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YU. VOROBYOV, |. SHOSTAK, S. KRYVOVA, A. ZUBANYOV

DEVELOPMENT OF ONTOLOGICAL DECISION MAKING SYSTEM OF THE
NEGOTIATION PROCESS ON COOPERATION PRODUCTION IN AIRCRAFT

Subject matter: means of information support for the negotiation process on the organization of cooperative production of aircraft.
Goal: an outline of the process of developing effective means of information support for negotiations on cooperative production,
which will provide financial savings, firstly, by reducing the negotiation time, and secondly, is reducing the likelihood of making
irrational decisions that can lead to additional costs during project implementation. Tasks: Increase the efficiency of the negotiation
process on the organization of cooperative production by creating a problem-oriented methodological basis, and on this basis -
software tools for the development, deployment and operation of the appropriate decision support system. Methods: system analysis
and set theory, for the formal presentation of relevant information about the subject area "Negotiations on cooperative aircraft
production”; ontological engineering, in particular the IDEF5 standard, as well as elements of expert systems technology, for building
an ontological decision support system. Results: an aggregate of methodological tools for the synthesis of ontological decision
support systems was developed during negotiations on the organization of cooperative production of aircraft, a scenario example of
organizing an ontological dialogue in the environment of an ontological decision support system for defining an aircraft model as an
object of cooperative production was given. Conclusions: the need to supplement the mathematical support of traditional negotiation
support systems with special methodological means is shown to increase the efficiency of information support for the negotiation
process on organizing cooperative production in aircraft construction; it is substantiated that for the program implementation of the
system of information support for negotiations on the organization, it is advisable to use the ontological approach; the architecture of
the intellectual core of the ontological decision support system for organizing the negotiation process for organizing the cooperative
production of aircraft in the form of a hierarchy of frames, with the organization of knowledge-based inference by means of attached
procedures is proposed; a scenario example of the formation of a decision on the choice of an aircraft model for the organization of
cooperative production in the environment of an ontological decision support system is given.

Keywords: aircraft construction; cooperative production; decision support system; ontological approach; frame hierarchy;
decision maker.

Introduction specialized computer support tools, which in the

formation of appropriate solutions, would allow to take

Today, cooperative production is a fairly common
form of industrial organization, in particular, aircraft
construction. In aircraft construction, the efficiency of
cooperative production largely depends on the proper
level of organization of negotiations between
subcontractors, as the cost of correcting incorrect
decisions made during negotiations will increase during
the project, and may result in unacceptably high values. A
key feature of the negotiations on the organization of
cooperative production (NOCP) is the need to directly
involve, especially at the stage of project initiation, a
significant number of narrow specialists — experts. This
raises the issue of prompt coordination of different, often
contradictory  opinions of experts, which slows
down the process of NOCP and negatively affects its
effectiveness in terms of unreasonably high entertainment
costs, especially when it comes to international
projects.

This study is devoted to the organization of
information support of the NOCP process by developing a
specialized information environment, which
will present the knowledge of experts on technical,
technological, financial and social issues
of NOCP organization, and means of manipulating this
knowledge for the rapid formation of agreed
solutions.

Formulation of a scientific problem and its significance

into account the specifics of individual stages of NOCP,
including the most critical stage — project initiation and
subject area "Cooperative production in aircraft
construction".

A constructive way to solve the stated problem is to
develop an ontological decision support system (ODSS)
on a set of issues of the NOCP organization.

Solving this problem by creating and using
effective means of information support NOCP will save
money, firstly, by reducing the time of negotiations,
and  secondly, by  reducing the likelihood
of irrational decisions that lead to additional costs during
the project.

Analysis of publications on the stated problem

The problem of insufficient efficiency of the NOCP
negotiation process arises due to, inter alia, the lack of

From the standpoint of situation analysis [1], NOCP
is a process of exchanging views in order to reach an
agreement on mutually beneficial cooperation.

The main distinguishing feature of NOCP from other
types of negotiations is the presence of at least two
participating parties with goals that do not coincide in
part, personal interests, opinions and intentions. This
partial disagreement is, in essence, a conflict. Another
feature of the NOCP process is that they always occur,
according to the classification of negotiation environments
by D.O. Pospelov [2], in the most complex, transformed
environment, which is problematic not only to create a
deterministic description of the whole process, but also
local models negotiations. The characteristics of the
transformed environment are unstable and strongly

© Yu. Vorobyov, |. Shostak, S. Kryvova, A. Zubanyov, 2021
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depend on the actions of the participating agents. The
second of these features determines the feasibility
of using in the analysis of NOCP conflict management
tools.

The process of computerization of negotiation
processes in various spheres of human activity, except for
the organization of production, has been going on for a
relatively long time [3], and today in a number of subject
areas successfully used decision support systems (DSS) in
negotiations [4]. At the same time, the peculiarities of
aircraft construction and, accordingly, the processes of
management  of  cooperative aircraft  production
projects [5], do not allow to directly apply the available on
the  software  market means of information
support of negotiations at the stage of NOCP
initiation.

The purpose of the article is to solve the problem,
which is to increase the efficiency of the NOCP
process, by creating a problem-oriented methodological
basis, and on this basis — software tools for
development, deployment and operation of the relevant
ODSS.

Materials and methods of the study

Let’s consider the process of creating an ODSS
NOCP in the form of a fragment that
reflects the formation of a number of solutions
for the assembly of the aircraft (AC). We will describe
this process in accordance with the requirements
of the standard of ontological research IDEF5 [6],
as well as using approaches that are well
known in the practice of ontological
engineering [7-10].

We will assume that the ODSS NOCP AC Fgy,
fragment includes three ontologies:

Fos ={Fos. Fos: For’ | Pt NFos nFR2 =0, (1)

os?' ' 0S' " oS }’ os

where F)! — metaontology "Types and models of AC";
Fys — ontology of tasks "Manufacturability of aircraft
constructions”; FJ:* — subject area ontology "AC

assembly".
In this case, for any ontology F in the F,, ODSS

fragment VF |F < F,. it is true that

F={f[1], f[(i+D), ]} i =1 Mi=1N, ()

fl] -

{f [( j+1), ]} — descendant frames in any ontology that is

where root frame of the ontology F;

part of Fyq ; i — aspect number to which the frame
(set of frames) belongs; j, — sequence number of the

frame in the aspect; N — number of aspects of the
ontology F; M; — the number of frames in the i -th aspect
of the ontology F .

Each frame f[(j+l)i] can be represented as a
combination of two types of slots {S,} and {S;} . In this
case, the slots from the set S, inherit the
features of higher-level frames and, thus, reflect
the genus connections within the frame hierarchy; the set
S, also contains its own slots of this frame. Obviously,
root frame f[j] contains own

any only its

slots {S;} :
vi[illf[i]eF. fli]={S};
wi[(i+1), ]|f[(i+1),]<F;
fl(+0, = {8 {s)}); ®)

k=1 K;

Ji! I :(Kju _'_1)7 Lj.’

where L; is the number of frame slots f [j;].

The set of slots {S;} details the description of this or
that ontological aspect, and also realizes communications
with the lower hierarchical level.

One or more facets C[ ji] are directly connected to

any slot S[j;], and the number of facets determines the

power of that slot. Facets are quantitative or qualitative
restrictions on the characteristics determined by
the slots.

Using the previously introduced notation, as well as
methodological tools, considered in [11-13], we describe
the ontological system ODSS in the form of a formal
axiomatic theory of the first order @ with a logical basis

{vin >}
Let the signature o) is given for any ontology F('S)

that is part of an ontological system Fy5 where () can

have the meaning of "M ", "T " or " Sub ", indicating that
the symbols of the formal theory belong to

"Metaontology”, "Ontology of Tasks" or "Ontology of

Subject Area", respectively.
o) ={F(') [1]. F(')[21]7 R [5,]. st ...
st/ s0[2 ], 805 [ T[] . @

T[54 ] 2] v 84 )

Such a description makes it possible to present a
description of any ontology F('S) as a model M(')(QD) of

the described theory &. Logical inference within the
ODSS NOCP AC fragment under consideration is
performed by activating the attached procedures, which
have the form of product rules:

Pos 2 R R+ [Pos| =[Sos] - (5)
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Attached procedures from the set {R} belong to the

type "Procedures — demons"”, and from the set {R} — to

the type "Procedures — servants”, with a bijective
reflection G:Pyg — Spg. Restrictions contained in facets
are part of the antecedent rules — products from the
set {R}.

Let’s assume that all ontologies in the ODSS
fragment have the same structure in the sense that they
have the same number of aspects N =4M and, in
addition, the number of frames representing each
aspect.

In addition, we will assume that each ontology that is
part of Fog is internally consistent, i.e. the following

conditions are met for it:

1) all element names are defined in the glossary;

2) all files in the taxonomy are connected by
hierarchical relations "is a"; at the top level of the
taxonomic hierarchy, only one frame is defined;

3) for all elements defined in the ontology there are
restrictions on their belonging to the frames;

4) frames and their elements have unique names;

5) all frames located at the lower level of the
taxonomy have as a consequence of the attached
procedures attributes included in the glossary of the
ontological system;

6) restrictions within individual ontologies and the
ontological system as a whole are consistent;

7) the associative connections between the frames
that are part of different ontologies are explicitly given,
these connections are described in the form
of meta-rules.

Because the ODSS NOCP AC fragment is a dialog
system by nature, the process of its operation consists in
the iterative procedure of synthesis of text objects of the
"REPORT" type by analyzing the corresponding
objects of the "REQUEST" type. This analysis involves
the consistent implementation within the ontological
system of standard operations of ontological
engineering: SEARCH; SAMPLE; CONNECTIONS;
CUT OFF [14, 15].

The search operation involves:

1) analysis of the text object "REQUEST" in order to
highlight a set of keywords (SKW);

2) reflection of SKW in terms of the glossary V :

V ={Term},Term = (D, Keyword Set, Description), (6)

where ID - term identifier (corresponds to the identifier

of the concept included in the glossary);
Keyword Set = {Keyword Entry} — a set of keywords
belonging to a certain term;
Keyword Entry = (Keyword ID, Keyword) — a pair

consisting of the keyword ID and the keyword itself;
Description —  description of the  meaning
of the term;

3) search in each ontology F o Fyc for the names

of the frames by 1D, obtained after the previous step. In
result

w((FL)v(F[(T+D)]))

the set is formed { f [ j;]} such that

(e (v R v FE) ()
3qeQ :Term(q)eV , (8)

where S [33]

corresponding to the frame name (the name of the frame q

— the identifier (ID) of the term

element).
At the sampling stage, the microcontext of the
"REPORT"  object is formed by activating

the meta-rules that reflect the associative connections
between the elements {f[j;]} that are part of different

ontologies:
1) in each ontology that is a part of Fqg , frames and

their elements connected through meta-rules with frames
of other ontologies are distinguished. Since the ontologies
in the ontological system are of the same type
and there are taxonomies, such an operation is performed
in each taxonomy, starting from the root frame
and ending with the terminal elements of the lower
levels;

2) this step involves removing from the ontological
system of existing contexts by forming an appropriate set
of sets;

3) the sets obtained in the previous step are sorted by
the number of frame names (and their elements) contained
in them, which coincided with the terms of
the glossary.

The connection operation involves the formation of
the macro-context of the "REPORT" object by combining
elements isolated and extracted from the ontological
system at the previous stage.

The clipping operation is used to remove excess
elements from the REPORT object.

Excess elements include the names of frames
without specifying their slots, facets and procedures,
elements without specifying their belonging to frames, as
well as elements that do not meet the requirements of
relevance.

When creating AC co-production projects, one of the
most critical, relative to the overall effectiveness of

NOCP, is the initiation stage of the project, at
which the parties to the negotiations determine the
specific AC model, based on the needs and

capabilities of potential cooperants [5]. The main task of
this stage is the complex consideration of
a significant number of parameters characterizing AC, the

future object of CP. There is a problem
of semantic combination of these parameters,
because in nature (technical, technological,
financial, social or mixed), they are
heterogeneous.

