS

& Judy, 36 . . 7 :
g aKkTyajabHOCTI cTBOpeHHs naHoi IC. Bkasani icHyroui
o1squoc . : b

aHAJIOTH CHUCTEMH, IX TMEPEBaru Ta HEJONIKH. 3IiHCHEHO

92 5% OTIFIC OCHOBHHUX anroputMiB po6otH IC, a came aaroputm

’

Jlesenmreitna, moxens Noisy Channel Tta amroputm N-
rpam. HaBemeHo  mpukiagx — poOOTH — AIrOPUTMY
JleBenmreiiHa 3 TIONTYKOM BiJICTaHi HasBHOI PI3HUIN MiX
JIBOMa clioBaMu. 31ificHeHo o0y noBy HeoOXximaux IDEFS
jiarpaM, B SIKMX OIKMCAaHO OCHOBHI KJIACH CHUCTEMH SIK
00’eKTH, CTBOpEHI Ha OCHOBI IMX KJaciB Ta MpouLecH
B3aeMoslii 00’ekTiB Mix coOoto. Po3pobneno niarpamy
Mepexo/iB CTaHiB Ta BIANOBIZHO A0 HeEi MOOymOBaHO
Mmarpuio nepexoniB cradiB IC, ne BimoOpaxxeHO yMOBH,
4 Il Ta 3aJIXKHOCTI cTaHiB cucteMd. CTBOPEHO miarpamy
CYTHICTbh-3B’5I30K, Ha sIKil BiJOOpaskeHi OKpeMi CYTHOCTI
CHCTEeMH Ta 1X B3a€EMOJIS B XOJi BHUKOHAHHS CHUCTEMH.
[ToOynoBaHo miarpaMy BapiaHTIB BHKOPHUCTaHHS Ta
JgiarpaMy — aKTUBHOCTEH  CHCTEMH, [IO  JIO3BOJIUIIO
PO3MIISIHYTH CHCTEMY 3 OOKY 00'€KTHO-OpPIEHTOBAHOTO
MiIX0/y Ta TOBHOI[HHO OMUCATH 3arajibHi BHMOTH [0

Judy's Page

“w

THATIOBOI  CTPYKTypH cTBoptoBanoi IC  comiamizamii

PeanizoBanuii B IC anroput™ (gopMyBaHHs BUOipkM  OCOOHCTOCTEH  3a  CIINIBHHUMH  iHTepecamH, IO
NOiOHMX 3a iHTEpecaMu KOPUCTYBaviB € epeKTUBHILIOK  JA€  3MOTy  3IHCHIOBATM  MOJAJbLIy  peasi3alliio
Ta TouHimow Ha 25-30% Ha BigMiHHy Bijg 3Bu¥aiimoro  BigmoBigmoro II3.  ExcnepumenraneHa — ampoobaris
anmroputMy  JleBenmrelina. OpHouacHo 3 MM peani3oBaHOl IC coriaizarii ocobucToCTeH
peanizoBaHuii anroputM 3milicHoe BMOipKy B 10 paszie  Ha OCHOBI pO3poOIEHOro anroput™my (opMmyBaHHS
HIBHJIIIE 33 arOpUTM JleBeHInTeHHA. BUOIpKM  CHOUIBHUX  MONIOHMX  3a  iHTepecaMu
KOPHCTYBa4iB MPOAEMOHCTPYBAJla TOYHICTh IOIIYKY

BucHoBkM Ta NEPCHEKTUBH NMOAAJIBIIOT0 PO3BUTKY

3nificHeHO  aHANITUYHUI OISR JIiTepaTypHHUX
JDKepen, cepell KUX KOPOTKO OIMCaHO NPO BCl acHeKTH

peneBaHTHUX KOpHCTyBadiB Ha 25-30% Ta MIBHIKICTH B
10 pazie Oigpma TpH  OTPUMaHHI  pe3yIbTaTy
Ha BIIMIHHY BiJ 3BHYAIHOTO anropuTMy JIeBeHIITEHHA.
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PA3PABOTKA UHTEJJIEKTYAJBHON CUCTEMBI NOJIAEPKKH
COIMAJIN3BALMA ITOJDb30OBATEJIA 110 CXOXECTH UHTEPECOB

OO0BEKTOM UCCIIEI0BAHUS SBIISIETCS POLIECC COLMATM3ALINH JIMYHOCTEH, HOCKOJIbKY B Hallle BpeMsl 3a/1a4a COLMaIN3allui OYeHb Ba)KHA U BCE
COBPEMEHHBIC COLMAJbHBIE CETH IBITAIOTCS MAKCHMAJIBHO ONTHMH3MPOBAaTh W AaBTOMATH3MPOBATh COLMAIM3AIMIO PAa3HOOOPA3HBIX
[OJIb30BATENCH C HCIOJIb30BAHHEM BCEX IMOMYJISIPHBIX COBPEMEHHBIX TEXHOJIOTHH, TAaKUX KaK HEHPOHHBIC CETH M aJrOPUTMbI aHAIIM3a
0JIb30BATENBCKOTO TekcTa. [lpeamMeTom HcciaeaoBaHus SBIISETCS METOIbI M TEXHOJIOTHUECKUE CPEICTBA MOUCKAa U (DOPMHUPOBAHUS CITUCKA
PENeBAHTHBIX MOJIL30BATENIEH MO CXOJACTBY HMHTEPECOB IUIsl OCYILECTBICHHs couuain3auud. COOTBETCTBEHHO, OCYILIECTBISETCS aHAIIN3
npoduist MoJab30BaTeNs CHCTEMbI, @ MMEHHO OIpEJeIeHHe IOJUIMHHOCTH I0Jb30BaTeNsl, MOCPEJCTBOM MOHMCKA YEIOBEYECKOro JMI@a Ha
MOJIb30BATENBCKUX (POTOrpadHsix ¢ HCIOJIb30BAHMEM HEHPOHHBIX CETE M aHalIn3 IOJIb30BATENILCKOW HH(OpPMALUK C HCIOIb30BAHHEM
anroputMoB Hedetkoro moucka u Mozenu Noisy Channel. Hleas paGoTel — co3paHue CO3JaHMS MHTEIUICKTYAJIIbHOW CHCTEMBI JUIS
coLMANM3alny JINYHOCTEH Ha OCHOBE HEYETKOro IOWCKAa [0 CJOBaM € wHcrosib3oBaHueM wmozenn Noisy Channel ¢ amropurmamu
3¢ deKTUBHOrO pacnpeneseHus: TeKCTOBOH MH(OpPMaIUKU U CBEPTOYHON HEHPOHHOM CETH sl MACHTU(HKAIMK HOJIb30BaTeNiel cUcTeMbl. B
CTaThe pelalTcs ciexyrompe 3agaun: 1. [IpoaHaan3upoBaTh COBPEMEHHbBIC M H3BECTHBIC IMOAXOJBI, METOJbI, CPEACTBA M AITOPHTMBI
peleHus 3a/1a4 COLUATM3aliK JJMYHOCTEH M0 CXO/ICTBY MHTEepecoB. 2. PazpaboTka o01ieil cTpyKTypbl THIIOBOI MHTEIIICKTYaIbHOW CHCTEMBI
couuanu3aunuy JTUYHOCTed 1o obuwm uHTepecaM. 3. CdopmupoBaTh (GyHKIHOHAIBHBIE TPEOOBAHMS K OCHOBHBIM MOJYJISIM CTPYKTYPBI
TUIIOBOM HMHTEIUICKTYaJlbHOM CHCTEMbI COLMANM3ALUM JIMYHOCTEH MO0 oOummM uHTepecam. 4. Pa3paboTaTh MHTEIUICKTYaJbHYIO CHCTEMY
HOJICPIKKH COLMAIM3aIMHU [0JIb30BATEIIS II0 CXOJICTBY HHTEPECOB Ha OCHOBE HEHPOHHBIX ceTel, HeueTKoro novcka u moaemy Noisy Channel
U TPOBECTH SKCIEPUMEHTANbHYIO amnpobanuio. Mcmonp3yroTes cheayromue MeToabl: merton Jleseninreitna; momens Noisy Channel,
anroputM N-rpam; HedeTkuit mouck. [lomydeHsl credyroiiye pe3yJbTaThl: MOCTPOSHa M OMKMCaHa oOmas CTPYKTypa THIIOBO#t
UHTEIUIEKTYalbHOW CHCTEMbI COLMANN3ALUM JMYHOCTEH Mo o0mMM uHTepecaM. K OCHOBHOMY Ha3HA4EHMIO CO3/IaHUsI CUCTEMBI B IIEPBYIO
ouepellb ClIelyeT OTHECTH CO3JaHHe HOBOIO AJrOPUTMAa aHalM3a I10Jb30BAaTENbCKONM MH(OpPMALMU U IOMCKa Haubosiee MOAXOJLINX
[0JIb30BATENEH, B COOTBETCTBUHU C NMPOAHAIU3MPOBAHHBIM TEKCTOM HAa OCHOBE YK€ CYIIECTBYIOIIMX AITOPUTMOB, TAKMX KaK aJTOPUTM
JleBeHmITelHA, ANTOPUTM PacIIMPEHUs BBEIOOPKH, anroput™ N-rpamm u monenu Noisy Channel. Taxoke HcIbITan pajbHeilnee pasBHTHE
ma6JIOH aCHHXPOHHOTO CO3JaHHs NPOrPaMMHOTO IPOAYKTA, YTO MO3BOJMT CO3HATh NMPAKTHYCCKU IOJHOCTHIO THHAMUYECKYIO CHCTEMY.
CrenyeT yCoBEpLICHCTBOBATh CBEPTOYHYIO HEHPOHHYIO CETh, YTO HO3BOJIUT 3P (HEKTUBHO U AMHAMUYHO OCYIIECTBIATH IIOUCK YETOBEYECKHX
L Ha oTorpaduu ¥ MpOBEPSATH HAIMYKE YXKE CYIIECTBYIOIIMX JIIo/iel B 0a3e JaHHBIX CHCTEMbl. BbIBOABI: BhIsIBIEHO, 4TO peanu3yemblii
ITOPUTM OCYIIECTBIIICT BEIOOPKY IpuMepHO B 10 pa3 ObicTpee, yeM oObIuHBIN anroputM JleBeHmirelina. Takxke peaqu3yeMblil B CHCTEME
aJNropuT™ Aj1s (OpMHUPOBAHMS BBIOOPKH IOJIb30BaTeNel sBisieTcst 6oee 3(G(HEeKTHBHBIM U TOUHBIM NpUMEpHO Ha 25-30% Ho cpaBHEHHUIO C
00BIYHBIM anropuT™MOM JleBeHIITeHA.
KuroueBsle ciioBa: paccrosinue Jlesenmireiina; mozens Noisy Channel; anroputm N-rpam; HEUETKHIA TIOUCK.

INTELLECTUAL SYSTEM DEVELOPMENT FOR USER SOCIALIZATION
SUPPORT BY INTERESTS SIMILARITY

The object of research is the process of socialization of individuals, because nowadays the task of socialization is very important and all
modern social networks try to optimize and automate the socialization of various users using all popular modern technologies such as neural
networks and user text analysis algorithms. The subject matter of the study is the methods and technologies for the search and formation of a
list of relevant users by similarity of interests for socialization. Accordingly, the system user profile analysis is studied, namely the
identification of the user by searching the human face in user photos using neural networks and analysing user information using fuzzy search
algorithms and the Noisy Channel model. The goal of the work is to create an intelligent system for socialization of individuals based on
fuzzy word search using the Noisy Channel model with algorithms for efficient distribution of textual information, and a convolutional neural
network to identify users of the system. The following tasks were solved in the article: 1. Analyse modern and most well-known approaches,
methods, tools and algorithms for solving problems of socialization of individuals by similar interests. 2. To development the general
structure of a typical intellectual system of socialization of individuals by common interests. 3. To form functional requirements to the basic
modules of structure of typical intellectual system of socialization of persons on common interests. 4. Develop an intelligent system of
support for user socialization by similarity of interests based on neural networks, fuzzy search and Noisy Channel model and conduct
experimental testing. The following methods are used: Levenstein's method; Noisy Channel model; N-gram algorithm; fuzzy search. The
following results were obtained: the general structure of a typical intellectual system of socialization of individuals by common interests was
built and described. The main purpose of the system is to create a new algorithm for analysing user information and finding the most suitable
users, according to the analysed text based on existing algorithms such as Levenstein's algorithm, sampling algorithm, N-gram algorithm and
Noisy Channel model. The template of asynchronous creation of a software product which will allow to create almost completely dynamic
system also underwent further development. It is necessary to improve the convolutional neural network, which will allow efficient and
dynamic search of human faces in the photo, and check the presence of existing people in the database of the system. Conclusions: It was
found that the implemented algorithm performs sampling approximately 10 times faster than the usual Levenstein algorithm. Also, the
implemented in the system algorithm for forming a sample of users is more efficient and accurate by about 25-30% compared to the usual
Levenstein algorithm.
Keywords: Levenshtein distance; Noisy Channel Model; N-gram algorithm; Fuzzy search.
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S. MINUKHIN

PERFORMANCE STUDY OF THE DTU MODEL FOR RELATIONAL DATABASES
ON THE AZURE PLATFORM

When solving problems of working with relational databases on cloud platforms, the problem arises of choosing a specific model to
ensure the performance of executing queries of varying complexity. The object of research is the processes of implementing various
types of queries to relational databases within the framework of the DTU purchase model of the MS Azure platform. The subject is
methods for evaluating the performance of work with relational databases based on the timing of query execution and indicators of the
load on the resources of the cloud platform. The aim of the study is to develop a system of indicators for monitoring the current state
of work with the database for reasonable decision-making on the choice of a certain price category of the DTU model of the MS
Azure cloud service, which will optimize the results of working with the database. platforms Achieving the set goals involves the
following tasks: to analyze modern tools and services for working with databases, in particular relational databases, on Azure and
AWS cloud platforms, the features of their application and implementation; develop software for generating test relational databases
of different sizes; test the generated databases on a local resource; taking into account the characteristics of the levels of the Azure
DTU model, develop a new system of performance indicators, which includes 2 groups - time indicators and indicators of the load on
existing platform resources; develop and implement queries of varying complexity for the generated test database for different levels
of the DTU model and analyze the results. Methods. The following methods were used in the research: methods of relational database
design; methods of creating queries in SQL-oriented databases with any number of tables; methods of creating and migrating data to
cloud platforms; methods of monitoring the results of queries based on time and resource indicators; methods of generating test data
for relational databases; system approach for complex assessment and analysis of productivity of work with relational databases.
Results. On the basis of the developed scorecard used for the current analysis of the processes of working with relational databases of
the MS Azure platform, numerous experiments were carried out for different levels of the model for simple and complex queries to a
database with a total volume of 20 GB: loading of DTU model levels when executing various queries, the influence of model levels
DTU Azure SQL database on the performance of simple and complex queries, the dependence of the execution time of various
queries on the load of the CPU and the speed of write/read operations for different levels of the model. Conclusions. The results of
the experiments allow us to conclude that the levels of the DTU model - S3 and S7 - are used to generate test data of various sizes (up
to 20 GB) and execute database queries. The practical use of the proposed indicators to evaluate the results of applying the DTU
model will improve the efficiency of decision-making on choosing the model level when implementing various queries and generating
test data on the Azure cloud platform. The developed set of indicators for working with relational databases on the Azure cloud
platform expands the basis of the methodological framework for evaluating the performance of working with relational databases on
cloud platforms by analyzing the results of executing the simple and complex database queries on the resources involved.

Keywords: cloud platform; relational database; DTU purchase model; indicators of time and workload; data generator; test
data; request complexity.

Relevance

One of the most powerful and relevant trends in the
use of modern information and communication systems of
different spheres of application is the creation and
implementation of database technologies. The use of these
technologies allows a significant increase in the efficiency
of information systems such as the Internet of Things,
cloud platform services, distributed data processing
systems — in distributed computing systems (e.g., grid
systems for intensive data processing), clusters with the
ability to connect data processing centers (DPCs) using
service-oriented archetypes, etc. One of the tasks here is to
create and test relational databases based on different
tools. Relational databases are now not only one of the
most popular technologies in terms of their versatility in
solving a significant number of tasks of various purposes,
but also a sufficiently large variety of their proposals in
the market of information services. DB development is an
important stage of its use — the creation of logical and
physical models is accompanied by constant monitoring of
the status of the existing database for optimization of their
work in conditions of scale and dynamic changes in the
number of users. This raises the problem of locating and
storing the database on remote servers, providing access to
them, which requires compliance with the requirements
for communication systems (the capabilities of Internet

resources), data center capacity, as well as the associated
financial costs. Therefore, there is a need for a general
solution to this problem and related partial tasks. One of
the possible ways is to use the services of the data storage
platforms designed to work with databases and data
warehouses

A brief overview of cloud platform services

Cloud computing is one of the trends of modern
information technology, which is rapidly developing and
is increasingly used at different levels of management.
Cloud computing is the provision of computing capacities,
warehouses, databases, resources and other resources of
cloud service platforms via the Internet [1]. Cloud
computing has the following advantages [2]:

1. Capital expenditures are being converted into
changes. There is no need to invest large sums of money
in data processing centers (DPC) and servers, not knowing
in advance what capacities will be needed in the future.
You can pay only for the actual use of computing
resources.

2. Significant savings in large volumes. When using
cloud computing, you can achieve a lower variable cost
than when creating your own computing infrastructure.

3.There is no need to predict what amount of
infrastructure resources will be needed. When making a

© S. Minukhin, 2022
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decision on the volume of resources for program
implementation, often in the final time you can
run into downtime of expensive resources or lack of
capacity.

4. Increasing the speed and flexibility of developing
the features.

5. Lack of costs for launching and maintaining DPC
resources.

The global market for cloud solutions and services is
growing quite rapidly, so it is difficult to predict the rate
of its increase in practice. However, the existing data

cost of these solutions is increased (table 1) due to
infrastructure services (laaS model — DigitalOcean,
Linode, Rackspace, Amazon Web Services (AWS), Cisco
Metapod, Microsoft Azure, Google Compute Engine
(GCE).) And software provided as a service
(SaaS model - AWS Elastic Beanstalk, Windows Azure,
Heroku, Force.com, Google App Engine, Apache Stratos,
OpensShift) [1, 2, 4]. In 2021, the cost of cloud
services is projected to increase almost 2 times compared
to 2017. The largest segment of the public cloud
market remains SaaS, which, according to Gartner, by

record the same trends: the rapid growth rate of cloud 2021 will account for 45% of software costs

computing costs, as well as the associated market for in the world. The fastest growing segment

services, data centers and data traffic in these systems of analytics is the laaS service model, the

[1, 2]. In April 2018, Gartner analysts [3] published the volume of which in 2018 increased by

results of a study of the global public cloud market. The  almost 40%.

Table 1. World forecast of cloud services (billion dollars)

Cloud services 2017 2018 2019 2020 2021

Business Process as a Service (BPaaS) 42,6 46,4 50,1 54,1 58,4
Platform as a Service (PaaS) 11,9 15,0 18,6 22,7 27,3
Software as a Service (SaaS) 60,2 73,6 87,2 101,9 1171
Cloud management and security services 8,7 10,5 12,3 14,1 16,1
Infrastructure as a Service (1aaS) 30,0 40,8 52,9 67,4 83,5
Total market 153,5 186,4 2211 260,2 302,5

In recent years, cloud services such as DBaaS
(Database as a Service, AWS) and MWaaS (Middleware
as a Service) have appeared, which are a type of PaaS.
Using DBaas$, the user can access any type of database on
request and quickly deploy databases on any hardware in
the environment of the selected software platform
(operating system). MWaaSs is a specialized cloud solution
for companies. This service provides access to a
comprehensive  platform  with  the  appropriate
infrastructure to service enterprise programs and security
tools. Using MWaa$S, the user can quickly prepare a
specific software environment to perform the appropriate
tasks.

The highest rates of DBaaS use are based on the
Azure SQL database [5, 6, 9] and RDS AWS [7, 8]. Tools
and technologies related to the use of the following
models have been developed: deployment models,
migration models, and purchase models. At present, these
models are in fact the stages of creation, migration and use
of a certain price category of models used for relational
DB on cloud platforms [10-12].

These models of services for working with relational
DB on cloud platforms to justify the choice of resources
when working with certain DB do not fully take into
account the nature of work with DB, namely, the volume
of DB (number of records in tables), its filling method
(location) migration from a local resource or direct
deployment to available Azure resources), DB complexity
(number and volume of tables), DB query types - simple
and complex queries — that significantly affect the time
and efficiency of working with DB. This is especially
important when scaling DB and when using so-called

"cold" and operational data in the process of analytical
data processing of enterprises and institutions. Therefore,
it is key and promising to develop indicators for
quantitative (qualitative) evaluation of the results of
various types of queries to DB, taking into account
practical issues related to the scalability of systems (data
volumes) based on existing price categories of cloud
platform models.

Analysis of publications and setting the task

Let's analyze the state of the problem on the basis of
DB servers on the Azure and AWS cloud platforms
[5-8].

Microsoft Azure cloud platform: characteristics
and models of work with relational DB [5, 6].

Azure database SQL resides in the Azure cloud and
is part of the platform-as-a-service (PaaS) server model.
The SQL Azure database allows you to easily purchase a
fully managed DBMS PaaS core that meets your
productivity —and cost requirements. Depending
on the model of SQL Azure data base deployment, one
can choose the model that meets the user's
needs [5, 6]:

1.Based on DTU units (Database Transaction
Units). This model offers logical servers in SQL Azure
database.

2. On the basis of virtual cores (vCore) — this model
offers logical servers in SQL Azure database and kerned
instances in SQL Azure database.
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Table 2. Comparison of types of purchase models on the Microsoft Azure cloud platform

Purchase model

Description

Optimal

Purchase model
based on DTU
units

It is based on complex evaluation of computing resources, storage resources
and resources for input-output operations. The productivity levels are
expressed in data base transaction units (DTU) for individual databases, and
for elastic pools - in elastic data base transaction units (eDTU).

For customers who need
simple, pre-configured
resource options.

Purchase model
based on virtual
cores

This model allows to independently choose computing resources and
storages. In addition, it allows you to save costs due to the "Advantage of
Azure Hybrid Usage for SQL Server" program.

For customers who value
flexibility, control and
transparency.

The DTU-based purchase model offers a number of
pre-configured computing resource packages and included
storage capacity to ensure different levels of productivity
of add-ons. Data base transaction unit (DTU) is an integral
indicator of the capacity (productivity) of the CPU, RAM,
read and write operations and memory on a hard disk
drive (HDD, SSD). The physical characteristics (CPU,
memory, input/output operations) associated with each

Table 3. Levels of DTU-based purchase models

DTU measurement are calibrated using the performance
test which has the operating load of the real data base. The
productivity test consists of a set of transactions of
different types, which are executed in a data model
containing a number of tables and data types. When using
a model based on DTU units, users can choose between
different service levels (Basic, Standard and Premium) for
certain databases and elastic pools [5] (tables 3, 4).

Indicator Basic Standard Premium
Target workload Development and Development and application | Development and application
application in the working | in the working environment. | in the working environment.
environment.
Service level agreement with a 99.99% 99.99% 99.99%
guarantee of continuous operation time
Backup storage 7 days 35 days 35 days
CPU Low Low, medium, high Medium, high
I / O bandwidth (approx.) 2.5 1/0 operations on the 2.5 1/0 operations on the 48 1/0O operations on the
DTU DTU DTU
I/ O delay (approximately) 5 ms (read), 10 ms (write) | 5 ms (read), 10 ms (write) 2 ms (read and write)
Indexing columnstore Not available S3 and above Supported
In-memory OLTP Not available Not available Supported
Maximum storage size 2GB 1TB 4TB
Maximum number of DTUs 5 3,000 4,000
Table 4. Characteristics of levels of the purchase model based on DTU units
Level, model DTU| Storage volume| Max. storage Max. OLTP Max. number of Max. number of
included, GB volume, GB volume in queries, that are simultaneous
memory, GB performed sessions
simultaneously, in 1
second.
1 2 3 4 5 6 7
Basic B 5 2 2 N/A 30 300
Standard SO | 10 250 250 N/A 60 600
S1 | 20 250 250 N/A 90 900
S2 | 50 250 250 N/A 120 1200
250, 500, 750,
S3 | 100 250 1024 N/A 200 2400
250, 500, 750,
S4 | 200 250 1024 N/A 400 4800
250, 500, 750,
S6 | 400 250 1024 N/A 800 9600
s7 | 800 250 250, 500, 750, N/A 1600 19200
1024
S9 | 1600 250 250, 15824 750, N/A 3200 30000
s12 |3000 250 250, 509, 750 N/A 6000 30000
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The virtual core purchase model (vCore) provides
flexibility, control, and transparency in the consumption
of individual resources. A virtual core is a logical central
processor (CPU) that can select hardware generation and
physical hardware characteristics (such as number of
cores, memory capacity, and storage size). The model
allows you to independently choose computing and

Table 5. Levels of vCore-based purchase models

storage resources, ensure performance at the local
environment level and optimize costs and uses two levels
of services: general purpose and critical for business [5].
Service levels differ in the range of performance levels,
the structure to ensure a high level of availability, the
method of providing isolation from failures, types of
storage and the range of input- output operations (table 5).

Characteristics General purpose

Critically important for business

1 2

3

Optimal for
scalable variants of computing and storage

Most workloads. Offers budget balanced and

Business applications with high demands on input-
output operations. Offers the highest resistance to

bandwidth (speed)

resources. failures due to the use of several isolated replicas.
Computing - 4th generation: from 1 to 24 virtual cores; - 4th generation: from 1 to 24 virtual cores;
services
Memory - 5th generation: from 1 to 80 virtual cores. - 5th generation: from 1 to 80 virtual cores.
Input/output - 4th generation: 7 GB per core; - 4th generation: 7 GB per core;

Storage service - 5th generation: 5.1 GB per core.

- 5th generation: 5.1 GB per core

Availability 500 input/output operations per second on the 5,000 input/output operations per second per core
virtual core with a maximum of 7,000 operations with a maximum of 200,000 operations per second
per second.
Backups - Premium level remote control storage; - Local storage on SSD storage devices;
In memory - individual database: 5 GB - 4 TB; - separate database: 5 GB - 1 TB;
Amazon Web  Services cloud platform: instances of several types: optimized for working with
characteristics and models of working with relational —memory, for a high productivity or implementation of the
DB [7, 8]. write/read operations (table 6) and offers a choice of six

Amazon Relational Database Service (Amazon
RDS) is a web service that allows you to set up, use, and
scale relational databases in Amazon Web Services cloud.

database cores, including Microsoft SQL Server. When
working with the SQL Server database on the AWS
platform, the deployment model, the migration model and

Amazon RDS is available in the form of database the purchase model are also used.
Table 6. SQL Server database instance classes of the Amazon RDS service
Instance type vCPU processors Memory, GB Optimized for IOPS Instance type
(write/read speed)
Standard - the last generation
db.m4.large 2 8 Yes Medium
db.m4.xlarge 4 16 Yes High
db.m4.2xlarge 8 32 Yes High
db.m4.4xlarge 16 64 Yes High
db.m4.10xlarge 40 160 Yes 10 gigabits
Standard - the previous generation
db.m3.medium 1 3,75 - Medium
db.m3.large 2 7,5 - Medium
db.m3.xlarge 4 15 Yes High
db.m3.2xlarge 8 30 Yes High
Memory optimization - current generation
db.r3.large 2 15 - Medium
db.r3.xlarge 4 30,5 Yes Medium
db.r3.2xlarge 8 61 Yes High
db.r3.4xlarge 16 122 Yes High
db.r3.8xlarge 32 244 - 10 gigabits
Microinstances

db.t2.micro 1 1 - Low
db.t2.small 1 2 - Low
db.t2.medium 2 4 — Medium
db.t2.large 2 8 - Medium
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You do not need to purchase Microsoft SQL Server
licenses separately for service models that include a
license. The cost of licensed models includes the cost of
software, basic hardware resources and Amazon RDS
control capabilities. This model supports: Express Edition,
Web Edition, Standard Edition and Enterprise Edition [7].
The free use of AWS for Amazon RDS allows you to use
micro DB instances for free in one availability zone
running SQL Server Express Edition. By default, users
can create up to 40 instances of the Amazon RDS
database, including up to 10 instances of the SQL Server
DB under the licensing model. Therefore, the functionality
of using such a service is quite limited from the point of
view of the average user of cloud platforms.

Thus, the analysis and literary sources revealed the
advantages of the Microsoft Azure platform over the
Amazon Web Services platform:

1. Azure gives 200 dollars for 30 days as a free
subscription, which allows you to use a wide range of
services during this period. This allows us to investigate
the impact of increasing the price category of the database
on its productivity. AWS does not have such a possibility.

2. Access to the Azure database can be obtained
using the built-in editor of records in Azure Portal,
Microsoft SQL Server Management Studio, and Microsoft
Visual Studio. Access to the SQL Server database, located
on the AWS platform, is available only through Microsoft
SQL Server Management Studio.

3. With more regions available than any other
service provider, the Azure platform offers scale and
regions to keep additions as close as possible to users.

4. Microsoft Azure has a more intuitive interface for
creating and working with databases.

5. Microsoft Azure provides databases with
extensive real-time monitoring capabilities, automated
performance tuning based on inverse access models and
requests performance analysis.

6. Microsoft Azure has a more flexible interface for
working with relational databases and provides the ability
to easily set up and smoothly switch from one level (price
category) to another in the DTU model (within S0-S12)
(see table 3, table 4) as compared to the vCore model.

The purpose of this article is to develop indicators
for assessing and analyzing the performance of the
relational database service and to investigate the use of
price categories of existing models for different types of
queries (on the basis of the Azure cloud platform).

Materials and methods

Step 1 Creation of SQL Server database (projecting).

Step 2 Deployment of SQL Server database on local
resource.

Step 3. Filling SQL Server database with test data
using random number generator. The generator allows to
dynamically change the number of records in the created
database tables for evaluation of the influence of their
volume on the performance indicators of the model DTU.

Step 4: Development of simple and complex types of
queries for further evaluation of their results for some
level of the DTU Azure SQL database model.

Step 5: Testing the created database on a local
resource.

Step 6. Development of relational database
productivity indicators for DTU Azure SQL database
model taking into account characteristics of the purchase
model levels on the basis of DTU units (see tables 3
and 4).

Step 7: Analysis of the results obtained by
performing different types of queries to the database, and
formulating recommendations for choosing the price
category of the purchase model DTU Azure SQL database
for different types of queries.

Database design.
2 tables with a size of 1,000,000 records each (10
GB) were designed for testing (tables 7, 8).

Table 7. Customer

Field Data type
Customer ID unique identifier, Primary key
Email nvarchar(100)
Password nvarchar(50)
Creation Date Date time
Table 8. Permission
Field Data type
Permission ID unique identifier, Primary key
Customer 1D unique identifier, Foreign key
CanRead Bit
CanWrite Bit

Algorithm of the research conducting.

The algorithm was developed according to the given
sequence of stages of work with the database on the cloud
platform with such modification: designing and
deploying a relational database, developing queries of
varying complexity to the database, generating test data of
slow database volume and conducting experiments for the
DTU purchase model at the S0-S12 levels of the SQL
database service.

The algorithm is implemented by the following
steps.

Performance indicators for relational databases
for the DTU Azure SQL database purchase model.

To monitor the performance of the Azure SQL
database and the managed instance of Azure SQL, a
system for monitoring CPU usage and CPU usage is used
to control a certain level of the database model on an
ongoing basis. To do this, the Azure SQL database and the
managed instance of Azure SQL in the process can
provide resource metrics that can be viewed on the Azure
portal or using Azure Data Studio or SQL Server
Management Studio (SSMS). However, these indicators
are not enough for a comprehensive analysis of the use of
certain levels of models of database work on the Azure
platform, for which it is proposed to expand their
composition taking into account the characteristics of the
DTU model.

Based on the analysis of characteristics [9, 10, 13]
and indicators of levels (price categories) of the purchase
model DTU Azure SQL database [14, 15] the following
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indicators are proposed for evaluation and analysis of its

performance (table 9).

Table 9. Database performance indicators for the DTU purchase model

Ne Characteristic Description Comment
1 Request type Determined by the level of Determined by the number of
complexity of the query (simple, tables and poles in the query
complex)
2 Query execution time Query type execution time at DTU It is determined by the
model level, sec execution time of a certain
type of query at the model
level
3 The number of selected records in the query Number of selected records from The result of the query,
fixed-volume database tables for
simple and complex queries
4 The ratio of the number of selected records to the The effectiveness of the query absolute
total number of records in the tables,%
5 DTU load,% DTU model level load The result of the query,
6 CPU load,% CPU usage for DTU model level relative
7 Load OP, GB RAM load capacity, GB Determined by the load level
of the DTU model for the
query type
8 Number of operations per 1 second Number of query execution The CPU load for the DTU
operations per 1 sec. (input / read model level for the request
speed) type is determined
9 Number of DTUs on request Must not exceed 80% for all levels of| Determined by the amount of
the DTU model OP used to execute the query
The first 4 indicators are time indicators and 3 price categories (levels) of the model were selected

performance of requests; the rest are indicators of resource

utilization in the execution of requests.

Assessing  the

and complex queries to relational databases.

impact of DTU Azure SQL
database model levels on the performance of simple

to conduct research to assess the impact of price

categories of the DTU purchase model: S0, S3 and S7.
The results of execution of different types of queries

for performance indicators of the DTU model "Execution
time", "Number of selected records per query™ and "Ratio

of the number of selected records to their total number"
are summarized in tables 10 — 12 and in fig. 1.

Table 10. Results of execution of queries to the database for the price category SO

Number of The ratio of the
Ne of the Description of the quer Table Execution selected number of selected
query P query time, sec. records on the | records to their total
query number,%
Simple queries (SQ)
SQ1 SELECT * FROM dbo.Customers dbo.Customer 79 1001002 50,03
SELECT * FROM dbo.Customers WHERE
SQ2 Email LIKE 'A1% dbo.Customer 2 706 0,04
SELECT * FROM dbo.Customers WHERE
SQ3 CreationDate < GETDATE() dbo.Customer 93 201002 10,05
Complex queries (CQ)
SELECT * FROM dbo.Customers AS cus
CQ1 INNER JOIN dbo.Permissions AS per ggo.gusto_m(_er, 105 1001002 50,03
ON cus.Customerld = per.Customerld 0.Fermission
SELECT * FROM dbo.Customers AS cus
INNER JOIN dbo.Permissions AS per
CQ2 | ON cus.Customerld = per.Customerld ggo.gusto_mgr, 54 13827 0,69
WHERE cus.Password LIKE 'A% AND | PO-FErmission
per.CanRead = 1
SELECT * FROM dbo.Customers AS cus
LEFT JOIN dbo.Permissions AS per dbo.Customer,
cQs ON cus.Customerld = per.Customerld dbo.Permission 103 201002 10,05
WHERE cus.CreationDate < GETDATE()
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The results of queries for the S3 category of the model are given in table 11.

Table 11. Results of database queries for price category S3

The ratio of the
Noof th Executi Nurlnbfrdof number of
’ Sert ¢ Description of the query Table ti):ﬁgusg::n r:(':eoer((:jseon selected records to
query » SEC. their total
the query number,%
Simple queries (SQ)
SQ1 SELECT * FROM dbo.Customers dbo.Customer 73 1001002 50,03
SELECT * FROM dbo.Customers WHERE
SQ2 Email LIKE 'A1% dbo.Customer 1 706 0,04
SELECT * FROM dbo.Customers WHERE
SQ3 CreationDate < GETDATE() dbo.Customer 99 201002 10,05
Complex queries (CQ)
SELECT * FROM dbo.Customers AS cus dbo.Customer
CQ1 INNER JOIN dbo.Permissions AS per dbo .Permissiorll 97 1001002 50,03
ON cus.Customerld = per.Customerld '
SELECT * FROM dbo.Customers AS cus
INNER JOIN dbo.Permissions AS per
cQ?2 ON cus.Customerld = per.Customerld ggggeﬁ?ggn 43 13827 0,69
WHERE cus.Password LIKE 'A%' AND ’
per.CanRead = 1
SELECT * FROM dbo.Customers AS cus
LEFT JOIN dbo.Permissions AS per dbo.Customer,
cQs ON cus.Customerld = per.Customerld dbo.Permission 54 201002 10,05
WHERE cus.CreationDate < GETDATE()
The results of queries for the S7 model category are given in table 12.
Table 12. Results of database queries for price category S7
The ratio of the
Ne of th Execution Number of number of selected
2 o1 the Description of the query Table 0 selected records | records to their
query IMe, Sec. on the query total number,%
Simple queries (SQ)
SQ1 SELECT * FROM dbo.Customers dbo.Customer 53 1001002 50,03
SELECT * FROM dbo.Customers WHERE
SQ2 Email LIKE 'A1% dbo.Customer 1 706 0,04
SELECT * FROM dbo.Customers WHERE
SQ3 CreationDate < GETDATE() dbo.Customer 74 201002 10,05
Complex queries (CQ)
SELECT * FROM dbo.Customers AS cus dbo.Customer
CQ1 INNER JOIN dbo.Permissions AS per dbo .Permissiorl1 84 1001002 50,03
ON cus.Customerld = per.Customerld '
SELECT * FROM dbo.Customers AS cus
INNER JOIN dbo.Permissions AS per dbo.Customer
CQ2 ON cus.Customerld = per.Customerld dbo .Permissiorl1 37 13827 0,69
WHERE cus.Password LIKE 'A%' AND '
per.CanRead = 1
SELECT * FROM dbo.Customers AS cus
LEFT JOIN dbo.Permissions AS per dbo.Customer,
cQs3 ON cus.Customerld = per.Customerld dbo.Permission 42 201002 10,05
WHERE cus.CreationDate < GETDATE()
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Graph of the dependence of query execution time to the share (%) of selected
records for model levels

120

100

79
80

=)
o

=
(=)

E[ecution time, s.

o]
(=)

SQ1-50.03  SQ2-0.04

73
53
2 I

- 10.05

CQ3-10.05

- 0.69

CQ1-50.03

Type of the query

m S0

S3 uS7

Fig. 1. Graph of query execution time dependence on the share of selected records for different queries, %, for DTU model levels

From the graph we can conclude that the execution
time of different types of queries for their performance for
different levels of the model varies in the range: for
simple queries — 1.3 - 1.5 times, for complex queries -
1.25 - 2.5 times. Thus, increasing the level of the model
allows to increase the productivity of the database in the
range of 130% - 250% (for databases of 20 GB), and the
complexity of the query is determined by the relative
indicator — the number of received records for queries

to the total database volume during the time interval of
their implementation.