The macrostructure of dialogue and ontological
engineering procedures is given in table 1, and the list of
concepts used in the example of the dialogue scenario of
the decision-making person (DMP) with ODSS NOCP AC
- in table 2.
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Table 1. Macrostructure of dialogue and ontological engineering procedures for the choice of AC model for CP organization

Macrostructure of dialogue Ontological engineering procedures
Dialogue content
Dialog Initializing the user Meta rule from the conflict set, Graphical representation
step dialogue Type of procedure|  launched at the moment of F:)f the rlz)cedure
number Reaction (intercept dialogue P
initiative system)
1 Which AC model meets SEARCH: | |\
the basic parameters that| - allocation of : pr - J'_‘—‘ ]
reflect the needs of CP SKW; : | technolozy 1 G
participants? -display SKW in I I |1
glossary terms; |l . e | 1N
-search for element || resourse” TRy
names in OS : : g
ontologies i s
corresponding to || tick ™ A_h il
SKW I I
: "eentroplan” -:—}R_p\ LE*
I I
I I ¥
| "SEW Ha s
I | L
o —— -t
Object type CONNECTION: (5<sub>[3ﬂ),\(s(sub)[3ﬂ)_, s !
P_Iane -generating a . «{s‘"gg[l]" 4;;,,@{
Helicopter request from the ((81(5“ )[1])/\(F(S”b) [21])) ‘ = ¥
Remotely piloted vehicle  system by Hs™[2]} 1
activating the meta e
rule; [4] Lyl
-creating the s3] ]
"Object type" ment pEx] s%] HEE
J U |
FP)[3,] | i
L \Smpl[gll:ljl, d i
(s3] |
2 Plgne (S(np) [21:|) N (F(np) [32]) F(npb[lh
(user selection from the S]] %F(np)[3 ]
(st :
e LA
L = 1
s3] |
; Ly
Sir|pi|:3§:| ]
‘ Sulp)[}g}
Type of aircraft CONNECTION
maneuvering
transport
passenger's
3 Passenger's F*P1] \
(user selection from the L[] pomrg
menu) i ) o i 531
— s‘"P’[_ﬂ%]‘,
[ ‘Slnp)[‘l%}v v
‘HS(np)i:_‘;:l] )
Type of aircraft CONNECTION
trunk
regional
for local airlines...
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4 Regional (selection of s
ODM from the menu) F )| |
[ S(‘np)[I]
F'"pi[41] ‘| Fulp)[SI]
S(np)[si]
g(mp) 53 !
5]
—S'"N[ﬂ‘}
S("'”[Si‘}
Airplane model CONNECTION
AN-140
IL-114
SSJ-100
ERJ-145
5 AN-148 (SUB) [ =3 3) B R
(ODSS CP AC response) (S [SJ) - (F [21]) (""""'[']‘ [FO[]|
S‘"p)[Sﬂ (1 Fl.‘)[:]]
L 5‘3'[3{] )
1 .Sm[:ﬂ v
| S""[Zf]

Table 2. A list of concepts used in the example of the ODM dialogue scenario with ODSS

The name of the concept and .
its position in ODDS The meaning of the concept
1 2
7 (sub) [1] Assembly of aircraft structures
b -
Sl(su )[1] Aircraft
 (sub) [2] Object type
S(sub)[zﬂ Plane
g (sub) [212} Helicopter
b -
Sésu )[1] Assembly units
 (sub) [31] Wing
g(sub) [311 Centroplan
g(sub) [35} Negative part of the wing (NPW)
£ (sub) [32] Type of aircraft
g (sub) [314 Maneuvering
g (sub) [35} Transport
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g (sub) [3§J Passenger's
g (sub) [3421 General aviation aircraft (GAA)

S §sub) [1] Subsonic aircraft

F (sub) [43] Types of subsonic aircraft
S(sub)[4%:| Trunk
g (sub) [45} Regional
S(sub)[%} For local airlines

- (sub) [51] Model range of regional aircraft
g (sub) [Sﬂ AN-140
g (sub) [511 1L-114
g (sub) [5ﬂ SSJ-100
g (sub) [511} ERJ-145

F® [1] The task of assembling aircraft structures

In the following scenario, ODSS NOCP AC forms
the answer to the ATS question "Which AC model meets
the basic parameters that reflect the needs of CP
participants?"

Conclusions and prospects for further research

1. The necessity of supplementing the mathematical
support of traditional systems of support of negotiations
with special methodical means for increase of efficiency
of information support of process of negotiations
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PO3POBKA OHTOJIOITYHOI CUCTEMM IHOGOPMAIIMHOI IIITPUMKH
MPOILIECY MMEPETOBOPIB 11010 KOONEPAIIIMHOT'O BUPOGHUIITBA B
JITAKOBYJYBAHHI

IIpeamer: 3acobu iHdopMariiiHOT MiTPUMKH MPOIECY MPOBEICHHs MEPeroBOpiB MO opraHizamii KoomepauniiHoro BUPOOHHUIITBA
(TIOKB) mnositpsuux cynen (IIC). Mera: BUKIageHHs mpolecy po3poOKH e(peKTUBHUX 3aco0iB iH(pOpMamiiHO MiATPHUMKH
HEeperoBopiB Mpo KoolepariiiHe BUPOOHHIITBO, sKi 3a0e3rmeuaTh eKOHOMIIO (iHAHCIB, MO-TEpIIe, 32 PaXyHOK CKOPOYCHHS TEPMiHIiB
HepEeroBopiB, a MO-APYre — 3HIKCHHs HMOBIPHOCTI IPUHHATTS HEPAL[iOHAJIBHHX PIllIeHb, 10 MPU3BEIYTh O A0JATKOBUX BHTPAT MPH
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peanizanii npoexty. 3aBaanns: IligBuiineHHs e)eKTUBHOCTI MPOLECY MPOBEACHHS MEPEroBOPIB LIOA0 OpraHizallii KoomepauiiHoro
BUPOOHHUIITBA, 32 PaXyHOK CTBOPEHHS NPOOIEMHO-OPI€HTOBAHOTO METOAWYHOTO 0a3ncy, a Ha Iiif OCHOBI - IpOrpaMHHX 3aco0iB
PO3pOOKH, PO3TOPTAHHS 1 eKCIUTyaTalii BIAMOBITHOI CHCTEMH MIATPUMKH MIPUIHATTS pilleHb. MeToAn: CHCTEeMHHI aHalli3 Ta Teopis
MHOXHH, U1 (OpManbHOTO MpeNCTaBICHHs peleBaHTHOI iHpopManii moxo npeamerHol ramysi "[leperoBopu mpo xoomepariiine
BUPOOHHUITBO HMOBITPSIHUX CyJIeH"; OHTOJIOTIYHMI IHKUHIpHHT, 30kpeMa ctanaapt IDEFS, a takox eleMeHTH TeXHOJIOTi eKCIIepTHIX
CHUCTEM JUId MOOYIOBH OHTOJOTIYHOI CHCTEeMH MATpUMKH NpuiHATTS pimers (OCIIIIP). PesyabraTu: po3poOiieHO KOMILIEKC
METOAMYHUX 3ac00iB pO3pOONEHHS OHTOJIOTIYHUX CHUCTEM IIATPUMKH MPUHHATTSA DPILICHb B XOXi NPOBEICHHS INEPEroBOPIiB MPO
opraHizamito koomepatuBHoro BupoOHuITBa (KB) moBitpsuux cyzen (IIC); HaBemeHo cueHapHMH MpUKIa] oOpraHisamii
oHToJoriyHoro mianory y cepenoumyi OCIIIIP mono susnauenus moneni IIC sk 06’ekty KB. BucHOBKH: Moka3aHa HEOOXiAHICTD
JIOTIOBHEHHSI MaTeMaTHYHOTO 3a0e3MeUeHHs TPAIUIIHHIX CHCTEM HiATPUMKH IIEPEroBOpiB CHelialbHIMU METOANYHUMH 3aco0aMu
JUTS TABHINEHHS e()eKTUBHOCTI iH(pOpManiiiHOT MIATPHMKH ITpoLiecy MeperoBOpiB 00 OpraHi3allii KOoepaTHBHOTO BUPOOHHIITBA B
nmitakoOymyBaHHI; OOIpYHTOBaHO, IO Uil HporpamMHoi peamizamii cucremu iHdopmarmiiinoi mintpumkn ITOKB) mominbHe
BUKOPUCTAHHS OHTOJIOTIYHOTO ITiIXOJLY; 3alIPOIIOHOBAHO IHTEIEKTYaJIbHE SJPO OHTOJIOTTYHOI CHCTEMH MIATPUMKH NPUHHATTS pillleHb
moxo mnpouecy ITOKB) TIC mobynmysatu y ¢opmi iepapxii ¢peiiMiB 3 opranizailiefo BHBEICHHS Ha 3HAHHAX 3a IOMOMOIOIO
MPUEIHAHNX TPOLENYp; HAaBeIeHO CIEHAapHWil mpukian ¢opmyBaHHs pimreHHs 1mozo Bubopy moxeni IIC st opramizamii KB y
cepenosuuti OCIIIIP.

KnrouoBi cioBa: nitakoOyayBaHHS; KoollepalliiiHe BUPOOHHLTBO; CHCTEMa MIATPUMKU HPUHHATTS pillleHb; OHTOJOTTYHHI
mizaxin; ¢peiimMosa iepapxist; ocoba, sika IpUMaE pillleHHs

PA3PABOTKA OHTOJIOTMYECKON CUCTEMbI HTH®OPMAIIMOHHOM
HOJAEPKKU MPOLECCA INIEPET'OBOPOB O KOOIIEPAIIUOHHOM
IMPOU3BOJACTBE B CAMOJIETOCTPOEHUUN

IIpeamet: cpeacTBa MHGOPMANMOHHOW MOANEPKKH IIPOIECcCa IPOBEICHHUS IEPErOBOPOB IO OPraHM3AlUHM KOOIEPAIMOHHOTO
npousBoactBa ([TIOKII) Bozaymmsix cyno (BC). Hesb: nznoxeHue npouecca pazpadoTKi 3P PEKTUBHBIX CPEACTB HHPOPMATHOHHOM
MOIJIEP’KKH TIEPETOBOPOB O KOOMEPAIlMOHHOM IIPOU3BOJCTBE, KOTOpHIE OOeCHedaT SKOHOMHUIO (PMHAHCOB, BO-TIEPBBIX, 3a CUET
COKpAIIIEHNSI CPOKOB MEPETOBOPOB, @ BO-BTOPHIX - CHIDKEHUS! BEPOSITHOCTU NPHHITUS HEPAlMOHATBHBIX PEIICHUH, KOTOPhIE MOTYT
NIPUBECTH K JOTIOJHUTENBFHBIM 3aTpaTtaM IIpH pealn3anuy npoekta. 3agada: [loseimenne 3((GeKTHBHOCTH Ipoliecca MPOBEACHHS
HEpPEeroBOPOB 110 OPraHU3aLMU KOOHNEPAIllMOHHOTO IPOU3BOACTBA, 33 CUET CO3JAaHUS NPOOIEMHO-OPHEHTHPOBAHHOTO METOINYECKOTO
0asnca, a Ha TOH OCHOBE — HPOTPAMMHBIX CPEICTB Pa3pabOTKH, Pa3BEPTBHIBAHUS M AKCIUIyaTallMd COOTBETCTBYIOIIEH CHCTEMBI
TIOIEP>KKY IIPUHATHS pelieHnd. MeToAbI: CHCTEeMHBIH aHaIM3 U TEOPUs] MHOXKECTB, JUIs (POPMAIIBHOTO IIPEICTaBICHHS PEIeBaHTHON
vHpOpMaK O mpenMeTHoW obmactu "IleperoBopsl 0 KOOMEPAIHOHHOM MPOW3BOJCTBE BO3AYIIHBIX CYyNOB"; OHTOJOTHYECKHN
WHXUHUPHHT, B 4acTHOCTH ctanaapt IDEFS, a Takke 31€MEeHThI TEXHOJIOTMH SKCIIEPTHBIX CUCTEM, JJIs1 HOCTPOEHHS] OHTOJIOTHYECKOM
cucrembl nognepxku npuHATHS pemennit (OCIIIIP). Pe3yabTaTbhl: pa3paboTaH KOMIUIEKC METOIMYECKHX CPEICTB CHHTE3a
OHTOJIOTHYECKAX CHUCTEM TIOANCPKKA NpUHATHASA pemeHuit B xoxe mpoBenenus [IOKII BC, mnpuBeaeH cueHapHBII
NpUMep OpraHu3aluu OHToJormdyeckoro auaigora B cpene OCIIIP no onpenenenmto Mmomenn BC  kak  oOwekrta
KOOTIePAI[MOHHOTO MPOU3BOACTBA. BBIBOABI: MOKa3aHa HEOOXOAUMOCTh OMOJIHEHHS MaTeMaTHIECKOT0 00eCIeYeH s TPaIUIIMOHHBIX
CHCTEM IOAEPKKH epEeroBOPOB CIELMAIBHBIMI METOIMYECKUMHU CPEJICTBAMU, JUIS MOBBIIEHHS Y(G)EeKTHBHOCTH MH(POPMAIIHOHHON
HO/IEPXKKH TIPOLecca MEePEroBOPOB MO OPraHU3ALMU KOOIEPAaTHBHOTO MPOU3BOJCTBA B CAMOJICTOCTPOCHHH; OOOCHOBAHO, UTO JUI
MPOTPaMMHON peanu3anuu cucteMbl HHQopMarmonHoi momnepkku ITOKII menecooOpa3sHO HCIONB30BaHHE OHTOJIOTHYECKOTO
MOJIX0/1a; TIPEIIOKeHa apXUTeKTypa uHTewekryansHoro sapa OCIIIIP no opranmsamun mponecca [TIOKII BC B popme mepapxun
¢bpeiiMoB, ¢ opraHm3anuedl BBHIBOAA Ha 3HAHMAX C IIOMOINBIO NPHCOEAWHEHHBIX IIPOIEAYyp; IMpPUBEINECH CIEHAPHBI IpHMep
(dopmupoBaHUs pelIeHus 1o BeIOopy Moaenu BC s opraHu3amy KoomepannoHHOTro mpou3BocTsa B cpene OCIIIIP.

KnioueBble ci10Ba: caMOJIETOCTPOCHHE; KOONEPALOHHOE IPOM3BOJCTBO; CUCTEMa MOJJEP)KKH IPUHATHS pEIICHUH;
OHTOJIOTHYECKHH 1Mo1X0[1; hpeiiMoBas nepapxusi; JIULO, IPHHIMAIOLIEE PEIICHNS
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D. ZOLOTARIOV

MICROSERVICE ARCHITECTURE FOR BUILDING HIGH-AVAILABILITY
DISTRIBUTED AUTOMATED COMPUTING SYSTEM IN A CLOUD
INFRASTRUCTURE

The article is devoted to the research and development of a highly available distributed automated computing system by iterative
algorithms based on the microservice architecture in a cloud infrastructure. The subject of the research is the practical foundations of
building high-availability automated computing systems based on microservice architecture in a cloud-based distributed
infrastructure. The purpose of the article is to develop and to substantiate practical recommendations for the formation of the
infrastructure of a high-availability automated computing system based on the microservice architecture, the choice of its constituent
elements and their components. The task of the work: to identify the necessary structural elements of a microservice automated
computing system and to analyze the constituent components and functional load for each of them, set specific tasks for building each
of them and justify the choice of tools for their creation. In the course of the research, methods of system analysis were used to
decompose a complex system into elements and each element into functional components, and tools: information technologies
Apache Kafka, Kafkacat, Wolfram Mathematica, nginx, Lumen, Telegram, Dropbox, and MySQL. As a result of the study, it was
found that the system infrastructure should consist of: fault-tolerant interservice transport, a high-availability computing microservice,
and communication microservices with end customers, which save or process the results. For each of them, recommendations are
provided regarding the formation and selection of implementation tools. According to the recommendations, one variant of
implementation of such system has been developed, the principles of its operation are shown and the results are presented. It has been
proven that when using a Kafka queue it is efficient to publish batches of results rather than one at a time, which results to significant
overhead on queue servers and data latency for its clients. Recommendations are given on the implementation of the CI/CD system to
build a continuous cycle of adding and improving microservices. Conclusions. Practical foundations have been developed for the
implementation of high availability distributed automated computing systems based on microservice architecture in a cloud
infrastructure. The flexibility in processing the results of such a system is shown due to the possibility of adding microservices and
using third-party analytical applications that support connection to the Kafka queue. The economic benefit of using the described
system is shown. Future ways of its improvement are given.

Keywords: high availability; cloud technologies; distributed infrastructure; automated calculations; saving resources and funds;
iterative algorithms; Mathematica; Kafka; Telegram.

Introduction The introduction of calculation systems based on

microservice architecture in scientific systems aims to

Recent years have been marked by the rapid give each participant the opportunity to process or

development of software products built on microservice
architecture: web services [1-2], Internet banking [3], data
streaming [4-5], Internet of Things (10T) [6-7] and others.
Its advantages include: ease of construction, updating and
modification of elements (microservices), ease of
addition, removal and replacement due to the
independence of operation — as a consequence, much
greater flexibility in the development of the system as a
whole. In addition, the distribution of infrastructure in
such systems is an integral part: the elements are
interconnected only through data delivery mechanisms —
gueue managers or other.

Therefore, it is not surprising that the advantages and
prospects of such architecture are appreciated by more and
more developers of complex services, and gradually bring
its elements to non-profit areas. As shown in [8], the
achievements of modern applied science are largely the
result of interdisciplinary teams of scientists, researchers
and engineers, resulting in the use of each member of the
group familiar in its field tools for development, research
and analysis that can be combined only through
specialized interaction systems for the transfer of results
between participants. Also, such systems that allow the
exchange of research results in automatic mode in real or
near real time, have become relevant in today's
environment, when researchers may be distributed around
the world or otherwise not be able to be with the team.

generate data with the usual tools and transfer the result to
other colleagues through a unified for all researchers’
communication mechanism - queue manager. With the use
of cloud laaS-technologies, which allow to approach the
construction of infrastructure by renting the technology
park for the right time in the right amount and with the
right resources, you can achieve maximum efficiency
from the cost of deployment and maintenance of such a
system.

This work is a logical continuation and extension of
the ideas presented for the first time in [8]. This article
focuses on the problem of building a system of automated
calculations based on microservice architecture
for the use of iterative algorithms based on cloud laaS
service, and is designed to use the widest range
of both service microservices and end customers
through the use of queue manager as a communication
channel.

Iterative algorithms are chosen because their feature
is the "natural” ability to save the state after each iteration
— the results of all previously calculated iterations can be
saved and loaded, thus completely restoring the saved
state of the program for a certain step of the algorithm.
"Window" algorithms, such as those used in [9-12], are
best suited for these purposes. Non-iterative algorithms
that are able to store their state and the results of
intermediate calculations for processing can also be used.

© D. Zolotariov, 2021
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The purpose of this article is to develop and
substantiate practical recommendations for the formation
of the infrastructure of such a system, the choice of its
components and their components. The task is to identify
the necessary structural elements and provide for each of
them an analysis of the components and functional load,
to justify the choice of tools for their construction.

General structure of the system

To build a system of automated calculations by
iterative methods for microservice architecture, we
identify the problems that need to be solved. These will
be, first, the construction of inter-service transport for the
transmission of near-real-time messages from one
microservice to another. Secondly, launching the
calculation program as the sole initiator of calculations
and automatic supervision of its correct operation. Third,
long-term  storage of computational results in
a random access system. And, fourth, maintaining
backward compatibility with the customer system
developed in [8].

To solve the problems we formulate problems in the
form of characteristics of elements by directions.

Transport — is a channel of communication between
microservices that generate or process data, transmits in
real time the results of their work to other microservices,
and is fault-tolerant in understanding the construction of a
cluster and the failure of one of the servers.

Computing microservice — consists of a computing
initiator and a computing server. The first — has secure
network access to the second, launches the calculation
program itself. The second — provides secure network
access for the initiator of calculations, executes this
program, instantly notifies of failure in the calculation
process, transfers results of calculation of each iteration to
interservice transport.

Long-term data storage microservice - accepts the
results of calculations of each iteration from the transport,
processes them for storage suitability in a relational
DBMS and saves.

Microservice, which is responsible for maintaining
backward compatibility with the system described in [8], -
receives the results of calculations of each iteration from
the transport, processes them for storage in separate files
in the format of the specified system, saves and sends
them to Dropbox.

Also, the system can have many other microservices,
which is implied in the architectural approach. These can
include both computational results processors and
ancillary services: sending notifications to various
communication channels, constructing graphical images
of the calculation progress, and so on.

The block diagram of the basic implementation of
such a system of calculations, which will be considered
below, is shown in fig. 1. It should be noted that this is
one of its possible implementations: each element of the
system, including transport, can be replaced according to
specific circumstances.

» e =
/Imtlal generator 4 Math server \\ Custom Proxy Mathemat.lca
microservice MICIOSEIvices
Apact MICrOServices server /—\PC
Kafkacat Kp;&;e =
Initiator Apache
PC * * Katka
() Mathematica
Mathematica Kernel Apache
Kafkacat
Katka
¥ > [ )
2/
cluster N j 4
Watcher ——
- L )\ ) MySQL
DB
( ~\ )
Tel Telegram Bot Telegram Graph microservice Separate
elegram _ _ DB
microservice microservice
- R —
4 e ™
PC Dropbox
service
Droob Dropbox Web
: ropbox
Mathematica client Separate L e Browser server
directory
- 78N J J

Fig. 1. Decomposition of the system of automated calculations into structural elements
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The system consists structurally of Apache Kafka
transport and subsequent microservices.

The main complex microservices "Initial generator
microservice" is the center of computing, and
"Mathematica microservices" are the main clients with
mathematical processors.

Auxiliary microservices: "Telegram Bot
microservice" is responsible for providing a mechanism
for sending messages to the Telegram messenger,
"Telegram Graph microservice" is responsible for
displaying to Telegram in real time the progress of
calculations and the form of text and graphs.

Designed for backward compatibility: "Dropbox
microservice" is used to save the results of calculations on
a third-party service, Dropbox and "DB microservice" is
used to display progress in the web browser of the end
customer.

The system also assumes in the future the possibility
of connecting to the transport of other arbitrary
microservices, which are indicated in fig. 1 as "Custom
microservices", in unlimited quantities.

Let's consider each element of the system in more
detail.

Transport

And gives the chance, having saved once results of
calculation, to process them by various analytical and
statistical software complexes, without disturbing the
computing microservice or even having excluded it from
system.

As a result, the transport configured in this way
allows easy duplication of the microservice of calculations
in case of failure of the working copy, and guarantees data
preservation even in the event of a physical accident on
any of the components of the microservice of calculation.

Microservice of calculations

In the original work [8], a third-party Dropbox
service was used as a transport, which has the main
disadvantage of not being controlled by the administrator,
and is a "bottleneck™ of the whole system — in case of
failure, the whole complex fails due to lack of
communication. To avoid these shortcomings when using
the queue manager, you need to achieve the following
goals:

- use only own or leased servers,

- use a distributed server system that minimizes the
possibility of their failure at the same time,

- as the software part to choose the most fault-
tolerant products that work in real time,

- and those that are available for connection to
customers from various fields of research and engineering.

The Apache Kafka real-time content delivery
platform meets all these requirements. This is one of the
most frequently used [14] and fault-tolerant queue
managers, which allows you to build a distributed system
of brokers, able to dynamically adapt to the load and, if
necessary, easily scale both vertically and horizontally. It
has many libraries already built to connect to the queue of
different software packages and open mechanisms for
developing their applications in different programming
languages.

To be able to run smoothly on N servers from the
queue cluster, the cluster must include at least 2N + 1
servers, which is also noted in the Kafka documentation.

It is also worth noting that the use of the queue
manager as a delivery mechanism is not the only way to
use it. With the correct queuing time, it can also be used
for easy and fast operation of the calculation results
storage mechanism, which guarantees their delivery to the
client even when connected to the queue with a significant
delay or even after the publication of data from the source.

The Wolfram Mathematica mathematical processor
[15] was chosen as a tool for building a computational
microservice through internal client-server architecture:
Mathematica client and WolframKernel kernel - and
server platform independence. It is one of the world
leaders in the field of symbolic and numerical data
processing and is used in almost every field of engineering
and science, which is clearly seen, for example, in
publications [16-18], where it is used to solve various
application technologies.

The generator is a complex system, built by analogy
with that in [8], consisting of a computer-initiator of
calculations with a client of the mathematical processor
Wolfram Mathematica and a calculation server based on
the Mathematica kernel. It has network access between
them organized through the ssh-channel using asymmetric
encryption keys, which ensure the security of command
transmission and reception of results from the computing
server.