Further analysis of the model's performance will be
based on the indicators of resource load: "DTU load",
"CPU load", "RAM load" and "Number of operations per
1 sec.” (see table 9).

The load levels of the DTU model when generating
database test data are given in table 13.

Table 13. Indicators of the load levels of the DTU model when generating test data of the database

Model level DTU load,% CPU load, %
SO 100 15,57
S3 100 3,36
S7 55 0,72

The load levels of the DTU model when performing various queries are given in table 14.

Table 14. Load rate levels of the DTU model when executing different types of queries

Model level DTU load,% CPU load, % RAM load, GB. Number of operations
per 1 sec.

1 2 4 5
Query SQ1

S0 44 4,2 1,17 12671

S3 19 1,82 1,17 13712

S7 1,7 0,08 1,17 18887
Query SQ2

S0 52 3,8 0,9 353

S3 23 3,85 0,9 706

S7 2 0,31 0,9 706
Query SQ3

SO 68 5,2 1,05 2161

S3 22 1,54 1,05 2030

S7 1,8 0,9 1,05 2716
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The end Table 14
1 2 | 3 | 4 | 5
Query CQ1
SO 94 4,95 1,43 9533
S3 37 1,32 1,43 10320
S7 3,7 0,35 1,43 11917
Query CQ2
SO 83 574 1,22 256
S3 32 3,57 1,22 322
S7 14 0,21 1,22 374
Query CQ3
SO 81 4,3 1,14 1951
S3 31,7 2,69 1,14 3722
S7 2,1 0,31 1,14 4786

Thus, for different types of queries, the value of the key indicator -load of DTU varies: for simple queries — in the
range of 1.8% - 68%, complex queries - in the range of 1.4% - 94%, and therefore the optimal level of the S7 model.

Table 15. Number of operations per second (speed) when executing queries for level SO

Query type Number of selected records Query execution time, Number of operations per

Sec. second

SQ1 1001002 79 12671

SQ2 706 2 353

SQ3 201002 93 2161

cQ1 1001002 105 9533

CQ2 13827 54 256

CcQ3 201002 103 1951

Table 16. Number of operations per second (speed) when executing queries for level S3

Query type Number of selected records Query execution time, sec. Number of operations per

second

SQ1 1001002 3 13712

SQ2 706 1 706

SQ3 201002 99 2030

cQ1 1001002 97 10320

CcQ2 13827 43 322

CcQ3 201002 54 3722

Table 17. Number of operations per second (speed) when executing queries for level S7

Query type Number of selected records Query execution time, | Number of operations per second
sec.
sQ1 1001002 53 18887
SQ2 706 1 706
SQ3 201002 4 2716
cQ1 1001002 84 11917
CQ?2 13827 37 374
cQ3 201002 42 4786
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Thus, the speed of input/read operations when
performing various queries to the database varies analyze the relationships between query execution time

in the ranges: for simple queries 12671 (S0) — 18887 (S7), and resource indicators used in the model. They show
for complex queries — 256 (S0) — 374 (S7). Therefore, that it is desirable to use S2 level for simple

the choice of the S7 model level queries and at least S3 level for complex
is optimal. queries.

Figures 2 - 4 show the results of visualization to

Graph of the dependence of the execution time of query types on the CPU load and the
speed of write

read operations (number of operations/sec)for level 50
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Fig. 2. Graph of the dependence of query execution time on CPU load and write / read operation speed (number of operations/sec.) for
level SO

Graph of the execution time of query types on CPU usage and write/read speed (number of
operations/sec.) forlevel 83
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Graph of the dependence of the execution time of query types on the CPU load andthe speed
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Conclusions.

The analysis of services and models of database
work using cloud platforms showed that in the current
global trends of their use the most acceptable from a
practical point of view are the models of MS Azure
platform — DTU and vCore. To assess the effectiveness of
their use in working with relational databases, tools are
used to monitor indicators - query execution time and
resources involved (CPU and RAM load). It is proved that
for a detailed assessment and further analysis of
productivity it is necessary to expand the composition of
these indicators, for which 2 groups of indicators of
database work were proposed for the first time: indicators
of execution time and performance of simple and complex
queries the key indicator is the level of the DTU model.
An additional factor influencing the performance of the
selected DTU model is the data generation time — the

results show that the generation of large data (10 GB or
more) requires the use of the S7 level. Thus, based on the
results of the experiments, we can draw a general
conclusion — the optimal choice is the level of the model
within S3 and S7. The developed set of database
performance indicators on the Azure cloud platform
expands the basis of methodological principles of using
and evaluating the performance of relational databases on
cloud platforms [16 - 19] by analyzing the results of
simple and complex queries for the DTU model and
allows final selection of a model key factors - the type of
queries and the amount of test data.

Practical use of the proposed indicators for the DTU
model will increase the efficiency of decision-making on
the choice of model level in the implementation of
different types of queries and database data generation on
cloud platforms.
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JTOCJIIKEHHS MPOIYKTUBHOCTI MOJEJI DTU JUIS PEJSINIAHUX BA3
JTAHUX HA TIAT®OPMI AZURE

IMpu pimenHi 3aBaanb podotu 3 perauiiinumu B/ Ha xMapHux miardopMax BUHHKAe mpobnemMa BUOOPY MEBHOI MoOJemi A
3a0e3MeUCHHs MPOIYKTHUBHOCTI BUKOHAHHSI 3aIUTIB Pi3HOT CKIaHOCTI. O6’€KTOM JOCII/KCHHS € MPOLIECH peati3allil pi3HuX
TUNIB 3anuTiB A0 pemsauidHux BJ B pamkax moneni npuabanus DTU mnardpopmu MS Azure. Ilpeamerom € mertoau
OIIHIOBaHHSI MTPOAYKTHUBHOCTI po0OoTH 3 pensiiiinumu b/l Ha OCHOBI 4acOBHMX MMOKa3HHMKIB BUKOHAHHS 3allUTIB Ta MOKA3HUKIB
3aBaHTAXKEHOCTI pecypciB XMapHOi Iuatdpopmu. MeTa AOCHIIKEHHS MOJSTae B PO3pPOOJICHHI CUCTEMH TOKa3HUKIB JUIs
MOHITOPHHTY IIOTOYHOTO CTaHy po6oTH 3 b/l ast 06rpyHTOBAaHOTO MPUHHATTS PillIeHb MO0 BUOOPY NMEBHOI IIIHOBOT KaTeTopii
mozeni DTU xmapnoro cepsicy MS Azure, 110 103BOJUTH ONTHMI3yBaTH pe3yiabTaTd pobotu 3 b/l mnardopmu JlocarueHHs
MIOCTaBJIEHOT METH Tepeadadac BUKOHAHHS TaKHMX 3aBJaHb: POaHANII3yBaTH Cy4acHi 3acobu Ta cepsicu podotu 3 bJ1, 30kpema
pemsuiiinumu B/, Ha xmapHux maardpopmax Azure Ta AWS, ocoOmuBocTi iX 3acTocyBaHHA Ta peaiizalii; po3poOuTu
nporpamHe 3a0e3nedeHHs AT TeHepallisi TeCTOBHX persiianx b/l pi3HHX 00’€MiB; MPOBECTH TECTyBaHHS 3reHepoBaHUX b/l
Ha JIOKAJILHOMY pecCypci; 3 BpaxyBaHHsIM XapakTepucTuk piBHIB Moneni DTU Azure po3poOHTH HOBY CHCTEMY IMOKAa3HHUKIB
MPOIYKTHBHOCTI , SIKa BKIIIOYAE 2 TPYIH - YaCOBI IOKA3HUKH Ta MOKA3HUKHU 3aBaHTAXKEHOCTI iICHYIOUMX PecypciB miathopmu;
pO3po0uTH Ta peaizyBaTH 3allUTH Pi3HOT CKIAAHOCTI JJsl 3reHepoBaHOi TectoBoi B/l ans pisHux piBHiB mogeni DTU rta
MPOBECTH aHANli3 OTPUMaHHUX pe3ysbTariB. MeToau. B mocmipkeHHI BHKOPHCTAaHO Taki METONU: METOIM MPOEKTYBAHHS
pensiuiiiHuX 06a3 MaHWX; METOAM CTBOpEHHS 3anuTiB y SQL-opieHTOBaHMX 0a3ax NaHWX 3 JOBUIBHOK KIUIBKICTIO TaOJHIIb;
METOIY CTBOPEHHS Ta Mirpamii JaHWUX Yy XMapHi IatpopMy; METOAW MOHITOPHHTY pPe3yNbTaTiB BUKOHAHHS 3alHTiB
Ha OCHOBI 4YacOBHUX Ta PECYpCHHMX IOKa3HHKIB, METOOM T'eHepalii TeCTOBUX MaHWUX Juisi pensauiiinux BJ; cucremuunit
MiAXiJ UIT KOMIDIEKCHOTO OLIHIOBAaHHS Ta aHalli3y MPOIYKTHBHOCTI pobotH 3 pemsuiiauMu B/I. Pe3yabTaTtH. Ha ocHOBI
PpO3po0IIeHOT CUCTEMH TMOKA3HMKIB, IO BUKOPHUCTOBYETHCS JJIsi TOTOYHOTO aHali3y MpOIeciB poOOTH 3 pensuiiHumMu Bl
wiatgopmu MS Azure, TPOBEACHO YHUCENbHI EKCIEPHMEHTH IS PI3HAX PIBHIB MOAENI Ui TPOCTHX Ta CKIATHHUX
3anuTiB 10 b/l 3aransnuM 06’emom 20 I'b: naBanTaxkeHHs piBHIB Mozeni DTU npu BUKOHaHHI Pi3HHUX 3alUTiB, BIUIMB PiBHIB
mozaeni DTU Azure SQL database Ha mOKa3HHKHM BHKOHAHHS NPOCTUX Ta CKJIAJHHUX 3alMTIB, 3aJEXKHICTh Yacy BUKOHAHHS
pisHEx 3anuTiB  Bix 3aBaHtaxenocti CPU (III) Ta [mBHAOKOCTI omepamid 3amucy/duTaHHS UL Pi3HUX
piBHIB Mozeni. BucHoBku. OTpuMaHi pe3ylbTaTH EKCIEPHMEHTIB IO3BOJISIOTH 3POOMTH BHCHOBOK IIOAO BHUKOPUCTAHHS
piBaiB Mozeni DTU - S3 ta S7 - mis reHepanii TecToBuX AaHHX pizHOro o6’emy (mo 20 I'B) ta BukonaHus 3amutiB 10 B/I.
[TpakTH4yHE BUKOPUCTaHHS 3aIIpOIIOHOBAHMUX ITOKA3HUKIB IS OLIHIOBAHHS Pe3yNbTaTiB 3acTocyBanHs Moneni DTU no3Bonuts
HOiABUIUTY e(EKTUBHICTh NPUMHATTS pillleHb 1040 BHOOpPY DIBHS MOAENi NpH peaii3auii pi3HMX 3aluTiB Ta TeHepawii
TecToBUX JAaHux bJl Ha xmapHiit mmatdopmi Azure. Po3poOnenuii HaOip MOKa3HUKIB poOoTh 3 pensuiiHuMu BJ]
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Ha XMapHii miaTgopmi Azure po3IUpPIOE 6a3UC METOAOJIOTIYHUX 3aCa/l OI[IHFOBAHHS MPOIYKTUBHOCTI POOOTH 3 peAIlitHUMU
Bl Ha xmapHUX ardpopMax IUIIXOM aHaji3y pe3yJbTaTiB BUKOHAHHS MPOCTHX Ta CKIATHHX 3amuTiB g0 B/l Ha 3amisHuX
pecypcax.

KawuoBi cioBa: xmapHa tuatgopma; pensiiiiHa 0a3a manux; moxaens mnpunoanHs DTU; mokazHHKM dacy Ta
3aBaHTaKCHOCTI; FCHEPaToOp TAHUX; TECTOBI JaHi; CKJIAJIHICTh 3aMuTy.

NCCIEJOBAHME ITPOU3BOJAUTEJIBHOCTH MOAEJIN DTU AJIsA
PEJIAIUOHHBIX BA3 JTAHHBIX HA IIVIAT®OPME AZURE

Ipu pemenuu 3agau paboTsl ¢ persiuuoHHbBIMU B/l Ha o0OnaunbIX mIaTdopMax BO3HHMKAeT IpoOieMa BbIOOpa OIpeleNIeHHON
MOJeNH Uil 00ecredeHHs MPOM3BOAUTEIFHOCTH BBINOJHEHMS 3alpOCOB Pa3HON CIOKHOCTH. OO0BEKTOM HCCIeIOBAHUS
SIBIISIIOTCSL  TIPOLIECCHl  peaM3alliil Pa3lIM4HbIX THIIOB 3alpOCOB K PENSIMOHHBIM 0a3aM JaHHBIX B paMKax MOJEIH
npuobperennss DTU mnarpopmer MS Azure. Ilpeamerom sBisieTCS METOJbI OLICHKH IPOW3BOJUTEIBHOCTH PabOTHI C
PENSIUMOHHBIMU 0a3aMH JaHHBIX HA OCHOBE BPEMEHHBIX IOKa3aTeliel BBHIIOJHEHUS 3allPOCOB M IIOKa3aTelNel 3arpy>KeHHOCTH
pecypcoB obnauHol miardopmsl. Henb uccnenoBaHus 3aKiI04aeTCs B pa3pabOTKe CUCTEMBI IOKa3aTelel Uil MOHUTOPUHIA
TEKYILEro COCTOSHUSA paboThl ¢ BJ] A 000CHOBAaHHOTO MPHHATHS PEIICHHH BbIOOpA OMPE/ICICHHON IIEHOBOH KaTeropuu
monenu DTU oOmaunoro cepsuca MS Azure, 4To MO3BOJUT ONTHMHU3HPOBATh pe3yibTaThl paboThl ¢ BJI. miaaTtdopmbl
JlocTrKeHHe MOCTaBJICHHBIX LeJIel MPEINoyiaraeT BBIIOJHEHUE CIEAYIOIMX 3aJa4: IPOAaHAIU3UPOBATh COBPEMEHHBIE
cpenctea u cepBUchl padoTsl ¢ B/, B wactHocTH pensiuuoHHbiME BJ], Ha oOnaunbix miatdopmax Azure 1 AWS, ocoOeHHOCTH
UX IPUMEHEHUsI U peau3alun; pa3paboTaTte IporpaMMHoe oOecriedeHue Uil TeHepaIlii TEeCTOBBIX PeIIHOHHBIX B/l pa3HbIX
00bEMOB; IIPOBECTU TECTUPOBAHNE CreHepUpoBaHHbIX bJl Ha JIOKaJIbHOM pecypce; ¢ yUeTOM XapaKTepUCTHK YPOBHEH MoJenu
DTU Azure pa3pabotaTh HOBYIO CHCTEMY IOKa3aTeJel MPOU3BOAUTEIHLHOCTH, KOTOpas BKJIFOYACT 2 TPYIIBI — BPEeMEHHBIC
[IOKa3aTeNyd U IOKa3aTeNlu 3arpy’KeHHOCTH CYLIECTBYIOIIUX PECypcoB ILIAT(GOpMbI; pa3paboTaTb U peanu3oBaTh 3allpOCh
pa3Hoii CIIOXKHOCTH 7Sl CreHepupoBaHHOHN TecToBoM B/l st paszueix yposHeit mogenu DTU u npoBecTn aHamu3 MOITy9IeHHBIX
pe3ynbTaTtoB. MeToabl. B uccnenoBaHuy UCIONIb30BAHBI CIEAYIONIME METOABL: METOJbl IPOEKTUPOBAHNUS PESILIUOHHBIX 0a3
JaHHBIX; METOIBI CO3JAaHUs 3ampocoB B SQL-OpHEHTHPOBaHHBIX 0a3aX MaHHBIX C MPOHM3BOJILHBEIM KOJMYECTBOM TaOJIHII;
METOJIbl CO3JaHUsI U MUTPAIUU JAHHBIX B 00JIauHbIe IIATGOPMBL; METObl MOHUTOPHHIA PE3yJIbTaTOB BBIIIOJIHEHUS 3alIpOCOB
Ha OCHOBE BPEMEHHBIX M PECYPCHBIX IOKa3aTesel; MeTOIbl TeHEePALM TECTOBBIX JaHHBIX AJ peAuuoHHbIX BJI; cucTeMHbIit
HOJXOJ Al KOMIUIEKCHON OLIEHKH M aHalu3a [MPOU3BOJUTENLHOCTU paboThl ¢ persinuoHHeiMU BJI. PesyabTaTel. Ha ocHoBe
pa3paboOTaHHOW CHCTEMBI MOKAa3aTeliei, MCIOAb3yeMOW IS TEKYIIEro aHali3a MpOIeCCOB pabOTHI C PENSIMOHHBIMU BJ]
wiatdopmsl MS Azure, IpoBeieHbI MHOTOUUCIICHHBIE SKCIIEPUMEHTHI YISl Pa3HBIX YPOBHEH MOJEIH UL IIPOCTHIX U CIIOXKHBIX
3ampocoB k bJl o6mum o6pemom 20 I'b: Harpyska yposHe#t moaenut DTU mipu BBIONHEHWH pa3TUYHBIX 3alPOCOB, BIUSHUE
ypoBHel mogenn DTU Azure SQL database Ha mokaszaTenu BBINOJIHEHMS HPOCTBIX U CJIOXKHBIX 3allpOCOB, 3aBUCHUMOCTD
BPEMEHH BBITNOJIHEHUS Pa3IMYHBIX 3armpocoB oT 3arpyxenHoctd CPU (LIT) u ckopocTH onepanuii 3amiucu/aTeHust Uil pa3HbIX
ypoBHel Mojend. BouiBoabl. [lonyueHHbIE pe3ynbTaThl SKCIEPUMEHTOB IIO3BOJISIOT C/ENATh BBIBOA 00 HCIIOJIB30BAHUU
yposHeit mozenu DTU - S3 u S7 - 1 reHepaliu TECTOBBIX JAHHBIX pa3HOro oobema (10 20 I'B) 1 BBIMOIHEHUS 3alPOCOB K
B/Jl. IlpakTHueckoe HCIONB30BaHUE IPEUIOKEHHBIX IOKa3aTeled Uil OLEHKHM pe3ylbTaToB IpuMmeHeHus moaenun DTU
MIO3BOJIUT TTOBBICHTH 3P (PEKTHBHOCTD MPUHATHS PEIIEHUH IO BHIOOPY YPOBHS MOJENH NPH PeaTn3alyi Pa3IHIHbIX 3a[IPOCOB U
reHepaluy TECTOBBIX JaHHBIX Ha 00mauHoi miatdopme Azure. PaspaboranHslii Habop mokaszartenei paboThl C PEISLIUOHHBIMU
B/l Ha obnayHoif taTopMe Azure pacimupsieT 6a3uc METOIOJIOTUIECKHX OCHOB JUISl OLEHKU MPOU3BOJUTENHLHOCTH PabOTHI C
pemsiuuoHHbIMU BJ] Ha o6nauHbIX muaTdopMax IMyTeM aHalu3a pPe3yJbTaTOB BBIIOJHEHUS NIPOCTBHIX U CIOXKHBIX 3alPOCOB K
B/l Ha 3ameiicTBOBaHHBIX pecypcax.

KiioueBble cioBa: oOnauHas IuiatdopMa; pessiMOHHas 0a3a JaHHBIX; Mojenb npuoOperenus DTU; mokasarenu
BPEMEHU U 3arpy>KEHHOCTH; TeHEPATOp JaHHBIX; TECTOBBIC JAHHbIE; CIOXKHOCTH 3aIpoca.
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CHOOSING THE TEST AUTOMATION SYSTEM ACCORDING TO CUSTOMER
REQUIREMENTS

The subject of the research are methods and technologies for automating the process of software product testing. The aim of the work
is to optimize the time and costs for performing automated testing of software products. The following tasks were solved: analysis of
existing software testing automation systems; formation of system of selection criteria for testing automation systems; development of
formalized model of selection process; development of automation system selection algorithm considering customer's requirements;
development of UML diagrams for presentation of functional capabilities of developed application; development of application for
informational support of selection process. To solve these tasks, we used methods of system analysis, theory of sets and technologies
of cross-platform applications development. The following results were obtained: The most popular systems of test automation have
been analyzed, their scope and main capabilities have been singled out. Selection criteria are singled out, divided into qualitative and
quantitative. Formalized model for choosing test automation systems taking into account their characteristics and customer
requirements is proposed. Developed UML diagram shows the functionality of the developed subsystem. The proposed algorithm for
determining the re-recommended system of test automation allows us to take into account the vectors of criteria for testing systems.
On the basis of the formalized model and algorithm we developed a subsystem that allows us to determine the optimal variant of test
automation system on the basis of the introduced selection criteria. Conclusions: informational support for choosing a test automation
system for software products based on the developed algorithm takes into account the customer's requirements and the characteristics
of the existing systems, which allows us to select the most preferable option out of the possible systems. The main result of the
developed subsystem is a recommendation for a user to use an automated testing system, taking into account customer requirements.

Keywords: testing of the software; automation testing systems; criteria of choice of the systems; the model of multicriteria
choice; the algorithm of choice of the system; a diagram of precedents.

Introduction

When planning work on the development of a
software system, much attention is paid to one of the
stages of the life cycle - testing. Testing is a very
important stage because it is at this stage the developed
system takes the form of a full-fledged product. At
present, systematized testing is actively used in the
industrial development of software products. Automation
of this process becomes more and more necessary with
increasing scale of projects [1]. Automatization systems
significantly simplify the process and save both time and
money [2, 3].

At present, there is a large number of test automation
systems on the market, both traditionally popular and
newly emerging. A software company faces a nontrivial
task of selecting test automation systems, taking into
account existing restrictions/requirements, such as
supported testing processes, technologies, standards,
integration with development systems, application type,
platform type, test execution time, budgets

When implementing the testing phase, it is necessary
to meet the resource conditions of the software product
development project [4, 5]. It is necessary to take into

Tablel. Analysis of existing test automation systems

account the time and cost constraints, which may be the
requirements of the customer.

Thus the purpose of this article is to optimize the
time and cost of performing automated testing. The article
presents analysis and comparison of existing testing
automation systems, development of a mathematical
model for choosing the automatic testing subsystem and
an algorithm of the subsystem performance for choosing
an appropriate system for automating the testing process.

Analysis of recent research and publications

The process of automatic testing involves checking
the software product for various inaccuracies and errors
that were made at the development stage [6]. Analysis of
publications on the subject showed that the main attention
is paid to testing methods (functional, system, modulus,
performance testing, etc.) and capabilities of software
tools [6, 7]. Nowadays there are many different
automation systems, which are used at testing stage of
software products [8, 9]. Table 1 presents a comparative
analysis of existing software testing automation systems,
reveals their main features and application features
[10-17].

Name Field of application

Features

1 2

3

Selenium It is used to automate the testing of web
applications, as well as any routine actions
performed through the browser. Selenium
supports desktop and mobile browsers.

- allows you to develop automation scripts in almost any
programming language;

- the ability to organize distributed stands that consist of
hundreds of machines with different operating systems and
browsers;

- the ability to run scenarios in the clouds.

© A. Popov, M. Momot, A. Yelizieva, 2022
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The end Tablel.

1 2

3

TestComplete | Allows you to create tests for Windows

to automate various types of software testing
for .NET, Java, Visual C++, Visual Basic,
Delphi, C++Builder, web pages and other
applications in order to reduce the time
required for manual testing.

applications, web servers and web pages. Used

- the presence of a special mechanism that facilitates the
creation of scripts for testing applications;

- the necessary actions of the tester are automatically recorded
in a file that is available for viewing and editing and repeats
all previously performed operations when launched;

- recorded tests can be modified later.

extension to Microsoft Visual Studio

Quick Test Faster than its counterparts recognizes graphic | - offers a wide range of functionality for checking and

Professional controls (“controls") interacting with the application under test;

(QTP) - uses the VVBScript programming language to automate tests;
- offers several types of checkpoints that allow users to
control different aspects of application testing.

MS Test Requires installation of Visual Studio, as it is - research testing;

part of the Team Foundation Server product. - planning and execution of manual tests;

Plans and test results are saved on the Team - cross-platform test configurations (different versions of the

Foundation Server. Test scenarios are managed | same test for different platforms/releases);

by Microsoft Test Manager (MTM). MTM - test passing diagnostics (logs, videos, etc.);

includes a test plan, test case, and - import-export of tests;

configurations. - cross-project import/export of tests;

MTM works only at the application level, so it | - recording and playback of manual tests (recorder);

needs to be installed on the server (if the server | - test automation.

is remote, the work is done via VPN).

Provides the ability to combine tasks that are

assigned to the performer, with the reports

(defects) and reports on the time spent on the

work.
Telerik WebUI | Used to automate functional testing of web - Silverlight support. In the initial versions of the program
Test Studio applications (ASP.NET, Silverlight). Itis an there were enough bugs associated with the support of

silverlight elements, now the problem has been eliminated;
- excellent handling of AJAX requests of any complexity;
- no problems when writing tests with RadControls
components (page controls);

- has a handy test editor;

- integration with other testing tools. All features of Visual
Studio are available;

- basic functionality of any sensible modern automation tool
(Test Recorder, Elements Explorer, DOM Explorer, code
generation, support for multiple browsers, etc.) is
implemented at a good level.

The effectiveness of the testing phase depends on the
correct choice of an automation tool. The choice of an
application test automation system depends on the
following factors:

- the type of application to be tested (platform
orientation);

- the testing objectives (compliance with standards,
applicability of the system);

- the requirements of the client (deadline and cost).

Based on this, there is a need to develop a formalized
model for selecting a means of performing automated
testing.

Materials and methods

To formalize the process of selecting a system for
automating the testing process, the following model is
proposed. Let's represent in the form of a vector of sets of
criteria affecting the choice of a test automation system:

K ={k} i=16. @)

Two types of criteria are used: quantitative and
qualitative [18]. Quantitative criteria include:

- K, —timing (necessary time to carry out the work);

- K, — cost of the work (the cost of their
implementation);

- K, — number of employed specialists.

Qualitative criteria include:

- K, — degree of applicability of the system;

- K, —degree of compliance with standards;

- K - platform orientation.

The degree of applicability of systems allows you to
determine how effectively a test automation system can be
adapted to the real work on a project when going through
the testing phase, and which of its benefits can be most

useful in doing so [19, 20]. The degree of compliance with
standards shows to what extent the various characteristics
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of activities in the testing phase comply with international
standards in this area:

- 1SO 90003:2014 (Guidelines for the application of
ISO 9001:2008 to computer software);

-1SO 25051:2014 (Requirements for quality of
Ready to Use Software Product (RUSP) and instructions
for testing);

- IEEE 829 (Software test documentation);

- IEEE 1008 (Standard for Software Unit Testing);

-1SO 8402 (Quality management and quality
assurance);

- 1ISO 9126 (Software engineering — Product quality).

Each of the standards has its own specific
specification and reflects a particular aspect of
the testing phase activity. The degree of conformance to
the standards shows how well the testing phase
has been prepared, depending on each specific standard.

For example, IEEE Standard 829 describes the
procedure for compiling a test plan that will be
used for the work, IEEE Standard 1008

describes the procedure for organizing unit testing,
etc.

It should be noted that the choice of test automation
system is carried out on at least two criteria Ki, which
are most important to the customer. Let's represent the
existing test automation systems as a set
M [21, 22]:

M:{mj}! j:]-!N' (2)
In this case, the values of the vector of criteria for
each test automation system are known:

It should be noted that these criteria are
heterogeneous. To bring them into a dimensionless value,
it is necessary to normalize them by the formula:

_ ki (mj)_ki’a(mj)

) =) ke (m,)’

4)

where k" (m,) — the best value of the criterion;
ki“(m,) — the worst value of the criterion;
k. (m,) —the current criterion values.

The value of quantitative criteria is represented by
some non-negative number. Qualitative criteria have point
estimates, i.e. they are also represented by non-negative
numbers. These evaluations can be obtained by expert
way. Experts also determine the degree of importance of
criteria, i.e. a tuple of dimensionless weight coefficients
can be determined:

A=<ag >, i= in.
The condition must be met that:

_ n
Oﬁai <1, Vi=1n, Zai .
i=1

®)

Thus, we can introduce a utility function:

P(x) = F[AK{" (mj)], (6)

where ki”(mj) — normalized criteria in the interval [0, 1]

4);

A — tuple of dimensionless weight coefficients.

Customer requirements for selecting a test
automation system are described by a vector of desired
criteria values:

R={r}, i=16. @)

In this case, if the customer is not interested in some
of the criteria, the corresponding criteria in the vector can
take the value -1 (as a negative signal value).

It is also necessary to fulfill the condition of resource
feasibility of the testing stage:

res, <Res,,

®)

where Res, — I-th resource (time, financial, etc.) of the

software project;
res, —k-th type of resource at the testing stage.

The problem statement is formulated as follows: it is
necessary to form the resulting set M, < M, which

consists of alternatives, corresponding in their values of
criteria (3) to the requirements of the customer:

M, ={(k(m) | (k(m)<r)o(k(m)>-1}. (9)
Let's represent the algorithm for choosing the
automation system as follows:

Step 1. Initialization: resulting set Mrec = &.

Step 2. For all mieM, i=1, 2, ... Nu.

2.1. flag = true.

2.2.Forallr,j=1,2,...N.

2.2.1. If r; == -1, then switch to 2.2.

2.2.2. If the matching condition is not met rj + k(m'),
then flag = false

223. If (j==N)
Mrec = Mrec U m;,

and  (flag==true), then

The designation means the operation of checking the
correspondence (rj + z4) of the value of the i-th criterion of
the j-th test automation system to the value of the same i-
th criterion determined by the customer. The final choice
of one option of test automation system from the Mrec set
(if it contains more than one element) is recommended to
be made based on the customer's preferences or
using the criteria  convolution according to
the formula (6).

Study results

Based on a formal representation of the system
selection process for test automation and a generalized
selection algorithm, a prototype subsystem was developed
to recommend a test automation system to the customer
based on various types of actors. Fig. 1 shows the USE
CASE diagram, which shows the relationships between
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the actors and precedents of the subsystem under

E[pert

User (customer)

automation systems

automation systems K

development.

Introduction of
multiple test

Entry of criterion
values for test

Enter customer
requirements for
selecting a test

View results about
recommended Mrec test
automation systems

Fig. 1. The USE CASE diagram of the subsystem under development

The input data for the subsystem are the following
parameters:

- project name;

- version;

- project type;

- platform used,;

- start date of the stage;

- end date;

- estimated duration (days);

- anticipated cost;

- number of specialists employed;

- assessment of compliance with standards (1 to 10),
such as: 1SO 90003:2014, ISO 90003:2014, ISO
25051:2014, IEEE 829, IEEE 1008, 1SO 8402, 1SO 9126.

A score of 1 to the standard defines the worst value,
and 10 defines the best value, i.e. full compliance of the
testing system with the specified software standards. It is

Table 2. Values of the criteria vectors for automation systems testing

assumed that the subsystem selects the most preferable
system for test automation among the systems presented
in table 1.

Table 2 shows data on the correspondence of the set
of criterion vector values for test automation systems. A
combination of parameter values determines the
possibility of recommending a particular test automation
system.

Based on the values of the previously mentioned
criteria ki, as well as the set M of the considered test
automation systems, an algorithm for determining the
recommended test automation system was obtained (fig.
2). The incoming arrow index in the system selection
block in the algorithm in fig. 2 was used to refine the set
of criterion vector values for the systems - written in
brackets in the cells of table 2.

Values Selenium TestComplete QTP MS Test Telerik
Test
Studio
Application type
Windows-Application -1 -1 -1 -1 -1 1(10) | 1(11) -1 -1 1(7) -1
Windows, .Net -1 -1 -1 -1 -1 [ 1100 | 1 -1 -1 1) -1
Windows, Java -1 -1 -1 -1 -1 -1 1(11) -1 -1 -1 -1
Web application 13) | 14 | 1(5) | 18 | 19 -1 -1 12) | 1(6) -1 1(1)
Web, .Net 1(3) -1 -1 -1 1(9) -1 -1 -1 1(6) -1 1(1)
Web, Java 1@ | 1 e | 1 -1 -1 -1 -1 -1 -1
Web, other -1 -1 15) | 1 -1 -1 -1 12) | 1 -1 -1
Budget
<=10.000 1(3) -1 -1 -1 -1 1(10) -1 -1 -1 -1 -1
>10.000 -1 -1 -1 -1 -1 -1 -1 -1 -1 1(7) -1
<=20.000 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1(1)
>20.000 -1 -1 -1 -1 | 109 -1 -1 -1 | 168 | -1
Terms
> 14 days -1 -1 -1 18) | 1(9) -1 -1 1(2) | 1(6) -1 1(1)
<= 14 days 13) | 14 | 1(5) -1 -1 -1 -1 -1 -1 -1 -1
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Term of execution Term of execution erm of execution 1000
> 14 days >
> 14 days > 14 days
> 1000 >1000 <= 14 days
Budget > 2000 <=1000
<=2000
v vY v v l \ A y
. . : TestComplete system
Telerik Test Studio Selenium system MSTest system
system selected QTP system selected selected selected selected
R
> End )

—

Fig. 2. Algorithm of determination of the recommended test automation system

In the presented scheme, when choosing a web
application, the timing and budget are taken into account,
because the available systems allow more flexibility in
organizing the process of test automation in web
development. When choosing a Windows application, the
timing and budget (except for the .Net platform) are not
taken into account, because the systems supporting these
platforms do not allow such flexibility in organizing the
automation process.

Generally speaking, the algorithm can be represented
by the following steps:

- logging into the system;

- entering the name and version of the project;

- selection of the application type (web application
selected);

- entering the start and end date of the stage;

- input of the estimated duration;

- entry of estimated costs.

Consider an example of calculating the choice of the
system according to the specified initial data:

Project name: Randomator.

Version: 2.1.2.

Type of the project: Web application.

Platform used: .NET.

Start date of the stage: 25.08.2019.

End date: 12.10.2019.

Estimated duration: 48 days.

References

Estimated cost: 24000.

Conclusions

A model of multi-criteria choice of test automation
system on the basis of the vector of quantitative and
qualitative criteria is proposed, which allows taking into
account the requirements of the customer and the
resources of the project to create a software product with
the help of the utility function. The paper presents an
algorithm for determining the recommended system of test
automation, which is implemented in a prototype software
subsystem in which the user receives a specific
recommendation for the use of the most effective system
of test automation based on the entered data.

Scientific novelty of the article consists in the
formalized representation of the process of choosing the
system for automating the testing of software products,
which allows scientifically justified choice of the system
for evaluating the compliance of the finished program
with the specified requirements.