Monitoring the operation of the Mathematica core on
the server with instant notification in case of failure is
carried out in the same way as in the original work [8],
with the addition of using as a notification channel
Telegram messenger, which is connected using the
microservice "Telegram Bot microservice ».

As shown in [19], the Wolfram Mathematica
processor does not have built-in mechanisms to connect to
the Kafka queue cluster. This opportunity to work in two
directions: publishing messages in the queue and
consuming messages from it - provides the use of a
package with [19] with the extension [20] for use on a
computing server. To run it on the computing server,
Apache Kafka is additionally installed as a queue client
and third-party Kafkacat software [21].

The following principles are used to construct the
interaction of the Mathematica kernel with the Kafka
gueue manager. A separate queue is created for each
calculation, which in its name has all the input parameters
for unambiguous identification "calculation - queue".
When you restart calculations, if such a queue already
exists, it is cleared. This approach allows you to have only
one source of truth for the results of calculations. All
additional data to be stored with the iteration result is
added to the headers fields of the message being written to
the queue.

The system intentionally does not use the ability to
store calculation results locally in dump files due to the
use of the DumpSave function in Mathematica. This is
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done to follow the paradigm of the only source of truth,
which is the turn of Kafka. Of course, this approach leads
to a longer recovery of the program while continuing the
interrupted calculation.

The protocol of the calculation program is stored on
a hybrid basis. On the computation initiator, it is output to
the document and automatically saved with it using the
Mathematica  NotebookSave  function  or  the
NotebookAutoSave document option. On the computing
server it is stored locally in separate files without access
from external systems, quite similarly [8]. Despite the fact
that the microservice does not have a built-in possibility of
external use of the work protocol, it can be implemented
according to [8] through a specially created application
based on bash-scripts or other tools. This will allow it to
be duplicated in Dropbox files, in a separate database
table or even in a separate queue Kafka - in each case, the
advantage will be the formation of a remote independent
of the microservice computing copy, which is always
stored, and access to it does not load the calculation
server.

Microservices based on mathematical processors

For random processing of calculation results, the
system may have microservices based on mathematical
processors. Which allow flexible processing of results
using all available arsenal of built-in analytical and
numerous tools, various processing and analysis tools, as
well as changing algorithms of such processing at any
time. To implement this capability, it is necessary to have
an appropriate mechanism for connecting the mapacket to
the Kafka queue.

For example, MathWorks MATLAB already has
such a module [22] with a rather rich functionality for
publishing and consuming messages from the queue.

For the Wolfram Mathematica package, such a
package was developed in [20], which allows a group of
similar clients to connect to the queue through a single
proxy server. For individual connection to the queue
without additional implementation of the proxy server,
you can use the method described in [19]. But it requires
additional software to be installed locally on the client
computer.

Such microservices can have a similar [8] functional
load, and another depending on the challenges facing
researchers at the moment. As noted above, these
microservices can appear in the system and be excluded
from it if necessary without affecting its other elements.

The disadvantage of such microservices is that
access to the analysis results is available only on the
computer where they were obtained. To provide access to
them to other microservices or end customers, they can
publish their results to Kafka queues specially designated
for such tasks.

Backward Compatibility Microservices

ways. First, through a Mathematica-based client that
processes files obtained through a third-party Dropbox file
service into the computer's local directory. Second, a
browser on the end-user device connecting to the web
server connects to the database server where the
calculation results are stored.

The following two microservices have been added to
maintain backward compatibility with the previous
system [8].

To display the calculation progress in the client
browser, a microservice "DB microservice" has been
added to the system, which in real time receives
the results of calculating each iteration from the queue,
parses them, prepares them for inclusion in the database
and stores them in a dedicated database. Web servers are
already connected to the latter, which are
described in detail in [8], through which end
users receive an integrated environment in a mobile or

computer browser with display of graphic and
text results.
The importance of maintaining this backward

compatibility is due to the fact that through the multi-
client architecture that is present in any web server, the
number of clients connected through the browser is
limited only by the power of the server and can be
increased if necessary. In addition, the number of web
servers connected to a single database is also limited only
by the power of the latter. That is, despite the fact that the
tool for analyzing results on the web server and in the
browser is very limited, this is compensated by the speed
of processing requests and the lack of load on the central
microservices and the Kafka queue.

The second microservice is designed to preserve the
ability of clients to work based on processing files
containing the results of each iteration calculation.
"Dropbox microservice" in real time receives data from
the queue, formats it to write to a file, and saves these files
on a third-party Dropbox file service according to the
same principles as described in [8].

Maintaining this backward compatibility is important
because Dropbox does not limit not only the number of
service clients, but also the number of simultaneously
running applications on one client, parallel processing the
same data in different ways. That is, the same — this
microservice and its customers load other microservices
and the Kafka queue.

Auxiliary Microservices

The source system describes [8] the processing and
visualization of the calculation process on client
computers in close to real time is implemented in two

The proposed system architecture has two auxiliary
microservices.

The first microservice "Telegram Bot microservice"
is responsible for providing a mechanism for sending
messages to the Telegram messenger and processing
feedback from the user. Messages with text or image can
be sent through it, and already existing messages can be
updated (replaced).

Microservice in the process of work refers to a
specially registered bot in Telegram. It is important to
note the security side: at the moment, Telegram does not
provide for private bots, so privacy is achieved due to the
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restriction of message processing only from certain
Telegram users.

Unlike all others in the system, this microservice
does not work through the Kafka queue, but through
REST access using the HTTPS protocol. It is used, among
other things, to work as a notification mechanism for
starting the Mathematica kernel, closing it, and failing the
Initial generator microservice calculation server.

To report real-time calculation progress in the form
of graphs and text notifications, the Telegram Graph
microservice is used, which is a constantly running set of
systemd system services, with an automatic restart in case
of failure.

Each service is responsible for monitoring a separate
calculation (queue in Kafka): it receives messages from its
Kafka queue, processes them, creating notifications about
the calculation progress, and sends them to Telegram
through the use of the capabilities of the previous
microservice. At the first start - saves the identifiers of
these Telegram messages, and in future work updates
them. This achieves compactness and information for the
end user.

The microservice has the following capabilities for
operating services: Adds a service to a specific Kafka
queue that creates a service description file and adds it to
systemd but does not start. Start and stop running a
previously added service for a specific Kafka queue.
Deletes the service for a specific Kafka queue from the
systemd and its description file. Also displays a
description of all added services with queue names and the
current status obtained by executing the systemctl status
command.

Other Microservices

In the case of missing or damaged iteration results,
the program must take only the results up to the first
correct and full inclusive, and discard others. Its
implementation will begin so that the allegedly rejected
iterations are not yet calculated.

This way of working with iteration results is logging
for high availability. This principle is well described by
the authors of Apache Kafka: "the process that performs
local calculations can be made fault-tolerant by leaving
the changes that it makes to its local state so that another
process can reload these changes and continue if it fails"
[13]. This principle is used in the proposed system to
significantly increase its reliability and fault tolerance of
calculations.

It should also be borne in mind that in cases of short-
term interruption of a network connection, data may be
duplicated in the queue due to re-sending by the
microservice. To solve this problem, you need to save the
results of calculations in a way that relies not on order, but
on the unambiguous difference between the results of two
arbitrary iterations.

To create a more economical system, you can store
the intermediate data of each step of the current iteration
(and only its) in a separate queue, designed only to restart
the calculations in case of a failure. This allows you to
load the results of all the calculated iterations and the
results of the intermediate steps of the last iteration from
the queue, and fully restore the saved state of the program
with accuracy to a certain step of the algorithm.

Demonstration of the work

The set of microservices is not limited to those
described above. Arbitrary consumers can be connected to
the Kafka queue, having an integrated queue connection
mechanism and the ability to process messages in JSON
format.

It is also possible to develop individual-purpose
microservices through the use of libraries created by
Kafka developers and other users for almost every of the
common programming languages [23]: C, PHP, Python,
Go, Node.js and others.

Notes on iterative algorithms

Finally, we provide remarks on improving the
efficiency of the considered system for iterative
algorithms of computational programs.

The proposed system is based on a microservice
architecture and allows simultaneous parallel processing
in real time of the results of calculating each iteration by a
set of distributed clients. With the ability to stop, restart
and replace at any time of each client microservice
system, including central microservice computing.
The latter is possible due to the automatic full recovery of
the iterative algorithm of the program after loading
from the queue the results of all previously calculated
iterations.

To demonstrate the operation of the proposed
system, cloud technologies were used as a basis for
infrastructure construction. Choosing them has the
following key benefits: Servers can be quickly deployed
and quickly configured to meet the needs of the task. One
of the world leaders in cloud technologies DigitalOcean,
where servers based on Ubuntu 20.04 LTS x64 OS were
located, was chosen as the capacity:

- Kafka queue cluster servers in the amount of 3
pieces based on Apache Kafka 2.6.0,

- computing server with Wolfram Mathematica
11.3.0 for Linux x86 (64-bit), Kafkacat 1.5.0 and Apache
Kafka 2.6.0, built according to [8,20] for a computing
microservice,

- intermediary server for queuing with Kafkacat
1.5.0 and Apache Kafka 2.6.0, built according to [20] for
microservices "Mathematica microservices",

- server based on Lumen 8.x framework and MySQL
8.0.20 Community Server database for DB microservice,

- server based on nginx 1.18.0 web server and
Lumen 8.x framework for REST-microservice "Telegram
Bot microservice",

- server based on the Lumen 8.x framework for
Dropbox microservice and Telegram Graph microservice,
the latter using the high-performance Amenadiel \
JpGraph php library, which is responsible for plotting near
real time.

The capabilities of the implemented microservice
"Telegram Graph microservice" are presented in fig. 2 and
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fully comply with the requirements set out above and
include the following: "Add" - adding a service for a
specific queue Kafka, returns an error if the queue does
not exist. "Start" / "Stop" - starts / stops the previously

o=

Status
topics:
- math-list - active (running) since Sat 2021-01-02 21:00:34 UTC; 3
days ago

Fig. 2. Capabilities of microservice "Telegram Graph microservice"

The result of the Status command, which returned a
description of the only added service instance to handle
messages from the math-list queue that is currently
running, is shown at the bottom of figure 2.

The calculation of the Airy momentum propagation
[10,12] in a one-dimensional plane-layered medium by the
method of approximating functions [9,11] is chosen as a
problem. Simulation area: normalized time t = [0, 100]
and normalized space x = [0, 1], simulation step h = 0.01.
The result of solving the problem is the value
of the desired function in the nodes of the simulation
grid.

The intermediate progress of calculating the task
built by the Telegram Graph microservice for the slice at x
= 0.6 is shown in figure 3 below. The graphs are obtained
at arbitrary times and are arranged chronologically as
follows: from the top left, from the bottom left, from the
right - and are displayed by replacing each other in a
single message of the Telegram messenger, which is
pointed to the right.

Graphs are built in two types at once and combined
on one image for easy reading: red dots for each
individual value of the function (grid node), and blue lines
for clarity. Fig. 3 (right) shows a complete graphical
Telegram message, which includes: a dynamically
updated schedule, action buttons with the service (from
left to right: start, get current status, stop). The buttons
duplicate the same from fig. 2, but are designed for instant
action, because they do not require entering the name of
the service in contrast to the universal in fig. 2.

At the top of each graph is given the information
about the name of the queue from which the data is taken,
and the number of points - the values of the function
present on the graph. Due to the fact that the microservice
is designed to be universal, only the ordinal numbers of
the graph points are given on the abscissa axis without
using the real coordinates of the modeled area. This can be
changed as needed, as the graphics library itself supports
scaling of various kinds and relative markers on the
coordinate axes.

added service for the specified Kafka queue. "Remove" -
removes the service for the specified Kafka queue.
"Status" - returns the status of all services.

Telegram Kafka topic Graph Service

After testing the system on a complete simulation
and obtaining a complete solution for the problem, the
experiment was continued in the direction of stress testing.
To do this, the Kafka queue cluster was replaced by a
single server with 1GB of RAM, a single processor core
and an SSD - the minimum available server configuration
on DigitalOcean. The Apache Kafka process was
allocated RAM of at least 150MB. Using the
solution of the initial problem obtained above allowed to
send the finished result to the queue as quickly
as possible without the cost of calculation. Thus, the
testing of the system s artificially achieved
at maximum loads on the queue manager and
microservices-consumers.

The essence of the experiment is as follows. The
initiator of the calculation selects a "window" of
simulation, which contains 1000 point values of the
desired function in the nodes of the grid, and publishes up
to the queue 1000 messages with a single point value.
Pauses for 1 minute, shifts the "window" to the next and
repeats the operation. This algorithm emulates a real
calculation on a high-performance workstation or server,
where during one iteration lasting 1 minute, the solution
of the problem for 1000 nodes of the simulation grid is
obtained. The experiment was repeated 5 times to exclude
error with the same result.

On the message generator side, 1000 messages are
published almost instantly. On the side of the Telegram
Graph microservice and Mathematica microservices,
consumption is also almost real. But queuing messages
takes a few minutes for every 1000 messages,
and the Kafka process CPU load on the queue server is
constantly around 17%. Confirmation that the system
bottleneck is the queue server is provided by the fact that
after full processing of all messages by the queue
manager, the above microservices were restarted
for the purity of the experiment and showed almost
instantaneous retrieval of all values from the queue and
their processing.
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Fig. 3. Display of calculation progress in the form of graphs to Telegram through the microservice "Telegram Graph microservice"

The conclusions from the experiment are as follows.
Improving the performance of the computing server will
lead to the need to improve the performance of the Kafka
cluster in the first place, and only in the second — the
notification microservice or clients implemented on the
basis of the mathematical package Mathematica.
Publishing a large number of small messages is not

effective for the Kafka queue manager, who works in
compressed resource conditions.

The next step in the experiment was to change the
publishing method to the opposite: the values of the
function for one "window" of 200 points with the same
pause were completely published once in a row. To create
such a data package, you must first convert an array of
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values to a JSON object by using the following construct
in Mathematica.

str = ExportString[arr, "JSON", Compact -> True];

On the Mathematica client side of the queue, the
inverse transformation takes the form:

json = ImportString[str, "JSON"];
payload = "payload" /. json;
points_array = ImportString[payload, "JSON"T;

This approach put a negligible load on the Kafka
queue manager on the CPU of the queue server with a
peak value of 5-6% for 1-2 seconds. As a result, all
customers received data in near real time. The speed of
micro-client services and micro-service notifications
remained at the same level. To confirm the result, the
experiment was also repeated 5 times.

The conclusion from the experiment is as follows.
Batch data acquisition and analysis by the above
microservices does not lead to significant delays. Unlike a
single publication of the results of calculations to the
Kafka queue, batch publishing gives an insignificant and
inconspicuous load on the servers of the queue and in no
way slows down the work of its clients, so this method of
publishing in the system can use much cheaper servers.

Prospects for further development of the system

Prospects for further development of the developed
system are the following architectural improvements.

Transfer the proxy server from the mechanism of
interaction with clients described in [20] to RESTfull
interaction according to the HTTPS protocol. A similar
mechanism has already been developed in [24-25],
although at the moment none of them has built-in
capabilities for queuing - only publishing or receiving
messages.

Microservice architecture allows easy dynamic
addition and change of its elements, often situational - for
a specific task of analysis or data processing, followed by
removal of the service from the system. Therefore, it is
important to anticipate that the proposed system will
dynamically add new elements and improve existing ones.
To facilitate this process, it is promising to build a
specially designed Cl / CD system that will meet modern
requirements for the creation, testing and implementation
of software and infrastructure components.

Conclusions

The ideas developed in [8] on the formation of a
system of flexibly interconnected elements were further
developed in the work. Developed and substantiated
practical bases for the implementation of a system of
distributed automated calculations of high availability by
iterative algorithms based on microservice architecture in
the cloud infrastructure.

One of the possible options for such a system is
implemented, consisting of: Apache Kafka distributed

content delivery platform as high-reliability interservice
transport, calculation microservice based on the core of
the Mathematica math package, microservices for
processing calculation results, including based on this
matpack, microservice of visual notification of the
calculation progress to the Telegram messenger, REST
microservice of interaction with Telegram bot, and
microservices of saving results to the database and
Dropbox.

The backward compatibility with the elements of the
original system [8] is preserved for easier replacement of
the latter with the developed one.

It is explained that the proposed system has the
greatest advantages when using iterative algorithms to
build a calculation program that allows it to be interrupted
at any step and continue from the last completed iteration,
and with the described additional state savings - and the
last interrupted iteration step.

The approaches described in the article to the
formation of the system have increased the reliability of
saving the results of calculation through the use of a
failover queuing cluster and their duplication in Dropbox
microservices and databases. Analyze and process data by
various means and on different servers or computers with
the ability to connect to the queue, provide user-friendly
remote monitoring of computing progress and response to
computing microservice failures through any smartphone
or tablet.

It has been proven that publishing a large number of
small messages is not effective for the Kafka queue
manager operating under compressed resource conditions
and leads to significant resource overruns of queue servers
and data delays for queue clients. It is shown that batch
publishing is much more profitable due to the fact that it
gives an insignificant load on queue servers, does not slow
down the work of its clients and provides the possibility of
using less powerful, that is cheaper, queue servers.

It is shown that using the developed version of the
proposed system, increasing the performance of the
computing server will lead to the need to increase the
performance of the Kafka cluster earlier than
microservices clients.

The flexibility of the proposed system is due to the
possibility of dynamically adding and eliminating
situationally necessary microservices at an arbitrary
moment of time without impeding the operation of the
entire system and its individual elements. Prospects of
development of this peculiarity are shown through
implementation of CI/CD system for continuous
improvement of microservices.

The economic benefit of using the described system
is achieved through maximum automation, which leads to
improved quality of work of researchers. Also due to the
reduction of computer costs of employees - each of them
has the opportunity to conduct research on the results of
calculations on available and convenient for him
equipment, if it has access to the queue. Due to the use of
cloud technologies, the cost of ownership of the system
infrastructure and the cost of its modification are the
lowest.
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MIKPOCEPBICHA APXITEKTYPA INIOBYJOBH PO3IOAIVIEHUX _
ABTOMATHU30BAHUX OBYUCJEHb BUCOKOI JOCTYIMTHOCTI Y XMAPHIH
IHOPACTPYKTYPI

CrarTst TpHUCBSYEHA JMOCHIIKEHHIO Ta PO3POOIi PpO3MOIINIEHOI CHCTEMH aBTOMATH30BaHUX OOYHCICHb BHCOKOI JIOCTYITHOCTI
iTepauiifHUMu ajropuTMamMud Ha 0a3i MIKpOCEpBICHOI apXiTeKTypu y XMapHiil iHpacTpykrypi. IIpeamerom [oCTiKeHHS €
MPaKTU4YHI 3acagyl MOOYIOBH CHCTEM AaBTOMATH30BAaHHX pPO3PAaXyHKIB BHCOKOi JOCTYMHOCTI, IO 3aCHOBaHI Ha MIKpOCEpBiCHIN
apxiTekTypi y posmoaineHiii inppacTpykrypi Ha 6a3i XxmMapHuX TexHojoriii. Metol crarti € po3poOka Ta OOIPYHTYBaHHS
NPaKTHYHUX PEKOMEeHAaliil moxo ¢GopmyBaHHS iHOPACTPYKTYpU CHCTEMH aBTOMATH30BAHMX OOYHCICHb BHCOKOI JOCTYIHOCTI Ha
0a3i MIKpOCEpBICHOI apXiTEKTypH, BHOOpY II CKJIQJIOBHX EJIEMCHTIB Ta iX KOMIIOHEHTIB. 3aBJaHHS POOOTH: BUSBHTH HEOOXIiTHI
CTPYKTYpPHI €JIeMEHTH MiKpOCEepBICHOI CHCTEMH aBTOMATH30BaHMX OOYMCIICHb Ta HAmaTH M KOXKHOTO 3 HHX aHaNi3 CKJIAJOBUX
KOMITOHEHTIB Ta (pyHKI[IOHAJTEHOTO HAaBaHTAXXEHHS, IIOCTABUTH KOHKPETHI 3a/adi A MOOYMXOBH KOXKHOTO i3 HHUX Ta OOIPYHTYBaTH
BUOIp IHCTPYMEHTIB JUIA iX BUPIMICHHS. Y XOJi JOCIIPKCHHS BUKOPUCTAHO METOAM CHCTEMHOTO aHANI3y IS JICKOMITO3HIIIT CKIIQJTHOT
CHCTeMH Ha €JIEMEHTH Ta KOXKHOTO elleMeHTa Ha (yHKI[IOHaIbHI KOMIOHEHTH, Ta 3acobu: iHdopmamiiiHi Texuonorii Apache Kafka,
Kafkacat, Wolfram Mathematica, nginx, Lumen, Telegram, Dropbox, MySQL. V pe3yiabTaTi JOCIi)KEHHS BCTaHOBIICHO, IO
iHppacTpyKTypa CHCTEMH Ma€ CKJIAJATHCS 3: BIIMOBOCTIMKOTO MiXXCEPBICHOTO TPAaHCIOPTY, MIiKPOCEPBICY OOYHCIEHb BHCOKOI
JIOCTYITHOCTI, Ta MiKpOCEPBICIB 3B’SI3KY 13 KIHIIEBUMH KJIi€HTaMH, 110 30epiratoTb abo oOpoOsatoTh pe3yapTaTh. [ KOKHOTO 3 HUX
HaJIaHi peKoMeHaIlii 1mox0 (opMyBaHHS Ta BUOOPY iHCTPYMEHTApItO U MOOYA0BH. 32 OTPUMAHUMH PEKOMEHAAIISIME PO3POOIICHHIMA
OJIVH 13 BapiaHTIiB Takoi CHCTEMH, NOKa3aHi MIPUHIUIM ii poOOTH Ta HaBeleHI pe3ysbTaTH. Jl0BEeIeHO, 0 IIPH BUKOPHCTAHHI Yepry
Kafka edexTrBHOIO € myOmikarist makeTiB pe3yJbTaTiB, a He 110 OJHOMY, IO IPU3BOJIUTH 10 3HAUYHUX MEPEBUTPAT PECYPCIB cepBepiB
Yepru Ta 3aTpUMKaM JaHWX JUIA ii KaieHTiB. JlaHi pekoMeHaalii mo/o BrpoBamkeHHs cucremu CI/CD s moOymoBu 6e3mepepBHOTO
LUKy [JOJAaBaHHS Ta BJOCKOHAJEHHS MiKpocepBiciB. BucHoBkH. Po3poOneHi mHpakTHYHI OCHOBM I peaiisamii cHcTeM
PO3MOALIEHNX aBTOMAaTH30BaHUX OOYUCIICHb BUCOKOI JOCTYIMHOCTI Ha 0a3i MiKpOCEpPBICHOT apXiTeKTYpH Y XMapHii iHQpacTpyKTypi.
[NokazaHa THy4YKiCTh y OOpoOI pe3ysbTaTiB TaKoi CHCTEMHU 4Yepe3 MOXKIHMBICTh AOTOBHEHHS ii MIKpOCepBicaMH Ta BHKOPHCTAaHHS
CTOPOHHIX AHATITUYHUX IOJATKiB, IO MIATPUMYIOTH 3aBaHTakeHHs naHuWX i3 deprm Kafka. [lokasaHa exoHOMiuHa BHTroja Big
BUKOPHUCTAHHA ONMUCaHOi cucTeMu. HaBeneHi MaiiOyTHI NUIAXH 11 BIOCKOHAICHHS.

KnrouoBi cioBa: BuCOKa JOCTYIHICTH, XMapHI TEXHOJIOTIT; po3moniieHa iH(PacTpyKTypa; aBTOMAaTH30BaHiI OOYMCICHHS;
€KOHOMIsI pecypciB Ta KOIITIB; iTepauiiiHi anroput™u; Mathematica; Kafka; Telegram.