Practical significance consists in the possibility of
using the developed subsystem for information support of
testers of software products. This allows you to choose the
best option for automating the testing process, taking into
account the requirements of the customer.
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BbIBOP CUCTEMBI ABTOMATH3ALIMA TECTUPOBAHUSI C YYUETOM
TPEBOBAHUM 3AKA3UUKA

IIpeamerom uccnenoBaHus ABISIOTCA METOABI M TEXHOJOTMU aBTOMAaTU3alMU IPOLECCa TECTUPOBAHUSA MPOTrPaMMHBIX IIPOTYKTOB.
Ilenpio paGoTHl SABISETCS ONTHMM3AIMSA BPEMEHH M 3aTpaT Ha BBINOJHEHHE aBTOMATHYECKOTO TECTHPOBAHMS HPOTPAMMHOTO
npoaykTa. B pabote perieHsl ciefyronie 3aAadyM: MPOBEACHHE aHANIN3a CYIIECTBYIOIIUX CHUCTEM aBTOMAaTU3alUH TECTHPOBAHMS
MPOTPaMMHBIX TIPOAYKTOB; (OPMHPOBAHHE CHCTEMBI KPHUTEPUEB BBIOOpAa CHCTEM aBTOMATH3al[MM TECTUPOBAHMSA; pa3paboTka
(hopManM30BaHHOW MOJENU Mpolecca BbIOOpa; pa3paboTKa aJropuTMa BbIOOpa CHCTEMBbI aBTOMATH3AaLUH C y4eTOM TpeOOBaHHM
3aKka3uymka; paspadotka UML nmuarpamm mid mpencraBieHHs (PyHKIMOHANIBHBIX BO3MOXKHOCTEH pa3pabOTaHHOTO MPUIOXKEHHS,
pa3paboTKa TPWIOKEHUS 1 HWHPOPMAIMOHHON NOANEPXKKHM Iporecca BbIOOopa. [t perleHnst yKa3aHHBIX 3amad  ObUIH
HCIIOIb30BaHBl METOABI CHCTEMHOTO aHAIN3a, TEOPHU MHOXKECTB, TEXHOJOTHH pa3pabOTKH KpocC-IUIAT(GOPMEHHBIX HPHIOKEHUI.
[Momyyensl ciepyronye pe3yJabTaTbl. [IpoaHamu3upoBaHBl HauOoJyiee INONYJSIPHBIE CHCTEMbl ABTOMATH3AlMM TECTHPOBAHUS,
BBIZIEJIEHBl MX 00JacTh NPUMEHEHHS W OCHOBHBIE BO3MOXKHOCTH. BBINENeHBl KpHUTepuH BBIOOpa, KOTOPHIE pa3AeNsoTcs Ha
KOJIMYECTBEHHbIE M KauecTBeHHbIE. [Ipeanoskena opManu3oBaHHas MOAENb BEIOOPA CHCTEM aBTOMATH3ALNH TECTUPOBAHHUS C YIETOM
WX XapaKTepUCTUK M TpeOoBaHWH 3akazumka. Paszpaboramnas UML nuarpamma oTpaxkaeT (YHKIHMOHAJIBHBIE BO3MOXKHOCTH
pa3pabatsiBaeMoii moacucTeMsl. [IpenoskeHHbIH anropuT™ OIpeeNeHIs PEeKOMEHAYEMO CHCTEMBl aBTOMAaTH3alUH TeCTUPOBAHUS
MO3BOJISIET YUUTHIBATh BEKTOPHI KPUTEPUEB JUIS CHCTEM TecTHpoBaHus. Ha ocHOBe dopmann3oBaHHOW MOJENM M alropuTMa ObLia
pa3paboTaHa IMOACHCTEMa, KOTOpas Ha OCHOBE BBEICHHBIX KPHTEPHEB BBHIOOpPA MO3BOJSET OINPEACIHTh ONTHUMANBHBIA BapHaHT
CHCTEMBI aBTOMATH3al[M{ TEeCTHPOBaHUs. BhIBOABI: HH(MOpPMaMOHHAS MOJIEP)KKa BEIOOpA CHCTEMBI aBTOMATH3alH TECTUPOBAHHUS
NIPOTPaMMHBIX IPOIYKTOB Ha OCHOBE pa3pabOTaHHOTO alrOpHTMa YYHUTHIBAeT TPEOOBaHMS 3aKa3uMka M XapaKTEPUCTHKH
CYIIECTBYIOIINX CHCTEM, YTO II03BOJISIET BHIOpaTh HanOojee NPEANOYTUTENbHBIH BapHaHT W3 BO3MOXKHBIX cucTeM. OCHOBHBIM
pe3ynpTaToM paboThl Pa3pabOTaHHONW IOACHCTEMBI SIBISIETCS MONydYEHHE MOJB30BaTeNeM PEKOMEHJANH IO HCHOIb30BaHUIO
CHCTEMBI aBTOMATHYECKOTO TECTHPOBAHUS C YyUETOM TpeOOBaHHHN 3aKa3unKa.

KiiodeBble cJI0Ba: TECTHPOBaHUE MPOrpaMM; CHCTEMbI aBTOMATH3alUH TECTHPOBAHUS; KPUTEPHU BBHIOOPA CHCTEMBI; MOJEIb
MHOTOKPHTEPHAIBLHOTO BHIOOPA; aTOPUTM BEIOOPA CHCTEMBI; IHarpaMMa IpereaeHTOB.

BUBIP CUCTEMU ABTOMATU3AILIl TECTYBAHHSA 3 YPAXYBAHHSIM BUMOI'
3AMOBHHUKA

Ipeamerom mociimkeHHS € METOAN Ta TEXHOJIOTII aBTOMAaTH3allil IPOLeCy TECTyBaHHS MPOTPaMHUX MPOAYKTiB. MeTor poboTh €
ONTHMIi3allis 4acy ¥ BHTpAT Ha MPOBEICHHS aBTOMATHYHOIO TECTYyBaHHS HPOrPaMHOro MPOAYKTy. B poOoTi BupilleHi HAcTymHi
3aJa4i: IPOBEJICHHs aHaJi3y ICHYIOUMX CHCTEM aBTOMAaTH3allil TECTYBaHHS MPOTrPaMHUX IPOAYKTIB; GOPMyBaHHsS CUCTEMH KPHUTEPIiB
BHOOpPY CHCTEM aBTOMATH3allil TECTYBaHHsI, PO3poOKa (opmanizoBaHol MoJeli Mpolecy BHOOPY; po3poOKa aaropurMy BHOODPY
CHCTEMH aBTOMAaTH3allil 3 ypaxyBaHHSIM BHMOT 3aMOBHHKa; po3poOka UML niarpam juist mogaHHs (QYHKIIOHAIBHUX MOXKIMBOCTEH
Ppo3po0IIeHOTO TOATKY; po3podka ToaaTKy Ais iHGOopMaLiitHOT MATPUMKH mporiecy Bubopy. s po3B’a3aHHS BKa3aHUX 3a1ad OyIu
BUKOPHUCTaHI METOAU CUCTEMHOTO aHAIi3y, TeOopil MHOKHH, TEXHOJIOTiT pO3p0oOKH Kpoc-TaThOopMHUX NoAaTKiB. OTprUMaHi HACTYITHI
pe3yabTaTu. [IpoaHanizoBaHi HaiOUIBII MOMYJSAPHI CHCTEMH aBTOMATH3allil TECTyBaHHS, BHAUIEHI iX 00NacTh 3aCTOCYBaHHS U
OCHOBHI MOJIMBOCTI. BuzineHi kpurepii BHOOpY, sIKi pO3AUISAIOTECS Ha KUTBKICHI Ta SKiCHI. 3ampornoHoBana GopMalizoBaHa MOZETb
BHOOPY CHCTEM aBTOMAaTH3allil TECTYBaHHS 3 ypaxyBaHHSAM IX XapaKTepHCTHK i BUMOT 3aMOBHHMKA. Po3pobnena UML miarpama
BimoOpaxkae ()yHKIIOHAIbHI MOXJIMBOCTI PO3pOOIIIOBAHOI MiICHCTEMH. 3alpONOHOBAHWN aJrOPUTM BHU3HAYEHHS PEKOMEHIOBAHOI
CHCTEMH aBTOMAaTH3allil TECTYBaHHs JO3BOJIIE€ BPAXOBYBaTH BEKTOPH KPUTEPIiB AJIsI cUCTeM TecTyBaHHs. Ha ocHOBI ¢opmanizoBaHol
MOJIeNi Ta anropuTMy Oyna po3pobieHa mifcucTeMa, sKa Ha OCHOBI BBEJICHUX KPHUTEPIiB BHOOPY JO3BOJISE BU3HAUUTH ONTHMATLHUN
BapiaHT CHCTEMH aBTOMAaTH3allii TecTyBaHHA. BucHOBKM: iH(opMamiiiHa MiATpUMKA BHOOPY CHCTEMH aBTOMATH3allii TECTyBaHHS
MPOrpaMHHX MPOAYKTIB Ha OCHOBI PO3pOOJICHOr0 AITOPUTMY BPaxoBY€ BUMOTH 3aMOBHHKA i XapaKTEPUCTHKU iICHYFOUHX CHCTEM, 11O
JI03BOJISIE OOMpaTH HaHOUTBII IepeBaXKHHH BapiaHT cepel MOXIMBUX cucTeM. OCHOBHHMM pe3ylIbTaToM poOOTH pPo3pobieHol
IiJICHCTEMH € OTPUMAaHHS KOPHCTYBaYeM PEKOMEH/AIlil 3 BAKOPHCTAHHS CHCTEMH aBTOMATHYHOTO TECTYBaHHS 3 YpaxyBaHHSAM BHMOT
3aMOBHHKA.

KiiouoBi ciioBa: TecTyBaHHsS NpoOrpaM; CHCTEMH aBTOMAaTH3allii TeCTyBaHHs:, KpHUTepil BHOOpY CHCTEMH; MOJEINb
0araToKpuTepiatbHOTO BHOOPY; alrOPUTM BHOOPY CHCTEMH; Aiarpama IpeLeIeHTIB.
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PROCESSES OF THE TELECOM OPERATOR’S INFORMATION ARCHITECTURE
TRANSFORMATION

The subject of the article is the architecture of information systems of telecom operators (BSS/OSS), requirements for it and the
processes of its transformation. The goal is to transform the existing information environment of the operator into an open digital
ecosystem, in accordance with business and technological requirements for the functionality and architecture of information systems
of communication operators, which will introduce new business models, services and products, communication channels, and increase
competitiveness. The following tasks were solved at the study: analysis of the current state of telecommunications and information
systems used by telecom operators; analysis of requirements for business support and operational information systems, collection and
analysis of requirements for the architecture of modern information systems in the field of telecommunications, analysis of the
transformation process from the existing BSS/OSS architecture of the communication operator into the target architecture of the
digital communications provider, elaboration of a recommendations for an intermediate architecture. To solve these problems,
methods of system and business analysis were used, in particular, methods of analysis of software requirements, technologies for
developing software application architecture. The following results were obtained. The current state of the telecommunications
services industry, the features of the existing information systems of telecommunications operators (BSS/OSS) and the requirements
for the architecture of such systems was analyzed. Strategies of transition to modern architecture was considered and analyzed. The
target architecture of the digital service provider's information ecosystem and the process of transforming the existing BSS/OSS
architecture into the target architecture were considered. Intermediate migration architecture was proposed. Conclusions: the
transformation to modern information architecture will ensure compliance of BSS/OSS systems with market requirements and new
technologies, adapt to their changes, allow operators to increase competitiveness, reduce operating and capital costs, create
technological conditions for open digital ecosystem and transform the operator into a digital services provider. It was recommended to

use an intermediate architecture based on the open standardized TMF API for such transformation.
Keywords: BSS; OSS; information architecture; telecommunications; telecom operator; requirements analysis; digital service
provider; open information ecosystem; omnichannel; architecture transformation processes.

Introduction

Analysis of recent research and publications

Currently, the telecommunications sector worldwide
is at the stage of changing technologies and business
models, which has been called digital transformation. The
driver is both a change in technology - the transition to the
digital architecture of the IMS network and 4G/5G
technologies, the development of technologies and
services 10T/IoE, and the emergence of new models of
doing business (including OTT, B2B2x/B2G2x) and
changing customer expectations.

Under these conditions, the role of software is
growing, which not only ensures the automation of
operating and business processes, but also, in fact, the
implementation of network functions and communication
services.

One of the main components of the information
infrastructure of the communication service provider
(CSP) is OSS/BSS (Operation Support System/Business
Support System). These systems manage interaction with
subscribers and partners on the one hand, and network
infrastructure and resources - on the other, and also to
automate corresponding business processes.

Despite standardization efforts, the information
infrastructure of most CSPs, especially those with a long
history of operation, is a set of legacy information systems
and applications, and has a number of shortcomings,
which will be discussed below.

Therefore, the task of analyzing the current state and
requirements for the architecture of modern information
systems in the field of telecommunications, and the study
of ways to transform it into the architecture of the
information ecosystem of the digital service provider
(DSP) is relevant.

Current state and trends in the field of
telecommunications.

In the field of technology, the main trend is the
transition to digital IMS architecture, and the introduction
of LTE/5G, I0T/IoE services [1].

The IMS network provides all telecommunication
services (voice, data, messaging, and multimedia) based
on packet-switched IP networks - in contrast to "classic"
networks, where voice switching was used for voice
transmission. IMS architecture is a set of network
functions, divided into three levels - transport, control and
application — and connected by standardized interfaces.
The network function is not tied to the specific technical
implementation of the operator's core network.

The components of the IMS architecture are
implemented as VNF — virtual network functions. This
allows, in particular, to implement the concept of Network
as a Service (NaaS), when the network infrastructure
provides its resources as abstract network services through
a technology-neutral API (e.g. TMF Open API - TMF909
NaaS APl Component Suite). At the same time, the
specifics of the service implementation are hidden from
higher-level systems - BSS/OSS, which allows you to
change the network infrastructure and technologies
without affecting the BSS/OSS level system.

Thus, the IMS architecture allows you to build a
software-defined network (SDN), which blurs the line
between network and information infrastructures - there is
a convergence of network and IT components into a single
whole. As a result, the role of OSS/BSS (OSS in the first
place) as a system that provides not only automation of
operational and business processes, but also management
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and orchestration of network services, and becomes one of
the main assets and resources of the operator.

We can also note the rapid development of
M2M/loT/IoE services and technologies and multimedia
technologies that require appropriate communication and
IT infrastructure for their implementation.

Development of related information technologies,
such as big data, artificial intelligence (Al), and cloud
computing, etc. potentially should give new qualities to
OSS/BSS.

Standardization.

Given the complexity of business processes and
organizational structure of the industry, and as a result -
the diversity of information systems that automate these
processes, and the difficulty of their integration, an
important task is to standardize processes and related
systems.

The first efforts to standardize information systems
in the field of telecommunications and requirements for
them were made in 1982 by the international
organizations ISO (International Organization for
Standardization) and ITU (International
Telecommunication Union), which issued relevant
standards (M.3000 series) and proposed a pyramid model
OSS/BSS - Telecommunications Management Network
(TMN) model.

The next step was to develop a number of standards
for the non-governmental international organization
TeleManagement Forum (TM Forum), established in
1995. A multilevel business process model - Business
Process Framework (eTOM) [2], (fig. 1), a multilevel
application model - Application Framework (TAM) [3]
and a generalized information model - Information
Framework (SID) [4]. These models later became part of
the NGOSS (Next Generation Operations Systems and
Software) Open Architecture Model, and later the ODA.

Customer
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Operations
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Services Development & Management
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1 Resource Management & Operations
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Fig. 1. Multilevel model of eTOM business processes
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Recent initiatives of the TM Forum are related
to the development of standards for Open Digital
Architecture (ODA) [5] and open API (Open API), as part
of it.

The telecommunications market is characterized by
high competition, the need for large investments in
infrastructure, relatively low profitability, reduced ARPU.
This requires telecom operators and providers to change
the business model.

An important task for telecom operators is the
transition from the role of communications service

provider (CSP), which provides only transport
for more profitable businesses (content providers,
information and communication services, digital

advertising, loT  services, etc.) to the role
of digital services provider (DSP) [6], which provides a
full range of digital services based on existing
network infrastructure and  partner information
ecosystem.

In these conditions, one of the key competitive
advantages is the reduction of time to launch new services
and products (time-to-market), which is determined by the
readiness of network infrastructure to new technologies
and OSS / BSS readiness to support new products and
business processes. Fierce competition on the one hand,
and new technologies on the other contribute to the spread
of new business models (OTT, B2B2x / B2G2x), when
several partner operators are involved in providing
services to the end user.

Customer expectations, at the present stage of
development of technologies and telecommunications
market, in addition to traditional requirements for the
quality of services, their availability, security, broadband
access, also affect aspects of user/operator interaction: the
ability to interact and manage services exclusively through
digital channels (digital experience), client-oriented and
integration of interaction channels (customer-centric and
omni-channel experiences). Subscribers are waiting for
the possibility of using high-performance real-time
services, which can be customized by performance, set of
products and service quality (SLA), on-demand services,
etc.

Current state of BSS/OSS in the field of
telecommunications. Studies [7, 8, 9] demonstrate that the
existing information infrastructure of telecom operators
and its components, in particular BSS/OSS, do not meet
the development of technology, modern market
requirements and customer expectations.

Operators with a "history" a significant part of the
infrastructure consists of legacy systems, architecture, and
often the functionality of which does not meet modern
requirements. The information infrastructure of a large
operator can number hundreds and thousands of systems,
whose functions are partially duplicated, which cannot be
fully integrated and have no single management. As a
result, complex business processes are implemented as
separate fragments that require manual coordination and
orchestration.

Much of the information systems used in
telecommunications are based on proprietary and/or

closed standards and interfaces. First of all, it concerns
information systems — BSS/OSS. Network components
(both hardware solutions and software) are usually built
on the basis of open standards (RFC, ITU-T, ETSI), which
allows the use of equipment from different manufacturers
in the network, simplifies integration and reduces operator
dependence on suppliers.

In contrast, BSS/OSS solutions are often closed,
providing proprietary interfaces. Historically, many large
vendors have been focused on providing a complete
stack of BSS/OSS solutions, so their solutions
support integration with systems of the same
manufacturer, but have poor compatibility (by interfaces,
architecture and data models) with systems of other
vendors.

Leading providers (vendors) of OSS/BSS are trying
to follow the standards and modern requirements for
architecture; currently the compliance of the architecture
and functionality of OSS/BSS with reference models,
(fig.2), at least its declaration, is a prerequisite for success
in the information systems market for
telecommunications. In practice, such compliance is not
always complete, and vendors are forced to maintain
inherited systems and solutions, the development of which
has a long history and the architecture of which does not
meet modern requirements.

Telecom operators usually follow one of two
strategies when implementing BSS/OSS. The "best-of-
breed" approach provides a choice of solutions of different
vendors, each of which best takes into account the
requirement of the operator and the specifics of his
business processes. The bottleneck here is the need to
integrate heterogeneous systems, and integration costs are
often comparable to the cost of BSS/OSS itself.

The "best-of-suite” approach involves the purchase
of basic information systems from one manufacturer. This
approach simplifies the integration of information
infrastructure components, but requires significant efforts
to customize them, and increases the dependence of the
operator from vendor.

In the current environment, when applying any of
these approaches, both when replacing existing solutions
and implementing new systems, a lot of effort is required
to customize them, adapt to the requirements of a
particular CSP, integration with existing infrastructure and
more. It also takes a lot of effort and time to implement
new products and business models. The monolithic or
tight coupled architecture of such systems means that their
modernization (which is usually performed by the supplier
according to the CR - change request procedure) requires
significant resources and time. There is a high risk that
BSS / OSS implementation projects based on outdated
architectural principles will end in excess of cost and
delay.

If the BSS/OSS component architecture does
not support virtual deployment, it requires the
operator to provide additional support costs for
technical  infrastructure  (physical  servers, data
warehouses, etc.), complicates their administration, and
scaling.
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Fig. 2. Projection of Comvers BSS on the model of business processes of eTOM

Task of the study. Thus, it can be concluded that the
existing BSS/OSS in the field of telecommunications, in
particular their architecture, do not meet modern
technological and business challenges, and need to be
modernized. Actual is the task of analyzing the
requirements for the architecture of such systems, and
recommendations for the process of transforming the
information infrastructure of the communication operator
into an open ecosystem that would allow the introduction
of new business models and products, increase the
competitiveness and loyalty of subscribers and partners.

The purpose of this article is to analyze high-level
business and system requirements for information systems
in the field of telecommunications, to formulate
requirements for the architecture of such systems, and to
provide recommendations for the process of
transformation of the existing information architecture of
telecommunications operators into an open digital
architecture.

Materials and methods used in the study - system
and business analysis [10, 11], methods of analysis of
software requirements, etc.

Study results

BSS/OSS requirements analysis. Briefly, the
requirements for BSS/OSS can be formulated as follows:
they must meet the modern level of technology
development and business requirements.

Analysis of trends in the development of
technologies and market requirements in the field of

telecommunications, which were discussed above, allows
to formulate the following functional and non-functional
requirements for BSS/OSS information systems in the
field of telecommunications:

- End-to-end automation of all business processes,
which eliminates or minimizes staff interference not only
in routine operations, but also in complex processes such
as introducing a new product or connecting a new partner,
and minimizes the need for manual orchestration of
processes.

- Reduction of operating (OPEX) and capital
(CAPEX) costs for information systems deployment,
upgrade and maintenance of information infrastructure.

- Reduce the time to launch new services and
launch  new products and marketing offers
(time-to-market).

- Rapid adaptation to changes in technology and
business models, as well as the load on the network and /
or a separate information system.

- Support for modern communication technologies,
including LTE / 5G, in accordance with 3GPP, ITU-T and
other standards and requirements.

- Future proof - possibility to implement future
communication technologies, services and business
models without the need to replace or deeply upgrade key
BSS / OSS components and systems.

- On-demand scalability, adaptation to changes in
traffic volumes and loads, which should ensure the
availability of the systems and services for subscribers in a
wide range of loads on the network and information
systems of the operator.

- Independence from BSS / OSS vendors, the ability
to deploy new components from different vendors and
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integrate them into the existing information infrastructure,
and / or replace individual infrastructure components.

- Support for the software-as-a-service (SaaS) model,
which is necessary in particular for the formation of the
operator's partner ecosystem. Possibility of seamless
integration with information systems of partners.

- Omnichannel - integration of different channels and
seamless switching of communication with the subscriber
to the optimal channel with preservation of context, and
providing digital experience of subscribers.

Requirements for BSS/OSS architecture.

In order for BSS/OSS to meet the above
requirements, their architecture must meet the following
principles [8, 9, 12, 13]:

Compliance with open standards is primarily the
standards of 3GPP, IETF, ETSI, etc. in part of network
functions and interfaces, and TMF ODA in part of
software architectures and interfaces. It is open standards
that are supported by influential international
organizations and constantly evolving, unlike proprietary
ones, that ensure that the system will meet the current and
future requirements of technologies and the market.

The use of open and standardized interfaces should
ensure the integration and interchangeability of
information infrastructure elements, its flexibility, and the
ability to build an information ecosystem of a
communication operator and integration with partners. In
the field of telecommunications, this is primarily a set of
specifications of the TM Forum Open API.

Component based loose coupled architecture, in
contrast to the monolithic architecture of legacy systems,
should provide BSS/OSS flexibility, and the ability to
adapt them quickly to market changes and technology.
There are no single requirements for using any single
approach: it can be a microservice architecture [12],
containerization, SOA, etc. Built on such principles, the
system is a network of services that interact with each
other and with external systems through the API;
management and orchestration of services is performed in
accordance with business policies and process models.

Cloud native architecture [9] - the readiness of the
solution to complete virtualization and to deploy in an
NFV environment, in a private or public (Amazon Web
Services, Google Cloud, Microsoft Azure) cloud. This
opens the way to scalability and, accordingly, availability
of solutions for loads varying in a wide range, as well as
the ability to provide software as a service - SaaS.

Model driven and configuration driven architecture.
This means that changing processes in the system does not
require modification at the level of program code
(customization), but is performed by configuring the
existing components of the system and integrating new
ones. This approach requires a global product and service,
a registry of network resources, and the use of modeling
tools and standards such as TOSCA to describe services,
YANG to describe resources, and BPMN 2.0 to model
processes [14].

Support for CI/CD (Continuous Integration and
Deployment) processes should ensure the ability to

quickly and safely update components and (sub) systems
that are already in operation.

It should be noted that the specified requirements are
closely related to each other. For example, standard
compliance includes standardized APIs and use of
simulation standards, component architecture related to
APIs and virtualization, etc.

Thus, the goal is to transform the outdated
monolithic information architecture of communication
operators into an open information ecosystem built on
modern architectural principles and standards, (fig. 3).
This should ensure that telecom operators turn into DSP,
that provides service on the basis of communication
network and information infrastructure. The target
architecture should be built on the basis of loose coupled
components that are deployed in the public or private
cloud and are connected to each other and to external
systems using an open standardized API [15].

A significant factor affecting the process of
architecture  transformation is the inability to
simultaneously replace all legacy systems and components
of existing information infrastructure. This is due to the
large amount of necessary capital investments and high
risks of untimely completion of such large-scale projects.

In the process of transforming the BSS/OSS
architecture, several tasks must be solved:

- Decomposition of existing information systems into
set of loose coupled components according to the model
of processes and systems (eTOM and TAM, Open Digital
Architecture), and transfer of components to the cloud
environment. Legacy systems that cannot be transformed
in this way must be replaced with new ones.

- Integration of product catalogs. This requires the
analysis and revision of existing products in order to unify
and simplify them, and the development of a single data
model that allows you to describe all existing products,
provide the possibility of their configuration and will meet
current standards (including SID). Data from all available
legacy directories must be combined into a single
shared product catalog and accessible to all
information components (usually via the API). At the
transition stage, federalization or data consolidation can
be used.

- Implementing a single environment for modeling,
performing and orchestrating of business processes. This
requires analysis and revision of existing processes for the
purpose of their unification and digitalization,
development of a common model using modern tools of
modeling business processes (for example,
BPML/BPME).

- Integration of channels of interaction with
subscribers and partners, and transition to omnichannelity.
This requires the separation of functions that provide
interaction with subscribers and partners, from systems
that implement basic processes and services, to a separate
integration level that will ensure their orchestration.

- The transition of network infrastructure to
IMS/SDN architecture, which meets modern standards, is
able to support modern telecommunications technologies
such as LTE/ 5G, Edge, lo T/lo E and provides real-time
management of network resources by OSS/BSS
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Fig. 3. BSS/OSS architecture transformation

In the process of transformation of the information
architecture of telecom operators it is possible to apply
several strategies [16]:

- greenfield — parallel deployment of a new
information infrastructure, built on the declared principles,
and gradual transfer of individual products and/or services
and/or business segments. For example, first, prepaid
mobile services and subscribers are transferred to the new
infrastructure, then a contract mobile, then a fixed one.
Thus, at the transition stage, there are two infrastructures -
old and new - between which processes and services are
distributed.

- brownfield — gradual replacement of individual
legacy systems with new ones that meet the above
requirements for architecture. The outdated system is
simultaneously decommissioned; its functions are
transferred to new components. For example, first, CRM
is replaced, then systems of interaction with partners,
billing system and so on. It should be understood that the
improvement and modernization of existing legacy
systems in such a way that they meet the above
requirements for architecture are possible only from their
developers and vendors. Systems that are no longer
developed and unsupported must be unopposed.

- carve-out - gradual deployment of new
infrastructure and transfer to it certain functions of
existing systems. The inherited system, all functions of
which have moved to the new infrastructure, is
decommissioned.

Each of the above approaches has its own
characteristics, advantages and disadvantages. The
strategy should be chosen taking into account the existing
architecture, business processes, the available project
budget, etc. For large telecom operators, the parallel
deployment of the new infrastructure in full requires
significant resource costs — budget and time — until the
first results are received. Therefore, a combined
(brownfield and/or curve-out) strategy is usually used for
gradually transition to a new architecture.

It is proposed to use intermediate (migration)
architecture in the process of transformation and
integration of all existing components and systems using a
unified API, (fig. 4). It is proposed to use TMF Open API

according to the current needs of the subscriber.

Information ecosystem

Partners

Digital processes (real-time, agile)
Omnichannel

Cloud loose coupled components

Open API, plug-n-play, scalability

.

Network IMS SDN: 5G, loT, Edge, Data, Al }

as a unified interface, which is the actual standard and
already used by many telecommunication operators and
vendors [17]. The presence of an open standardized
interface will allow you to begin the transition to
omnichannel interaction  with  subscribers, unify
integration with partners and begin the development of an
affiliate ecosystem.

The target architecture must be built using a multi-
level component approach [18]. This will transform the
monolithic architecture into a poorly connected one, and
will create the possibility of gradual modernization as well
as reuse of the component. New components must meet
the above architectural requirements, in particular, be
placed in a virtual (cloud) environment and integrated
with Open API.
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Fig. 4. BSS/OSS intermediate architecture

In parallel, the final transition of the communication
network to the IMS/SDN architecture should take place,
which will allow implementing the latest services and
ensuring the convergence of network and IT-component
into a single system.

Conclusions

The transition to the proposed principles of
OSS/BSS architecture should ensure compliance of such
systems with market requirements and new technologies,
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adapt to their changes, allow operators to increase basis of an intermediate architecture built on the basis of
competitiveness, reduce operating and capital costs, etc. the open standardized Open API TMF is proposed. This
The aim should be to create technological conditions for  process should ensure a gradual transition to the target
the development of an open digital ecosystem and the architecture.

transformation of the telecom operator into a digital The direction of further research is to improve the
service provider. process of architecture transformation, detailing and

The process of transformation of the architecture of  analysis of intermediate architecture options.

the information infrastructure of telecom operators on the
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MPOIIECUA TPAHC®OPMAIIIL IHOOPMAIIIMHOI APXITEKTYPHU OIIEPATOPA
3B’A3KY

IIpenmeToMm noCIiKEHHS CTAaTTI € apXiTeKTypa iHopMariifHuX cucteM omneparopis 3B’ 3Ky (BSS/OSS), Bumorn 1o Hei Ta nporecn
i TpaHchopmamii. MeToro € TpaHchopMmallist HasSBHOrO iH(GOPMAIIHHOTO cepeloBHINA OIepaTopa 3B’S3KYy Yy BIIKPHUTY LU(POBY
€KOCHCTEMY, BIINOBIAHO OO0 OI3HECOBHX Ta TEXHOJOTIYHMX BUMOT A0 (QYHKLIOHATY Ta apXiTeKTypu iH(GOPMAIifHUX CcHCTEM
OmepaTopiB 3B’s3Ky, II0 JO3BOJHUTH BIPOBAAUTH HOBI Oi3HEC-MOJeENi, MOCIYyTH Ta MPOAYKTH, KaHAIM KOMYHiKalii i3 aOoHeHTaMH
TOIIO, Ta WiABUIIUTH KOHKYPEHTO3IATHICTh. B poOOTI BHpILIyIOThCA HACTYIHI 3ajJadi: aHalli3 CydacHOro CcTaHy cdepu
TeNeKOMYHiKalii Ta 1H)OPMALIHHUX CHUCTEM, L0 BUKOPHCTOBYIOTHCS ONEpaTOpaMH 3B’S3KYy; aHANi3 BHMOT, L0 BHCYBAaIOTHCS 0
iHopmamiifHIX cucTeM MiATPUMKH Oi3Hecy Ta oIepamiiHOl AisUIBbHOCTI, 30ip Ta aHami3 BHMOT [0 apXiTeKTYpH CydYacHHX
iHpopManiitHuX cucteM B chepi TelnekoMyHikamiid, aHami3 mporecy TpaHchopmarii HasBHOI apxitekTypu BSS/OSS omeparopa
3B’3KY Y IUJTbOBY apxXiTeKTypy iH(opMaIiifHOi eKocCHCTeMH IMU(PPOBOro oreparopa KOMyHiKalild, po3podka peKOMEHIAIil 111010
MIPOMDKHOI apXiTeKTypH. [yl BUpilIeHHs 3a3HaYeHHUX 3aBAaHb Oy BUKOPHCTaHI MeTOAM CHCTEMHOTO Ta 0i3HeC aHalli3y, 30KpeMa
MeToAM aHamizy BuMor a0 II3, TexHomorii po3poOKH apXiTeKTypd NpOrpaMHHX HoAaTKiB. OTpUMaHi HACTyNHI pe3yJbTaTH.
[IpoanamizoBaHO CydacHHI CTaH Taly3i TEIEKOMYHIKAIIHHUX IOCIYT, 0COOIHMBOCTI HasBHHUX iH()OpMamiHUX CHCTEM OIEpaTopiB
3B’s13Ky (BSS/OSS) Ta BUMOTrH siki BUCYBArOTHCS 0 apXiTEKTYPH TaKHX CHCTEM. PO3IIISIHYTO Ta MPOaHaTi30BaHO CTpATerii mepexomy
10 cy4acHOi iH(poOpMariifHoi apxXiTekTypH. PO3rNsHYTO IiTBOBY apxXiTekTypy iH(opMamiiHOI eKOCHCTEMH MpoBaiaepa HUPPOBHUX
MIOCIIYT Ta Ipouec TpaHchopmanii HasBHOI apxiTekTypu BSS/OSS y 1inboBy apxiTekTypy. 3anpOHOHOBAHO IMPOMDKHY MIrpariiHy
apxiTekTypy. BucHoBKH: mepexin 10 cydacHol iHdopMariiiHOT apXiTekTypH 3abe3nednTh BinnoBinHicTs cucteM BSS/OSS BumMoram
PUHKY Ta HOBUX TEXHOJIOTil, ajanTamilo m0 iX 3MiH, JO3BOJIMTH OIeEpaTopaM IiIBHIIUTH KOHKYPEHTO3JaTHICTh, 3MEHIIMTH
orepamiifiHi Ta KaliTaJdbHi BHTPATH, CTBOPUTH TEXHOJIOTIYHI yMOBH Uil po30ymoBH Bigkpuroi IU(poBOi eKkocucTeMu Ta
MIEPETBOPEHHsI OIepaTopa 3B’S3Ky Yy INpoBaiinepa mudpoBux mociyr. s TpaHchopmamii peKOMEHIYETbCS BHKOPHUCTOBYBATH
MIPOMIKHY apXiTEeKTypy Ha OCHOBI BiKpuTOro crangaptusoBanoro APl TMF.

Kuarouosi cioBa: BSS; OSS; indopmamiiiHa apXiTeKTypa; TeJIeKOMYHIKaIlii; omepaTtop 3B’s3Ky; aHali3 BHMOT; IpOBaiaep
IU(PPOBHX MOCIYT; BiAKpUTa iHQOpMaliliHa eKOCHCTEMa; OMHIKaHAIBHICTh; MIPOLECH TPaHCHOPMALIi]l apXiTEKTYPH.

MPOIIECCHI TPAHC®OPMAILIUU HHOOPMALIMOHHOM APXITEKTYPHI
OIIEPATOPA CBsA3U

IIpeameTom nccienOBaHNS CTaThH SBISIETCS apXUTEKTypa HHPOPMAIIMOHHBIX CHcTeM orepaTopoB cBsa3u (BSS/OSS), tpeboBanus k
Hell 1 npoueccsl ee Tpancdopmanuu. Ileaso sBisercs TpanchopMmalys cyniecTByomeil HHGOPMALIMOHHON CpeJibl OIIepaTopa CBA3M
B OTKPHITYIO IIU(PPOBYIO IKOCUCTEMY, B COOTBETCTBHHU C OM3HEC-TEXHOJOTHUECKUMH TPEOOBaHMAMH K (QYHKIMOHATY U apXHUTEKType
WH(OPMAIIMOHHBIX CHCTEM OIEpaTOpPOB CBS3H, YTO IO3BOJUT BHEIPHTh HOBBIE OW3HEC-MOJEIH, YCIYT'M M HPOAYKTHI, KaHAIIBI
KOMMYHHUKallul C a0OHEHTaMH M IOBBICHUTb KOHKYPEHTOCIOCOOHOCTh. B pabore pemarorcs criepyromme 3aJadd: aHaN3
COBPEMEHHOTO COCTOSHHS c(ephl TEIEeKOMMYHUKAINA M MH(POPMAIMOHHBIX CHCTEM, HCIOJB3YEeMbIX OIepaTOpaMH CBSI3H; aHAIH3
TpeOoBaHHH, IPEIBABIAEMbIX K HH()OPMAIIOHHBIM CHCTEMaM MOAJAEPKKH OnM3Heca M ONEepaIiOHHON AeSTeNbHOCTH, cOOp W aHaIH3
TpeOOBaHUH K apXHUTEKType COBPEMEHHBIX MH(OPMAIOHHBIX CHCTEM B c(epe TeTeKOMMYHHKAIMH, aHauW3 IIporecca
TpaHChOpPMaINH cymecTByomel apxutektypsl BSS/OSS omeparopa cBs3M K 1Ie7€BOil apXUTEKType HHPOPMAUOHHON IKOCHCTEMBI
udpoBoro oneparopa KOMMYHHKAIMH, pa3paboTKa peKOMEHJAlUH MO MPOMEXYTOYHOU apxuTektype. sl pelreHus: yKa3aHHBIX
3amga4y ObUIM WCHONB30BaHBI MeTOAbI CHCTEMHOTO W aHajlnW3a, B YaCTHOCTM MeTOAbl aHamu3a TpebGoBanumii k IO, TexHOmormm
pa3pabOTKH apXUTEKTYphI NMPOrPaMMHBIX NpHIIOKeHHH. [loiydeHsl criemyromye pe3yabTaThl. [IpoaHaM3UPOBaHO COBPEMEHHOE
COCTOSIHUE OTpPAaciM TEeICeKOMMYHHMKAIIMOHHBIX YCIYT, OCOOCHHOCTH HMEIOIIMXCS WH()OPMAIMOHHBIX CHUCTEM OIEpaToOpoOB CBS3U
(BSS/OSS) u TpedoBanus, mpenbsBIsieMble K apXUTEKType TAKHX CHCTeM. PacCMOTpEHBI U MpOaHaNN3UPOBAHbI CTPATETHH TIEPEX0a
K COBPEMEHHOI MH()OPMaIMOHHON apXuTekType. PaccMoTpeHa meneBas apXUTeKTypa MH(OPMAIMOHHOI 3KOCHCTEMBI IIpoBaiinepa
mUQpPOBBIX yCIyr W mpouecc TpaHchopManuu cymecTBytomel apxutektypsl BSS/OSS B meneByio apxwmrektypy. IIpemmoxena
MIPOMEKYTOYHAs MHTPAMOHHAS ApPXHUTEKTypa. BBIBOABI: IEpexox K COBPEMEHHOW HH(POPMAIMOHHOHW apXUTEKType oOecreduT
cootBercTBUE crcteM BSS/OSS TpeGoBaHMsAM phIHKA M HOBBIX TEXHOJIOTHH, aIalTallMI0O K UX M3MEHEHMSM, TO3BOJUT ONepaTopam
ITOBBICHUTH KOHKypeHTOCHOCOGHOCTb, YMEHBIINUTH ONEPALlMOHHBIC U KAIIUTAJIbHBIC 3aTPAThl, CO34ACT TEXHOJIOTUYCCKUE YCIIOBUSA IJIsA
MOCTPOCHUS OTKPBITOH IM(PPOBOH SKOCHCTEMBI M INPeoOpa3oBaHMS OMNeEpaTopa CBA3M B HU(POBOro mnposainepa. ycayr. s
TpaHc(hOpMaIMU PEKOMEHIYETCsl MCIIOIb30BaTh MPOMEKYTOUHYIO apXUTEKTYypy Ha 0a3e OTKPBITOro CTaHAapTH3HpoBaHHOTO API
TMF.