MHUKPOCEPBUCHASI APXUTEKTYPA TIOCTPOEHUS PACIIPEJEJIEHHBIX
ABTOMATU3NPOBAHHBIX BBIYUCJIEHUU BBICOKOU JOCTYIIHOCTHU B
OBJAYHOU UHO®PACTPYKTYPE

CraThsl TOCBSIICHA HCCICAOBAHHUIO M pa3pabOTKe pPACHPEICTIeHHON CHCTEMbl aBTOMATH3MPOBAHHBIX BBIYHMCICHHI BBICOKOM
JOCTYITHOCTH HTEPALMOHHBIMU aITOPUTMaMH Ha 0a3e MHUKPOCEPBHUCHOW apXWUTeKTYphl B obmadHoil mHdpacTpykType. IIpeamerom
HCCIICIOBAHUS SIBISIFOTCS MPAKTHYECKHE OCHOBBI MTOCTPOCHHUSI CHCTEM aBTOMATH3MPOBAHHBIX BBIYMCICHHI BBICOKOW TOCTYIHOCTH,
OCHOBaHHbBIX Ha MHKPOCEPBHCHOMN apXUTEKType B pacrpeieleHHON nHpacTpyKType Ha 6a3e 06nauHbix TexHonoruii. Lledblo cratbu
sBIsieTcss  pa3paboTka M OGOCHOBAHHME TMPAKTHYECKUX PEKOMEHIAlMii K (OPMHUPOBAHHIO HHQPPACTPYKTYPhI  CHCTEMBI
aBTOMATH3UPOBAHHBIX BBIYHMCICHHH BBICOKOM JOCTYIHOCTH Ha 0a3e MHKPOCEPBHCHOM apXHTEKTYpbl, BBIOOPY €€ COCTaBHBIX
9JIEMEHTOB M HMX KOMIIOHEHTOB. 3aga4a paboTBI: BBISSBHTH HEOOXOIMMBIE CTPYKTYPHBIE 3JIEMEHTBI MHKPOCEPBHCHON CHCTEMBI
ABTOMATH3UPOBAHHBIX BBIYMCICHHI M MPOBECTH Ul K&KIOTO M3 HHUX aHAIN3 COCTABISIONINX KOMIIOHEHTOB WM (DYHKIHOHAIbHOM
Harpy3KH, MOCTABUTH KOHKPETHBIE 3a1a4X ISl TIOCTPOSHHS KaKIIOTO W3 HUX M 000CHOBATh BEIOOP HHCTPYMEHTOB [UISI MIX pelieHus. B
XO0JIe UCCIIEOBAaHMUs MCIIONB30BAHB METOAbI CHCTEMHOTO aHAM3a TSl IEKOMIIO3UIINN CIIOKHOM CHCTEeMBI Ha DIEMEHTHI W KaXKI0TO
9NeMeHTa Ha (YHKIMOHAIbHBIE KOMIOHEHTHI, M CPEACTBA: HH(popManuoHHbe TexHoiorun Apache Kafka, Kafkacat, Wolfram
Mathematica, nginx, Lumen, Telegram, Dropbox, MySQL. B pe3yJibTate HCCIeIOBaHUS YCTAHOBJIEHO, YTO WMH(PACTPYKTypa
CHCTEMBI JIOJDKHA COCTOSITh H3: OTKa30yCTOMYHMBOTO MEKCEPBHCHOIO TPAHCIOPTA, MHKPOCEPBHCA BBIYMCICHUI BBICOKOM
JOCTYIHOCTH, ¥ MHKPOCEPBHCOB CBf3M C KOHEYHBIMH KIMEHTAMH, KOTOPBHIC COXPAHSIOT WIIH 00pabaThiBAalOT pe3ynbrarhl. [l
KaXIOTO M3 HHUX TPEIOCTABIECHbl PEKOMEHIANH OTHOCHTENbHO (OPMHUPOBAHUS W BHIOOpAa MHCTPYMEHTOB peaim3arimu. COrnacHo
TIOJIyYEeHHBIM PEKOMEHIAIMAM Pa3paboTaH OJMH M3 BAPHAHTOB PEANM3alldH TAaKOW CHCTEMBI, TIOKa3aHBl TPUHIMUIBI €ro paboThl U
TpPUBENCHBI pe3yibTarsl. JlokaszaHo, 4To mpu Hcmoip3oBannu odepenn Kafka sddexruBHOM sBuseTcs: MyONMKamus MTakeToB
pEe3yIBTaTOB, a HE [0 OXHOMY, 4TO IPUBOIMT K 3HAYUTEIFHOMY MEPEPacXOIy PECYPCOB CEPBEPOB OUESPEH U 3aAepP/KKaM JAaHHBIX IS
ee KITHEHTOB. J[aHbl PEeKOMEHIAIMH OTHOCHTEIbHO BHeApeHus cucteMbl CI/CD Ji1st OCTPOCHHS HEMPEPBIBHOTO IUKIIA JOOABICHUS U
COBEPLICHCTBOBAHHUS MHKPOCEPBHCOB. BbIBOABI. Pa3paboTaHbl MPakTHYECKHE OCHOBBI JUIS PEAM3AlldM CHCTEM PAaCIpelelIeHHBIX
ABTOMATH3UPOBAHHBIX BBIYKMCIICHHI BBICOKOM JOCTYIHOCTH Ha 0a3e MHKPOCEPBHCHON apXHTEKTypbl B 00JauHOM HHPPACTPyKTypE.
[TokaszaHa THOKOCTH B 00pabOTKe pe3ysIbTATOB TAKOW CHCTEMOW OJarogaps BO3MOXKHOCTH JOTIOJIHEHHSI €€ MHKPOCEPBHCAMH U
HCIIOJIb30BaHMsI CTOPOHHUX aHAIMTUYECKUX TPUIIOKEHNUI, KOTOPBIE TIONIePKMUBAIOT 3arpy3Ky JaHHbX u3 odepenu Kafka. [Toxazana
9KOHOMHHYECKAsE BBITOJIa OT UCIIOIB30BAHHS OIMCAHHOM CHCTeMBI. [IprUBeNeHb! Oy AyIpe Iy TH e¢ YCOBEPIIICHCTBOBAHHSI.

KitroueBble ¢10Ba: BBICOKAS JOCTYITHOCTB; OONaYHbIEe TEXHOJOTUH; PaclpeeiieHHas HHPPACTPYKTypa; aBTOMATU3NPOBAHHBIE
BBIYHCIICHUSI; SKOHOMHS PECYPCOB U JIeHeT; uTeparronubie anropurMer; Mathematica; Kafka; Telegram.
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YE. MELESHKO, M. YAKYMENKO, V. BOSKO

A METHOD OF COMPUTER SIMULATION MODELING OF USER AND BOT
BEHAVIOR IN A RECOMMENDATION SYSTEM USING THE GRAPH DATABASE
NEOA4J

The subject matter of the article is the process of computer simulation modeling of complex networks. The goal is to develop a
method of computer simulation modeling of ordinary user and bot behavior in a recommendation system based on the theory of
complex networks to test the accuracy and robustness of various algorithms for generating recommendations. The tasks to be solved
are: to develop a computer simulation model of user and bot behavior in a recommendation system with the ability to generate
datasets for testing recommendation generation algorithms. The methods used are: graph theory, theory of complex networks,
statistics theory, probability theory, methods of object-oriented programming and methods of working with graph databases. Results.
A method of computer simulation modeling of users and objects in a recommender system was proposed, which consists of
generating the structure of the social graph of a recommender system and simulating user and bot behavior in it. A series of
experiments to test the performance of the developed computer simulation model was carried out. During the experiments, working
and testing datasets were generated. Based on the working datasets, the preferences of users by the method of collaborative filtering
were predicted. Based on testing datasets, the accuracy of prediction predictions was checked. The results of the experiments showed
that the jitter of the investigated values of the Precision, Recall and RMSE of prediction predictions in most practical cases
confidently fits within the allowable fluctuation limits, and therefore the users' behavior in computer simulation model was not
random and it real users' behavior with certain preferences was simulated. This confirms the reliability of the developed computer
simulation model of a recommendation system. Conclusions. A method of computer simulation modeling of user and bot behavior in
a recommendation system, which allows generating datasets for testing the algorithms for generating recommendations, was
proposed. The developed method makes it possible to simulate the behavior of both ordinary users and bots, which makes it possible
to create datasets for testing the robustness of recommender systems to information attacks, as well as for testing the effectiveness of
methods for detecting and neutralizing botnets. The structure of relations between users and objects of the recommender system was
modeled using the theory of complex networks. Information attacks of bots were modeled on the basis of known models of profile-

injection attacks on recommender systems.

Keywords: recommendation systems; computer modeling; simulation modeling; complex networks; social networks; social

graph; bot network; profile-injection attacks; websites; databases.

Introduction

To conduct research in the field of recommendation
systems, it is necessary to have a set of data on the actions
of users and objects of a system to create and test the
quality of recommendation lists. Such data sets can be
obtained in the following ways: 1) have access to a
database of a real web resource or application; 2) use one
of the existing open datasets; 3) create an application for
automatic collection of open data from web resources; 4)
create a software model of the recommendation system to
generate data about its users and objects.

The easiest way to do this is to use an open data set.
At the same time, the most complete information for
creating and testing the quality of recommendation lists is
available to administrators and website owners. They also
have the ability to track users' reactions to generated
recommendations in real time. But the vast majority of
researchers do not have access to such data. In this case, if
the information from open datasets is insufficient, there
are two ways - par-sing open data from websites or create
a software simulation model of the recommendation
system based on known information about a system
(website or application).

The collection of open data from web resources can
be done in two ways - either using API-functions [1, 2], or
by developing and using the own web crawler [2, 3]. API
functions are easy to use, but not all sites provide the
opportunity to gather the necessary information thanks to
API functions - such functions may be completely absent

or have truncated functionality and a number of
restrictions and conditions for use. Also, the interface of
API functions changes from time to time, and their new
versions may contain fewer features [4].

By using your own web crawler, you can collect any
publicly available information from the website. But
writing a web crawler is a much more difficult task, you
need to understand the html-layout of someone else's
website, develop your own functions for collecting data
from html-code, make changes or completely rewrite the
web crawler every time on the website html-layout
changes. Also, large websites block automatic data
collection if you notice it. One of the promising ways to
parsing websites is to use the library to automate the
actions of the web browser and its testing Selenium (for
Java, C #, Ruby, Python, Javascript) [5]. This library
creates time delays between its actions typical of human
behavior, which bypasses the protection of websites from
automatic data collection, but it also makes its work rather
slow and unsuitable for collecting large amounts of data.

The use of open datasets, as well as the collection of
data using API-functions or web-crawler from websites do
not allow to study the reaction of users to the proposed
recommendations and the impact of botnets.

When developing methods to increase the resilience
of the recommendation system to information attacks,
there is a problem of lack of open data sets to test the
quality of their work. There is no bot profile information
in the available datasets. Also, such information cannot be
collected by parsing open data from websites. And even
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system administrators who have access to all the
information and can record data on bot attacks are not able
to collect such data when it is necessary to test certain
algorithms in the right quantity and quality in a given
period of time. Therefore, there is a need to create a
software simulation model of users and objects of the
recommendation system to generate data sets that will also
contain bot profiles.

Based on the research conducted in this paper, it was
decided to create a software simulation model of user and
bot behavior in such systems for the analysis of
recommendation systems.

A referral system is a network of connections
between users and web resource objects. It can be
considered as a kind of social graph. A social graph is a
graph whose nodes are social objects (for example, users,
user communities, content objects, etc.) and whose edges
are social connections between them. It is convenient to
present the data of the recommendation system in the form
of a graph, where users and objects are the vertices of the
graph, and user actions (views, evaluations, etc.) and
results of the recommendation system (recommendations,
similarities, etc.) are edges.

A review of publications on various methods of
modeling social graphs and networks was conducted.

There are several approaches to modeling social
networks and social graphs, in particular, the following
are most often used [6-20]: models of random graphs [6-
11], game-theoretic models [7, 11-14], models of complex
networks [7 , 15-20] and so on.

It was decided to use the theory of complex
(complex) networks to model the relationships between
users and objects of the recommendation system, because
it allows, compared to other approaches, to model more
properties of social graphs [7, 15-25]. A study of the
properties of complex networks and methods of their
modeling was conducted. Complex networks are
stochastic networks with non-trivial topology, in
particular, they differ from classical stochastic networks
by the presence of a small number of nodes with a large
number of connections (such vertices are called hubs) [7,
15-20].

The components of networks that reflect social
connections have the following main properties, which are
indicated in the studied works by approximately the same
list [15-24]: scalelessness, distribution of degrees of nodes
(number of connections in nodes) by power distribution,
small network diameter, high clustering coefficient and
high transitivity coefficient, giant connected component
(more than 80% of nodes are interconnected), hierarchical
connections are present, complex cluster formations are
present (clicks, clans, etc.), assortivity (occurrence
connections between vertices that are somewhat similar to
each other).