KmnroueBsie ciaoBa: BSS; OSS; undopmannonHas apXUTEKTypa; TEICKOMMYHHUKAIUH; ONEpaTop CBSA3M; aHAIN3 TPeOOBAHHH;
mpoBaiiiep IMQPOBEIX YCIyT; OTKpHITas WH(GOPMAIMOHHAS HKOCHCTEMa; OMHHKAHAIBHOCTB; IIPOLECCH TpaHC(OpMAIHs
APXHUTEKTYPEL.
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STUDY OF THE EFFICIENCY OF THE SOFTWARE SECURITY IMPROVING
METHOD AND SUBSTANTIATION OF PRACTICAL RECOMMENDATIONS FOR
ITS USE

The subject of research in the article is a way for evaluating the effectiveness of the software security improving method. The aim of
the article — study of the effectiveness of the software security improving method and substantiation of practical recommendations for
its use. Tasks to be solved: analysis of methods for describing the software security testing process and evaluating its effectiveness,
developing a scheme and method for evaluating the effectiveness of a method for improving software security, developing a
simulation model for the software security testing process, studying the effectiveness of a method for improving software security,
researching and substantiating the reliability of the results obtained, developing practical recommendations for using the method.
Applied methods: system analysis, project approach, heuristic methods of decision making, process models. The results obtained:
The analysis of the features of the ways for describing the software security testing process and evaluating its effectiveness showed
the possibility of taking into account many factors by using the method of dynamics of averages. A way for evaluating the
effectiveness of a method for improving software security has been developed, which differs from the known ones by taking into
account the scaling factor of the software development process by introducing security testing specialists. With the help of an
improved method, the hypothesis of increasing the efficiency of the security process using the developed method by reducing the
relative damage indicator at all stages of the software life cycle, depending on the possible duration of a cyber-intrusion, was proved.
The substantiation of the reliability of the results of mathematical modeling has been carried out. A number of practical
recommendations on the use of the method of improving software security are given and some shortcomings are highlighted, which
allow the conclusion that further research is possible.
Keywords: software safety; efficiency evaluation; reliability of mathematical modeling results; practical recommendations.

Formulation of the problem.

The conducted research of the security testing
process [1], as well as the synthesis of the method of
automated penetration testing [2], show the impossibility
of complete processing of data on SW vulnerabilities and
assessing them with 100% accuracy. Therefore, methods
for approximate evaluation of the effectiveness of existing
testing approaches based on modern approaches to
mathematical formalization have become widespread [3,
4]. However, their use also implies the adaptation of the
main provisions to changes in the SW testing process, and
the reduction of input data uncertainty factors.

Literature analysis.

One of the possible ways to describe the process of
SW security testing is the method of dynamics of
averages. The advantages of this method are simplicity,
the ability to take into account many factors (the
availability of active and passive testing tools, the
capabilities of penetration testing specialists and
DevSecOps, etc.), the availability of analytical solutions
[5-9]. Improving the method for evaluating the
effectiveness of the developed method for improving SW
security based on the method of dynamics of averages is
based on the following assumptions. According to the law
of large numbers, data on possible SW security threats, as
well as means of countering them, are close to average
(mathematical expectations), which makes it possible not
to consider the details associated with the random state of
a single element or SW function, and consider the SW
security process as deterministic [5]. With this
assumption, all test indicators will also not be random
variables - they will be replaced by the corresponding
mathematical expectations. The sequence of cyberattacks

is represented as a Poisson flow of events [6, 7]. A
technique is also used, which consists in the transition
from the stream of cyberattacks to the stream of
cyberattacks that have achieved results, which is also
considered to be Poisson. A cyber attack is called
successful if it implements an existing threat. Another
possible way to formalize the SW security process is to
use the theory of continuous Markov processes [8]. A
process occurring in a system is called Markovian if, for
each moment of time, the probability of any state of the
system in the future depends only on its state at the
present moment and does not depend on how the system
came to this state. The flow of cyberattacks and the flow
of cyberattacks that achieve results are also considered to
be Poisson.

Method for evaluating the effectiveness of the
developed method for improving SW security

The block diagram of the method for evaluating the
effectiveness of the developed method for improving SW
security and the labeled graph of system states is shown in
fig. 1.

The method for evaluating the effectiveness of the
developed method includes the following steps:

1. Analysis of possible SW threats. Meaningful
statement of the research problem.

2. Development and synthesis of the main
components of the assessed system "SW - Hacker" into a
block diagram.

3. Mathematical formalization of the process of
finding the numbers of states in differential form in
accordance with the method of average dynamics.

4. Formalization of the input data, as well as
additional conditions for solving the problem.

5. Solution of a formalized problem.

© W. Cao, V. Kosenko, S. Semenov, 2022
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6. Fixation and approximation of simulation results.

7. Substitution of results and calculation of
performance indicators of the developed method for
improving SW security.

Passive
protection
system

SW

Active
protection
system

Functional
component of the
software

The control
component of the
cyber attack
system

a)

b)

Fig. 1. Structural diagram of the method for evaluating the effectiveness of the developed method for improving SW security and a

labeled system state graph

The conducted studies and analysis of a number of
scientific sources [10, 11] have shown that the
effectiveness of the developed method can be
quantitatively determined using the loss index AQ, for

each SW element or function g, This indicator

determines the amount of relative damage caused to the
tool SW q; element as a result of cyber attacks on the
SW. At the same time, in accordance with scientific works
[9, 10], the indicator of relative damage (losses) can be
calculated by the formula:

sa(e)- 2 80

where t* is the current moment of time (the moment of the
end of the formalization of the process);

100%, i=1...n, (1)

AQ (t") - relative damage (losses) for an SW
element or function g; ata pointin time t*;

q; (t,) — initial potential of the facility g, at a point
intime t,;

n — the number of phase coordinates (the dimension
of the vector q) of the simulated system "SW - Hacker".

8. Analysis and generalization of the simulation
results and preparation of practical recommendations on
the use of the SW security enhancement method and the
strategy for its use in firms.

The program developed in the Phyton environment
made it possible to conduct a series of experiments for
given conditions. At the same time, the implemented
simulation model of the interaction states of the "SW -
Hacker" system made it possible to evaluate the
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performance indicators of the developed method for
improving SW security.

In this model, in order to increase the reliability of
the results obtained, the factors and possibilities of active
(with the help of DevSecOps, SecDeyv, etc.) protection and
passive protection (using preventive methods of secure
programming and testing to detect and localize unsafe
elements and SW functions).

For a formalized representation of the dynamic
system “"SW - Hacker", we introduce variables g,

i=1...6 , by which we mean, respectively, the number of
states of the following elements; SW installation
components, SW database and active protection means,
active attack means of the first type, control system and
active attack means of the second type of cyber attacks.
The state of the dynamic system "SW - Hacker" as a
whole at each moment of time t e[t ,t, | is characterized

by a system of ordinary linear differential equations (2), in

which the numbers of states q,, i=1...6 are considered
as variables:
Olql—'() -2 — 2 PisRals + 547, (0, Q) );
E—ch 4p14R1q4 6p16 3q6 q171 ql’ 1)
B g, ()= 4, PaRetl + 60,7, (0,,Q; )
at =0,(1) =4, Py R0, +00,7,10,,Q; )
dg, -
—= 0, (t) = _)“e p36R4q6;
. (2)
q, - .
d'[4 - q4( ) _/13 p43Y1q3'
dg, -
dt5 - q5( ) _ﬂs p53Y2q3;
dg, -
de —qe( ) _/13 pssqus'

Here 50,7, (0, Q") — mathematically formalized

representation of the input of additional resources
(cybersecurity  specialists) to increase cyber
protection q, ;

50,7,(0,,Q;) —  mathematically ~ formalized
representation of the input of additional resources

(cybersecurity specialists) to increase cyber protection
4,

Q; and Q, — boundary values of the numbers of
states g, and q,, accordingly, starting from which a

reserve is introduced from the passive protection system;
0g, and &g, — the intensity of the introduction of

reserve funds into the composition ¢, and g, ;

7(0.Q7) and y,(q,,Q;) - signal functions
determined by the formulas:

oL i () <qQ;
yl(ql’Ql)_{o, if g,(t)>Q;.

oL if g, () <Q;
yz(qz,Qz)—{O’ it g, (t)>Q;.

The rule for solving differential equations allows you
to introduce variables W,, k=1...8 to denote the

coefficients of differential equations:

W, =-4,puR
W, = -4 p,R;;
W,=0;

W, =-4,p,R,;

W, = -4, PR,

We = =43 Pags ;

W, = =4, P55, 5

Wy = —245 PgsYs
where 4,, i=1...6 — the intensity of the attacks carried
out by means of q;, i =1...6 respectively;

p,; — the probability of penetration (hacking) into
the SW or its separate component g, (for example, a
database) as a result of an attack by amean q ;

Y., Y, and Y, — coefficients characterizing the level

of quality work of SW security testers;
R,, R, and R, — coefficients characterizing the

degree of training of hackers who overcome SW
protection.

It should be noted that the general condition:
Y +Y,+Y, <1.

After transformations of the system of equations (2),
we obtain:

Q. (t) =Wig, +W,q, + 57, (0, Q) );
Q, (1) =W, 0, +50,7, (0, Q5 );

Q; (1) =W,q;;

Q (t) =Wea;

5(t) W, 0s;

6(t):W7q3,

®)

Ol O O

where y, (t) is a function that characterizes the possibility
of choosing the interval for introducing a reserve At
(cybersecurity specialists) to reinforce the security of SW
elements and functions @, (t) and q,(t).

The ratios Y,/Y,/Y,=X,/ X,/ X, determine the

strategy of software developers in counteracting
cyberattacks of the  "Hacker".  The  ratios
R/R,/R,=X,I X/ X, determine the strategy of the
"Hacker" in the organization of breaking SW.

R, — share (%) of the “Hacker” funds g, involved
in a cyber attack on SW elements and functions. It is
necessary to note the obligatory fulfillment of the
condition: R, <1. R, — the share (%) of the “"Hacker"
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funds g, involved in a cyber attack on the elements and
functions g, of the SW (the main functional component).
Also R,, R, are the shares (in %) of the means g, of the

“Hacker” side participating in the information suppression
of the means ¢, and q, from the side of the SW

developer, respectively. The sums R +R, and
R, + R, must be less than or equal to 1. p;, i,j=16 is

the probability of failure of the i-th type device by the j-th
type device.

Modeling and assessment of relative damage.

When modeling, it is necessary to introduce a
number of additional conditions:

1. Replenishment of elements in the state C, (adding

the active and passive phases of counteracting
cyberattacks) is carried out at q,(t)<80%q,(t,).

Replenishment of elements in the state C, is performed
when g, (t)<90%q, (t,) .

2. Each of the elements, functions or systems g;,
i=36,has only two states: safe and dangerous.

3. The input data of the simulation model are as
follows:

G (t) =0 (t) =100, g, (t ) = g (t ) =100%,
A (t) = g (t,) = 50.

4, =0,12hour ™, 4, =0,15cu™, 4, =0,2lcu?,
8q, =0,25cu™, 8g, =0,15¢c.u. ™.

4. Taking into account the conducted research and
expert assessments of specialists from SW development

firms, fixed strategies {Y} and{R} aspects of the "SW -
Hacker" system were adopted:
Y,=Y,=03 Y,=025 R =05 R,=0,25
R,=0,35 R,=0,4.
The values of the probabilities of occurrence of a

security error SW or successful countermeasures against
the "Hacker" will be presented in accordance with table 1.

Table 1. Values of the probability of occurrence of a security error SW or successful countermeasures against the "Hacker"

sSwW "Hacker™
p14 p16 p26 p36 p43 p53 p63
0,1 0,08 0,09 0,03 0,08 0,125 0,06
5. Numerical solution of differential equations (2) is  when: ¢, <1; q,<1; g,<10%; q,<1; 0q;<10%;
performed in a cycle on the time interval from O to 180 g <1
s <1.

c.u., with a step of 0.1 c.u.
6. The limitations of the simulation, in which it is
impossible to continue the given program, are the cases

Table 2. Relative damage AQ, (t) forall g; for t" =120 c.u.

Calculate the relative damage AQ(t") for all g,

where i=1,...,6.
The calculation results are presented in table 2.

SW Hacker
AQ, (1) AQ, (1) AQ,(t) AQ, (1) AQ; (1) AQ, (")
29,57 18,31 11,99 64,57 50,45 40,36

In the considered example, the results of the relative
damage assessment indicate the feasibility and
effectiveness of the security testing system implemented
in the model and, at the same time, the possibility of
neutralizing the means of the attacking side (using active
and passive defense methods).

The effectiveness of the developed SW safety
improvement method can be assessed using the curves of
the graphs in fig. 2.

As can be seen from the graphs, the use of the
developed SW security enhancement method, taking into
account the capabilities of automated penetration testing
using deep machine learning technology, reduces the
relative damage at all stages of the SW life cycle
by up to 6 times, depending on the possible duration of the
attack.

Justification of the reliability of the results of
mathematical modeling.

To substantiate the reliability of the results obtained
in sections 2 and 3, a number of experiments were carried
out, in accordance with the conditions:

- the SW development team consists of 7 people,
including one DevSecOps and one security tester;

- the main SW development management
methodology is SCRUM;

- sprints are divided into weeks and rallies are held
daily;

- number of experiments N*=500.

Based on the results of the experiment, a histogram
of the frequency of correct detection of an attack with a
higher probability [12] was obtained, which is shown in
fig. 3.
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Fig. 2. Graphs of the dynamics of changes AQ, (t) for systems with DevSecOps and a security tester, and also without them
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Fig. 3. Histogram of SW security testing time

The hypothesis put forward about the normal
distribution of this random variable was tested by
Pearson's goodness-of-fit test y? [11]

k
2°=N" (R -P)*/R,
i=1
where k is the number of digits (intervals) of the statistical
series;

P are “statistical” and theoretical

probabilities of "hitting” a given indicator in the i-th
category.

The conducted verification proved the plausibility of
the hypothesis that the value of the frequency of correct
detection of an attack with a higher probability of
occurrence is distributed according to the normal law.

(i)
Ptest of the

*

and P

Estimates mathematical

. 0} A
expectation Pest  and D

p o variance (&, , standard

deviation) are obtained, a random variable P, " that

characterizes the frequency of correct detection of an
attack with a higher probability of occurring:

k

@i.J) £ ® (.0 :
Zptest z Prest _Ptest '

(i) = - A j=1
j=1 _
Ptest e e— | D i —
N Pest

o =D .
Pes” P

Using the well-known expression for calculating the
confidence probability of the deviation of the relative
frequency from the constant probability in independent
tests [13], we determine the confidence probability that
the value of the characteristic of the frequency of correct
attack detection obtained as a result of the experiment
with a higher probability of occurrence "does not deviate"

* ’

N -1

. . @)
from the mathematical expectation Pes by more than

0.05:
50) _ pl) - 0.05
P( Ptest Ptest < 005) - ZF[ /O"_Rgs[) j ’
where F is a Laplace function of the form

F(x):%je"zzdt L]
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Also, the results of the experiments showed that for
all the studied types of data the confidence probability is
that the values of the statistical quantity P will not

test

deviate from the mathematical expectation P{) by more
than 0.05 and is equal to: P ~0.94.A comparative study
of the results of mathematical modeling and experiment
has been carried out. The results of the comparison are
shown in fig. 4. in the form of a graph of the probability
distribution density of the implementation time of
penetration testing algorithms, and the boundaries of the
confidence interval corresponding to them:

Iﬂ =[j—gﬂ, j+gﬂ]

in which the true value J
probability f#=0,94 and
mathematical expectation.

falls with a confidence
estimates of its f O

test

Distribution density
0.3

02 // { //
-l / / )

2 4 6 8
Test time

a)
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o//////
e
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Fig. 4. Graph of the probability distribution density of the
implementation time of penetration testing algorithms, the
boundaries of the confidence interval corresponding to them, and

estimates of its f " of mathematical expectation

test

It can be seen from the graphs that in the key test
situation (time t,, ~4cu. ) the "calculated" curve J

(solid curve), obtained in accordance with the
mathematical model developed in the work, in most
practical cases fall into the "averaged" confidence interval
(shaded area).

This confirms the reliability of the mathematical
model and the analytical expression obtained as a result of
mathematical modeling.

Substantiation of practical recommendations on the
use of the software security improvement method.

The conducted studies have shown that when
designing SW, it is necessary to take into account that the
fulfillment of any of the requirements of quality indicators
during design may affect other requirements. And
in this case, it is necessary to analyze the ratio
of benefits and losses for the totality of many quality
indicators.

As noted in [13], security is the ability of a system to
prevent malicious or accidental actions not provided for in
the design, or to prevent disclosure or loss of data. Here
we are talking about system security in a general
sense. At the same time, improving the security of SW

also leads to an increase in the reliability of
the system as a whole by reducing the likelihood of
successful attacks and their negative impact on
the system.

The analysis of the literature [9, 13, 14] and the
experience of coding and testing in the development of
SW made it possible to identify a number of features of
secure programming and implementation of security-
related control functions:

- coordination of the SW security policy regarding
the technical conditions of the object of implementation
(implementation), the formation of  restrictions
on the use of the product in accordance with the security
policy;

- signature-heuristic  analysis of source and
executable code for potentially dangerous operations and
coding errors;

- analysis of security subsystems
protection subsystem tracing), etc.;

- carrying out all types of manual and automatic
testing (functional, stress, load testing and performance
testing) taking into account increased security
requirements;

- structural analysis of distribution redundancy and
integrity control;

- analysis of the presence of covert channels;

- update and modification of SW in accordance with
the approved security policy.

A qualitative assessment of these factors and features
of secure SW programming allowed us to conclude
that an integrated approach to identifying vulnerabilities is
expedient and to present common security-related
errors of programmers, as well as methods for
testing and identifying these errors in the form of
a table 3.

(password
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Table 3. Code vulnerabilities and SW testing methods

Programming mistakes

Test method

Note

Errors that occur when entering
rarely used input data.

Functional testing of rarely used inputs.

Validation of the functionality
declared in the document of rarely
used input data using boundary or
negative testing methods.

Undeclared input parameters and
modes associated with an
abnormal state of the system and
a possible decrease in its
performance.

Performance profiling.

Identification of code fragments in
which anomalies are observed
(unauthorized transfer, transition to
an infinite loop, processing of
undeclared input data, etc.)
performance decrease.

Errors related to functional safety. | Load and stress testing.

Creation of specific conditions for the
program to work with a large amount
of input data, increased load on the
processor, etc.

Vulnerabilities of the password
protection subsystem and other
subsystems.

Testing of the authentication subsystem, access
control and other information security subsystems.

Defining security management
modes, tracing the password system,
searching for built-in passwords, etc.

Unintentional (intentional)
software bookmarks, bombs.

Signature-heuristic analysis.

Identification of software bookmarks,
bombs by signatures of potentially
dangerous operations or by read event
data.

Incorrect coding.

Signature-heuristic analysis.

Identification of software bookmarks
by signatures.

Intentional tabs of a "hooligan™
nature, "programmer signatures"”,
"Easter eggs".

Signature-heuristic analysis.

Identification of program bookmarks

on the basis of illegitimate identifiers

of programmers (messages, constants,
hidden "hot keys", etc.).

Hidden channels.
environment.

Analysis of traffic and memory in an isolated

Monitoring and auditing logs.

Program bookmarks initiated by a
hidden transition.

Redundancy control, signature-heuristic analysis.

Identification of software bookmarks
on the basis of hidden data transfer.

Conducted studies have shown that the vast majority
of software is based on previously developed software
components used for work. For example, programs written
in C or C++ depend on the runtime libraries that come
with the compiler or operating system. Programs written
in Python also include a number of standard libraries,
components, or other off-the-shelf software solutions. At
the same time, the analysis of the literature [12, 13]
showed that there are a number of hidden (undeclared)
threats.

One of the undeclared threats to using off-the-shelf
software solutions is that even if you write flawless code,
your application may be vulnerable due to security flaws
in one of the components used. For example, the realpath
() function of the C programming language library returns
the canonicalized absolute path for the path given as an
argument. To get the canonicalized absolute path, the
function expands all symbolic links. However, some
implementations of realpath () contain a static buffer that
overflows when the canonicalized path is longer than
MAXPATHLEN. Other common C library functions for
which some implementations are known to be prone to
buffer overflows are syslog (), getpass (), and the getopt ()
family of calls.

Since many of these problems have been known for
some time, many C libraries now contain fixed versions of
these functions. For example, the implementations of libc4
and libcS for Linux contain a buffer overflow
vulnerability in realpath (), but the problem is fixed in
libc-5.4.13. On the one hand, this creates the prerequisites
for eliminating threats and correcting the defect, but, as
studies have shown, this problem has not been fully
resolved.

Modern operating systems are known to support
dynamic link libraries, or shared libraries. In this case, the
library code is not statically linked to the executable file,
but is searched for in the environment where the program
is installed. Therefore, if our development application
designed to work with libc-5.4.13 is installed in an
environment that has an older version of libc5 installed,
the program will be subject to a buffer overflow error in
the realpath () function.

One solution is to statically link the safe libraries
with your application. This approach allows you to
capture the implementation of the library you are using.
However, this approach has the disadvantage of creating a
large executable image on disk and in memory. It also
means that your application will not be able to take
advantage of new libraries that may fix previously
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unknown flaws (both security flaws and others). Another
solution is to make sure that the input values
passed to an external function stay within limits that are
known to be safe for all existing implementations of that
function.

It should be noted that similar problems can arise
with distributed object systems such as DCOM, CORBA,
and other compositional models that are linked at run
time.

System integrators and administrators can protect
systems from vulnerabilities in off-the-shelf software
components (such as libraries) by providing wrappers that
intercept API calls that are known to misbehave. Such a
wrapper implements the original APl functions (usually
by calling the original component), but performs
additional checks to ensure that known vulnerabilities
cannot be exploited by an attacker. To be realistic, this
approach requires linking executables at runtime. An
example of an approach that implements this method for
Linux systems is the libsafe library from Avaya Labs [13].

Shells do not require changes to the operating system
and work with existing binaries. They fail to protect
against unknown security flaws: if there is a vulnerability
in the part of the code that is not caught by the shell, the
system will still be vulnerable to attacks.

Related to the approach described is the execution of
untrusted programs in a controlled environment that is
restricted to specific behavior using custom policies. An
example of this approach is Systrace. This approach
differs from a secure shell in that it does not prevent the
exploitation of vulnerabilities, but it can prevent
unexpected secondary actions that exploit authors usually
try to perform, such as writing files to a secure location or
opening network sockets [14].

Systrace is a policy enforcement tool that provides a
way to monitor, intercept, and restrict system calls.
Systrace acts as a wrapper for executables, directing them
to bypass the system call table. It intercepts system calls
and, using the Systrace device, passes them through the
kernel and processes system calls [14].

Like a secure shell, a controlled environment does
not require any source code or changes to the program
being controlled. The disadvantage of this approach is that
it is very easy to misformulate policies and break the
required functionality of the controlled program. Research
has shown that it can be a difficult (and often impossible)
task for an administrator to create accurate policy
descriptions for large and complex programs whose
behavior is not fully understood. Accordingly, the solution
of the above problems can become a plan for further
research.
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Among the main security threats and bugs in Python
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value PY will not deviate from the mathematical
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The section also provides a number of practical
recommendations on the use of the software security
enhancement method and highlights some shortcomings,
which led to the conclusion that further research is
possible.
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JTOCJII)KEHHS EOEKTUBHOCTI METO/Y HIIBUIIIEHHSA BE3IIEKA
MMPOI'PAMHOTI'O 3ABE3INEYEHHS I OFTPYHTYBAHHSI IPAKTUYHUX
PEKOMEHJIAIIIHA 3 TOI'O BUKOPUCTAHHSI

IIpeameToM NOCTIKEHHS Y CTATTi € CIIOCIO OMIHKY e()eKTUBHOCTI METOY MiJBUIIECHHS OS3IIeKH IPOTPaMHOTO 3a0€3IICUCHHS.
Meta cTaTTi — ZOCTIHKEHHS €()EeKTHBHOCTI METOAY MiJABUINEHHS O€3MEeKH NMPOrpaMHOro 3abe3NedeHHs Ta OOIPYHTYBaHHSI
IPaKTUYHUX PEKOMEHAaUiil mono Horo BUKOPUCTAaHHSA. 3aBAAHHS, IO BUPIIUIYIOThCA: aHAJi3 CIOCOOIB OMHUCY IPOLECY
TECTYBaHHsS O€3MEeKH IMPOrpamMHOro 3a0e3NeueHHs Ta OLIHKKM HOro eeKTHBHOCTI, po3po0Ka CXEeMH Ta CHOCO0Y OILIHKU
e(EeKTUBHOCTI METOy HiJBUIIECHHS Oe3MEeKU IPOrpaMHOro 3ade3mneueHHs, po3poOKa iMiTaliiHOI MOAEN IPOLECY TECTYBAHHS
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0e3MeKH MPOrpaMHOTo 3a0€3MEeUCHHS, TOCIIIKCHHS e()eKTUBHOCTI METO/1Y ITiIBUILICHHS OE3IIeKH MPOTPaMHOT0 3a0e3IeyYeHHs,
JIOCHIZIXKEHHSI Ta OOIPYHTYBaHHS JOCTOBIPHOCTI OTPUMAaHUX pe3yJbTaTiB, po3poOKa IMPaKTHYHUX PEKOMEHIALill MI0/10
BUKOPHCTAaHHSA MeTOLy. MeTou, 1110 3aCTOCOBYIOTHCS: CUCTeMHHI aHai3, IPOSKTHUH MiAXil, €BPUCTUYHI METOAN IPHHHSITTS
piuieHs, nporecHi Moxeni. OnepxkaHi pe3yJIbTaTH: MIPOBEICHUN aHaNi3 0COOIMBOCTEH CIIOCOOIB OMHUCY TPOIIECY TECTYBaHHS
6e3neKy IpOrpaMHOro 3a0e3NeucHHs Ta OLIHKM HOro e(eKTHBHOCTI IOKa3aB MOXIIUBICTh ypaXyBaHHs OaraTthox (hakTopiB
LUISIXOM BHKOPHCTaHHS METOJY TUHAMIKU cepefHiX. Po3pobiieHo cnocid oriHku epeKTUBHOCTI METO/Y Mi/IBUIICHHS Oe3MeKn
IpOrpaMHOr0 3a0e3NeueHHs, 110 BIAPI3HAETbCA BiJ BigoMHX oOOJiKOM (akropa MacmiTaOyBaHHS IIPOLECY PO3POOKU
MPOrpaMHOTO 3a0e3MeUeHHs IIJSIXOM BIIPOBAPKEHHS CIICI[IANICTIB TECTyBaHHS OC3MEKH. 3a JOMOMOTOK BJIOCKOHAJICHOTO
croco0y JJOBEAEHO TiNoTe3y Npo MiJBHIIEHHS e(pEeKTHUBHOCTI Npolecy 3a0be3nedeHHs: 0e3MeKu 3a JOIOMOTrOI0 PO3poOJICHOTO
METOJy LUIIXOM 3HIDKEHHS ITOKa3HHKa BiTHOCHOI IIKOJM Ha BCIX €Tamax >KUTTEBOTO LUKIY IIPOTPAMHOTO 3a0e3nedeHHs
3aJIeKHO BiJl MOXKJIUBOI TPUBAJIOCTi KiGepBTOprHEHH. 1IpoBeieHo 00IpyHTYBaHHs JOCTOBIPHOCTI Pe3yJIbTaTiB MaTeMaTHYHOIO
MozemoBaHHs. HaBeneHo ps MpakTHYHUX PEeKOMEHJaliil MO0 BUKOPHCTAHHS METOLY MiJBHIIEHHS O€3MeKH MpOrpaMHOTo
3a0e3MeYeHHs Ta BUAICHO JIEsIKi HEJOMIKH, 1110 JJO3BOJIMIIO 3pOOUTH BUCHOBOK PO MOKJIMBICTh MOJANBIINX JOCIIHKEHb.

KawuoBi ciaoBa: Oesneka mporpaMHOro 3a0e3leueHHs; OIiHKa e(EeKTHBHOCTI; JIOCTOBIPHICTh pE3yJIbTaTiB
MaTeMaTHYHOI'0 MOJEIIIOBAHHS; IPAKTHYHI PCKOMCHIAIII].

NCCIEJOBAHUE DOPEKTUBHOCTU METO/JA ITOBBIIIIEHUA
BE3OINACHOCTH TPOT'PAMMHOI'O OBEINIEYEHUA  ObOCHOBAHHUE
IMNPAKTUYECKUX PEKOMEHJALIMUA 11O EI'O UCITOJIB30BAHUIO

Ipeamerom wucciaenoBaHUS B CTaTbe SBISETCS CHOCOO OHEHKM S(PQGEKTHBHOCTH METOJA IOBBIINICHUS OE€30MaCHOCTH
nporpaMMHoro obeCneuenus. Lleab crathut — wuccnenoBanne 3(Q(EKTUBHOCTH METOJA TMOBBINICHUS 0€30MacHOCTH
MIPOrpaMMHOTr0 00eCreYeHnus: 1 00OCHOBaHHE MPAKTUYECKUX PEKOMEHJAIMH 10 €ro HCIOIb30BaHHIO. Periaemble 3aayu:
aHau3 Ccrnoco0OB OMHCAHUS MpoIllecca TECTHPOBAHUS OE30MACHOCTH MPOTPAMMHOTO OOCCIIEYCHHST W OLICHKUA €ro
3¢ GeKTUBHOCTH, pa3paboTKa CXeMbl M CIOCO0a OLUEHKH A(PPEKTUBHOCTH METO/A MOBBIIICHUS 0€30MacCHOCTH POTrPaMMHOTO
oOecrieyeHuns, pa3pabOTKa UMHUTAIIMOHHOW MOJIENIM TIPOIIECCa TECTHPOBAHHs OE30MAaCHOCTH MPOTPAMMHOIO 0OECTICUeHHUS,
uccnenoBanue S(QQGEKTUBHOCTH METOJAa TOBBIMIEHUS O€30MacHOCTH TPOTPaMMHOTO OOECIe4eHHusi, HCCIeOBaHuE U
000CHOBaHHE JIOCTOBEPHOCTH TOJyYCHHBIX PE3yJIbTAaTOB, pa3pabOTKa MPaKTHUCCKUX PEKOMEHIAIMH IO HCHOJIb30BAHUIO
Metona. IIpuMeHsieMble METOIbI: CUCTEMHBI aHAaNN3, MPOEKTHBIA MOJXOJ, IBPUCTUYECKHE METObl MPUHATHS PEUICHHH,
MpoIiecCHbIe MOJeNU. [loyueHHbIC Pe3yJbTaThl. NPOBEICHHBIA aHaIM3 OCOOCHHOCTEH CHOCOOOB ONMHUCAHHUS Tpolecca
TECTHPOBaHMs OE30MAaCHOCTH HPOrPaMMHOI0 O0ECHeueHHs W OLUEHKH ero 3((GEKTHMBHOCTH ITOKa3al BO3MOXHOCTb yuyeTa
MHOTHX ()aKTOPOB IyTEM HCIIOJH30BAHUS METOJla TUHAMUKN CpeAHuX. Pa3paboTaH crocob oreHKH 3QPEeKTUBHOCTH METoaa
HOBBINIEHNS 0€30II1aCHOCTH IIPOrPAMMHOTO 00eCIeueH s, OTINYAIONIMIACS OT U3BECTHBIX y4eTOM (haKTopa MacIITaOMPOBaHUS
mporiecca pa3pabOTKH TPOTPAMMHOTO O0ECHeUeHHs IMyTEeM BHEIPEHHS CICIMAIMCTOB TeCTHpoBaHus Oe3omacHocTH. C
MOMOIIBI0 YCOBEPIIEHCTBOBAHHOTO CcHoco0a Jl0Ka3aHa TUIOTe3a O MOBBIEHUH I(PQEKTUBHOCTH Mpolecca o0ecreueHus
6e30MaCHOCTH C MOMOIIBIO pa3paboTaHHOTO METOJa MYyTEeM CHHIKCHUSI IMOKa3aTessl OTHOCHTENILHOTO yiepOa Ha BCeX Tamax
JKM3HEHHOT'O IUKJIA MMPOrPaMMHOTO OOECHEYEeHHs, B 3aBUCUMOCTH OT BO3MOXXHOW IMPOAOJDKHTEIBHOCTH KHUOEPBTOPKECHUSI.
IIpoBeeHO 060CHOBaHKME JOCTOBEPHOCTH PE3yJbTaTOB MaTEMaTHYECKOTO MOJCIHPOBaHMs. [IpUBENECHO PsJ MPAKTHUYECKUX
PEKOMEHIAIMI 110 MCIIOIB30BAHUIO METO/1a MOBBIIIEHHS 0€30MIaCHOCTH MPOTPAMMHOTO 00ECTICUCHHS U BBIJICIICHBI HEKOTOPHIC
HEJIOCTATKH, YTO ITO3BOJIMIIO CAENAThL BEIBOJ O BO3MOKHOCTH JATLHEUIITNX UCCIIETOBAHNM.

KiioueBble ¢j10Ba: 0€30IaCHOCTh MIPOrPaMMHOI0O OOecIieueHHUs; olleHKa 3G PEKTUBHOCTH; JOCTOBEPHOCTh PE3yJIbTaToB
MaTEeMaTHYECKOTO MOJCITUPOBAHHUS, IPAKTHICCKUE PEKOMEH IAIIHH.
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S. ALYOKHINA, |. NEVLIUDOV, YU. ROMASHOV

COMPUTER SIMULATIONS OF CONTROLLABILITY PROCESSES FOR ROBOTIC
WHEELED PLATFORMS TAKING INTO ACCOUNT RESTRICTIONS OF JERK
MOTIONS

The computer simulations are considered as the required tool to design the suitable autonomous control systems optimal in different
senses and especially in providing the restrictions of the jerk motions for the robotic wheeled platforms. The subject matter of this
research is the development of the theory and methods for computer simulations of the controllability processes of the robotic
wheeled platforms. The goal of this research is to consider the jerks of the wheeled platforms, and the jerks are reduced to the
limitation of the acceleration time derivative of the mass center of the wheeled platform, so that this derivative is considered as the
quantitative estimation of the jerks. The incorrectness in the Hadamard's sense for direct defining the jerks by differentiations of the
phase coordinates in the case of computer simulations using the numerical methods is discussed. Tasks of this research are in
developing the generalized approaches for mathematical modelling and computer simulations and in theoretical receiving of the
properties inherent for the wheeled platforms and suitable for verification the computer simulations results, as well as in making the
calculations to have the quantitative results about the controllability processes for the particular case of the electromechanical four-
wheeled platform under the straight motion with the mode of speeding-up from the state of the rest. Methods of this research are
based on the Lagrange's equations of second kind, as well as on the electromechanical analogies, and on final representing the
mathematical models in the form of the system of the first ordered ordinary differential equations with the initial conditions for further
numerical solving. The computer simulations are accomplished by using the Scilab free open source software. Results of this research
are in the proposed suitable way for computing the jerks by the phase coordinates without its differentiations allow excluding the
incorrectness in the Hadamard's sense, as well as in representing the controllability processes for the electromechanical wheeled
platform, including the results for the velocities, the accelerations and the jerks which are necessary to illustrate the controllability
processes for the robotic wheeled platforms. By comparison with the theoretically established inherent properties of the wheeled
platforms it is shown the correctness of the results of the computer simulations. Conclusions about this research are that the
developed approaches for computer simulations of the controllability processes for the robotic wheeled platforms allow considering
influence of the control on the different characteristics including the velocity, the acceleration, as well as the jerk motions which are
required for designing the controls optimal in different senses.
Keywords: Robotics; Wheeled Platforms; Jerk; Controllability; Mathematical Model; Computer Simulations.

Introduction

Analysis of last achievements and publications

Implementation of the robotic wheeled platform for
excluding human from the executed processes is one of
the main modern trends of the technological development,
and the robotic wheeled platforms are widely
used now for industrial, transportation, military, police,
house-holding and different other purposes. Developing of
the improved control is significantly required
to have the necessary properties providing the suitable
operating for the robotic wheeled platforms relevant to its

operation purposes. It is clearly understood that
developing and designing the improved control
is mostly based on using the opportunities

of improved mathematical
simulations of  the controllability processes
for the wheeled platforms, and this research
is exactly directed to developing the approaches for

modelling and computer

computer  simulations  of  the controllability
processes of the robotic wheeled platforms
which  is  critically  required  for  designing

the control systems optimal in different senses and
relevant for the operation purposes. Thus, the
theme of this research is of current interest, because
of full agreement with the modern global trend in

technological development by means wide
implementing  the  robotic  systems including
the wheeled platforms for making the different

operations supporting by the relevant control systems
properties.

The existed wide interest to the problems about
control of the robotic wheeled platforms are due to the
wide range of the operation purposes for these platforms,
and it can be illustrated by the follows researches [1-3].
Such interest to the control problems is due to the
different circumstances [4-6]. First of all, the structural
and algorithmic designs of the control systems are
principally predefined by the operation purposes of the
controlled systems, so wide range of the operational
purposes for the robotics wheeled platforms inherent for
the modern industries will naturally require the different
kinds of the control systems that must be designed.
Besides, trends in implementing the robotic systems
including based on the wheeled platform cover
permanently the new areas of purposes, and it will require
developing the new kinds of the control systems for the
robotic wheeled platform relevantly to theirs new
purposes. The understandable differences between
controls required for the robotic wheeled platforms used
in the industrial technological processes and for the police
purposes is the illustration in necessities in developing the
different kinds of the control systems for the robotic
wheeled platforms relevantly to their purposes. Secondly,
the operational environment can be significantly different
even for the robotic wheeled platforms with the identical
purposes, and theirs control systems must be relevant to
the particular operational environment, so the wide range
of the possible operational environments leads to
necessities of different kinds control systems for the
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robotic wheeled platforms [7]. Really, the different
environments have the different and even unpredictable
external influences on the robotic wheeled platforms, and
the control systems must provide compensations of these
influences to have the exactly required current states of
the platform. The understandable differences between the
wheeled platform on the soft soil and the wheeled
platform on the on the rigid road is the illustration of
influencing the environment on the requirements to the
control systems. Thus, the wide range of requirements to
the control systems for the robotic wheeled platforms lead
the permanent interest to the problems form the areas
about the structural and algorithmic designs of such
control systems, and each separate research deals with
some particular problem from this area like controlling the
velocity, the acceleration, the path, the jerks and others.

It is understandable that the mathematical models are
used to substantiate the structural and algorithmic designs
of the control systems including for the robotic wheeled
platforms, and computer simulations give the significant
opportunities to have the extended imaginations about the
designed systems even without having the physical
prototypes. Due to these circumstances, the computer
simulations of the controllability processes are widely
used for designing the structural and algorithmic
structures of the control systems for the robotic wheeled
platforms, and the relevant methodologies of such
simulations must be developed, so developing of the
methodologies for mathematical modelling and computer
simulations of the robotic wheeled platforms are in current
interest at present [8-10]. Interest to methodologies of
mathematical modelling and the computer simulations of
the robotic wheeled platforms are permanently due to a lot
of existed particularities inherent for the different kinds of
the wheeled platforms which must be considered in the
mathematical models and must be imagined during the
computer simulations. These particularities can include
the difficultly predicted interactions between the wheels
and the soils and the roads, the aerodynamics effects
during different velocities, the different kinds of damping
in the driving mechanisms. Besides, the perfect
mathematical models and computer simulations are
significantly required for providing the improved indirect
measurements and for designing the intelligent control
systems including for the autonomous wheeled platforms.

Highlight of the earlier unresolved parts of the general
problem. Aim of the study

robotic wheeled platform is widely researched now,
especially in the particulars of controlling the velocities,
the accelerations and the paths including theirs planning.
At the same time, optimization the control is not fully
researched, especially in considering the different
optimum criteria like the used power, the life time, and the
jerks. Control of robotic wheeled platforms taking into
account the motions' jerks restrictions is one of the not
fully developed problem at present, although it really has
significant importance for delicate cargo transportation
[11], as well as for providing the suitable operation
conditions for the sensitive on-board measure devices and
systems. It is naturally that considering of the different
optimal criteria of the designed control for the robotic
wheeled platforms requires the approaches for
mathematical modelling and computer simulations
relevant with these optimal criteria. Taking into account
all these, the subject matter of this research is to develop
the theory and methods for computer simulations of the
controllability processes of the robotic wheeled platforms,
but the goal of this research is in considering the jerks of
the wheeled platforms.

To realize this subject matter and goal of this
research it is planned to solve the follows tasks:

- developing the generalized approaches for
mathematical modelling and computer simulations and
theoretical receiving of the properties inherent for the
wheeled platforms and suitable for verification the
computer simulations results;

- making the calculations to have the quantitative
results about the controllability processes for the particular
case of the electromechanical four-wheeled platform
under the straight motion with the mode of speeding-up
from the state of the rest.

To solve the noted tasks it will be used the
Lagrange's equations of second kind with the
electromechanical analogies, and it will be used final
representing of the mathematical models in the form of the
system of the first ordered ordinary differential equations
with the initial conditions for further numerical solving.
The computer simulations will be accomplished by using
the Scilab free open source software.

Materials and methods

It seems that the problems of the robotic wheeled
platforms control are fully researched due to a lot of
existed publications [1-3], but the most of the existed
publications deals with the separate particularities of the
general problem about control of the robotic wheeled
platforms [4-6], so this general problem is actually not
fully researched now. Besides, permanent implementing
the new kinds of the robotic wheeled platforms requires
the developing the relevant control systems [7], so it
seems that the problem about control of the robotic
wheeled platforms is and will be permanently in current
interest too. Nevertheless, the problem about control the

The general idea of this research is based on using
only the computer simulations to have opportunities of
imaging the controllability processes for the wheeled
platforms without building any physical prototypes. To
have the full imagines about the researched controllability
processes it is necessary to have the improved generalised
approaches providing the relevant mathematical modelling
and computer simulations of these processes for the
robotic wheeled platforms.

To build the mathematical model of the wheeled
platform representing the controllability processes taking
into account the different controls' criteria we will assume
that the state of the wheeled platform can be defined by
the finite dimensional vector x which will be named as
the state vector. It is naturally to imagine that the state
vector is depended on the t time
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x=Xx(t). 1)

Besides, we will assume that the state of control
influencing on the considered wheeled platform can be
defined by the finite dimensional vector u which will be
named further as the vector of the control or just the
control. It is naturally to imagine the vector of the control
as depended on the time t too:

u=u(t). 2)

Taking into account the assumptions (1) and (2), we
can reduce the mathematical modelling of the wheeled
platform to building the following mapping:

u(t) > x(t). 3)

The mapping (3) shows that some control will lead
to some state of the wheeled platform. To research the
controllability processes of transition between the
different given states of the wheeled platform it is
reasonable to define the mapping (3) by means the system
of the ordinary differential equations with the initial
conditions as it is well-known in the control theory. So,
we will assume that the mapping (3) can be represented in
the following view:

dx _ B
E:f(t,x,u), X(ty) =X, 4)

where f(t,x;u) is the vector defining the velocity of

changing the state of the wheeled platform depending on
the time t, the current state x and on the control uU; t; is

some given time moment, and X, is the vector defining the

state of the researched wheeled platform at the initial time
moment t =t .

The mathematical model (4) of the wheeled platform
allows having the full imaginations about changing the
state (1) of this platform at the time moments t>t,

relevant to some given control (2), and this given control
(2) actually characterises the driving power of the wheeled
platform. It is possible in general case at least due to
numerical solving the Cauchy problem (4), and it is the
standard mathematical task, and a lot of computer
technologies are existed to solve this task, including the
Scilab free open source software suitable for engineering
and scientific calculations. At the same time, to design the
control systems relevant to different criteria for the robotic
wheeled platforms it is necessary to have imagines about
time changing of the correspondent parameters defining
the controls' criteria. In the case of the controlling the

robotic wheeled platforms with the restrictions
on the jerk motions formulated for the higher
ordered accelerations we will have the following
parameters:

. dx d®x

= Xy—=— =5 ye-es | 5

i ¢£ prflpee j ()

where j is the vector consisted of the different kinds of the
jerks used for defining the control's criteria; ¢(...) is some

function relevant to the considered jerks used for defining
the control's criteria.

It seems that it is not difficult to calculate the
parameters (5) for the given state vector (1), but such
calculating has in fact some principal difficulties due to
involving the derivatives. Really, computing the
derivatives required to estimate the criteria's parameters
(5) is the principal problem because of it we will have no
the exact analytical solutions for the state vector (1), but
we will have only the approximate solution for this vector
(1), and besides, this approximate solution will be
represented in the discrete form of the values
corresponded to the time moments relevant to the
integrating steps. It seems, that it is possible to use the
finite differences technique to find the derivatives of the
discrete defined functions, but the discrete definitions of
the functions will be predefined by the integrating
procedure, so to have opportunities of using the finite
differences technique the we must have the relevant
integrating steps to have the suitable representation of the
state vector (1) as the result of numerical solving the
Cauchy problem (4). At the same time, it is well-known,
differentiating of the approximate functions is the
incorrect problem in the Hadamard's sense, because of the
small changing of the function will lead to the big and
even infinite changing of their derivatives, so using the
finite differences technique to find the derivatives of the
state vector (1) by using its approximate solution in any
case will lead to the incorrect results, even if we will have
the reliable grid of the data. We had experience of viewing
such incorrectness in the previous researches [10, 11], so
ours previous researches has no results about the higher
derivatives of the state vector (1). At the same time, the
higher derivatives of the state vector (1) are significantly
required to estimate the some kinds of the quality of the
control, including the jerks for example which are defined
as the time derivative of the acceleration. Thus, it is
significantly required to have the reliable general
approach for evaluating the derivatives of the state vector
(1) involved in the definition (5) of the parameters
defining the quality of the control. The main principle of
the reliable general approach for evaluating the derivatives
of the state vector (1) involved in the definition (5) is in
excluding the differentiations of the approximate defined
state vector (1) by using the differential equations (4):

d_ 0% _of of of du
dt oudt’”

. (6)

dt2 ot ox

where f =f(t,xu).

The relations (6) based on the mathematical model
(4) allow having the correct evaluations for the derivatives
of the state vector (1) represented by the approximate
solution of the Cauchy problem (4), because of excluding
the differentiation of the approximately represented
functions with the incorrectness in the Hadamard’s sense.
Really, the partial derivatives of/ot, of/ox and of /ou

can be find correctly due to the exactly defined
mathematical model (4), but the derivative du/dt can be

find correctly because of existing the exact data about the
control. It is necessary to note, that evaluating the third
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and higher derivatives using the scheme (6) will lead to
the more cumbersome relations, but all these relations can
be realized correctly.

Using the mathematical modelling (4) especially
effective is combining with the computer simulations
providing automatically the required numerical solving of
the Cauchy problem (4) and the follows calculations using
the relations (6) for evaluating the researched parameters
(5). It is naturally that using such computer simulations
requires the reliable substantiations of correctness in using
the relevant especially developed software or the proposed
computer models developed by the existed tools of the
used software similar to the Scilab, Matlab, and others.
Such substantiations are often reduced to considering the
especially formulated tasks with the known solutions and
to comparing the results of the computer simulations with
these known solutions. To substantiate the correctness of
the computer simulations based on using the mathematical
model (4) it is proposed to use the test task corresponded
to the following case:

t, =0, X, =0, u(t)=uc, (7

where 0 is the zero vector with the relevant dimension;
u; is some given constant vector.

The well-known fundamental property inherent for
the wheeled platforms is in existing of the maximal
velocity corresponded to the equilibrium between the
driving and resistance powers, so taking into account the
relations (7), we will have the follows:

. dx .
tl'?n;‘,a:vc :>1I|?r2x(t):vct, (8)

where v, is some constant vector corresponded to the u.

is some given constant vector defining the control.
The mathematical model (4) and the properties (8)
allow to formulate the equations for evaluating the v,

vector corresponded to the given constant vector u
defining the control:

!L@f(t,vct,uc):vc. 9)

Thus, the relation (9) is the consequence of the
mathematical model (4), and the results of the computer
modelling the robotic wheeled platforms and their
controllability processes must be in fully agreement with

doL oL _ R oH

R )

where [ is the Lagrange’s function defined as the
difference between the kinetic and potential energies; R
is the Raleigh’s function defining the damping; 4/ isthe
function defining the gyroscopic effects; Q, is the
generalized force relevant to the generalized coordinate
O -

In the Lagrange’s equations of second kind
represented in the form (11) it is assumed that the
generalized coordinates Q, represent the driving power of

+Q (1,0, 0,1,y G, Gy, G5U), k=12,...,1,

the relation (9). The relation (9) represents the most
general property of the wheeled platforms and it can be
sufficient for substantiating the correctness of the
computer simulations. It is necessary to note, that the
considered particular case (7) corresponds to the case of
the transition function of the robotic wheeled platform
imagined as the automation object, and it is in agreement
with the purposes of this research in developing the
approaches for computer simulations of the controllability
processes.

Representing the mathematical models of the robotic
wheeled platforms in the generalized view (4) is in
agreement with the common approaches of the
mathematical modelling of the discrete systems, but it is
necessary to have the approaches to build the
mathematical model (4) representing the particular robotic
wheeled platform. It is really difficult to give the really
generalized approaches for building the mathematical
model (4) for the particular robotic wheeled platform, but
it is naturally to use the well-known approaches of
analytical mechanics and electromechanical analogies,
because of the robotic wheeled platforms are usually the
electromechanical systems. We will assume further the
robotic wheeled platforms as the holonomic systems,
because of such schematisation is suitable for considering
some operational modes including the straight motion on
their rigid road [10, 11]. This assumption allows using the
principal idea of the analytical mechanics about the
freedoms degrees in defining the state of the wheeled
platforms by means the independent parameters:

9 =0 (t).k=12...,n, (10)

where q, is the generalised coordinate; n is the number of

the freedom degrees for the considered wheeled platforms.

It should be noted that the generalized coordinates
(10) can represent not only the mechanical values like the
linear and curvilinear displacements as well as the angles
of the rotations, but also the electrical values like the
electric charges or the voltages in depending on the used
electromechanical  analogies for  modelling  the
electromechanical systems. In any case, it is well-known
in the analytical mechanics that the most general
representation of the differential equations representing
the holonomic electromechanical systems is based on
using the electromechanical analogies and the Lagrange's
equations of second kind:

(11)

the considered wheeled platform. The Lagrange’s
equations of second kind (11) represent the system of the
second ordered ordinary differential equations, so these
equations must be considered with the relevant initial
conditions:

G (t)=a".6 (t,)=d, k=12,...n, (12

where g\” and ¢ are the given initial values of the
generalized coordinates and the generalized velocities.
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The generalized coordinates (10) allow finding
different  parameters  representing the  different
characteristics of the controlled wheeled platforms. To
consider the controllability processes for the robotic
wheeled platforms under the restrictions on the motions'
jerks it is required considering the quantitative evaluations
of these jerks which will be considered further as the time
derivative of the acceleration of the mass center of the
wheeled platform. In this research, we will assume that the
mass center has the straight motion, so for the wheeled
platform considering as the holonomic system with the
generalized coordinates (10) we will have the following:

- 30-3[ 2

k=1

where j(t) is the quantitative evaluation of the jerk.

Relation (14) shows that the jerks of the translational
motions of the wheeled platforms are depended on the
generalized velocities, generalized accelerations and the
time derivatives of the generalized accelerations, as well
as on the building of the wheeled platform.

It is necessary to understand that the Lagrange's
equations of second kind (11) with the initial conditions
(12) have not direct form (4), but it is possible to represent
the differential equations (11) and the initial conditions
(12) in the form (4) by means introducing the relevant
state vector (1) in the following view:

X' =(X X .. X, X

X Xon )

n+1 n+2

X =0, X =0p,.., X, =0,
Xn+1 :qllxmz :qZ"“’XZn :qn

Although, it is possible principally to consider the
mathematical model representing the wheeled platform in
the view (12), (13) of the system of the second ordered
differential equations, but the most of numerical method
for solving the Cauchy problems are foresaw for the
systems of the first ordered differential equations (4), so
reducing the problem (12), (13) to the equivalent
generalized form (4) is principally required for computer
simulations, and the Lagrange's equations of second kind
are just the approach for building of the mathematical
models of the robotic wheeled platforms. Thus, we have
the generalised approaches to build the mathematical
models of the controllability processes of the robotic
wheeled platforms based on the Lagrange’s equations of
second kind (11) and the electromechanical analogies
well-known in the analytical mechanics. Besides, reducing
the relevant Lagrange’s equations of second kind (11) to
the equivalent system (4) of the first ordered differential
equations as well as using the differential equations to
evaluate the derivatives (6) of the state vector all allow
providing the computer simulations of the controllability
processes for the robotic wheeled platforms taking into
account the restrictions of the motion's jerks, and due to
the relation (9) we have the reliable criteria for
substantiating the correctness of the results of such
computer simulations.

(15)

s=5(0,,0,,---,0, ), (13)

where s is the natural coordinate of the mass center of the
wheeled platform.

Due to assumption about the straight motion of the
mass center, and due to the assumed quantitative
evaluation of the jerks as the time derivative of the
acceleration, the relation (13) allows having the follows
representation of the jerk for the considered robotic
wheeled platform:

3
d&} +3— = X4
dt

2 2 3
0°s dg, d°q, asqu]l (14)

Study results and their discussion

To illustrate the possibilities of the proposed
generalized approaches and to have the quantitative
estimations about the controllability processes in the
robotic wheeled platforms we will consider the particular
case of the four-wheeled electromechanical robotic
platform, because this case covers the wide class of the
robotic wheeled platforms typical for the different
applications. Schematisation of the considered four-
wheeled electromechanical robotic platform is presented
on the fig. 1. It is assumed, that the considered wheeled
platform has the straight translational motion of the
housing (pos. 1 on fig. 1a) defining by the s natural
coordinate, and this motion is due to rotations of two
driving wheels (pos. 2 on fig. 1a) defining by the rotation
angle ¢ and occurred by the drive direct current electric

motors joined with this wheels (pos. 3 on fig. 1a); the
housing (pos. 1 on fig. 1a) of the wheeled platform is
supported on the road by means two driven wheels
(pos. 4 on the fig. 1a). The viscous damping on the
housing will be represented be the force F, depending on

the velocity of the translational motion, and the rolling
friction will be represented by the constant rolling
friction couples M, on the wheels. The equivalent

scheme of the drive electric motors (fig. 1b) is reduced to
the electrical inductance, the electrical resistance, to the
supplied voltage U and to the inducted voltage
depending on the rotor angle velocity and counteracting to
the supplied voltage. The state of the electrical
parts of the driving direst current electric motors is
defined by the electric charge e (fig. 1b). To have
opportunities to show the correctness of the results of the
computer simulations we will consider the case
corresponded to the relations (7)—(9), so we will consider
the particular case of the initial state corresponded to the
state of the rest and the case of the constant supplied
voltage:

U (t)=U., (16)

where U, is some given constant.

To make the reliable computer simulations of the
controllability processes for the considered particular
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robotic wheeled platform (fig. 1) it is firstly necessary to
build the relevant mathematical model, and to do this we
will use the Lagrange’s equations of second kind (11) with
the electromechanical analogies as it was foresaw in the
proposed generalised approaches. We will have the
following evident relation between the translational

coordinate of the housing and the rotation angles of all

wheels (fig. 1a):
sS=r¢, (17)

where r is the radius of the wheels (fig. 1a).

U
(<)
<4
-/
pde
dt
1
LI
R
b)

1 —housing; 2 — driving wheels; 3 — drive electric motors; 4 — driven supporting wheels

Fig. 1. Schematisation of the mechanic (a) and the electric motors (b) of the considered wheeled platform

Due to the relation (17) we have the holomomic
system with two freedoms’ degrees (n=2), and we will
use the follows generalized coordinates:

q]_:(quzze'

So, taking into account the generalised coordinates
(18) and the relation (17) the Lagrange’s function £ , the

(18)

L =3337+12L¢;, R =4M.q, +iBrid’ +i2R4:, /4 =0, Q =2M,,, Q,=2(U.-Bqg,).

where J is the inertia moment of the wheeled platform
relatively the rotation of the wheels; p is the parameter

defining the linear viscous damping proportional to the
velocity of the housing (pos. 1 on fig. 1a); L is the

inductance, R is the resistance of the equivalent
electric circuit and B is the electromechanical
parameter of the driving direct current electric
motor.

We will assume that the driving couple from the
direct current electric motor is proportional to the electric
current in the drive’s electric circuit

M., = Bd,. (20)

The Lagrange’s equations of second kinds (11) and
the relations (19), (20) as well as the assumptions about
the state of the rest at the initial time moment will lead to
the follows differential equations:

X

x=| ,u=(Ue), f(t,xu)= _EX
X J
X B
4 _IXS

The generalized relations (13) and (14) representing
the natural coordinate and the jerk, as well as the relations
for the velocity and accelerations of the straight motion
and for the electric current in the drive electric motors of

Raleigh’s function R, the function /4  defining the
gyroscopic effects, and the generalized forces Q, for the

considered electromechanical wheeled platform (fig. 1)
will have the following views:

(19)
‘]q.ln= _Brqu."' Zqu. —4M,, ’ 1)

2L4, =-2Bd, —2Rq, + 2U
0,(0)=0, 6,(0)=0, 0,(0)=0, 4,(0)=0. (22)
We have the mathematical model (21), (22)

representing the considered robotic wheeled platform (fig.
1), but to make computer simulations of the controllability
processes we must represent this mathematical model
(21), (22) in the form (4) of the system of the first ordered
differential equations. To do this, we will use the new
variables (15) corresponded to the case of the n=2.
Besides, we will use the control vector (2) as the one
dimensions vector with one element represented by the
constant voltage (16). Taking into account all these
circumstances, we will have the follows vectors
representing the problem (21), (22) in the suitable form

(4):

X3

X, 0

2B 4M 0

2B My |t =0, x,=| | (23)
4 0

J J

R U, 0

_X4+_

L L

the considered wheeled platform taking into account the
relations (17), (18) (15) will have the following view:

2
dex,

dt? '’ (24)

dx, .
S=rx,v=rga=r—,j=r

|l =x,,
dt ‘
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where s is the natural coordinate, v is the velocity, a is
the acceleration, j is the jerk of the straight motion of the

The general relations (6) allow excluding the
differentiation of the state vector from the formulas (24) in

mass center and | is the electric current in the drive the considered particular caes will have the following

electric motors of the considered wheeled platform. view:
2 2 2 2
o _ pr 28, aM, d X _ POl B, 2By Ma ) 2Bl B, Rese] (29)
dt J J J dt J J J J J L L L

Thus, we have the mathematical model of the
researched controllability processes for the considered
robotic wheeled platform (fig. 1) in the suitable view (4),
(23) for the computer simulations, and we can define
wished additional parameters characterizing the quality of
the control by means of the correct formulas (24), (25).

To have substantiations about reliability the results
of computer simulation we will use the relation (9). In the
considered example (fig. 1) the steady state (8)
corresponded to the equilibrium between the driving and
the damping powers for the considered wheeled platform
(fig. 1) will be corresponded to the motion of the wheeled
platform with the constant velocity and to the constant
electric current in the electric motors circuits:

(Ve 1o 0 0),

where v. is the maximum velocity possible for the
considered wheeled platform and is the relevant
constant current in the drive electric motors’ circuits under
the U, supplied voltage.

The relation (9) for the vector (26), the relations (23)
defining the problem (4) will lead to the following:

T

Ve = (26)

e

Brv, +2Bl. —4M,,, Sv_+RI_=U,.  (27)
r

J h ™ To workspace
s v [128000]

To workspace
s [126000]

To workspace
1 [128000]

To workspace
"l a[128000]

i
dil

To workspace
| j[128000]

a)

4

Relations (27) can be considered as the system of
two linear algebraic equations for finding the established
constant velocity v, of the wheeled platform and the

relevant electric current I, in the drive electric motors’

circuit:

2BU. -4M (R
Br’R+2B°

=Br2UC +4BM
¢ Br’R+ 2B’

(28)

Exactly the values (28) will be used for comparing
with the results of computer simulations to show
correctness of these results.

We will consider further the computer simulations of
the controllability processes for the considered wheeled
platform (fig.1) with the follows numerical parameters:

J =80kg-m?,r=0,2m,B = 75Kkg/s,
M, =50N-m,L=26mH,R=118Q,.
B=4N-m/A

To direct accomplish such computer simulations of
the controllability processes for the considered robotic
wheeled platforms (fig. 1) based on the mathematical
model (4), (23), on the relations (24), (25) and (28), and
on the input data (29) we will use the Scilab free open

source software as shown on the fig. 2. The results of the
computer simulations are presented at fig. 3 and fig. 4.

(29)

1{1=80; r=0.2; =75; Mrf=50; L= i R= ; B=4; U c=60;
2 |k_3< *r°2/1; k_4=2%B/]
3 |loadXcosLibs();
4 |importXcosDiagram(
5 (scs_m); bcs_m.
6 |scicos_simulate(scs_m);
7 |Ve=r*{2*B*U_c-4*Mrf*R) /( “ro2*R+2*B"2) ;
8 |Ic=( Frr2fU_c+4*BANrT) / ( ro2*Re24B72);
9 |subplot(3,2,1); plot(s. ,S. s )i
10 |subplot(3,2,2); plot(v. B )
11|subplot(3,2,2); plot(] 1,[Ve Vel,
12|subplot(3,2,3); plot(a. ,a. . )i
13|subplot(3, J; plot(j. - . IH
14|subplot(3,2,5); plot(I. JIL s )i
15|subplet(3,2,5); plot(] 1,1Ic Ic], )i
16|U_c=5C; scicos_simulate(scs_m);
17 [Ve=r* (2*B*U_c- 4*Mrf*R) / { “r 24 R+2*B"2) ;
18|Ic=( rr2fU_c+4*BAMrT) /| Fro2fRe24B72);
19|subplot(3,2,1); plot(s. .S, B )i
20 subplet(3, )i plot(v. WV ) );
21|subplot(3, J; plot(] 1.,[Vc Ve, );
22 subplot(3,2,3); plot(a. ,a. s )i
23|subplot(3,2,4); plot(j. - ) );
24 subplot(3,2,5); plot(I. I B )i
25|subplot(3,2,5); plot(] 1,[Ic Ic], );
26|U_c=40; scicos_simulate(scs_m);
27 [Ve=r* (2*B*U_c-4*Mrf*R) / “r 24 R+2*B"2) ;
28 |Ic=( rr2fU_c+4*BAMrT) /| Fro2fRe24B72);
29 subplot(3,2,1); plot(s. .S, );
30|subplot(3,2,2); plot(v. WV ) )
31|subplot(3,2,2); plot([ 1,[Ve Vel, );
32 subplot(3,2,2); plot(a. ,a. )
33|subplot (3, i plot(j. BE )
34 subplot(3,2,5); plot(I. I B )
35|subplot(3,2,5); plot(] 1,[Ic Ic], );
b)

Fig. 2. Graphical representing of the computer model (a) and the script (b) for automation on the basis of the program, control of the

researches in the Scilab free open source software
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The results of the computer simulations (fig. 3) are
the full agreement with the fundamental property of the
wheeled platforms generally represented by the relations
(7)—(9) which had the particular view (26)—(28) for the
considered wheeled platform (fig. 1). This full agreement
shows correctness of the result of the computer
simulations using the computer models and script (fig. 2)
especially developed using the Scilab tools. The results for
the jerks (fig. 4) show that the maximum value of the jerk
is at the initial time moment, and this is in full agreement
with the physical sense of the considered problem about
speeding-up the wheeled platform from the state of the
rest. Considering the results for the different values of the
voltage (16) supplied on the drive electric motors (fig. 3
and fig. 4) allows having imagination about the
controllability of the considered wheeled platform and it
allows having the imagination about this wheeled platform
as the automation object. We can see (fig. 4) the

25
20 /
1y/
g 15 //
10 o>
>
5 / /
0
0 5 10 15 20
4s
a)
0,6
\/1
., 04
E
1
0,2
) \\\\
’ §
0
0 5 10 15 20
4s
¢)

significant values of the jerks and these results are due to
the impact supplying of the voltage on the drive electric
motors of the wheeled platform. It is possible to decrease
the jerk by decreasing the value of the supplied voltage,
but such smaller values of the jerks will be significant yet,
so to significantly decrease the jerk it is necessary to
provide the smooth time dependent of the voltage supplied
on the drive electric motors. The significant values of the
electric current in the winding on the drive electric motors
at the initial time moment (fig. 3d) are due to the impact
supplying of the voltage on the drive electric motors too.
All these results (fig. 3 and fig. 4) of the computer
simulations lead to the conclusion that optimisation of
control by means choosing the suitable smooth voltage
supplied on the drive electric motors will allow increasing
the quality of operation of the considered wheeled
platform.

1,6

I U I

y

L2 )

e

0,4
3
0
0 5 10 15 20
Ls
b)
55
15 20

1-U,=60V;2- U, =50V;3- U, =40V

Fig. 3. Results of computer simulations (solid) of the translational coordinate (a), the velocity (b), the acceleration (c) and for the
electric current (d) in the drive electric motors for the robotic wheeled platform, as well as the theoretically predicted results (dash) for

the steady state
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1-U, =60V;2- U, =50V;3- U, =40V

Fig. 4. Results of computer simulations of the jerks for the robotic wheeled platform

Conclusion and perspectives of further development

Successful accomplishing of this research allows
formulating the conclusions important for developing the
theory and methods for computer simulations of the
controllability processes of the robotic wheeled platforms.

It is developed the generalized approaches for
computer simulations of the controllability processes of
the robotic wheeled platforms, and these approaches have
the advantages comparing with the existed due to
possibilities of correct estimating not only the coordinates,
the velocity, the acceleration, but as well as the jerk
motions which are required for designing the control
optimal in the different senses. These approaches are
based on the mathematical modeling of the robotic
wheeled platforms by using the Lagrange's equations of
second kind with the electromechanical analogies, so the
wide Kkinds of the robotic electromechanical wheeled
platforms can be considered. The computer simulations of
the controllability processes for the robotic wheeled
platforms are reduced to numerical solving of the
differential equations and the initial conditions of the
relevant mathematical models represented in the suitable
form of the system of first ordered ordinary differential
equations with the initial conditions. On the example of
the Scilab free open source software it is shown that the
universal computer systems developed for the scientific
and engineering calculations can be effectively used for
computer simulations of the controllability processes for
the robotic wheeled platforms.

It is proposed to use the differential equations of the
mathematical model to compute the second and higher
derivatives of the state vector necessary for evaluating the
motions' jerks of the wheeled platforms using the
numerical approximate solutions. This proposed approach

References

allows excluding the incorrectness in the Hadamard's
sense due to necessities of differentiating of the
approximate  functions. To have the reliable
substantiations of correctness of the results of computer
simulations of the controllability processes for the robotic
wheeled platform it is proposed to use the property
inherent for the wheeled platforms in existing of the
maximal steady velocity relevant to the equilibrium
between the driving and damping powers.

In the considered particular case of the four-wheeled
electromechanical robotic platform typical for the
different applications it is shown, that the results of the
computer simulations are in full agreement with the
fundamental property inherent for the wheeled platforms,
so it shows correctness of the result of the computer
simulations using the computer models and the script
especially developed using the Scilab tools. It is shown
that the maximum value of the jerk is at the initial time
moment, and this is in full agreement with the physical
sense of the considered problem about speeding-up the
wheeled platform from the state of the rest. It is shown
also, that considering the results for the different values of
the voltage supplied on the drive electric motors allows
having the imaginations about the controllability of the
wheeled platforms and it allows having the imagination
about this wheeled platform as the automation object. The
significant values of the jerks are due to the impact
supplying of the voltage on the drive electric motors of the
wheeled platform. It is shown that optimization of control
by means choosing the suitable smooth voltage supplied
on the drive electric motors will allow increasing the
quality of operation of the considered wheeled platform.
For the further it is recommended to research the
controllability processes for other parameters like the
supplied power and others.

1. Houtman, W., Lopez Martinez, C.A., Wang, S., Ketels, A., Bruyninckx, H.P.J., van de Molengraft, M.J.G. (2021), "Dynamic
control of steerable wheeled mobile platforms applied to an eight-wheeled RoboCup Middle Size League soccer robot",
Mechatronics, Vol. 80, 102693. DOI: https://doi.org/10.1016/j.mechatronics.2021.102693

2. Peng, G, Lu, Z, Tan, Z., He, D, Li, X. (2021), "A novel algorithm based on nonlinear optimization for parameters calibration of

wheeled  robot  mobile  chasses",
https://doi.org/10.1016/j.apm.2021.02.012

Applied

Mathematical

Modelling, Vol. 95, P. 396-408. DOI:



https://doi.org/10.1016/j.mechatronics.2021.102693
https://doi.org/10.1016/j.apm.2021.02.012

ISSN 2522-9818 (print)
ISSN 2524-2296 (online) Innovative technologies and scientific solutions for industries. 2022. No. 1 (19)

3. Moreno-Caireta, I., Celaya, E., Ros, L. (2021), "Model Predictive Control for a Mecanum-wheeled Robot Navigating among
Obstacles", IFAC-PapersOnLine, VVol. 54 (6), P. 119-125. DOI: https://doi.org/10.1016/j.ifacol.2021.08.533

4. Sun, Z., Hu, S., He, D., Zhu, W., Xie, H., Zheng, J. (2021), "Trajectory-tracking control of Mecanum-wheeled omnidirectional
mobile robots using adaptive integral terminal sliding mode", Computers & Electrical Engineering, Vol. 96 (A), 107500. DOI:
https://doi.org/10.1016/j.compeleceng.2021.107500

5. Mondal, S., Ray, R., Reddy N. S., Nandy, S. (2022), "Intelligent controller for nonholonomic wheeled mobile robot: A fuzzy path
following  combination”,  Mathematics and Computers in  Simulation, Vol. 193, P. 533-555. DOI:
https://doi.org/10.1016/j.matcom.2021.10.028

6. Jiang, L., Wang, S., Xie, Y., Quan Xie, S., Zheng, S., Meng, J. (2022), "Fractional robust finite time control of four-wheel-
steering mobile robots subject to serious time-varying perturbations”, Mechanism and Machine Theory, Vol. 169, 104634. DOI:
https://doi.org/10.1016/j.mechmachtheory.2021.104634

7. Feng Li, Z.,, Tao Li, J., Fan Li, X,, Jian Yang, Y., Xiao, J., Wen Xu, B. (2020), "Intelligent Tracking Obstacle Avoidance Wheel
Robot Based on Arduino”, Procedia Computer Science, Vol. 166, P. 274-278. DOI: https://doi.org/10.1016/j.procs.2020.02.100

8. Alipour, K., Robat, A.B., Tarvirdizadeh, B. (2019), "Dynamics modeling and sliding mode control of tractor-trailer wheeled
mobile robots subject to wheels slip”, Mechanism and Machine Theory, Vol. 138, P. 16-37. DOI:
https://doi.org/10.1016/j.mechmachtheory.2019.03.038

9. Bayar, G., Ozturk, S. (2020), "Investigation of The Effects of Contact Forces Acting on Rollers Of a Mecanum Wheeled Robot",
Mechatronics, Vol. 72, 102467. DOI: https://doi.org/10.1016/j.mechatronics.2020.102467

10. Mamalis, A.G., Nevliudov, I., Romashov, Yu. (2021), "An approach for numerical simulating and processing of measured
electrical signals from board sensors installed on wheeled electro-mechanical platforms”, Journal of Instrumentation, Vol. 16
(10), P10006. DOI: https://doi.org/10.1088/1748-0221/16/10/P10006

11. Alyokhina, S., Nevliudov, I., Romashov, Y. (2021), "Safe Transportation of Nuclear Fuel Assemblies by Means of Wheeled
Robotic Platforms", Nuclear and Radiation Safety, VVol. 3 (91), P. 43-50. DOI: https://doi.org/10.32918/nrs.2021.3(91).05

Received 31.03.2022
Bioomocmi npo asmopis / Ceedenus 06 asmopax / About the Authors

Anboxina Csitiiana BikTopiBHa — JOKTOp TeXHIYHHMX HayK, CTapIIMi HayKOBHH CHIBpOOITHHK, IHCTHUTYT mpoGiiem
MammHOOyyBaHHs iM. A.M. Iligroproro HAH Ykpainu, B.o. 3aBizyBaya Bijiiry onTuMi3amii Mpouecis i KOHCTPYKIIH TypOOMAaIIHH;
XapkiBChbKMIA HalliOHAJILHUN YHIBEPCUTET padioeNeKTpOHikH, mpodecop Kadeapu KOMII IOTEPHO-IHTETPOBAHUX TEXHOJIOTIH,
aBTOMAaTH3allii Ta MeXaTpoHikd, M. XapkiB, Ykpaina; e-mail: alyokhina@ipmach.kharkov.ua; ORCID ID: https://orcid.org/0000-
0002-2967-0150.

Anexuna CperiiaHa BHKTOpOBHa — JOKTOpP TEXHHYECKMX HAyK, CTapIIMi Hay4YHBIA COTpyOHUK, WHCTHTYT mpoOiem
MammHOocTpoeHus uM. A.M. [logroproro HAH VYxkpauHbl, 1.0. 3aBEIyIOMIEr0 OTAEIOM ONTUMH3AIMU MPOIECCOB M KOHCTPYKIHUI
TypOomammH; XapbKOBCKHH  HAI[MOHAIBHBIH  YHHBEPCHTET  PAaJHOIIEKTPOHMKH, mpodeccop Kadenpsl KOMIBIOTEPHO-
HMHTETPUPOBAHHBIX TEXHOJIOTHH, aBTOMATH3AI[H M MEXaTPOHHKH, T. XapbKOB, YKpanHa.

Alyokhina Svitlana — Doctor of Engineering Sciences, Senior Researcher, A. Pidhorny Institute of Mechanical Engineering
Problems of the National Academy of Sciences of Ukraine, Acting Head of Department of Optimization of Processes and Designs of
Turbomachines; Kharkiv National University of Radioelectronics, Professor of the Department of Computer-Integrated Technologies,
Automation and Mechatronics, Kharkiv, Ukraine.

HepmionoB Irop IllakupoBHY — JOKTOp TexXHIYHMX HayK, mpodecop, XapkiBCbKHH HaliOHAJNBHUH YHIBEPCHUTET
pamioeneKTpOHIKY, 3aBigyBay Kadeapd KOMIT IOTEPHO-IHTETPOBAHMUX TEXHOJIOTIH, aBTOMATH3allii Ta MEXaTpPOHIKH, M. XapKiB,
Vxpaina; e-mail: igor.nevliudov@nure.ua; ORCID ID: https:// orcid.org/0000-0002-9837-2309.