The main known models of generation of stochastic
and complex networks: Barabasi-Albert model [15, 16,
24, 26], Erdés-Renyi model [24, 26, 27], Bollobas-
Riordan model [26, 28, 29].

The aim of this work is to build a software
simulation model of user and bot behavior in the
recommendation system of a social network or content-

oriented website based on the theory of complex networks
and using the Neodj graph database to study and test
methods of creating lists of recommendations.

The proposed method of software simulation of users
and objects of the recommendation system consists of two
parts:

- Generation of the structure of the social graph of
the recommendation system, which has already been
proposed in [30].

- And the simulation of the behavior of users and
bots of the recommendation system, which will be
considered in this paper.

The main material

In this paper, a software simulation model of the
behavior of users of the recommendation system was
created to test the methods of generating lists of
recommendations, in particular, in order to determine and
compare the accuracy and stability of different methods.

To model the structure of relations in the social
graph of the recommendation system, it was decided to
take as a basis, but modify taking into account the
specifics of the problem, the principles on which the
Barabashi-Albert model is based (hamely, "growth" and
"desirable accession™). easy to implement and allows you
to create a stochastic graph with the properties of social
networks. The structure of the social graph was modeled
using the graph database Neo4j [31] and the Python
programming language. The stages of the proposed
method of generating the structure of the social graph of
the recommendation system are considered in [30]. The
developed model of the social graph of the
recommendation network was tested to check the
similarity of the properties of the structure of its
connections to the structure of real social graphs. The
average values of the parameters generated in the
proposed software simulation model of social graphs of
the recommendation system, which were calculated using
Gephi: the average degree of nodes: 5.7, network
diameter: 4.0, graph density: 0.22, average clustering
factor: 0.61, average path length: 1.98 , which corresponds
to the parameters of real social networks.

The next step was to model the behavior of users and
bots of the recommendation system. It was decided to
develop the model in such a way as to obtain a data set
similar to MovielLens datasets [32] in structure and
statistical properties.

Stages of the proposed method of software
simulation of ordinary wusers and bots in the
recommendation system:

Stage 1. Initialize system parameters, including the
choice of the number of users and objects, the number of
possible properties in them, the percentage of active users,
the percentage of popular objects, the number of time
iterations after which the model will complete its work,
and so on. If it is necessary to simulate an information
attack, the type of attack, the number of bots and the
number of attack targets are selected. A set of possible
properties for system elements implemented in the model
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by hidden factors is created, and element cluster templates
are generated based on these properties.

Stage 2. Creating a "Grain" of the social graph of the
recommendation system - the initial number of users and
objects is added to the graph, some number of objects are
evaluated. Initial number of users, initial number of
objects, and graph density are customizable parameters.
Each new user and system object is assigned an offset
value, a specific cluster, and a corresponding vector of
hidden factor values, which determines the degree to
which it belongs to each of the possible properties for the
system elements. Estimates in the system are set based on
the degree of coincidence of the hidden factors of the user
and the object, as well as indicators of their displacements.
The probability of viewing an object inside the Grain
depends on the specified density of the graph. The
probability of rating the viewed object for authentic users
depends on the hidden factors of the user (determining his
preferences), hidden factors of the object (determining its
properties), user offset (which indicates a characteristic
systemic understatement of the user or overestimation of
estimates), the displacement of the object (which indicates
the quality of the object, which always causes the receipt
of estimates higher / lower than similar properties of
objects), as well as random displacement (which occurs
with a probability of 0-3 % and is a customizable
parameter). In "Grain" bot profiles are absent; they begin
to join the network at the 3rd stage.

Stage 3. Each time iteration of the model, a certain
number of users and objects are added to the graph. This
number is determined randomly and lies in the range from
0 to N, where N is less than the total number of system
elements of the corresponding type. Also, at each iteration
of the model time, a number of pairs of users and objects
are selected for evaluation. The probability of viewing an
object can be determined based on the principle of
"desired connection” (1) from the Barabashi-Albert model
or its modifications, for example (2):

k
P=c— 1)
2K
i
p= Gii +Gai + s )

Z(qu +0zj +0sj) ,

]

where q; — the number of views in the i-th object, q,; —
the number of estimates in the i-th object, g; — the

number of comments in the i-th object.

The probability of rating a viewed object for
authentic users depends on hidden user factors, hidden
object factors, user offset, object offset, and random
offset. The probability of viewing an object and rating it
for bots is determined by the attack model used to create
them.

Stage 4. Stopping the simulation model, saving the
generated data set to a file for further use in methods of
forming and testing lists of recommendations.

The software simulation model consists of the

following elements: "System user model”, "System object

model" and “Information model in the
recommendation system".

The system user model has the following parameters:

- Id - user identification number containing a digit;

- Active - takes True - if the user is active (puts more
ratings than others) and False — if the activity level is
normal;

- Bot - takes True — if the user is a bot (profile is
involved in an attack on the referral system) and False -
otherwise;

- Type - takes the value "Normal", if the user is not a
bot, otherwise it contains the name of the attack applied to
the re-recommendation system;

- Character - contains the type of character of the
user in relation to the style of grading: "Normal", "Often
gives good grades", "Gives only good grades";

- Registration time — contains the time of user
registration in the system;

- Time of last activity — contains the time of the last
activity of the user;

- Activity stop time - the time when the user stopped
using the system;

- Hidden factors - a list of random variables that take
values from -1 to 1, length K, which simulates the
influence of certain characteristics of the object on the
user's judgment about it;

- User offset - a random variable in the range from -
1.0 to 1.0, which simulates the user's tendency to
underestimate or overestimate the values of objects;

- Time of last preference change - used when
necessary to simulate changes in user preferences over
time, contains the time of the last overwrite of the list of
hidden user factors.

The system object model
parameters:

- Id - identification number of the object, containing
a digit;

- Popular - takes True - if the object is popular (gets
more ratings than others) and False - if the popularity
level is normal;

- Type for bots - takes the value "Target" - if the bots
need to change the rating of the object in a certain
direction and False - otherwise;

- Attack type - takes the value "None" if the object is
not targeted, or indicates the type of attack "To decrease
the rating", "To increase the rating™;

- Add time - contains the time to add the object to the
database of the recommendation system;

- Hidden factors - a list of random variables that take
values from -1 to 1, length K, which simulates the
expression of certain characteristics in the object, which
affect the level of interest in the user;

- Object offset - a random variable in the range from
-1.0 to 1.0, which simulates the overall quality of the
object, which affects user ratings and leads to more low
ratings due to low quality or more often high scores due to
high quality. project.

The parameters of users and system objects are set
during the creation and initialization of the corresponding
instances of objects, and some of them may change during
the operation of the program.

process

has the following
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The model of information processes in the system
has the following parameters:

- Rating matrix — contains a matrix of adjacency of
the graph, in which the vertices are users and objects, and
the evaluation edges are set by users to objects.

- Time matrix — contains a matrix of adjacency of the
graph, in which the vertices are users and objects, and the
edges are the time of evaluation of user-supplied
objects.

- Set of possible estimates — contains a set of
estimates that users can expose to objects, in the
developed model the set of estimates is represented by the
following list [0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0],
which means the ability to rate in the form of the number
of stars, a maximum of 5 stars, you can choose
half a star.

- User list - contains a list of system users, instances
of the User class.

- Object list — contains a list of system objects,
instances of the Object class.

- Start time of the model — contains time in Unix
time stamp format.

- Current model run time — contains the time in Unix
time stamp format, which indicates the time of the last
action in the system.

- List of bots — contains a list of bots in the
developed model.

- Target list — contains a list of bot attack targets in
the developed model.

- Number of clusters - contains a specified number of
clusters, which can be divided into elements of the system
based on data about their hidden factors.

- Cluster templates — contains a list of templates for
modeling hidden factors of users / objects. In total, 19
random templates were created in the model to generate
elements that may belong to 19 different clusters. Also in
the model you can choose the option of modeling a certain
percentage of elements that do not belong to the generated
clusters.

The following functions were implemented to model
the behavior of users and objects and information
processes of the recommendation system:

- Model launch — starts the process of modeling users
and objects of the recommendation system.

- Save model data to a file — saves all data and
parameters of the developed software simulation model of
users, objects and processes of the recommendation
system to a file.

- Generating system elements — creating a given
number of users and system objects and assigning them
parameters.

- Generation of elements of clusters of elements —
allows to generate templates of the hidden factors of
elements for creation in the subsequent set of the elements
relating to certain clusters.

- Generation of hidden factors of elements on the
basis of cluster templates — at the input receives a cluster
template, at the output provides a list of hidden factors
that randomly differ from the data in the template, so as
not to go beyond the cluster, but have their own unique
values of factors.

- Generation of hidden factors of elements outside of
clusters - generation of the list of hidden factors of an
element randomly without use of templates.

- Grain generation of a social graph — creates an
initial social graph of the recommendation system based
on a given initial number of users, objects and graph
density.

- lterative model construction — allows you to
simulate the change of time.

- One iteration of the model — within this function
are called all the functions that implement the behavior of
users and the work of the recommendation system at the
current time.

- Generation of the current operating time of the
model - the generation of the time interval between two
events in the system — a random variable that lies in a
given range.

- Adding a user to the system — modeling the process
of user registration in the recommendation system, the
user gets the time of registration and the opportunity to
view objects and give them ratings.

- Adding an object to the system — modeling the
process of adding an object to the database of the
recommendation system, the object gets the time of
adding to the database and the ability to receive views and
ratings.

- Determining the probability of viewing an object —
based on the principle of "Preferred connection” is
determined by the probability of viewing a particular
object by a particular user.

- Determining the probability of occurrence of the
assessment - based on the principle of "Desired accession"
is determined by the probability of assessment of a
particular object by a particular user.

- Generation of an estimate based on the hidden
factors of the respective object and user. The score for a
user-object pair is determined by the following formulas:

du,m :IZO—’\ (3)

o =P (50, +by +by), (4)

where d, ., — the distance between user u and object m in

the multidimensional space of hidden factors, can take
values from 0 to 1; n — the number of hidden factors in the
system; f,; — i-th hidden user u factor; f_; — the i-th

hidden factor of the object m; b, — user offset in object
evaluation (content level); b,, — object offset in obtaining
assessments (content quality level); y() — a function that

converts the resulting fractional number into a discrete
number from a set of estimates [0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0], for example, if the number is in the
range from (4.000 - k) to (4.500 - k), where k is a small
number (in the model was taken k = 0.05), it is converted
to a score of 4.0.

- The decision to make an assessment and its
adjustment. After the user "viewed" the object, and based

u,i m,i
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on hidden factors, it was determined which rating for the
object corresponds to his preferences, this function is
used, which determines the fact that the user will decide to
put the viewed object evaluation. Also in this function, a
slight adjustment of the assessment based on random
factors is possible. With the help of this function, the
probability of occurrence of estimates can be
approximated to the frequencies of occurrence of
estimates in the data set MovieLens datasets.

The model also developed bot rating generators for
different types of attacks. Three known models of attacks
on the recommendation system by injection of profiles
[33-37] were used to generate bot estimates: random,
medium and popular attacks.

- Random attack estimate generation — creates
estimates for bot object pairs, where the bot randomly
attacks the referral network. Generating a score for a
random attack to increase the rating is as follows:

randomPattern(), if an objectis" random"
um = . o ; » (5)
5.0, if an objectis"target
where randomPattern() is a function that generates

random estimates with given values of the probability of
occurrence.

- Estimation for average attack — creates estimates
for bot object pairs, where the bot performs an average
attack on the referral network. The generation of the score
for the average attack on the rating upgrade is as follows:

1 (6)

[ Javerage Pattern(), if an objectis" random"
UM~ 150,if an objectis" target"

where averagePattern() is a function that generates an
average estimate for a randomly selected object.

- Generate a rating for a popular attack — creates
ratings for bot object pairs, where the bot performs a
popular attack on the referral network. The rating for a
popular rating upgrade attack is generated as follows:

— popular Pattern(), if an objectis" random" )
UM~ 15.0,if an objectis” target" ’

where popular Pattern() — function that generates for a

randomly selected object from a set of popular objects its
average rating.