Hepmiono Hrops IllaknpoBHM4 — JOKTOp TEXHHYECKHX HayK, mpodeccop, XapbKOBCKHH HAI[MOHAIBHBIH YHUBEPCUTET
PaIHOdIEKTPOHHUKY, 3aBeAyIONIMH Kadeapoil KOMMBIOTEpPHO-MHTEIPHPOBAHHBIX TEXHOJOTHH, aBTOMATHU3alMM M MEXaTPOHUKH,
r. XapbKoB, YKpauHa.

Nevliudov Igor — Dr. Sc. (Engineering), Professor, Kharkiv National University of Radioelectronics, Head the Department of
Computer-Integrated Technologies, Automation and Mechatronics, Kharkiv, Ukraine.

Pomamos IOpiii BonoguMupoBHY — JOKTOp TEXHIYHMX HayK, [OIEHT, XapKiBCHKMI HaI[lOHAJIBHUH YHIBEPCHUTET
pamioeneKTpoHIKH, Mmpodecop Kadenpu KOMIT IOTEPHO-IHTETPOBAHUX TEXHOJIOTIH, aBTOMAaTH3allii Ta MEXaTPOHIKH; XapKiBCHKHUI
Hauionaneuuit Yuisepcuter imeni B.H. Kapasina, nmpodecop kadeapu mpukiaaHoi MareMaTHkd, M. XapkiB, Ykpaina; e-mail:
yurii.romashov@nure.ua; ORCID ID: https://orcid.org/0000-0001-8376-3510.

Pomamos IOpuii BaaguMupoBHY — MOKTOp TEXHHYECKHX HayK, JOLEHT, XapbKOBCKUI HAIMOHANBHBI YHHBEPCHTET
PagMo3IeKTPOHHUKH, Tpodeccop Kadeapbl KOMIBIOTEPHO-WHTETPUPOBAHHBIX TEXHOJIOTHH, aBTOMATH3AIMM ¥ MEXaTPOHUKH;
XapbKOBCKUil HalMOHANBHBIA yHUBepcuTeT umeHn B.H. Kapasuna, npodeccop kadenps! npukiagHoil MareMaTHKH, I. XapbKoB,
YkpauHa.

Romashov Yurii — Doctor of Engineering Sciences, Docent, Kharkiv National University of Radio Electronics, Professor of the
Department of Computer-Integrated Technologies, Automation and Mechatronics; V.N. Karazin Kharkiv National University,
Professor of the Applied Mathematics Department, Kharkiv, Ukraine.

KOMIT'IOTEPHE MOJAEJIOBAHHS NPOLHECIB KEPOBAHOCTI JJIAA
POBOTHU30BAHUX KOJIICHUX IIVIAT®OPM 3 BPAXYBAHHSAM OBMEKEHbD
PUBKIB PYXIB

KoMm'toTepHe MOJENIOBAHHS PO3IIIAAETBCS K HEOOXIMHMH IHCTPYMEHT /Ui PO3pPOOKM BiAMOBIJHHX aABTOHOMHHX CHCTEM
yOpaBliHHS, ONTUMAaIbHUX Yy PI3HUX CEHcaX, i, 0cOOMMBO, IIOAO 3a0e3neucHHs OOMEXEHb PHBKIB PYXiB sl pOOOTH30BaHUX
komicuux margopm. Ilpeamerom nocmipkeHHsT € po3poOka Teopil Ta METOAMKH KOMI'IOTEPHOTO MOJICTIOBAHHS IPOLECIB



https://doi.org/10.1016/j.ifacol.2021.08.533
https://doi.org/10.1016/j.compeleceng.2021.107500
https://doi.org/10.1016/j.matcom.2021.10.028
https://doi.org/10.1016/j.mechmachtheory.2021.104634
https://doi.org/10.1016/j.procs.2020.02.100
https://doi.org/10.1016/j.mechmachtheory.2019.03.038
https://doi.org/10.1088/1748-0221/16/10/P10006
https://doi.org/10.32918/nrs.2021.3(91).05
mailto:alyokhina@ipmach.kharkov.ua
https://orcid.org/0000-0002-2967-0150
https://orcid.org/0000-0002-2967-0150
mailto:igor.nevliudov@nure.ua
https://orcid.org/0000-0002-1811-3594
https://orcid.org/0000-0002-1811-3594
https://orcid.org/0000-0002-9837-2309
mailto:yurii.romashov@nure.ua
https://orcid.org/0000-0001-8376-3510

ISSN 2522-9818 (print)

CyuacHuii cman HayKko8ux 00CaioANceHb ma mexHonoeitl 6 npomuciosocmi. 2022. Ne 1 (19) ISSN 2524-2296 (online)

KEpPOBAHOCTI POOOTU30BaHMX KOJICHUX IuIaTGopM. MeTor0 OaHOTO IOCHIIKEHHS € BpaxyBaHHS PUBKIB KOJICHUX IUIaTGOpM, sKi
BH3HAYAIOTHCA MOX1THIMH 32 YaCOM IIPUCKOPEHHS IIEHTPY Mac KOJIICHOT MIaT(OpPMH, TaK IO LI HOXiJHA PO3TILIIAETHCS K KiTbKiCHA
omiHka puUBKiB. OOrOBOPIOETHCS HEKOPEKTHICTh Y PO3yMiHHI AJlamMapa BHU3HAYEHHS PUBKIB LULIXOM MPSMOro IudepeHIitoBaHHs
($a30BUX KOOpAMHAT y pa3i KOMI'IOTEPHOTO MOJIETIOBAHHS 3a JOIOMOIOI0 OOYMCIIOBAIBHHX METOJIB. 3aBJaHHS JaHOTO
JOCIIJDKEHHST HOJIITaloTh y pO3poOIi y3aralbHEHHWX IIIXOMIB IIOA0 MAaTEMaTHYHOTO Ta KOMITIOTEPHOTO MOJETIOBAHHSI Ta B
TEOPETHYHOMY OTPHUMAaHHI BIACTHBOCTEH KONICHHX IUIAaT(OpM, IO NPHAATHI JIS HEPeBIPKH Ppe3yNbTaTiB KOMIT FOTEPHOTO
MOJICTTIOBAaHHS, a TaKOXX y HPOBEICHHI PO3paxyHKIB JUII OTPUMAHHS KUIBKICHHX pe3yJbTaTiB IIOJ0 IPOLECiB KEPOBAHOCTI IS
KOHKPETHOTO BHIAJKy €CKTPOMEXaHIYHOI YOTUPUKOIIICHOT MIaT(hOPMH MPU MPSIMONIHIHHOMY pYyCi B PeXHUMI PO3TaHSHHS 31 CTaHy
crokoro. MeToam LBOTO JOCTIIKEHHS 0a3yloThcs Ha piBHAHHAX Jlarpamxka Ipyroro poay, a TakoXK Ha EIEKTPOMEXaHIYHUX
aHAJIOTIsIX Ta HA OCTATOYHOMY MPEJCTaBJICHHI MaTeMaTHYHUX MOAENEH y BHUIJISAI CHCTEMU 3BHYAWHHX TUepeHIianbHuX PiBHSIHD
MEepUIOro MOPSAKY 3 MOYAaTKOBUMHM YMOBaMHM I INOAAJIBLIOTO OOYMCIIIOBAIBHOTO PO3B’si3yBaHHA. KOMITIOTEpHE MOJENIOBAHHS
BUKOHYETBCS 3a JOIIOMOTOI0 BUIBHOTO IIporpamMHOro 3abesnedeHHs Scilab 3 BizkputuM komom. Pe3yabTaTH 1IbOro IOCIHIIKEHHS
TMIOJIATAIOTH Y 3aIIPOIIOHOBAHOMY KOPEKTHOMY CIOCO01 0OUHCIIeHHs PUBKIB Yepe3 (a30Bi KOOpAUHATH 0e3 IXHBOTO TudepeHniloBaHHs,
IO J03BOJSE€ BHKIIOUYNATH HEKOPEKTHICTh y pPO3YMIHHI Apjamapa, a TakoX IPEACTaBUTH IPOLECH KEPOBAHOCTI IS
@JIEKTPOMEXaHIYHOI KOJIICHOI IIaT(OopMH, BKIIOYAIOUM Pe3yNbTaTH IS IMIBUAKOCTI, MPUCKOPEHHS Ta PUBKIB, sKi HEOOXimHI Uit
iTrocTpanii MmpoIeciB KepoBaHOCTI poOOTH30BaHMX KomicHHX IaTgopm. LIsxoM MOpIBHAHHS 3 TEOPETHYHO BCTAHOBICHUMH
BJIACTHBOCTSAMH KOJIICHUX IDIaTGOPM IMOKA3aHO MPABWIBHICTD PE3YNIbTaTiB KOMITIOTEPHOTO MOJCIIOBaHHSA. BHCHOBKH II0J0 I[LOTO
JOOCHI/DKEHHS TMOJNATaloTh y TOMY, MO PO3POOJEHI MiAXOOM INOJO KOMII'IOTEPHOTO MOJETIOBAHHS MPOLECIB KEPOBAHOCTI
PpOOOTH30BaHHUX KONICHUX IIaT(HOpPM JO3BOJIIOTH BpaxXyBaTH BIUIMB KEPyBaHHS HA Pi3HI XapaKTEPUCTUKH, BKIIOYAIOUN IIBUAKICTb,
IIPUCKOPEHHSI, @ TAKOXK PHUBKHU PYXiB, Ki HEOOXITHI IJIsI IPOSKTYBaHHS YIPABIIiHHS, ONTHMAIEHOTO B Pi3HHX CEHCAX.

KmrouoBi ciaoBa: poOOTOTEeXHiKa; KONICHI IDIaTGOPMH; pPHBOK; KEpPOBAaHICTh; MaTeMaTHYHA MOJENb;, KOMI'IOTEpHE
MOJIEITIOBaHH.

KOMIIBIOTEPHOE MOJIEJIUPOBAHHUE ITPOLIECCOB YIIPABJISIEMOCTH
POBOTOTU3UPOBAHHBIX KOJIECHBIX INIAT®OPM C YYETOM
OI'PAHUYEHHWU PBIBKOB B KEHUU

KoMIbroTepHOE MOJEIUPOBAHKUE pacCMaTPUBAETCs Kak HEOOXOAUMBII MHCTPYMEHT JUISl IIPOCKTHPOBAHUS MOJXOASIINX aBTOHOMHBIX
CHCTEM YIpAaBJCHHs, ONTHMAIBHBIX B pAa3IMUHBIX CMBICIAaX H, OCOOEHHO, B OOECIICUCHHWH OTPAHWYCHHUS PHIBKOB BIKECHHI
poGoTH3MpOBaHHBIX KoJlecHBIX IUiatgopMm. Ilpeamerom uccienoBaHus sBISETCS pa3pabOTKa TEOPUH M METOJOB KOMITBIOTEPHOTO
MOJICTIMPOBAHMs TPOLECCOB YIPABISIEMOCTH POOOTU3MPOBAHHBIX KoJiecHBIX uaTdopm. Lleaslo maHHOTO MCCIeOBaHMS SIBISETCS
paccMOTpeHHe PHIBKOB KOJIECHBIX IIaT(GOpPM, IPHYEM PBHIBKH ONPEAEISIOTCS IPOM3BOAHBIMU II0 BPEMEHHU YCKOPEHHUS LIEHTpa Macc
KOJIECHO! maTdopMbl, Tak YTO 3Ta MPOM3BOJHAS PACCMAaTPHBACTCA KaK KOJNMYECTBEHHAs OLEHKAa pbIBKOB. OOCyxmaercs
HEKOPPEKTHOCTh 0 AZlaMapy BBIYHCIICHHS PHIBKOB HPsMbIM I depenunpoBanreM (Ha3oBbIX KOOPAUHAT B CIydae KOMITBIOTEPHOTO
MOJICIUPOBAHUS. C HCIOJb30BAaHUEM YHCICHHBIX METOJIOB. 3agadM HACTOSIIEr0 HCCICIOBAHUS 3aKIIYaloTCs B pa3paboTke
00O0OIIEHHBIX TMOAXOJOB K MaTeMaTHYeCKOMY M KOMITBIOTEPHOMY MOJECIHPOBAHHIO; B TEOPETHYECKOM MOJIYYCHHH CBOWCTB,
NPHUCYIINX KOJIECHBIM MIaTGopMaM M MPUTOAHBIX Ul BEpU(HKALUK PE3yIbTaTOB KOMIBIOTEPHOTO MOJCIMPOBAHNUS; B TIPOBEICHUN
pacdeToB ISl TOMy4eHHs] KOJIMYECTBEHHBIX PE3YJIbTaTOB O MPOIEccax YNPaBIIEMOCTH Ul YaCTHOTO CIIydasi DJIEKTPOMEXaHUYeCKOi
YETHIPEXKOJIECHOH IaT(OPMBI NMPU MPSIMOJIMHEHHOM JIBIDKEHUH B PEXKHUME Pa3rOHa W3 COCTOSHHS MOKOs. MeToIbl MCCIeIOBaHUs
OCHOBaHBI Ha ypaBHEHHMsIX Jlarpamka BTOpOTo pojia, a TakiKe Ha 3JEKTPOMEXaHHUECKHX aHAJIOTHSIX M OKOHYATEIbHOM IPE/ICTAaBICHUI
MaTeMaTHYeCKHX MOJENed B BHJE CHUCTEMBI OOBIKHOBEHHBIX NU((EepeHIMaNbHBIX YpPaBHEHHH MEpPBOTO IOpsIKa C HavyalbHBIMU
YCIOBUSIMH IJIS  JIQNbHEHIIEro YHCIGHHOro pemieHus. KOMIbIOTEpHOE MOJENMPOBAHHE BBIMONHICTCS € HCIONB30BAHHEM
GecruaTHOro mporpaMMHoro obecredenus SCilab ¢ OTKpBITBIM HCXOIHBIM KO/IOM. Pe3yJIbTaThl HCCIIEIOBAHMS 3aKIIFOYAIOTCS B TOM,
YTO MPEIJIOKEH KOPPEKTHBIN cIIOCcO0 BBEIYHMCICHUS PBHIBKOB 10 (pa3oBBIM KoopauHaTam 0e3 ux auddepeHInpoBaHus, YTO O3BOISET
UCKITIOYUTh HEKOPPEKTHOCTh B CMBICIE AJlaMapa, a TAKkKe B H3YYCHUH MPOLIECCOB YIPABISEMOCTH IEKTPOMEXaHHIECKOH KOJIECHOH
iaTGOpMbl, B TOM YHCIE PE3yJIbTATOB U CKOPOCTEH, YCKOPEHHH W PBIBKOB, HEOOXOAMMBIX I WILTIOCTPALMU IIPOIECCOB
YIPaBISIEMOCTH POOOTH3MPOBAHHBIX KOJIECHBIX IuIatdopM. IlyTeM cpaBHEHHS C TEOPETHYECKH YCTaHOBJIECHHBIMH COOCTBEHHBIMHU
CBOMCTBaMH KOJIECHBIX IIaT(GOPM IOKa3aHa MPaBHIILHOCTh PE3YJIbTATOB KOMIBIOTEPHOTO MOJEINPOBaHMs. BBIBOABI 10 HaHHOMY
UCCIICJOBAHUIO 3aKJIIOYAIOTCS B TOM, YTO Pa3pabOTaHHbIE TMOJAXO/AbI K KOMIIBIOTEPHOMY MOJEIHPOBAHUIO IIPOLECCOB YIPaBIIEMOCTH
POOOTH3UPOBAHHBIX KOJECHBIX IIaT(HOPM MO3BOJSIOT YYHTHIBATH BIMSHHE YIPABICHUS HAa pa3inYHbIC XapaKTePUCTHKH, BKIIOYAs
CKOPOCTh, YCKOPEHHE, a TaKKe PBIBKM [IBH)KCHHH, HEOOXOMMMBIC Ul MPOEKTUPOBAHHS ONTHMAJIBLHOTO B Pa3HBIX CMBICIAX
yIpaBiIeHHs.

KiroueBbie cji0Ba: poOOTOTEXHUKA; KOJIECHBIE IIATGOPMBI; PHIBOK; YIIPABIISIEMOCTh; MaTeMaTHIECKasi MOJIENb; KOMITBIOTEPHOE
MOJIETIMPOBaHHUE.
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3ACTOCYBAHHS ®YHKIIOHAJBHOI 3AJTEXKHOCTI JJIS1
BATATOKPUTEPIAJIBHOI'O OLIIHIOBAHHSI BE3IIEKH IPALLL SIK OB’EKTA
KBAJIIMETPIi

IIpenMeToM mOCTIPKEHHS B CTaTTi € METOAMKA 0AaraTOKpUTEPiaIbHOTO OILIHIOBAaHHS IOKa3HMKa O€3MeKH Ipalli Ha BHPOOHHITBI.
Meta poGoTH — po3poOKa METOAMKH 3aCTOCYBaHHS (PyHKIIOHAIBHOI 3aJIEKHOCTI IS GaraTOKPHTEPiaNbHOTO OLIHIOBAaHHS Oe3NeKH
mpani Ha BHPOOHMITBI 3 ypaxyBaHHAM OCOONMBOCTEH CHCTEMH IIKI/UIMBHX Ta HeOe3NeYHHX BHPOOHWYHMX YMHHUKIB. B craTTi
BUPIIIYETHCSI HACTYIHE 3aBAAHHS: JOCTIAATH MOMJIMBICTh 3aCTOCYBaHHsS (YHKIIOHAIBHOI 3aJIeKHOCTI AJIsI OTPUMAHHS OLIHOK
Pi3HOPO3MIpPHUX MOKA3HUKIB Oe3MeKH IMpalli Ha 0e3p0o3MipHil Kali, Ipy [[bOMY BpaxyBaTH BUJ ii HEPIBHOMIPHOCTI Ta Y3TOAWTH i 3
0COOIMBOCTAMHU HEOE3MEYHNX YMHHUKIB HAa BUPOOHHUITBI. BUKOPHCTOBYIOTBCS METOAM: KBANIIMETPil Ta MaTeMaTU4HOI CTaTHUCTHUKH;
excnepTHi. OTpUMaHO HACTYIHI pe3y/JbTaTH: IPOAHATI30BaHO ICHYIOUi (DYHKLIOHANBHI 3aJIe)KHOCTI MK BUMIPSAHUMHU 3HAUYCHHAMHU
MMOKA3HUKIB SKOCTI Ta IX OLIHKO Ha O€3pO3MIipHIl IIKaIi, sIKi 3aCTOCOBYBAJIH AJIS OL[IHIOBaHHS 00’ €KTiB KBAJIIMETPii pi3HOT IPHUPOIH.
IMoka3zano, mo A1 00’€KTUBHOTO OIIHIOBaHHS 00’€KTIB KBaTIMETpii, SIK MPaBHJIO, MOTPIOHO 3aCTOCOBYBATH HEJIHIHHI 3aJI€KHOCTI.
lonoBHUM 3aBHaHHSIM JOCTITHWKA BHOpATH BHJ HENIHIHHOI 3aJ€KHOCTI, e MOTpeOye ITOAATKOBHX HAYKOBUX JOCIHIKCHb.
[HCTpYMEHTOM JUTs1 BUOOPY TOT 4HM iHINOI HENMiHIHHOT 3aJIeKHOCTI € po3yMiHHA (i3ndHOI cyTi 00’ €KTy KBaJiMeTpii, TOOTO pO3yMiHHS
3aKOHOMIPHOCTEH 3B’SI3Ky MK BHMIpPSIHAM 3HAUCHHSIM MOKA3HMKIB KBaJiMeTpii Ta iX omiHKor0. /I7Isl BOTO BaXKIIMBO 3aCTOCYBAHHS
METOMIB €KCHEPTHUX OIHOK, aJpKe, SK MPAaBUIO, TaKi 3aKOHOMIPHOCTI HeBimoMi. DyHKITIOHATIbHA 3aJIEKHICTh, SIKa 3aCTOCOBYETHCS
IUIA OTPUMAaHHS OLIHOK IMOKa3HUKIB Oe3MeKH Mpali Ha BHUPOOHHITBI € CTYNEHEBOIO 1 BKIOYAE mapaMmeTp (GopMH. 3MIHIOIOYH
napametp (GOpMH, 3MIHIOEThCS KPHBH3HA 3aJI€KHOCTI, IIAM CAMHM 3MIHIOETHCS OLliHKa Ha 0e3po3MipHii mkaii. Taka ocoOMuBiCTh
3aCTOCOBAHOI 3aJEKHOCTI Ja€ MOXIHMBICT PO3POOUTH YHIBEpCalbHy METOIWKY, TOOTO, 3MIiHIOIOYM mHapameTp (opmu, AaHy
3aJIeKHICTh MOJYKHA 3aCTOCOBYBATH JUISl PI3HHMX IOKa3HMKIB Oe3MeKH mpari Ha Oyap sIkoMy BHpOOHMITBI. SIk mpukman, y crarti
PO3IIIIAETBCS. METANyprifiHe BHPOOHHWITBO, NPH LEOMY OLIHIOIOTHCS HaiOUThII HeOe3neyHi YMHHUKH. PO3pOOIEHO IMOKPOKOBY
METOJMKY BH3HAUCHHs y3araJbHEHOTI0 IIOKa3HMKa OE3MeKH Ipalli Ha BUPOOHMIITBI Ta Ha NPUKIAAI BUMIPSHUX YHCEIbHUX 3HAYCHHIX
HeOe3MeuyHNX YMHHUKIB, TOKa3aHo 11 Ai€BiCTh Ta yHiBepcanpHiCTh. BucHOBKH: [[)is1 BU3HAUEHHS y3arajbHEHOTO MOKa3HHUKa Oe3nekn
mpali Ha BHPOOHHUITBI MPOIOHYETHCS 3aCTOCYBaHHS (PYHKIIOHATBHOI 3aJ€KHOCTI MDK OKPEMHMH MOKa3HHUKaMH MIKiUTHBUX
BUPOOHHYMX YMHHUKIB Ta 1X 3HAUYEHHAMHU Ha Oe3po3MipHill IIKami, e Ja€ KUIBKICHO OLIiHUTU Oe3meKy mpali Ha BHPOOHHUITBI. 3a
JIOTIOMOTOK0 3aIIPOIIOHOBAHOI METOIWKH MOXKHA NMPHUHMATH YIPABIIHCHKI PIMICHHS, IO MPHU3BOAUTH A0 MiHIMi3alii BiIXHMICHHS
MIWCHUX 3HAYEHb LIKIUIMBUX YAHHUKIB BiJl ONITUMAILHUX.

Kurouosi cioBa: QyHKIiOHaNbHA 3aI€XKHICTh; METOJJUKA OLIHIOBAHHS; OaraTOKpUTepialbHe OLIHIOBAaHHS; 00’ €KT KBaJIiMETpii;
y3araJbHEeHUH TIOKa3HUK; Oe3reKa mparti.

Beryn

Huist YCHIIITHOTO PO3BHUTKY BUPOOHUYIOTO
MAMPUEMCTBA, 3a0€3MeUeHHs] KOHKYPEHTOCIPOMOKHOCTI
MPOAYKIHI Ta JOCATHEHHS IOCTABJICHUX CTPATETIdYHUX
LJIEH HEJOCTATHHO JIMIIIE BAOCKOHAIIOBATU TEXHOJIOTIII, a
HeoOXinHO 3abe3meuynTn Oe3mewHi ymoBW mpari. s
KOMIUIEKCHOI ~ MIATPUMKH  OE3MEKH  BIIPOBAIDKYETHCS
cHUCTeMa YIPaBIiHHA OC3MEeKOI Tpalli, sKa BpPaXOBYE
mporecd  igeHTHQIKaIii, KOHTPONIO, OIIHKH Ta
yopaBimiHHA. 11  epeKTHBHOCTI CHCTEMH KOHTPOIIO
HEOOXiJHO MAaTH HAayKOBO OOIPYHTOBAaHYy METOAMKY
KUTBKICHOI OWIHKM INKI[UIMBHX (AaKTOpiB 3 METOI0
KOHTPOJIIO Ta MiHIMi3amii X BIUIMBY Ha OPTaHi3M JIIOJAWHU
3 ypaxyBaHHIM OCOOJMBOCTEN TEXHOJIOTIYHUX MPOIIECIB.

TexHomOTI4HI Mpo1ecu XapaKTepU3YIOThCS:
BaXKICTh Ta IHTCHCHBHICTH BHKOHYBaHOi poOOTH;
€pProHOMIYHICTE POOOYOro MiCIs; TEXHOIOTiuHA Oe3IeKa;
PiBEHb TEXHOJOTIYHOI AUCUUILTIHY; 3arajlbHa OpraHi3amis
poboyoro mporecy; IIKIJUIMBI Ta HeOE3MeuyHi (akTOpH.
Jlis  KOMIUIEKCHOT OIIHKM  cTaHy Oe3leku mpari
HEOOXIJIHO MaTH KUIBKICHI ITOKa3HUKHM IIKIJJIMBUX
BUPOOHWYHX YHMHHHUKIB 3 yPaXyBaHHAM IX TEXHOJIOTIYHHX
0COOJTMBOCTEH.

Jis  oTpuMaHHS KUIBKICHMX TIOKa3HUKIB SKOCTI
00'exTiB pi3HOI TPUPOAM BUKOPHUCTOBYIOTHCS METOIU
kBaiMeTpii. KBamimeTpis - mpeaMer Hayku, 110 BHUBYAE
METOIOJIOTII0 KIIBbKICHOI OIUHKK SIKOCTI 00’ €KTIB 1

nporieciB pizHoi mpupoau. Ilix 00'ekToM KBamimMeTpii B
JIaHId CTaTTi MU pO3MJIAJAEMO CUCTEMY IIKIIJIMBHX
BUPOOHMYMX YMHHUKIB SIKI MAlOTh BIUIUB Ha 3JJ0pPOB'S Ta
JKUTTS TIPAIliBHUKIB.

CrucrtemMa MIKIIUIMBUX BHPOOHHYUX UHHHHUKIB, SIK
00'eKT KBaJIMETpii, Ma€e Psx OCOONMBOCTEH: MOKIHBICTh
MPOBEICHHS BHMIpIOBaHb, pI3HOMAaHITHI OJWHUIN Ta
Jiarma3oH BUMIpPIOBaHb; pI3HHH CTYIIHb BIUTUBY Ha
OpraHizMm JIFOUHH; pi3Ha  TSKKICTP HACJIIIKIB
3aXBOPIOBaHHS; MOJJIMBICTh BUKOPHCTAHHS CHELiaJIbHUX
3aco0iB  3axucty. Taki 0COOJMBOCTI  3yMOBIIIOIOTH
CKIIQJIHICTh BHPIIICHHs] MPOOJeMH KiIbKICHOT OIlIHKH
Oesmexu mpari Ha BHPOOHHWNTBI. [ BupimieHHA Takoi
3amadi  HEOOXiZHO HaHECTH Ha 0e3po3MipHY IIKalTy
pi3HOMacmITaOHI MOKa3HUKM Pi3HUX (DAKTOPIB, IO 1acTh
3MOTY KUIBKICHO OI[IHWUTH y3araJbHEHHH IOKa3HUK CTaHy
6e3reKu Imparli B Pi3HUX TaTy35X €KOHOMIKH.

AHaJIi3 0CTaHHIX J0CaiTKeHb i myOJikauin

Ha mpamiBHuka B mpoleci TPyAOBOi AisUIBHOCTI
BILIMBAIOTH IIKIJIMBI Ta HeOE3MEUYHI YNHHUKH, BHACIIIOK
JT SIKMX TIOTIPIIYy€EThCS HOTO 340POB'S Ta MOXKE IPUBECTH
0 HempanesgaTHocTi. Toil ¢akT, Mo KiMBI Ta
HeOe3NmeyHi YMHHUKY MaloTh Pi3HI OJUHMIN Ta Iiarma3oH
BUMIPIOBaHHS YCKJIQAHIOE 3pOOMTH BHCHOBOK PO
KOMIUIEKCHY KUIBKICHY OITIHKY CTaHy Oe3IleKd Mpaii Ha
pobodomy Micli.

© O. M. Yepnsik, H. A. Copoxkoinart, I. O. Baraes, JI. 0. dareesa, 2022
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Jlnis  mepeBeneHHS PO3MIpHOCTEH IIKIJUIMBUX Ta
HeOe3meyHnx  QakTopiB y  0e3po3MipHYy  IIKaIy
MIPOIIOHYETHCS 3aCTOCYBAHHS HENMIHIMHHUX MaTeMaTHIHHX
3IeKHOCTEH Mi’K BUMIPSIHUMH TOKa3HUKAMH IIKIIJTABUAX
YUHHWKIB Ta I1X  OIliHKaMH Ha  0Oe3po3MipHii
mKam. Sk MaTeMaTH4YHi 3aJIe)KHOCTI TMPOMOHYETHCS
3aCTOCOBYBATH BIiZIOMI 3aJ€KHOCTI, BUBENCHI [ HeIEeHKO i
paHilie 3acTOCOBaHI JUisi OILIHIOBAaHHS  HAMIMHOCTI
TEXHIYHUX CHUCTEM, 1 MAalOTh BIJHOIICHHS JO TeOpii
EKCTPEMAIIbHUX CTATUCTHK. BWKOPUCTOBYIOUM TEOPIIO

eKCTPEeMaIIbHUX CTaTUCTHUK Ta 3aMpONOHOBAHI
MaTeMaTHYHI 3aJIEKHOCTI I'uenenko, IOCIITHUK
XappiHTrToH 3aMpOTOHYBaB METOTUKY
0araToKpUTEpiaIbHOTO OIIIHFOBaHHS KUTIIOBUX
npuMimiess [1].

Y pobGorax [2-3] amAd  OTpUMaHHSA  OI[IHOK

PI3HOPO3MIPHHX NOKa3HHKIB SKOCTI Ha 0e3po3MipHiii
IIKaJdi  BUKOPHUCTOBYBAIM  3alIOKHICTh, sSKa  Maja
MOJIBIMHUI €KCIIOHEHTHHUH BUIIISLA. IcHye psii poOit, siki
NOB’sI3aHI 3 OIIHIOBAHHSAM SKOCTI 00’€KTiB  Ppi3HOI
npupo i [4-6], B IKMX JTOCHIPKYBaJIUCh IHCTPYMEHTH LIS
3a0e3neueHHsT €JHOCTI OI[IHIOBAaHHA SIKOCTI  Pi3HHX
00’exTiB. ABTOpamMH [7-9] BHKOpPHUCTOBYBaBCS BHUJ
3aJICKHOCTEH AJIST TPUMAHHS OLIHKU ITOKa3HUKIB SKOCTI
Ha Oe3pOo3MipHIA MIKami, 3 3aCTOCYBAaHHSAM IOPSIKOBUX
CTaTHCTHK. B HaykoBux pobGorax Buenux [10-12]
3aCTOCOBYIOTBCS OaraTOKpUTEpialbHI METOAM KiIbKiCHOT
OIIIHKM  TIPOIeCiB,  AKi  [TO3BOJSIOTH  INPHUBECTH
M0 OnHi€l PO3MIPHOCTI iX TMOKa3HUKH. Y HAyKOBHX

poborax [13, 14] Oyau 3ampoONOHOBaHI METOIUKU
OLIIHIOBAHHS SIKOCTI 00’€KTIB KBaNIMETPii, 3aCTOCOBYIOUH
IHTEerpyBaHHST ~ METOJIOM  Tpameuiii Ta  cepenHix
MPSIMOKY THHUKIB.

MeTtorw poGoTH € PO3POOICHHS  METOJUKH
3aCTOCYBaHHS  (DYHKI[IOHANBHOI  3aJ@XKHOCTI s
0araTOKpUTEpPiaTbHOTO OI[IHIOBAaHHS Oe3MeKH mparli Ha
BHPOOHHUIITBI 3 ypaxyBaHHIM ocobOIMBOCTEH

CHUCTEMH IIKIJIMBHX Ta HE0E3NeYHNX BUPOOHUIHX
YUHHHKIB.

Bupimenns 3aBaanas

[IpoananizoBani METOINKH OILIIHIOBAHHS
3aCTOCOBYIOTBCS ISl OIIHKH SIKOCTI MPOMYKITii 1 Ha Pi3Hi
MPOIIECH CHCTEMH MEHEIKMEHTY SIKOCTI, TOMY BBasKA€EMO,
IO TPOBEACHWHA  OIJISA  JITepaTypd  IiATBEPAUB
aKTyaJbHICTh JOCHTIDKCHHS, CHPSIMOBAaHE HA PO3BHTOK
METO/IiB OI[IHIOBaHHS OC3IEKH ITparli.

[IponoHyeThCsl 3aCTOCOBYBATH BHUJ 3alIC)KHOCTEH,
KW JO3BOJIMTh OI[IHUTH CTaH Oe3MeKd Tpaimi Ha
BUPOOHMUIITBI [15]:

f(q)=—s 1)

“1rab ™

ne KoedimieHTr a Ta b 3HaX0AAThCS SK:

1
(gmin—gmax)k

b=b , )
ze:

(1_ qmin )qmax ’ (3)

b =

qmin , Ta qmax - MiHiMaJ'ILHO'I[OHYCTI/IMe Ta MaKCHUMaJIbHO-

JOIyCTHME 3HaYCHHS MOKa3HUKA IIKiJIMBOTO YHHHHUKA.
TakuM YWHOM, MICIA HOPMYBaHHS, KOeQiIlieHT a
3HAXOJUTHCS SIK:

a= (l_ qmin ) bkqmin ] (4)
qmin

. Ina
®ynkuis (1) Mae TOUKy neperuHy npu: d,, = ——.
kinb
IMapamerp K BmmBae Ha KpyTU3HY (QYHKINT B3IOBXK
oci OX. 3wminoroun K, MOXHa KepyBaTH KPHUBH3HOIO
¢yHKii (1) i TAKIM YHHOM OTPUMYBATH Pi3HI OIIHKH MIPH
OJTHAKOBHX pE3yJbTaTaX BHMIpIB MTOKAa3HUKA IIKiJAIHBOTO
YHHHHKA.
B rpadiunomy Burmsiai 3anexsicts (1) mpu K = 1,
MOKa3aHa Ha PUCYHKY 1.

e
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Or1iHKa [MOKa3HHKA [MIKIJTHBOTO

Oﬁl _M
0

0,1 011 0,12 0,13

0,14 015 016 0,17 0,18 0,19 0.2

ITBHIKICTh PYXY TOBITPS, M/C

Puc. 1. Buz 3anexsocri (1) mpu k = 1

Ha pucynky | moka3HHMK MIBHUAKOCTI PyXy HOBITpS,
AKuil 3MiHIOEThCA BiJ S, = 0,1 M/c mo S, = 0,2 M/c 3

KPOKOM 0,01, o0 HAOYHO oKa3aTu 3791
sasexxHocTi (1). He 3anexxHo Bif OQUHWIG BUMIPY Ta Bif
PO3pAMIB 3HAYCHHS MOKA3HMWKA MIKIJJIMBOIO YWHHHMKA Ha
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oci OX, Bum 1 ¢Qopma 3amexHocTi HE OYyIyTh
smiHtoBatucs. Jlo 3miEm ¢opmum mpuBene 3MiHa
mapamerpa opmu — K.

Ha pucynky 2 T1okazaHo cepito 13 II'ATH

3aJIEKHOCTEH, IpH YoMy KoedimieHnt K minserbes Bix 1,2
1o 0,8 3 kpoxom 0,1 3 nmiBa Ha mpaBo. [To oci OX mikana
BIJINIOBiJ]a€ IIKATi OJMHHUI[> BUMIPIOBAHHS 1 MOXE OYyTH
3MiHEHA JJIsl KOKHOTO OKPEMOro MOKa3HUKA IIKiIJIHBOTO
ynHHUKA. KpaiiHe niBe 3HaueHHs Ha it mkam (0)
BignoBigae Q... — MiHIMaIBbHO-IOMYCTUMOMY 3HAYCHHIO

min

1

MOKa3HWKa IIKiJUIMBOTO 4YHMHHWKA. KpaifHe TipaBe
3HaueHHd Ha Wil mxam (1) Bigmosimae Q.
MaKCUMAaJIbHO-IOMYCTUMOMY  3HAYCHHIO MMOKa3HUKa

LIKIJJIMBOrO YWMHHUKA. BOHHM BiAIOBiNar BIAMOBIIHUM
3HAYCHHSAM KOXKHOTO OKPEMO TIOKAa3HHWKA IIKiJJIHBOTO
yrHHUKA. OTKE, SKIIO YMOBH IMpalli MAlOTh N MOKA3HUKIB
MIKIJIMBUX YMHHHUKIB, TO IJIS KOKHOTO 3 HUX HEOOXIITHO
BU3HAUNTH Koedimienty a ta b 3a popmymnamu (4) ta (2)
BIITOBITHO.

=

0.9

g
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o /1)

. 1/

O1iHKa MOKa3HHKA HIKUIHBOTO
YHHHHKA, Q;
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TITBHAKICTD PYyXY TOBITPS, M/C

Puc. 2. Cepist 3anexusocrei (1) mpu k = 1,2 — 0,8 3 kpokowm 0,1 3 ;1iBa Ha paBo

3 pucyHka 2 BHUJIHO, IIO IpPU IOKA3HUKY SKOCTI
0,7 m/c, BUMIpSHOMY B OIWHHUIIIX BHUMIPIOBaHHS, HOTO
OIliHKa Ha 0e3pOo3MipHiii mKaii 3MiHeThCs Bix 0,98 npu
k =12 no 0,55 npu k = 0,8. OTxe Marouu ojHe HilicHEe
3HAQUEHHs TNOKAa3HMKa MIKi/UIMBOTO YHHHHKA MOXEMO
oTpUMaTH  [iarna3oH  3HAa4eHb HOro  ONIHOK  Ha
0e3po3mipHiil mKkam. TakuM YHHOM MOXKHa BHOHMpATH
OJIVH 13 NMOKa3HUKIB cTyneHi y QpyHkuii (1) Ta 3mMiHIOBaTH
OIIHKY MIHCHOTO TMOKa3HWKA MHIKIIJIMBOTO YWHHHKA Ha
0e3pOo3MIpHIH mIKai.

Tak K OUIHKKA OJUHWYHHUX MOKA3HUKIB IIKIJJIUBUX
YUHHUKIB MalOTh OJIHAKOBY mIKaidy BuMiproBauus (0 - 1),
TO MOXXHAa 3HAWTH Yy3araJlbHEHWH TOKa3HUK Oe3NeKH
mpami, 3acTOCYBaBIIM OJHY 13 CEpeqHiX 3HaYeHb
(apudmerndHa, TeOMETpUYHA, TapMOHIWHA), SIKi TAIOTh
3MOTY 3BECTH OKpeMi OLIHKHM. Bu3HaueHHS cepeaHboro
reOMETPUYHOTO 3HAYCHHS JacTh OLIHKY Oe3neKkw mpari
HYyJIb, SIKIIIO OJIMH 13 TIOKa3HUKIB JIOPiBHIOBATHME HYJIIO, a
OJIMHUII0, TOOTO MaKCHUMajJbHE 3HAYCHHS, MOJXKHA
OTPUMATH TUIBKM Yy BHIAAKY, KOJIM BCI OJWHUYHI
MTOKAa3HUKH PiBHI OAWHHII. Y TakoMy pasi y3araabHEHUI
MOKa3HUK IIKIJJIMBOTO YHMHHHUKA pO3PaXOBYEThCS 32
dhopmyoro:

®)

e N — KIIBKICTh OJWHMYHHX IOKA3HUKIB IIKIJIHBOrO
yuHHUKA; Q, — 3HAYCHHS i-r0 OJMHUYHOTO MOKA3HHKA
LIKIJUIMBOTO YUHHUKA Ha Oe3pO3MipHIl mIKaIi.

TakuMm YHMHOM, OTpUMaHE 3HAYCHHS Y3arajlbHCHOTO
MOKa3HMKA IIKIIIUBUX (PAKTOPIB Ja€ MiJCTaBU MPUIAMATH

pILICHHS IOM0 TMOAAJBIIUX [iif II0J0 MOKPAIICHHS
Oe3meKu mpari.

[TporoHyeMO TIOKPOKOBY METOAUKY BH3HAYEHHS
y3araJlbHEHOTO TTOKa3HMKa Oe3IeKH Mparti:

Kpox 1. BwusHauuTm mepenmik IIKi[UIMBAX Ta
HeOe3MeYHNX YHHHUKIB Ha BUPOOHUIITBI.

Kpoxk 2. JI1st K0)KHOTO IIKiUTHBOTO Ta HEOE3METHOTO
YMHHMKA 33 HOPMATUBHMMH JOKYMEHTAaMU BH3HAYUTU
MaKCHMAJIbHO - JIONyCTHME, MiHIMaIbHO — JIOIyCTUME Ta
onTUMabHe (HalKpalie) 3Ha4eHHS.

Kpok 3. TlpoBecTr BHUMIpIOBaHHS IMX IIKiJIUBUAX
YMHHMKIB, 1 pe3ylbTaTH 3aHECTH B  CIEliajbHO
MiATOTOBIICHY TaOJIHITIO.

Kpok 4. 3a dopmynoro (1) BU3HAYUTH OLIHKY
MOKa3HMKA IIKIINIMBOTO YUHHHUKA HA Oe3pO3MIipHIl mIKaJIi.
Jlist bOro HEOOXiTHO BUKOPUCTOBYBATH (hopmyiu (2 — 4)
Ta npu3HauuTH mapamerp ¢opmu K. Ilapamerp ¢dopmu
NPU3HAYAETHCS TPYIOI0 EKCIEPTIB.

Kpox 5. BusnauuTu y3araabHeHUM IIOKa3HHMK
Oesmneku Tpaili BUKOPUCTOBYIOUH hopmymny (5) 3 ormsamy
Ha BCl ITOOIMHOKI ITOKA3HUKH.

Jns miaTBepIUKEHHS Npare3gaTHOCTI METOIUKH 3

OIliHIOBaHHS ~ Oe3mexkd  mpami  OyJno  MpOBENEHO
JIOCTIDKCHHS Ha MAamMHOOymiBHOMY mimmpuemctsi. s
OLIHIOBaHHS  pO3IJSLJaucs  MIKAIMBI  BUPOOHWUI

YMHHHUKH Y JIUBapHOMY Liexy. JIuBapHUii 11ex oOpaHuil K
NPUKIAN, TaK SK 1€ BHUPOOHUITBO 3 IPHUCYTHICTIO
IIKIITMBUX Ta HeOE3[EYHUX YMHHUKIB SKi BIMBAIOTH JIJIS
3I0POB'S JIFOMUHYU. BU3HAUMiIM, 10 y JUBApHOMY LEXYy
OCHOBHMMH IIKIJJIMBUMH BHUPOOHHYNMH UYMHHUKAMHU €:
MIKpOKJIiMaT (TeMIiepatypa MOBIiTps, BiIHOCHA BOJIOTIiCThH
MOBITPs, IIBHAKICTh pPyXy TMOBITPs, I1HTCHCHBHICTD
TEIJIOBOTO BUITPOMIHIOBAHHSI), TITyM, JIOKaJIbHA BiOparis.
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3HaueHHS IIKINIMBUX  BUPOOHWYMX  (AKTOPiB
BHMIpIOBAITHCS Ta (PiKCyBaJMCsS HA poOOYHMX MICIAX Ta y
pobouiii 30mHI mpoTrsaroMm Micsaug (31 mens). s
BUMIpDIOBaHHS  TeMIIEpaTypd  TOBITpsA,  BiAHOCHOI
BOJIOTOCTI TIOBITPS Ta MIBHUAKOCTI PyXy MOBITpsA Oyio
BUKOPHCTaHO MNpPUCTPiH — kKomOiHoBanuii mpuian FLIR
EMS54. IHTEHCHBHICTh TEIJIOBOTO BHUIPOMIHIOBAHHS
BUMIpIOBaacs panioMeTpom TETJIOBOTO
BunpoMiHioBanHs "IK-metp". BumiproBaHHs piBHS IIyMy

Ta 3aragbHOi  BiOpamii  3mificHIOBasocs H(OPOBUM
BUMIpHUKOM piBHA 3ByKy GMI1351 Ta BiOpomeTpoMm
AR63A (GM63A). [omycTumi HOPMH  IIKIITUBHX
YUHHUKIB BH3HAYCHO Ha IANPUEMCTBI BiANOBIIHO IO
YUHHUX HOPMATHBHUX JOKYMEHTIB.

OTpuMaHi €KCIICPUMEHTANbHI 3HAYCHHS HABEICHUX
BUIIIC TOKA3HHKIB IIKIJJIMBUX YHHHUKIB Ta PE3yJIbTATH
MaTeMAaTHYHUX MEPETBOPCHb HABEJCHO Y Tabuuili 1.

Tabauus 1. Pesyrsmamu enpogaiicenss Memoouku oyinku Oe3nexu npayi Ha eupooHuymei

Ne TToxa3HUKHM WIKiJJIUBUX YHHHHUKIB ynin Oax Ay q, k Q
1 Temmnepatypa nositpst, °C 13 19 16 17 1 0,99
2 BimnocHa Bonoricts moBiTps, % 25 75 50 70 0,8 0,5
3 IBuaKicTh pyXy MOBITPSI, M/C 0 0,5 0 0,1 1,1 0,9
4 IHTEHCHBHICTh TEMIOBOTO BUMPOMiHIOBaHHS, BT/M? 0 140 0 94 1 0,75
5 [Iym, nba 60 80 70 65 1 0,5
6 JlokanbHa Bibparis, m/c? 0 0,2 0 0,09 1,2 0,88

Ha pucynky 3 mpencraBieHo TpadiuHi 300paKeHHS 3aJe)KHOCTEH [UIs OIIHIOBAHHS IIKIITUBUX BUPOOHUYUX
YUHHUKIB.
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Puc. 3. I'padiune 300paXkeHHs 3aJIEKHOCTEN VIS OLIHIOBAHHS IIOKa3HUKIB MIKIIVIMBUX YUHHUKIB: a) TEMIIEPaTypH HOBITPS;

0) BiTHOCHOI BOJIOTOCTI ITOBITPSI
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9)

Puc. 3. I'padiune 300paXkeHHs 3aJIKHOCTEH IS OLIHIOBAHHS MIOKA3HMUKIB MIKiIJIMBUX YAHHHKIB: B) IIBUIKOCTI PyXYy MOBITPSI;
r) iIHTEHCHBHOCTI TEIUIOBOTO BUIIPOMIHIOBAHHSI; ) LIYMY;
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Puc. 3. 'pacdiune 300paskeHHs 3aICKHOCTEH IS OI[IHFOBaHHS MOKA3HUKIB IIKIIJTMBUX YHHHUKIB: €) JIOKaJbHOT BiOpartii.

3HaiiieMo y3araJbHeHUH MOKa3HUK, 3aCTOCYBAaBIIU
OIHY 13 cepemHiX 3HaueHb. B maHOMy BHIAIKy
3aCTOCOBYETBCS CEPEIHE TEOMETPUYHE 3HAYCHHS.
W =2/0,99-0,5-0,9-0,75-0,5-0,88=0,73.

Orxe, 3a JONOMOTOI0 (DYHKIIIOHATBHOI 3aJIC)KHOCTI
Ta eKCNepTiB, MOXHA OTPUMYBaTH Yy3arajJbHCHHUH
MMOKAa3HUK Oe3MeKH Ipalli Ha BUPOOHUITBI. Po3pobieHa
METOJIMKA OIIHIOBaHHS SIBJISIETBCS YHIBEPCAIBLHOIO, Ta
MoOe OyTH 3acTOCOBaHa JJIsl OLIHIOBaHHS Oe3MeKH mpari
Ha BUPOOHMUTBAaX PI3HUX Tally3ed  HalliOHAIbHOI
€KOHOMIKH.

BucHoBku

OTpPUMATH KUIBKICHY OLIHKY IIKIJUIMBHX Ta HeOEe3IMEeYHUX
YUHHHUKIB. BH3HaueHo, 110 CHUCTeMa  IIKIAJIMBUX
BHPOOHWYHMX YHHHHKIB SK OO'€KT KBaTIMETpii Mae psij
0COONMBOCTEH, SIKIi HEOOXITHO  BpaxoBYBaTH IIPH
BHPIIICHHI 3aBJaHHS KUTBKICHOTO OITIHIOBaHHS O€3IeKH
Tpalli Ha BUPOOHHUIITBI.

TakuM 4YHMHOM, 3acTOCYBaHHA (YHKLIOHAJIBHOI
3QIKHOCTI MK OKPEMHMH IMOKa3HHKAMH [IKIITHBHX
BUPOOHMYMX  YHMHHHMKIB Ta iX 3HAUCHHSIMH Ha

6e3po3MipHiil miKaji 3abe3nevye OTpPUMAaHHs KijbKiCHOT
OIIHKKM OE3IeKH Mpaili Ha BHPOOHUIITBI. 3a JOMOMOTOIO
3aIPOIIOHOBAHOL METOUKHU MOYKHA IpuiiMaTu
YIPABIIHCHKI PIMICHHS, 10 MPH3BOIATH 10 MiHIMI3aIil

BIIXWJIEHHS MIMCHUX 3HAY€Hb MIKIIUIMBAX UYAHHUKIB Bif

) ) ONTHMAJIbHUX.
Jlis oriHroBaHHA Oe3MeKH Tpari 3aCTOCOBYIOTHCS

IHCTpYMEHTH  KBaJiMeTpii, = OCKUIBKH  JTO3BOJIIIOTH
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NPUMEHEHUE ®YHKIIMOHAJBHOM 3ABUCUMOCTH I
MHOT'OKPUTEPUAJIBHOI'O OHEHUBAHUA BE3OITACHOCTH TPYJIA, KAK
OBBEKTA KBAVIMMETPUH

IIpeameTom mccieOBaHUs B CTAThe SIBISIETCS METOIMKAa MHOTOKPUTEPHAIFHOTO OIIEHWBAHHS IMMOKa3aTessi 0e30MacHOCTH TpyAa Ha
npoussozctee. Ileqb paboTel — pa3paboTka METOIUKH HPHMEHEHHs (YHKIMOHAIBHOIN 3aBUCHMOCTH Ui MHOTOKPHUTEPUAIHHOIO
OLICHMBaHUs 0E30MacHOCTH TPyJa Ha MPOM3BOJCTBE C YUYETOM OCOOCHHOCTEIl CHCTEMBI BPEOHBIX U OIACHBIX IMPOW3BOJCTBEHHBIX
(axtopoB. B craree pemraercs ciemyromas 3aada: HCCIeI0BaTh BO3MOXHOCTb NMPUMEHEHHs (DYHKIIMOHAIBHOW 3aBHCHMOCTH VIS
HOJIydeHHs OLICHOK pa3sHOpa3MepHbIX IIoKa3aTedeil Oe3omacHOCTH Tpynda Ha Oe3pa3MepHOW IIKajge, NPH 3TOM Yy4YecTb ee
HEpaBHOMEPHOCTPH U COTJIACOBATH €€ ¢ 0COOEHHOCTSMH OIMACHBIX (PaKTOPOB HA MPOU3BOJACTBE. MICIIONB3YFOTCS METOABI: KBAIMMETPUH
U MaTeMaTH4ecKON CTaTHCTUKHM; OSKcrepTHble. [lomydeHsl cienyromue pe3yJbTaThl: I[POAHAIU3UPOBAHBI  CYIIECTBYIOLIUE
(yHKIHOHAIBHBIE 3aBICHMOCTH MEXAY W3MEPEHHBIMU 3HAUCHUSIMHU ITOKa3aTeliell KayecTBa M UX OICHKOM Ha Oe3pa3MepHOil mKaie,
KOTODPBIC HCIIOJB30BAIMCH Ui OLUEHKH OOBEKTOB KBATMMETPHU pazIu4yHOil mpupozbl. [loka3aHo, 4To s 0OBEKTUBHOH OIEHKH
00BEKTOB KBAJIMMETPHUH, KaK MPABHJIO, CIeNyeT MPUMEHITh HElMHEeHHbIe 3aBUCUMOCTH. [ 1aBHOM 3amadeil ucciemoBaTess BbIOpaTh
BUJ HEIMHEHHOH 3aBUCHMOCTH, 3TO TPeOyeT JOMOJHUTENbHBIX HAyYHBIX HCClenoBaHuil. VIHCTpYMEHT AjIs BBIOOpA TOM MM MHON
HEJIMHEHHOH 3aBHCHUMOCTH SIBIISIETCSl IMOHMMaHHWe (U3MYECKONW CYHNIHOCTH OO0BEKTa KBAaIUMETPUHM, TO €CTh IOHHUMaHHE
3aKOHOMEPHOCTEN CBSA3M MEXIY U3MEPEHHBIM 3HAUCHUEM IOKa3aTesel KBAIMMETPUU U UX OLIEHKOH. [l 3TOro Ba)XXHO NPUMEHEHUE
METOIOB 3KCIEPTHBIX OIICHOK, BE/Ib OOBIYHO TAKHE 3aKOHOMEPHOCTH HEM3BECTHEI. DYHKIIMOHATIBHAS 3aBHCUMOCTb, IIPUMEHSIeMast JUIs
MOJYYCHUS OICHOK IOKa3areneil 0e30MacHOCT! TpyJa Ha MPOU3BOICTBE, SBISICTCS CTYNEHYATOM M BKIIOYAET IMapaMeTp (OPMEL
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W3menss mapamerp (OpMBI, MEHSAETCS KPUBHM3HA 3aBUCHMOCTH, T€M CaMbIM MEHSETCsl OLleHKa Ha Oe3pasMmepHoil mkane. Taxas
0COOCHHOCTh MIPUMEHSIEMOH 3aBHCHMOCTH IT03BOJISIET pa3paboTaTh yHUBEPCATbHYI0 METOAUKY, TO €CTh, U3MEHsS IapameTp (Gopmel,
JTAaHHYIO 3aBUCHMOCTh MOXKHO TIPHUMEHSTH JUIS pa3sIMYHbIX MOKa3areled 0e30ImacHOCTH Tpyda Ha JF00OM Hpou3BoAcTBe. B kadectse
IpuUMepa B CTaThe PAacCMaTPUBACTCS METALTyprUYecKoe IIPOM3BOJACTBO, IPH STOM OIEHMBAIOTCS Hamboliee OmacHble (aKTOpEL
Pa3paborana momaroBas METOJIHMKA OINpEAENCHHS 00OOIIEHHOTO IOKa3aTels Ge30IIacHOCTH TpyAa Ha IPOM3BOJCTBE WM IIpUMEpe
U3MEPEHHBIX YHUCICHHBIX 3HAYCHUSX OINACHBIX (AKTOPOB, NOKa3aHbl €€ JCHCTBEHHOCTh M YHHBEPCAIBHOCTh. BbiBoabI: s
ompeneneHuss 000OLMIEHHOTO MOKa3zaTeldsl 0e30HacHOCTH Tpylda Ha IMPOU3BOJACTBE IpEIJaracTcsi MpUMEHEHHE (QYHKIHMOHAIbHOU
3aBHCHMOCTH MEXKIy OTACIbHBIMH ITOKA3aTe/SIMH BPEAHBIX HPOM3BOICTBEHHBIX (JAKTOPOB M HMX 3HAYCHHAMM Ha Oe3pazMepHOH
IIKaJe, YTO AAEeT KOJIMYECTBEHHYIO OLEHKY Oe30IIaCHOCTH Tpyla Ha Mpou3BoAcTBe. C MOMOIIBIO NpeaiaraeéMoi METOIUKH MOXKHO
NIPUHAMATH YIPaBJIEHUSCKUE PEIICHNs, YTO IPUBOJUT K MHHIMU3ALUH OTKIOHEHHMS IeHCTBUTEIBHEIX 3HAYEHHUI BPeIHBIX (haKTOPOB
OT ONTHUMANIBHBIX.

KnioueBble cioBa: (yHKIMOHAJIbHAs 3aBHCHMOCTh, METOAWKA OLEHKH; MHOTOKPUTEpHAIbHOE OICHHBAaHHE, OOBEKT
KBAJIMMETPHH; 0000IIEHHBIH IT0Ka3aTelb; 0€3011acHOCTh TPYyAa.

APPLICATION OF FUNCTIONAL DEPENDENCE FOR MULTI-CRETIRIAL
ASSESSMENT OF LABOR SAFETY AS AN OBJECT OF QUALIMETRY

The subject matter of the article is the method of multi-criteria assessment of the indicator of labor safety in production. The
goal of the work is to develop a methodology for applying functional dependence for multi-criteria assessment of labor safety
in production, taking into account the characteristics of the system of harmful and dangerous production factors. The following
task is solved in the article: to explore the possibility of using a functional dependence to obtain estimates of different-
dimensional labor safety indicators on a dimensionless scale, while taking into account its unevenness and coordinating it with
the characteristics of hazardous factors in production. Methods are used: qualimetry and mathematical statistics; expert. The
following results were obtained: the existing functional dependencies between the measured values of quality indicators and
their assessment on a dimensionless scale, which were used to evaluate qualimetry objects of various natures, were analyzed. It
is shown that for an objective assessment of qualimetry objects, as a rule, nonlinear dependencies should be used. The main
task of the researcher is to choose the type of nonlinear dependence; this requires additional scientific research. The tool for
choosing one or another non-linear relationship is the understanding of the physical essence of the qualimetry object, that is,
the understanding of the patterns of the relationship between the measured value of the qualimetry indicators and their
assessment. For this, it is important to use the methods of expert assessments, because usually such patterns are unknown. The
functional dependence used to obtain estimates of labor safety indicators in production is stepwise and includes a form
parameter. By changing the shape parameter, the curvature of the dependence changes, thereby changing the estimate on the
dimensionless scale. This feature of the applied dependence allows us to develop a universal methodology, that is, by changing
the shape parameter, this dependence can be applied to various indicators of labor safety in any production. As an example, the
article considers metallurgical production, while assessing the most dangerous factors. A step-by-step methodology for
determining a generalized indicator of labor safety in production and an example of measured numerical values of hazardous
factors has been developed, its effectiveness and versatility have been shown. Conclusions: to determine the generalized
indicator of occupational safety at work, it is proposed to use the functional relationship between individual indicators of
harmful production factors and their values on a dimensionless scale, which gives a quantitative assessment of occupational
safety at work. With the help of the proposed method, you can make management decisions, which minimizes the deviation of
the actual values of harmful factors from the optimal ones.

Keywords: functional dependence; assessment methodology; multi-criteria assessment; qualimetry object; generalized
indicator; labor safety.
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ESTIMATION OF SOFTWARE COMPLEXITY OF CALCULATION OF
AUTOREGRESSION COEFFICIENTS AT DIGITAL SPECTRAL ANALYSIS

The subject of research in the article are algorithms for fast calculation of autoregression coefficients in digital spectral analysis and
estimation of the number of arithmetic operations required for their implementation. The aim of the article — comparative analysis of
the speed of different algorithms for calculating the coefficients of autoregression as part of the algorithms of spectral analysis,
including analysis of the complexity of their microcontroller implementation. Tasks to be solved: selection of spectral analysis
methods suitable for diagnostics of technological equipment, analysis of methods for calculating autoregression coefficients and
derivation of relations for estimating software complexity of algorithms and calculation of numerical estimates of addition and
multiplication for some algorithms, adaptation of developed methods and estimates to microcontrollers. spectrum Applied methods:
algorithm theory, Fourier transform, natural series, microcontroller programming. The results obtained: it is shown that spectral
estimation methods based on Yul-Walker equations, which require the calculation of autoaggression coefficients, combine sufficient
resolution and resistance to interference with acceptable implementation complexity. Estimates of the number of additions and
multiplications for the Levinson, Durbin, and Trench algorithms are obtained, and their comparative analysis is performed. The
calculation times for microcontroller arithmetic with fixed and floating points were count upon. Conclusions: When constructing
spectrum analyzers for the diagnosis of technological equipment, it is advisable to use the Yul-Walker method. A comparison of
Levinson, Durbin, and Trench algorithms for calculating autoregression coefficients showed that the Trench method requires a
minimum number of additions, and the Durbin method requires a minimum number of multiplications. At microcontroller realization
of spectrum analyzers, it is necessary to consider features of the arithmetic used by the controller. The Trench method is the fastest in

the case of floating-point arithmetic and small-scale modeling. In other cases, Durbin's method is more effective.
Keywords: spectral analysis; autoregression; Levinson; Durbin; Trench algorithms; computational complexity; computer

arithmetic; microcontrollers.

Introduction

Monitoring of spectra of mechanical oscillations and
signals of energy objects is widely used in solving some
problems in the fields of technical and medical
diagnostics. By analyzing the amplitudes and locations of
the spectral density peaks, we can conclude about the state
of the object under study. In particular, changes in the
pattern of mechanical vibrations caused by malfunctions
of mechanical systems, including turbines and generators,
can be quickly detected. On the other hand, the analysis of
the spectrum of energy signals allows to assess the quality
of electricity and take measures to improve it.

There are a number of spectral estimation algorithms
that differ in resolution, resistance to interference,
complexity of software and hardware implementation. At
the same time, the development of microprocessor
technology has made it possible to create portable devices
with built-in microcontrollers that provide operational
spectral analysis of technical objects in real time. The
spectral analysis algorithms used in such devices must
ensure acceptable separation and suppression of noise and
at the same time a minimum number of addition and
multiplication operations.

Sufficient accuracy in combination with acceptable
computational complexity is provided by spectral analysis
algorithms based on parametric models, in particular
Berg's algorithm, covariance algorithm, MUSIC method.
The most widespread due to the combination of
satisfactory technical characteristics and ease of
implementation was the method of Yul-Walker [1]. Its
practical application, however, is somewhat complicated
by the lack of estimates of the number of computational
operations that may be required for a reasonable choice of
a microcontroller. Therefore, it is important to obtain the

relations that determine the computational complexity of
both the algorithm for spectral estimation in general and
its individual components.

Review of existing methods of spectral analysis and
estimates of their labor content

Automated diagnostic systems for technological
equipment are increasingly used in the creation of the
industrial Internet of Things and eventually in the
construction of "smart industries”. Rhythmic work of
modern automated industries is impossible without timely
detection and replacement of failed elements. At the same
time, the development of modern computer equipment
allows the use of complex but effective diagnostic
algorithms.

Thus, [1] solves the problem of classification of
aircraft engine operating modes based on neural network
technologies in real time, and selects the most efficient
network architecture. In the article [2] to solve this
problem uses the apparatus of fuzzy sets. In this case, the
proposed logical inference mechanism eliminates the use
of the product rule base, which ensures the practical
independence of the computational procedure from the
size of the problem. A feature of the methods used in
[1, 2] is the use of complex computational algorithms that
require significant computing power.

Many papers recommend the use of digital signal
processing in technical diagnostic tasks, including analysis
of frequency characteristics. Thus, in [3] a method of
increasing the stability of estimates of parameters of
energy systems, including spectral characteristics, is
proposed. However, the main attention in the article is
paid to modifications of algorithms for calculation of
autocorrelation functions, while methods of calculation of

© A. Zuev, A. lvashko, D. Lunin, 2022
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autoregression coefficients and estimation of their
complexity are practically not considered.

Similar issues are studied in [4, 5], where the
stability of energy systems is analyzed by monitoring
electromechanical oscillations. As diagnostic information
in the work it is offered to consider frequencies and
attenuation coefficients of the main harmonics of energy
signals. The efficiency of the multi-channel Yule-Walker
estimation of a multidimensional autoregressive model for
determining the parameters of power systems is
investigated, and in [4] the model is introduced, and in [5]
its decomposition by eigenvectors is considered.
Unfortunately, the methods proposed in the works require
a significant amount of calculations and are unsuitable for
use at local measuring instruments.

Algorithms for solving systems of linear equations
with Hankel matrices [6] and Toeplitz [7], which arise in
spectral analysis problems, are considered in [6, 7],
however, the methods proposed in these works are not
always suitable for solving Yul-Walker equation systems.
The  Levinson-Durbin  algorithm  for  studying
autoregression processes is used in [8]. The authors
modified the algorithm, providing on the one hand its
recursive execution, on the other - the ability to calculate
derivatives and the Hesse matrix. However, there is no
comparison of the Levinson-Durbin algorithm with other
algorithms, in particular, the Trench algorithm.

Issues of speed of spectral analysis algorithms are
considered in [9, 10]. The main idea of the article [9] is to
estimate the spectral peaks by the method of maximum
likelihood. The method developed by the authors
significantly reduces the computational complexity of
spectral estimation, providing sufficient resolution. In
[10], it is proposed to estimate the frequency spectrum by
interpolating the discrete Fourier transform coefficients,
which allows to detect spectral peaks and adjacent
frequencies. In this case, the performance estimates given
in [9, 10] are not tied to a specific technical base, which
complicates the design of spectrum analyzers.

A number of works consider the possibility of using
a modern element base for signal processing. Thus, in [11]
the implementation of the method of measuring the
parameters of signals and paths on FPGA with increasing
the accuracy of optimal information processing is
considered, but the work does not provide data on the
speed of the proposed technical solutions. The
microcontroller implementation of spectrum analyzers is
considered in [12, 13].

The aim of the article is a comparative analysis of
the speed of different algorithms for calculating the
autoregression coefficients as part of the algorithms of
spectral  analysis, including the microcontroller
implementation of some algorithms.

Theoretical analysis of autoregressive algorithms

A group of spectral analysis algorithms based on
signal representation as a result of white noise passing
through a digital filter has become widespread. In this
case, the spectrum X(w) coincides with the frequency
response of the filter H(w) up to a constant multiplier.

Then, restoring the structure and coefficients of the filter,
you can calculate its frequency response and the spectrum
of the signal X(w). If the supposed filter has HIX — the
structure containing only the return branch, i.e. in its
transfer characteristic there are only poles

1
1-b-z'-b,-z2—..=b, - z¥P b, -z’ (

H(z) = 1)
where M is a model order,

b, — filter coefficients (autoregression coefficients),

then there is an autoregression model (AR model).
Determining the spectrum estimate in the case of using the
autoregression model occurs in three stages:

1. Calculation of estimates of autocorrelation
functions (ACF),

1 N-1
R(k) = Wz X Xk, )
i-0

where x; - samples of the discrete signal, N is the number
of samples, R(k) is the ACF value.

2. Compilation and solution of the so-called Yul-
Walker equations

R(0) R(-1) R(-M) 1 D,
R(L) R(-0) R(-M +1) b, 0
........................................... - |7 ,(3)
RM-1) RM-2) ..R() byy| |0
RM)  R(M-1) .. R(0) by, 0

where M is a model order,

b, — filter coefficients (autoregression coefficients)
in (1),

D, —noise dispersion.

3. Calculation of power spectral density S(®),

S(0) = . _—

M 2 M
(1— > by cos(mk)j + (z by sin(cok)]
k=1 k=1

and the amplitude spectrum X(m)=+/S(0) ,

where o is the dimensionless cyclic frequency,
S(w) is the spectral power density,

X (o) is the amplitude spectrum.

The most labor content stage of calculations is the
solution of the system of Yul-Walker equations (3). The
application of the traditional Gaussian method requires

. M3 3 5 . . .
approximately TJFE M2 5 M arithmetic operations.
However, it should be borne in mind that the matrices of
coefficients of systems of linear equations have a special
form - they have all the elements located on any diagonal,
identical, ie.a ;=a.,,;,. Such matrices are called
greenhouse (named after the German mathematician O.
Toeplitz), and a number of methods have been developed
to solve systems with greenhouse matrices of coefficients
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—algorithms of Levinson, Durbin, Trench [14]. The use of
such algorithms can significantly reduce the number of
operations and the amount of memory when solving
systems of linear equations and, thus, simplify the process
of finding model coefficients and spectral estimates.

Calculation of the number of arithmetic operations

To solve the system of Yul-Walker equations using
the Levinson algorithm, it is necessary to make (M — 1)
iterations, where M is the order of the model. At each
iteration, the scalar variables o, 8, and u, as well as the
auxiliary vectors v and z, are calculated. When calculating
the scalar variable B by the formula

B =B (1- akz—l)

it is necessary to perform two multiplication
operations and one addition operation. When calculating
the scalar variable p by the formula

B, —r -EX
By

k additions and k + 1 multiplications are performed,
where k is the number of the current iteration. To find the
vector by the formula

My =

v=X+uy

it is necessary to perform k additions and k
multiplications. To calculate the scalar variable a by the
formula

(T

r-k+1-‘r_r y

a, =— r;
k

k additions and k + 1 multiplications are spent, and
finding the auxiliary vector z by the formula

z=y+ay

k additions and k multiplications are performed.
Summarizing all arithmetic operations, we obtain the
number of additions and multiplications in the algorithm.
For the first part of the algorithm, when k changes in the
range 1: M —1:

Number of additions S, =1+k+k =2k +1;

Number of multiplications P, =2+k+1+k =2k +3.

For the second part of the algorithm, when
k=1:M-2:
S, =k+k=2k.

P,=k+1+k=2k+1

Calculate the total number of additions and
multiplications for each of the stages, using the formula to
calculate the sum of the arithmetic progression.

M-1 M-1
S, =).S,=> (2k+])=M?*-1,
k=1 k=1
M-1 M-1
P=>P,=> (2k+3)=M?+2M -3,

k=1 k=1

S, = Zskz
P, = Z Po=
k=1

Combining these two sums, we finally get the
number of additions:

-3M +2,

ZZk M?

Z(2k+1):M2—2M.
=1

S=8,+S,=2M?—3M +1. )

And the number of multiplications:
P=P+P,=2M?*-3. (6)

When solving the system of Yul-Walker equations
based on the Durbin algorithm at each step, the calculation
of two scalar variables o, § and the auxiliary vector z is
performed, which can be written by such recursive
relations

L
r,+r®T.
o = tentT Y

B

where S, = ﬁk—l(l_akz—l) .

The number of iterations of the main cycle in the
algorithm is equal to M — 1. When calculating the scalar
variable g it is necessary to perform two multiplication
operations and one addition operation. When calculating
the scalar variable a, k additions and k + 1 multiplications
are performed, where k is the number of the current
iteration. To calculate the auxiliary vector z by the
formula:

Z, =Y, +ay,,, ;, Where i=1:k .

k additions and k multiplications are performed (k is
the number of the current iteration). Summarizing the
arithmetic operations for one iteration, we obtain: the
number of additions at each step S, =1+k+k=2k+1;

the number of multiplications B, =2+k+1+k =2k +3.

Since k depends on the number of iterations, and the
number of required iterations is M — 1, the total number of
additions and multiplications is equal to:

-1 M-1

S=)'S =) (2k+)=M*-1, 7
k=1 k=1
M-1 M-1
P=>PR =Y (k+3)=M?+2M -3. (8)
k=1 k=1

To solve the system of Yul-Walker equations, using
the Trench algorithm, the first step is to calculate the
scalar variable y, as well as the auxiliary vector v by
formulas:

Counting the number of transactions, we obtain:
Number of additions S, =M —1;
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Number of
P=M+M-1=2M-1.

In the second stage, a nested cycle is used, which
calculates the matrix B = T™*. The number of iterations
of the inner cycle depends on the current step of iteration
of the outer cycle and is equal to: for the outer cycle
i =2:((M-1)/2 + 1), for the inner cycle j = i:(M —i + 1).
When calculating the elements of the matrix B by the
formula:

multiplications

UL} =0, Uy

e

b..=b

(] n—j,n—i+
it is necessary to perform two addition operations and three
multiplication operations at each stage of the internal
and external cycles. Thus, the number of additions
and multiplications in the second stage will be
equal:

M71+1 Eﬂ Eﬂ
2 M-itl 2 M-itl 2 2 _
S, =D D Su=. 2:2.Z(M_2k+2):2.w:M2_2M+l
k=2 i=2 k=2 i=2 k=2
Mﬁ Mﬂ Eﬂ
M—i+l M—i+1 2 2 _
P, = P,= 3=3. Z (M_2k+2):3.w:§.(MZ_ZM +1).
k2 i2 k=2 i2 k=2 2 2
Combining the two sums, we finally get the number of additions and multiplications:
$=8,+S,=M-1+M?-2M +1=M*-M ; 9

P=P+P, =2M —1+§(M2—2M +1)=g|v|2—|v| +=

1
> (10)

According to formulas (5-10), graphs of the dependences of the number of additions S and multiplications P
required to solve the Yul-Walker equations on the order of the autoregression model M were constructed.
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Fig 1. Dependence of the number of additions (a) and multiplications (b) on the order of the autoregression model

From the figures it is obvious that the number of
additions is minimal for the Trench algorithm, the number
of multiplications — for the Durbin algorithm. A more
accurate comparison of the performance of algorithms can
be performed taking into account the specific element
base used.

Estimation of complexity of microcontroller realization
of the solution of Yul-Walker equations

When creating portable spectrum analyzers for
diagnostics of energy facilities and other technological

equipment, it is advisable to use hardware and software
based on microcontrollers [12, 13]. For a reasonable
choice of parameters of the microprocessor spectrum
analyzer can be useful to calculate the approximate time
of solving Yule-Walker equations on a microcontroller
base, taking into account the previously obtained relations
(5-10) and information about the time of arithmetic
operations, given, for example, in [15].

Thus, the Mega 2560 microcontroller requires 12
microseconds for 64-bit integer addition and 60
microseconds for integer multiplication. For floating-point
arithmetic operations, 13 and 15 microseconds,
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respectively. As a result, the dependences of the time of
solving the Yul-Walker equations on the order of the
model were constructed (fig. 2). The obtained time
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characteristics are, of course, evaluative, as they do not
take into account the delay and branching commands, but
can be the basis for a reasoned choice of technical means.
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Fig. 2. Dependence of the time of solving the Yul-Walker equations on the model order (a-integer arithmetic, b-floating-point

arithmetic)

It follows from the figures that the Durbin algorithm
has the highest speed for fixed-point arithmetic. For
floating-point arithmetic at small values of the model
order (M<6), the Trench algorithm is more efficient. Thus,
for M=5 the calculation time according to the algorithm of
the Trench algorithm is 755 us, according to the Durbin
algorithm - 792 ps. At values of M> 6 the performance of
the Durbin algorithm is higher. Naturally, in the presence
of data on the time of arithmetic operations, similar
calculations can be performed on other platforms.

Conclusions

1. The spectral estimation method based on the Yul-
Walker equations, which require the calculation of
autoregression coefficients, combines sufficient resolution
and noise immunity with acceptable implementation
complexity.
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IIpenMeToM OCTIKEHHS y CTATTi € aIrOPUTMH LIBHAKOTO 00YHCIICHHS Koe(illieHTiB aBToperpecii npu HudpoBoMy CIIEKTpalIbHOMY
aHali3i Ta OLIHKM KINbKOCTI apu(METHYHHX Omepaliif, HeoOXimHuX st ix peamizamii. Mera crarTi — MOPIBHAJIBHHUN aHai3
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LIBUAKOIT Pi3HHUX aNrOpUTMIB 004nCIeHHs Koe(illi€HTIB aBTOperpecii sIk CKJIaI0BO1 YaCTHHH alTOPUTMIB CIIEKTPAIBLHOTO aHali3y, y
TOMYy YHCII aHaJi3 CKJIAQJHOCTI IXHBOI MIKpPOKOHTpoJepHOI peaiizamii. 3aBaaHHs, IO BHPIIIYIOTHCSA: BHIUICHHS METOIIB
CIEKTPAIbHOTO aHajli3y, NPUIATHUX MU MIarHOCTUKH TEXHOJOTIYHOrO OONaJHAaHHS, aHaJi3 METOIIB OOYHCIeHHS Koe(illieHTiB
aBTOperpecii Ta BUBEJCHHs CIIBBIHOIICHD JUIS OLIHIOBAHHS ITPOTPAMHOI CKIATHOCTI aJITOPHTMIB Ta PO3PAaXyHOK YHCIOBHX OIIHOK
YHCIIa JOAaBaHb Ta MHOXKEHB JUIS ISSIKMX alrOPUTMIB, alanTamnisi po3poOIeHNX METOIB Ta OIIHOK 10 MIKPOKOHTpPOJIEPHOI peasi3amii
aHaJIi3aToOpPiB CHEKTPY 3acTOCOBYBAaHI MeETOAM: TEOpis alrOopUTMiB, INepeTBOpeHHI Dyp’e, HaTypaidbHI PSId, OPOTrpaMyBaHHA
MIKpOKOHTpoJiepiB. OTpuMaHi pe3y/abTaTH: ITOKAa3aHO, 10 METOAM CIIEKTPalIbHOI'O OLIHIOBaHHS Ha OCHOBI piBHAHB lOma-Yomkepa,
10 BUMAaraimTh OOYHCICHHS KOeQillieHTIB aBTOperpecii, MO€AHY€e AOCTaTHIO PO3AUIbHY 3AATHICTH 1 CTIMKICTh O MEpPEeIIKOA 3
MPUHHATHOIO CKIAaTHICTIO peamizauii. OTpuMaHO OLIHKM YMCIAa JOJABaHb Ta MHOXKEHb i1 anroputMmiB JleBiHcona, lyp6Oina Ta
Tpenua, BUKOHAHO iX MOPIBHSUIBHUI aHaii3. Po3paxoBaHi yacu oO0UHCIICHHS U1 MIKPOKOHTpPOJIEPHOI apu(MeTHKH 3 (pikcoBaHOIO Ta
IUIaBalOY0I0 TOYKO0. BucHoBku: [Ipn moOyzmoBi aHamizaTopiB CreKTpa A AIarHOCTUKHM TEXHOJOTIYHOTO OOJIaJHAHHS JOLLIBHO
3actocoByBat Merox lOma-Yomkepa. IlopiBHsHHs anroputmiB JleBincoHa, [lyp6ina Ta TpeHua mius oOuHCIeHHS Koe(illieHTIB
aBTOperpecii nokasaiuo, mo Mero TpeHda moTpedye MiHIMaIbHOI KUTBKOCTI JojaBaHb, a Mero] JlypOiHa — MiHIMaIbHOI KUTBKOCTI
MHOXEHb. [IpH MIKpOKOHTpONepHiii peami3amii aHami3aTOpiB CHEKTpa CIiJA BPaxoBYyBaTH OCOONUBOCTI BHKOPHUCTOBYBAaHOL
KoHTpoJepoM apudmernku. Meton TpeHua € HaOLTBII MIBUIKOMIIOYAM Y pa3i 3aCTOCYBaHHS apU(PMETHKH 3 IIaBAI0Y0I0 TOYKOIO Ta
HEBEJIMKOT0 MOPSAAKY MoAeti. B iHmumx Bunankax egexkruBHimui meroa Aypbina.

KurouoBi ciioBa: ciektpaibpHUil aHami3; aproperpecis; anroputMu JleBincona; [lyp6ina; TpeHda; o0uncIOBabHA CKIAIHICTD;
KOMIT 0TepHa apu(METHKa; MIKPOKOHTPOJIEPH.

OIIEHKA ITPOT'PAMMHOM CJIOKHOCTH BBIYMCJEHUA KOY®PUIIUMEHTOB
ABTOPEI'PECCHUMU TP HUD®POBOM CIIEKTPAJIBHOM AHAJIM3E

IIpenMeToM HccieOBaHUS B CTaThE SBISIIOTCS alTOPHUTMBI OBICTPOTO BBHIUMCICHHS KOI(GHUIIHEHTOB aBTOPErPECCHH IPH IIH(PPOBOM
CIIEKTPAJbHOM aHalW3€ M OIECHKH 4Yhcia apu(METHUECKHUX OIepalyii, HeoOXOAMMBIX Uil WX BbimoiHeHus. Lleab cratbn -
CPaBHUTENBHBIA aHaIu3 OBICTPONCHCTBUS PA3IMYHBIX AJTOPHTMOB BBIYUCICHHUS KO3()(GHUIMEHTOB aBTOPErPECCHH KaK COCTaBHON
YaCTH aITOPUTMOB CIEKTPAITPHOTO aHANN3a, B TOM YHCIE aHANN3 CIOKHOCTH MX MUKPOKOHTPOJUIEPHON peanu3anud. Pemaembie
3aJa4U: BBIIEICHHE METOAOB CIIEKTPAIBHOTO AHAIN3a, MPHUTOAHBIX ATS JUATHOCTUKH TEXHOJIOTMYECKOTO O00OpYHOBAHHSA, BBIBOX
COOTHOIICHUH IJIsI OIIEHWBAHUS TIPOTPAMMHOH CIOKHOCTH aITOPHUTMOB M PAacdeT YHCIIOBBIX OLIEHOK BHIYHMCIUTENHHOH CIIOXKHOCTH,
ajanTanysl pa3pabOTaHHBIX METONOB M OLCHOK K MHKPOKOHTPOJIEPHOH peaaH3alliil aHaM3aTOpPOB CHEKTpa. [IpumeHsemble
METOABI: TEOpHsS aIrOpPUTMOB, mpeoOpazoBanne @Dypre, nHMHeWHas anreOpa, HATypajJbHBIE pSIbl, IMPOrPaMMHUPOBAHHE
MUKPOKOHTPOJUIEPOB. [loilyueHHbIC pe3yJibTAThI: IIOKa3aHO, YTO METOJ CIEKTPaIbHOTO OLICHUBAaHMSA Ha OCHOBe ypaBHeHuil lOma-
VYonkepa, TpeOyIOIIMX BBIYUCICHHUS KOI(Q(QHUIHEHTOB aBTOPErPECCHH, COYETAeT JOCTATOYHYHO pa3pelIarollyl0 CIIOCOOHOCTh U
IIOMEX0YCTOIMUUBOCTD C MPHEMIIEMOH CII0KHOCTBIO peanu3anuy. [1loaydeHs! OLeHKU Yucia CI0XKEHUH U YMHOXKEHHH AJIs anrOpuTMOB
JleBuncona, [ypOuna wu TpeHua ¥ BBIONHEH WX CpPaBHHUTENBHBIN aHanmu3. PaccyWraHbl BpeMeHa BBIYHCICHUS IS
MHUKPOKOHTPOJUIEPHOW apUPMeTHKH ¢ (PUKCHPOBAHHOH W IUTAaBAafoOIIel 3amsaToil. BbIBOABI: CpaBHEHHE anropuTMoB JIeBHHCOHA,
Hypbuna n TpeHwa st BBIYHCIEHHS KO3(GHUIMEHTOB aBTOPETPECCH IOKA3alo, 4TO MeToJ TpeHda TpeOyeT MHHHMAIbHOTO
KOJIMYECTBA CIOXEHWH, a meron JypOuHa — MHHUMAaJIbHOTO KOJHYECTBA yMHOKEHHH. [IpM MUKPOKOHTPOJUICPHOW pear3alui
aHAIN3aTOPOB CIIEKTpa CIIEAyeT YYHUTHIBaTh OCOOSHHOCTH HCIOJIB3yeMOil KoHTpoiuiepoM apupmernku. Meron TpeHua sBisercs
Hanbosiee OBICTPO/CHCTBYIONIMM B Cllydae NMPUMEHEHHsS apU(METHUKH C IUIaBaIOIIed TOYKOW M HeOGONBIIOro mopsjaka Moaenu. B
OCTaJIbHBIX ciydasx Ooiee apdexrrBen meroxn lypOuna.

KnroueBble ciioBa: CIEKTpalbHBIN aHaNW3; aBTOperpeccus; aaroputMbl JleBnHcona; [lypOuna, TpeHua; BEIMHCIUTENBHAS
CJIOKHOCTH; KOMIBIOTEPHAS apU(PMETHKA; MEKPOKOHTPOJIIEPHI.
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METHODS AND TOOLS FOR ASSESSING THE LEVEL OF NOISE IMMUNITY OF
WIRELESS COMMUNICATION CHANNELS

The subject of this article is the process of increasing the noise immunityof wireless channels in the construction or operation of
modern digital communication systems (DCS), when the transmission of digital information significantly complicates the presence of
interference and distortion in the communication channel. The aim is analysis and development of methods for ensuring stable and
reliable operation of ultra-wideband wireless communication system in the conditions of interference and distortion of information in
wireless communication channels. The task is creation and implementation of practical recommendations for improving the level of
secrecy and quality of information circulating in the communication channel; development of criteria for quality, information
efficiency and noise immunityof DCS wireless communication channels in the conditions of interference of natural and artificial
origin. The methods used: methods of analytical modeling and the theory of potential noise immunity. The following results were
obtained. The feasibility of assessing the DCS efficiency by two indicators - energy and frequency efficiency, which are the
components that make up the overall integral indicator of informational efficiency was shown. It was proposed to evaluate the DCS
efficiency by comparing the indicators of informational efficiency of the inverse and reference systems, using the Shannon limit as an
ideal ratio of energy and frequency efficiency. On the basis of the theory of potential noise immunity it was shown that it is possible
to operate wireless communication channels in conditions when the level of information signal and noise have the same value.
Conclusions. It is shown that the use of the technology of supersmooth signals allows to carry out wireless redundant transmission of
information with low impromptu capacity. Moreover, the efficiency of digital communication systems significantly increases due to
the creation of an ensemble of complex signals through one-time encoding and modulation, which expands its information base,
ensuring coverage and energy efficiency in a double symmetric channel. This enables the fullest possible utilization of the channel's
Shannon capacity with high integrity of information transfer without a significant increase in the signal-to-noise ratio at the receiver's
input. An integral indicator of informational efficiency of the wireless DCS communication channel is provided. It enables real-time
integral assessment of link quality and optimal routing in a mobile peer-to-peer network — MANET.
Keywords: Information effectiveness; noise protection; noise immunity; concealment; communication channel.

Introduction capacity in software-reconfigured networks [9] should be
improved to increase reliability of communication and
handlers between devices and equipment. Due to the high

mobility the information delay increases, wireless

The amount of information is increasing every year,
the range of communication is increasing, and the

requirements for information quality are becoming higher.
Wireless transmission is severely hampered by the
presence of obstacles and spoils in the communication
channel [1 - 3]. Wireless networks of the next generation
are becoming extremely brittle and multifaceted. The use
of unmanned aerial vehicle as air base stations of mobile
communication makes it possible to support data
transmission with high speed for users, in the absence of
typical cellular infrastructure [4, 5]. However, the use of
these mobile devices, which move in a dynamic space,
significantly complicates the problems of mobility, since
the relocation to a new location leads to the possible
disconnection of the current users. The lack of
infrastructure is the main characteristic of mobile peer-to-
peer networks - MANET. Therefore, mobile devices that
are part of a peer-to-peer network must be able to
communicate with one another, acting as routers. They
move in space unnecessarily, changing the topology of the
network, which requires constant adaptation and
reconfiguration of routes, so that the devices will be able
to interact with each other. At the same time, a reliable
stable connection between devices should be ensured in
real time to maintain the appropriate level of service
quality and interoperability, reducing delays in data
delivery between mobile devices. In view of these
requirements, there are methods for controlling the
parameters of information and telecommunication
networks of critical use [6], re-routing of base stations in
mobile communication networks [7], re-routing of data
traffic in infocommunication networks [8] and throughput

communication deteriorates, which causes difficulties in
maintaining communication channels of higher quality.
Thus, to determine the current optimal topology of the
network and quality link channels, an integral indicator of
informational efficiency should be developed, which will
reduce the time of making an optimal decision. Under
these conditions, the problem of increasing noise
immunity and efficiency of communication channels
becomes one of the most important problems of current
wireless communication theory and technology in the
construction and operation of modern DCS.

Quiality indicators of wireless mobile communication
channels

Under conditions of constant growth of demand in
communication services and severe limitation of
frequency resource there is a need for more efficient use
of it. In this case the combination of transmitter, receiver
and communication lines creates a communication
channel. As the noise immunity of communication
channels characterizes the ability of the system to ensure
the transmission of messages with a given quality under
conditions of natural and piecemeal interferences, it also
characterizes its ability to resist the means of radio-
electronic suppression. Therefore, the noise immunity of
communication channels should be considered as the
summation of two components — noise immunity and
concealment. We understand the channel concealment as
its energy concealment, including the ability to store the
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fact of information transmission, structural concealment of

the signal and the way of its encoding. Since these
properties and factors are of an accidental nature, noise
immunity and concealment must be defined by the same
criteria. When a channel does not have the property of
probability or noise immunity, it does not have the
property of protection. Thus, noise immunity of a channel
is defined by two channel properties — concealment and
noise immunity.

The quality of operation of digital communication
systems is characterized by a set of indicators, of which
the main ones are the accuracy of renewal of messages,
noise immunity, speed, throughput capacity, range of
operation, the level of electromagnetic coupling and
others. The sum of system quality indicators is recorded in
the form of a vector:

Q = (Qlinl"'iQn)-

The comparison of systems according to these
indicators allows to identify the highest quality system,
which corresponds to the highest / lowest value of a
certain function of partial quality indicators.

Q = ¢(Q1!Q2i"'lQn) .

Thus, the value Q is the efficiency or a generalized
indicator of the system's performance, and
0(Q,,Q,,...,Q,) is the objective function of the system.

However, such a large set of indicators does not allow us
to selectively choose the most efficient variant. Therefore,
we should develop a universal integral indicator of binary
communication channel quality assessment for its use both
at the stage of development and at the stage of DCS
operation.

The main structural element of DCS is the
communication channel. The maximum efficiency of the
channel occurs when the information signal meets the
requirements of the communication channel in the best
way. Based on the analysis of communication systems
[10 — 11], the main indicator of the quality is acceptable to
take the authenticity of transmitted information. For this
purpose the error coefficient Pe is often used — the
probability of error during the transmission of a unit of
information:

q

T u? . .
where: Q(X) = | —==exp| —— |du is a Gaussian error
o= gl -5

probability integral.
Another indicator of quality is the signal-to-noise

ratio g, = % , Which relates the energy of the signal (bit)
0

E, to the spectral intensity of the noise N, .

When assessing the quality of the transmitted
information, the following parameters are often used:
P, — the probability of error and the signal/noise ratio q,,

which is due to their unambiguous mutual dependence for
a particular DCS. The strength of the signal and the
bandwidth (signal base) are the main resources that are
expended on information transfer. Therefore, it is
reasonable to reduce the level of information signal at the
input of the receiver to the noise level in order to ensure a
smooth and fault-free operation. This determines the
appropriate level of reception and noise immunity of
wireless communication channels (fig. 1).
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Fig. 1. The dependence of the probability of the error rate P on the signal-to-noise ratio at different signal bases: (1-B=50; 2-B=100;

3-B=200; 4-B=500; 5-B=1000).
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Characteristics analysis has shown that at a high
signal base B > 300, when the intensity of the received
signals is lower than the level of impairment, information
transfer is carried out with a breakeven of less than 10-6,
which characterizes its high probability of reliability. For
digital double-beam signals the reliability of the received
information is increased by 10 - 20 dB at low
(-3, ..., - 5 dB) signal/noise ratios by increasing the basis
of the information signal [12, 13]. The use of orthogonal
functions as channel signals is due to the fact that the
separation of these signals is performed without
degradation of the signal/noise ratio.

Extension of information base is most effectively
realized through creation of complex signal ensemble by
means of its one-time coding and modulation [14], which
allows the most complete use of the channel's bandwidth
with high authenticity of information transmission without
a significant increase in signal/noise at the receiver's input

When a complex signal is used, when a bit of
information is transmitted during the period T, by a

binary numeric sequence function, its base is defined by
the following relationship:

BS :V
z-S

where 7, is a duration of the elementary symbol (chip) of

the numerical sequence.

Thus, increasing the signal base while preserving the
speed of information transmission is possible by reducing
the duration of the chip z.

At the same time, the wide frequency band and ultra-
short duration of the chips make increased demands on the
accuracy of synchronization. Information signals and
synchronization signals are at the same energy level, and
the spectral density of all channels is at the noise level, so
the system is significantly degraded by the values of the
probability of bit error. Thus, the simultaneous coding,
synchronization and modulation of the information bit is
carried out, creating a complex signal-code structure. As a
result, an ensemble of the complex signal is formed,
where the information signal is isolated in time from the
reference one bit interval T,. The transmitter circuit

(fig. 2) uses a tripping commutator, which switches the
transmitter output directly to the LNS signal generator (G)
during the first half of the bit interval. Thus, during the

period of time T% the reference LNS signal is formed.

¢ 2| pE
— P2 G > DL
DL1 Z(t) I’l(l‘) Z(t)

| DL3 — y

F

«1» or «0x» — «1» or «0» >
Fig. 2. Scheme of formation an ensemble of complex LNS information signal
In the middle of the bit interval the commutator is communication channels at all stages of their

switched to one of the two possible positions, depending
on the flow of two-way bits "one" or "zero" from the
information source. Thus, the delay line DL1 ensures

delay of the signal x(t) by half of the bit interval T, 5

and delay lines DL2 and DL3 are backed indirectly to
form a stream of double bits "one" or "zero" As a result,
an ensemble of complex signals is formed, where the
information signal, separated in time from the reference
signal, and on one interval T, has the following form.

T
X(t),0<t<—;
(t) 5
T T
D=9X|t——=-T, |, =<t<T;
y(t) ( 2 oj >
x(t—I—le,IstsT
2 2

Thus, the use of LNS communication technology in
the timing of the synchronous pulse and information
signal allows to ensure that the requirements of noise
immunity, security and safety of wireless mobile

development, production and operation are guaranteed.

Due to the creation of complex signal-code
structures of information signal by a one-time use of
processes of coding and modulation receives a signal that
occupies a greater range of frequencies, and has
significantly less of its intensity in comparison with the
signal that is realized by their successive processes. This
allows for higher efficiency and energy gain. Spectrum
broadening results in the signal being distributed more
evenly and less narrowly in the specified range of the
spectrum. Thus, not only increases the noise immunity of
information, but also reduces the likelihood of its
overexposure due to the absence of a synchronized copy
of the broadening signal. Considering that the problem of
organization of high-quality mobile communication and
protection of information in wireless radio networks is to
reduce the level of backward electromagnetic
environment, the technology of Ultra-Wide band signals is
the most appropriate for its practical use. However, the
evaluation of the efficiency of these or other technological
solutions when implementing them in DCS requires the
use of certain evaluation criteria.
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Method for increasing the energy efficiency of digital
communication systems

Concealment of communication channels is
characterized by its energetic concealment, the
components of which are the processes of forming, coding
and modulation of information signal. However, the
universal indicator is the base of the information signal,
the value of which determines the level of availability of
the communication channel.

The main way to increase energy earliness of the
communication channel of the digital wireless system is to
decrease the signal/noise ratio at the output of the
correlation receiver. The dependence of the variability of
the hysteresis P on the signal-to-noise ratio at different
signal bases (fig. 1) leads to the tendency to the maximum
possible reduction of the signal power intensity to the
necessity of using the signal at the maximum base. The
dependence of the quality of information transmission on
the width of the signal spectrum leads to the fact that DCS
with complex signals considerably increases the s/n ratio
at high demands to the quality of information
transmission.

According to V.A. Kotelnikov's potential noise
immunity theory [15], the limit for the reduction of the
information signal level for all classes of receiver systems
without exception is the ratio of the subsurface energy of
the signal E to the spectral power density of noise N,

which is the value:

where: q, = is the ratio of the average signal power

%
oW

P, = % to the noise power R, = NW at the receiver

input, and B =WT is the signal basis.

In the systems of radio-electronic antidetection when
radio contamination of the communication channel is
carried out, first of all, the presence of corrupting signal is
detected. However, the intelligence receiver practically
does not detect the useful signal g, <1 when it is used.
This is due to the fact that its square detector further
reduces the useful signal that will be identified as
interference. The resulting signal/noise value at the output
of the receiver detector for a uniform spectral signal
strength is determined by the following ratio:

P
—= | =~55¢%,
( Pﬂ ]out qo

where: P, is a signal power, P, is a noise power.

At the same time, the following relationship will take
place for the values ¢, >1:

P
—= | =4,6q,.
[ Pﬂ ]out qo

Thus, at a weak signal in the intelligence receiver
there is a suppression of the useful signal by interference,
which significantly increases its energy concealment.

Method and criteria for evaluating the noise immunity
of the digital communication system

Noise immunity of the discrete communication
channel depends on the structure and type of signal and
interferences, their intensity, the structure of the channel
receiver, type of antennas, etc. However, if the optimal
signal reception is performed against the background of
the own noise of the receiver, the noise immunity of signal
reception of any shape will be the same and will be
determined only by the signal energy and spectral noise
power, which is brought to the input of the receiver. DCS
technical effect determines the amount and quality of
transmitted information for a certain period of time or per
unit of time, i.e. transmission rate R (bit/s) and the
probability of error P in the transmission of discrete
messages.

Indicators of energy ﬂ=% and frequency

S

R . . .
7:Fu efficiency, determine the consumption of these

S

resources. In these relations P, is a signal power, F, -
signal bandwidth, R, — transmission speed.

Combining these indicators, we get the integral
indicator of informational efficiency:

where C is a communication channel capacity.

It is the most general indicator, which determines the
technical efficiency of the system. Graphical dependence
for the channel efficiency is presented in coordinates S y
in fig. 2. It is a limit and mirrors the best exchange
between $ and y. In coordinates # and y, each variant of
the real system will be matched by the corresponding
point on the plane, which is located below the Shannon
limit dependence [16]. When comparing it with the ideal
system (Shannon's limit) the winnings will be negative. It
determines how close the inverse system is to the ideal
system.

,g:dB
5
o
-3

-1

10} .dB

Fig. 3. Shannon’s limit
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The coefficients g and y can be calculated for most
real systems in order to compare them. Varying these
interrelated characteristics, there is a possibility to
estimate the degree of influence of characteristics of real
channels and non-ideality of parameters of transmission
and reception devices and to determine their optimum
correlation

/e
d 27 -1
Under the condition # = 1 we obtain the boundary
dependence between £ and y (Shannon limit), which
means that any radio channel will have poorer
characteristics of energy and frequency efficiency.
Channel throughput with additive Gaussian noise

(in bps).
C-= Iog(% +1j. (1)

In calculation per character (bits/countdown):

C, =0,5log(F% +1).

The channel capacity utilization coefficient
(informational efficiency) is entered as a summary
indicator of DCS technical efficiency.

f7=3=1—z, (2)

where: y =

(C-R)
C

According to (1) and (2)

= rlog(Z +1).

n 709(ﬁ+)

We take this function as a target and determine its
maximum value. The value 1) can be close to one, and the
error can be arbitrarily small. In real systems, the error
always has a finite value and # < 1. In these cases, £ and y
are determined separately and the dependences £ = 1 (y)
are constructed for p = const. It should be noted that in
digital binary communication systems, the coefficient y
can vary from 0 to log 2 = 0.3 dB, and the coefficient g

from 0 to i =1.44 dB.
In2

Digital communication systems are divided into two
groups. These are systems with high g but low y
efficiency. Digital communication systems belong to this
group, which must ensure the best possible use of the
signal power at a given accuracy of transmission. In
particular, this concerns space and satellite
communication systems. The other group includes
systems with high y, but low g — efficiency, which is
typical for the systems of conducting communication,
when it is necessary to obtain the best possible use of the
channel frequency smoothness at a given transmission
variability. Sometimes, a compromise solution should be

adopted, which allows to obtain simultaneously the values
of # and y of Diagram (fig. 3) to solve this problem. For
wireless communication channels the technical effect is
conveniently determined by the energy gain:

AB=p1fsmpuy =y add.,

where £ is an energy efficiency of the selected system;

ps is an energy efficiency of the basic (reference)
system. Thus, the obtained pgly-diagrams allow turning
DCS, which meet the specified requirements, or to
optimize for the coefficients of fand y.

Analysis

=1-n is aredundancy of the channel.

Analysis of the problem of ensuring noise immunity
and reliability of wireless communication channels has
shown that the main method of its solution is to reduce the
level of electromagnetic field impromptu. In the case
when the speed of information transmission is set
(Ru = const), it is possible to operate at a low signal/noise
ratio, which is a common problem in a faulty
communication system, only by decreasing the frequency
and energy efficiency. In this case, according to Shannon's
theorem, due to the appropriate coding the quality of
transmission of messages can be made as good as desired.
On the basis of the theory of potential noise immunity
Kotelnikov V.A. shows the possibility of the established
and warrantless operation of wireless digital
communication system in conditions where the level of
information signal and noise have the same value. The
possibility of separating the transmitted information signal
from the noise by correlation of the received and reference
signals is shown.

Conclusions

To increase the energy capacity and noise immunity
of the communication channel, it is necessary to use the
transmission with the lowest possible quality indicator q, .

In this case, it is advisable to use highly directional
antennas with the smallest possible level of lateral
pendulums, as well as to use a nose signal with the highest
value of the signal base B>>1, using complex signals.

It is shown that the use of the technology of
supersmooth signals allows to carry out wireless
redundant transmission of information with low
impromptu capacity. Moreover, the efficiency of digital
communication systems significantly increases due to the
creation of an ensemble of complex signals through one-
time encoding and modulation, which expands its
information base, ensuring concealment and energy
efficiency in a dual symmetric channel. Diffusion in the
timing of the synchropulse and information signal within
the limits of the duration of the information beat allows
you to securely ensure the requirements of noise
immunity, prihovanovosti and safety of wireless
communication channels at all stages of their design,
manufacture and operation at the expense of transmission
of information signals with low impromptu power. Using
a large base signal makes it possible to ensure smooth and
seamless operation of the digital communication system
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under conditions where the level of information signal is  Communication Channel was provided. It enables real-
at or below the noise level. The Integral Indicator of time integral assessment of link quality and optimal
Informational Efficiency of Wireless DCS routing in a mobile peer-to-peer network - MANET.
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METO/H 1 3ACOBH OLIHKHU PIBHA 3ABAJIOCTIHKOCTI BE3IPOBITHUX
KAHAUJIIB 3B’A3KY

IIpenmeToM po3risimy CTATTi € MPOLECH MiABUINECHHS 3aBaJOCTIHKOCTI OE3NMPOBIMHMX KaHAIIB NpH MOOYMOBI UM EKCILTyaTaril
cyqacHnx Iudpoux cucreMm 3B’sa3ky (LIC3), komm mepenady nmdpooi iHopMamii CyTTEBO YCKIAJHIOE HasBHICTH 3aBajg Ta
CIIOTBOPEHb B KaHall 3B’s3ky. Mera — aHamiz Ta po3poOKa MeTo[iB 3a0e3NedeHHs YycTajleHol Ta HamiiHOI poOoTH
HaJIIMPOKOCMYTOBOI CHCTEMH Oe3MpOBIIHOTO 3B’S3Ky B YMOBax [il 3aBaJ Ta CHOTBOPEHb iH(opMarii B Oe3mpoBITHUX KaHaIax
3B’s3Ky. 3ajgaya — CTBOPEHHsS Ta BIPOBAKCHHSA NPAKTUYHHUX PEKOMEHIALil MO0 MOKPAIIEHHA PIBHSA NPHXOBAHOCTI 1 SIKOCTI
iHpopMarii, sKka HUPKYIIE B KaHami 3B’SI3Ky; po3poOKa KpHUTEpiiB sKocTi, iHpopMmamiiiHOi epeKTUBHOCTI Ta 3aBaJOCTIHKOCTI
Oe3mpoBigHuX KaHamiB 3B’sa3Ky LIC3 B ymoBax nii 3aBajg HpUpPOJHOTO Ta IITYYHOTO MOXOMKEHHS. BUKOpHCTaHi MeTOAM: METOIU
AQHATITUYHOTO MOJETIOBAHHS Ta Teopil MOTeHWiHHOi 3aBajgocTiiikocTi. OTpuMani HacTynHi pe3yabTtaTH. [lokazaHa AOLiTBHICTH
IIpoBeieHHs OUiHKH edektuBHOCTI [[C3 3a 1BOMA IMOKA3HUKAMM — €HEPreTUYHOI Ta 1 YaCTOTHOI €(PEKTHBHOCTI, SIKI € CKIaTOBUMH Ta
CTBOPIOIOTH 3arallbHUM IHTErpalbHHUN MOKa3HUK iH(popManiiHoi eeKTHBHOCTI. 3alPOIIOHOBAHO 3IIHCHIOBATH OLIHKY €()eKTHBHOCTI
LIC3 muaxoMm MOpIBHSHHS IIOKAa3HWKIB iHpOpManiiiHOl e(peKTUBHOCTI OOpaHOI Ta ETAJIOHHOI CHUCTEM, BHKOPHUCTOBYIOUH MEXY
IllenHOHAa 5K ieabHE CIHIBBiTHOLICHHS €HEPreTHYHOI Ta YacTOTHOI edekTHBHOCTI. Ha rpyHTI Teopii moTeHIianbpHOT 3aBagoCTiiikocTi
MOKa3aHa MOXKJIMBICTh YCTaJIEHOI Ta 0e33aBafoBOi poOOTH OE3MPOBIIHMUX KaHAJIB 3B’S3Ky B YMOBAxX, KOJU PiBE€Hb iH(POPMAIIITHOTO
CHTHAJy Ta IIYMy MalOTh OJHE 3HaucHHA. BucHOBKHM. IToka3aHO, 10 BUKOPHCTAHHS TEXHOJOTii HaJIIMPOKOCMYTOBHX CHIHAJiB
IO3BOJIIE  3AIHCHUTH O€3NMpOBiAHY MPHUXOBaHy IepeAady iHGopMmamii 3 MajJol IOTYKHICTIO BHUIpOMiHIOBaHHS. [Ipudomy
e(eKTHBHICTh IU(POBUX CHCTEM 3B’S3KY CYTTEBO 30UIBIIYETHCS 32 PAaXyHOK CTBOPEHHS aHCaMOIIO CKIaTHOTO CHUTHATY HUISIXOM
OJTHOYACHOTO KOIyBaHHS i MOJYJIALIi, IO po3mmproe Horo iHdopmariiiHy 06a3y, 3a0e3nedyloud NMPHUXOBaHICTH Ta EHEPreTUUHY
e(eKTHBHICTh y JBIIIKOBOMY CHMeTpHYHOMY KaHaimi. Lle 103BoJsie HalOLNBII MOBHO BHKOPHCTOBYBATH IICHHOHIBCHKY HPOITYCKHY
3[aTHICTh KaHATy 3 BUCOKOIO JTOCTOBIPHICTIO mepenadi iHdopmarii 6e3 CyTTeBOTO IMiIBHIICHHS BiJHOIICHHS CHUTHAI/IIYM Ha BXOII
npuiiMaya. 3amporOHOBAHO IHTErpaJbHUM IOKAa3HHWK iH(popMauiiiHoi edexTnBHOCTI Oe3mpoBimHoro kanamy 3B’s3ky 1[C3. Bin
JIO3BOJIIE Y PEXHMi peajbHOrO Yacy 3IIHCHIOBATH IHTETpajbHY OLIHKY SKOCTI KaHaly 3B’A3KYy Ta BHUKOHYBATH ONTHUMAJIbHY
MapuIpyTH3alio B MOOiIbHIN ogHOpaHroBiii Mepexi — MANET.
Kurouosi ciioBa: iHpopmariiina eeKTHBHICTD; 3aBaI03aXUILEHICTh; 3aBaJOCTIHKICTh; IPUXOBAHICTh; KAHAI 3B’ SI3KY.

METO/IbI 1 CPEJICTBA OLIEHKH YPOBHSA IOMEXOYCTOHUYABOCTH
BECITPOBOJHBIX KAHAJIOB CBA3HU

IIpeqmeToM paccMOTpPEHHS CTaThbH SIBISIIOTCS IIPOIECCHI TIOBBIMICHHS ITOMEXOYCTOIUYMBOCTH OECHpPOBOJHBIX KaHAJIOB IIPH
MOCTPOCHUH WM JKCIUTyaTallud COBpeMEHHBIX Im@poBeix cucteM cBsizu (L[C3), korma mnepemauy umdpoBoil uHbOpMALUU
CYIIECTBEHHO YCIIOXHSET HaJW4ue NMOMeX M HCKaXeHHil B kaHaie cBs3u. Lleqb — aHamu3 M pa3paboTka METOOB oOecredeHHs
YCTOMYMBOH M HaJEXKHOH pabOTHl CBEPXIIUPOKONOJOCHON CHCTEMBI OECIPOBOAHON CBSI3M B YCIOBHSIX IOMEX W HCKaXeHHI
nHdopmarmy B OecripoBOIHBIX KaHalaxX CBSA3M. 3afada — CO3/JaHHE M BHEJPEHUE MPAKTHUECKUX PEKOMEHIALUH IO yIy4lICHHIO
YPOBHSI CKPBITHOCTH UM KadecTBa WH(OpPMAIWM, IUPKYIUPYIOIIEH B KaHale CBA3M; pa3pabOTKa KPUTEPHUEB KadecTBna,
WHPOPMAIIOHHON 3(PPEKTUBHOCTH M TMOMEXOYCTOHYMBOCTH OECHpOBOAHBIX KaHaioB cBs3M L[C3 B ycioBWsX neiicTBUS moMex
€CTECTBEHHOTO M HCKYCCTBEHHOTO MPOUCXOXKAEHHMS. VICIomb3yeMble MeTOo/bl: METOIb! aHATHUTHIECKOTO MOAEIUPOBAHNS U TEOPUH
MOTEHIMAIBHOW MOMEX0yCTOHIHMBOCTH. [lomydeHsl ciemyromue pe3yabTaThl. [lokazaHa IenecooOpa3sHOCTh NPOBEACHHS OLEHKU
s¢dexrrBHOCTH LIC3 MO ABYM mMOKa3aTeNsIM — SHEPTETUUECKOH M YaCTOTHOM 3((HEKTUBHOCTH, KOTOPBIE SIBISIOTCS COCTABISIOIINMU
W CO3JAI0T O0IINit MHTErpaNIbHBIN MTOKa3aTess nHpopMarroHHOH s dextrBHOCTH. [IpemioxkeHo oneHky a¢dexrruBHocTr L[C3 myTem
CpaBHEHHMs ToKa3arened MHGOPMAIMOHHOH 3P PEeKTUBHOCTH BHIOPaHHOW M 3TaJOHHOW CHCTEM, HMCMOJb3ys rpanuiy lllenHoHa kak
H/ieaJIbHOE COOTHOILCHUE YHEPreTHYECKOH U 4acTOTHOI 3¢ dexTuBHOCTH. Ha OCHOBE TeOpHU MOTEHINATIBHON ITOMEX0YCTOHYNBOCTH
MOKa3aHa BO3MOXKHOCTH YCTAHOBHBIIEIiCS M OecrioMexoBoil paboThl GeCHpOBOJHBIX KAaHAJIOB CBS3M B YCIIOBHSX, KOTAA YPOBEHb
WH(QOPMAIIMOHHOTO CHTHajJla ¥ ITyMa HWMEIOT OAHO 3HadeHHe. BpiBoabl. [loka3aHO, 4YTO HCMONB30BAaHME TEXHOJIOTHH
CBEPXIIUPOKOIIOIOCHBIX CUTHAIOB TTO3BOJISIET OCYIIECTBHTH OECIIPOBOIHYIO CKPBITYIO Tepefady HHPOPMAIUH ¢ MAJIOH MOIIHOCTBIO
n3mydenus. [IpraeM 3¢ dexkTHBHOCTS TM(PPOBEIX CUCTEM CBSI3U CYIIECTBEHHO YBEIMIMBACTCS 3a CUET CO3JaHUs aHCAMOJIS CIIOXKHOTO
CHTHaNA IyTeM OJHOBPEMEHHOTO KOAMPOBAHUS M MOMYJISIIIUH, UYTO PacHIUpseT ero MHPOPMAMOHHYIO 06a3y, oOecrieunBast CKPHITOCTh
U DHEPreTHYecKylo 3(Q(EKTHBHOCTh B JBOMYHOM CHMMETPUYHOM KaHaie. JTO MO3BOJSIET Haubosiee IOJHO HCIIOIb30BATh
[1IeHHOHOBCKYIO IPOMYCKHYIO CIIOCOOHOCTb KaHalla C BBICOKOH JOCTOBEPHOCTBIO Iepenaud MHGOpMaluu 0e3 CyLIeCTBEHHOTO
HOBBILICHUS] OTHOLICHHS CHUTHAN/IIyM Ha BXOJE MpPUEMHHKA. [Ipeayio)keH WHTErpalbHbIA IOKa3aTenb WH(OPMAIMOHHOI
s dexTrBHOCTH GecnipoBoaHoro kanana cBs3u [JOC. OH HO3BONSET B PEXHME PEalbHOTO BPEMEHH MPOM3BOJHUTH HHTETPATIBbHYIO
OIIEHKY KauecTBa KaHaJa CBS3U U BHINOIHATH ONTHMATIBbHYIO MapIIpyTH3anuio B MOOMIBHON ofHOpanroBoit cetn — MANET.

KnioueBbie cioBa: mHGOpManuoHHAS >(PPEKTHBHOCTD; MOMEXO3AMINIIEHHOCTh; MOMEX0YCTOHYNBOCTh; CKPBITHOCTD; KaHAI
CBSI3ML.
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