- Determining the probability of changing
preferences - used when necessary to simulate changes in
preferences of system users over time, determines the
probability that at the current time the specified user will
change their preferences, if the time is known when he last
changed preferences.

- Change user preferences — replaces the hidden
factors of the specified user.

Therefore, based on the proposed method of
modeling the structure of the links between the elements
and the behavior of users of the recommendation system
of the content-oriented website, a software simulation
model of the recommendation system was developed.

The software simulation model of user and bot
behavior in the recommendation system was developed in
the Python programming language using the principles of
object-oriented programming. All data of the software
simulation model were written to the graph database
Neo4j, and also at the end of work of model were stored in
a file of own format.

The Neo4j database has the following structural
elements that allow you to build a social graph:

- node - node of the graph, the number of nodes is
limited to 235, ie ~ 34 billion.

- node label - node label, labels can be used to filter
data.

- relation - an edge, a connection between two nodes.
The number of edges is also limited to 235.

- relation identifier — connection type (edges),
maximum number of connection types 32767.

- properties - properties of nodes and edges, allow to
add information fields to them.

- node ID - a unique node identifier, analogous to the
key field in relational databases.

The advantages of the Neo4j database are a flexible
data model, real-time analysis, easy data retrieval and
filtering capabilities, scalability and reliability, the
presence of a visual interface, as well as the existence of
the Neo4j Aura application for use as a cloud service.

Thus, the Neo4j database provides all the necessary
tools to create a software simulation model of the social
graph, which can be further used to model and study the
behavior of users and bots in referral systems.

The social graph of the recommendation system in
the software simulation model had the following format:
vertices - users and objects, edges — connections such as
"rated”, "like", "recommended"”, etc. Both vertices and
edges contain sets of parameters that correspond to the
available information about them. For example, the
"rated" edge contains the evaluation value and timestamp,
and the user type vertex contains all the data fields that
correspond to the parameters of the user model in the
system.

A series of experiments was performed to verify the
operability of the developed software simulation model.
Many datasets were generated during the experiments.
Each data set was divided into a working and a test
sample. Based on the test sample, the accuracy of
prediction of preferences was checked. The results of the
experiments showed that the jitter of the studied values of
accuracy, completeness and RMSE prediction of
preferences in most practical cases confidently fits into the
allowable limits of fluctuations, and therefore user
behavior in the software model was not random, but
simulated the behavior of real users with certain
preferences. This confirms the reliability of the developed
software simulation model of the recommendation system.

The results of the experiments are shown in fig. 1-3.
During the experiments, the values of the following

indicators were calculated: P( )

prec
(1)
preferences, P

preference recognition error.

— precision prediction of

— recall completeness and RMSE
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Fig. 3. Graph of changes in random frequency characteristics of RMSE preference recognition

Fig. 1-3 shows graphs of changes in random
Pt ) and RMSE

frequency characteristics Py, P

preference recognition, respectively. Also, these figures
show the allowable limits of oscillation of these random
variables, obtained as a result of the simulation.

As can be seen from the figures, jitter studied the

ine pli) p(i)
random characteristics Pj oo, P

recognition in most practical cases confidently fits within
acceptable limits. This confirms the reliability of the
developed  software simulation model of the
recommendation system.

and RMSE preference

Conclusions

This paper proposes a method of software simulation
of users and objects of the recommendation system for a

social network or for a content-oriented website, which
allows you to generate data sets for testing algorithms for
generating recommendations. The developed method
allows modeling the behavior of both regular users and
bots, which makes it possible to create data sets to test the
resilience of recommendation systems to information
attacks, as well as the effectiveness of methods for
detecting and neutralizing botnets. The structure of
relationships between users and objects of the
recommendation system was modeled using the theory of
complex networks. Information attacks of bots were
modeled on the basis of known models of attacks by
injection of profiles on recommendation systems.

Further research in this area may be aimed at
building software simulations of social graphs based on
the theory of complex networks and using the graph
database Neo4j to study not only the recommendation
systems of social networks and content-oriented websites,
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but also other applications and processes. occurring in  of information and information influences, applications
social media, in particular, the processes of dissemination  with reputational systems, etc.
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METO/I IPOT'PAMHOTI'O IMITAIIIMHOI'O MOJEJ/JTIIOBAHHS ITIOBEJTHKA
KOPUCTYBAYIB TA BOTIB Y PEKOMEHJAIINHIN CUCTEMI 3
BUKOPUCTAHHSAM I'PA®OBOI BA3U JTAHUX NEO4J

O6’€KTOM IOCITIIKEHHS € IPOIeC MPOrPaMHOrO IMITAI[IHOTO MOJETIOBaHHS CKJIAJHHX Mepex. MeToro maHoi poboTtH €
po3po0ka METOJy MNPOrpamMHOrO IMITAIiIHHOrO MOJICNIIOBaHHS TIOBEAIHKM 3BHYAaWHHMX KOPHUCTYBadiB Ta OOTIB Yy
pPEeKOMEHAIIHIA CHCTeMi Ha OCHOBI TeOpii CKIATHHX MEpex ISl MOKIMBOCTI TECTYBaHHS TOYHOCTI Ta CTIHKOCTI Pi3HUX
anropuT™MiB QGopMmyBaHHS pekoMmeHAanid. 3agaya: po3poOUTH MPOrpaMHy IMITaliifiHy MOJAENb MOBEIIHKH KOPUCTYBadiB Ta
0OTiB y peKOMEHIamidHii CHCTeMi 3 MOXIIMBICTIO T'eHepallii HaOOpiB JaHHWX Il TECTYBaHHS alTOPUTMIB (opMyBaHHS
pexomeHzanii. MeToau AOCHiIKeHHS: Teopis TpadiB, TEOPis CKIATHUX MEPEXK, T€Opis CTAaTHUCTHKHU, TEOpis HMOBIpHOCTEH,
MeToan 00’€KTHO-OpPIEHTOBAaHOTO MPOTPaMyBaHHA Ta MeToaM pobotu 3 rpadoBuMH 0Oazamu naHuX. PesyabTaTh.
3amponoHOBaHO METOX NMPOTPAMHOTO IMITallifHOTO MOAENIOBAaHHS KOPUCTYBadiB Ta 00 €KTiB PEKOMEHAALIIMHOI CHCTEMH, 110
CKJIQIAETHCSI 3 TeHEepallii CTPYKTYpPH COLIaJbHOTO rpady peKOMEHIAIIHHOT CUCTEMH Ta CUMYJIALIi MTOBEIIHKA KOPUCTYBaviB i
00TiB y Hiil. Byso mpoBeIeHO cepilo eKCIEPUMEHTIB Ul ePEeBIpKH MPAale3IaTHOCTI Po3po0IIeHoT IPOrpaMHoOl iMITaIiiHOT
Mozeni. Y XOli eKCHepUMEHTIB OyJio 3reHepOBaHO MHOXXHMHY pOOOYMX Ta TECTOBUX HaOopiB naHux. Ha ocHOBiI poOouoi
BUOIPKH 3/IHCHIOBAIOCS IPOTHO3YBAHHS BIIOJ00aHb KOPUCTYBaYiB METOIOM KoJabopaTHBHOI (inbTpanii. Ha ocHOBI TecToBOi
BUOIpKK HepeBipsIacs TOUHICTh IPOTHO3YBAaHHS BIIOJ00aHb. Pe3ynbTaTi MPOBEICHNX €KCIIEPUMEHTIB ITOKa3aly, 0 JKUTTEp
JOCIIDKYBAaHUX 3HAYeHb TOYHOCTi, MOBHOTH Ta RMSE mporHo3yBaHHs BIOXOOAaHb Yy OLIBIIOCTI NMPAaKTUYHHX BUIAJIKIB
BIIEBHCHO BKJIQJA€ThCA B JOMYCTHMI MEXI KOJMBaHb, a OTXKE IMOBEIIHKA KOPHCTYBadiB y MpOrpamMHii Moneni He Oyna




ISSN 2522-9818 (print)
CyuacHuii cman HayKogux 00ciodceHb ma mexHonoeitl 8 npomuciosocmi. 2021. Ne 3 (17) ISSN 2524-2296 (online)

BHIIA/IKOBOIO, a IMITyBaJia MOBEIIHKY pealbHUX KOPUCTYBauiB 3 IMEBHUMH BHOJ0OaHHsAMH. lle miATBEpKy€e AOCTOBIPHICTB
PO3pobiIeHOl IporpaMHoi imMiTaniitHOI MoJeli pekoMeHaaliiHoi cucreMu. BUCHOBKH. 3alpoloOHOBAHO METOJ NPOIPaMHOIO
IMITalliIfHOrO MOJICITIOBAaHHS KOPHUCTYBAuiB y PEKOMCHIALINHIA CHCTEMi, IO JO3BOJISE TCHEPYBaTH HAOOpH MaHUX IS
TECTYBaHHS alrOpUTMIiB (OPMYBaHHS peKOMeHaliid. Po3po0ieHuii METo TO3BOJISIE MOICTIOBATH MOBEIIHKY K 3BHYalHUX
KOPHCTYBayiB, Tak i OOTiB, 110 Ja€ MOXJIMBICTh CTBOPIOBATH HaOOpH IAaHUX JJISl TECTYBaHHS CTIHKOCTI peKOMEHAallidHUX
cucTeM 0 iHPOpMAIiiHUX aTak, a TaKOX JUIS TECTyBaHHS €()EKTHMBHOCTI METOJIB BHUSBJICHHS Ta HEHTpaizallii 00T-Mepex.
CrpyKTypa 3B’s3KiB MK KOpPHCTyBauaMu Ta 00’€KTaMU PEKOMEHJaliiiHoi cucreMu MopenoBaiacs 3a JOIOMOIOI Teopii
CKJIaTHUX Mepexk. [HpopmaliiiiHi araku OOTIB MOJENIOBAIKMCS HAa OCHOBI BIJOMHX MOJeNeH aTak iH’eKIiero mpodiniB Ha
peKOMeH/1alliiiHI CUCTEMHU.

KawuoBi cioBa: pexoMeHIaIiiiHi CUCTEMH; MPOrpaMHE MOJICIIOBAHHS; IMITaIlliiHE MOJETIOBAHHS; CKJIaJHI MEpexi;
colianbHi Mepexi; collianbHui rpad; Mepexxa 00TiB; aTaku iH’ekuieto NpodiniB; BeO-caiity; 6a3u naHUX.

METOJ IPOI'PAMMHOI'O HMUTAIMOHHOT'O MOJAEJTUPOBAHUSL
INOBEJAEHMUA I10JIB30OBATEJIEM U BOTOB B PEKOMEHJATEJIBbHOU
CUCTEME C UCIIOJIb30BAHUEM I'PA®OBOM BA3bI JIAHHBIX NEO4J

O0beKTOM HuCCIEIOBaHUS SBIAETCA IPOLECC NMPOrpaMMHOTO MMHMTAIMOHHOTO MOJENUPOBaHMA CIOKHBIX ceTed. llebio
JIaHHO! paboTHI sABIsAETCA pa3paboTKa MeToja IMPOrPAMMHOTO HMHUTAIMOHHOTO MOIENHPOBAHUS MOBENEHHS OOBIYHBIX
noJIb30BaTene 1 60TOB B PEKOMEHAATENbHON CUCTEME HAa OCHOBE TEOPUH CJIOKHBIX CeTell AJs1 BO3MOXKHOCTH TECTHUPOBAHUS
TOYHOCTH U CTOMKOCTH Pa3IMYHBIX AITOPHTMOB (OPMHPOBAHMS peKoMeHIanui. 3amaua: pa3paboTaTh MPOTPAMMHYIO
MMUTALUOHHYIO MOJENb MOBEAEHUs I0JIb30BaTeNed M OOTOB B PEKOMEHAATENbHONH CHCTEME C BO3MOXKHOCTBIO I'€HEpallu
HabOPOB JAHHBIX JUIS TECTHPOBAHHS aNTOPHUTMOB (pOPMUPOBAHHS pPeKOMEHAAnuH. MeToAbl HCCIeTOBaHU: TEOPHS Tpados,
TEOpUsl CIOXKHBIX CETeH, Teopus CTAaTHUCTUKU, TEOPUS BEPOSTHOCTEH, METOObl OOBEKTHO-OPHEHTHPOBAHHOIO
IpOTPaMMHUPOBAHUA U METOABI PaboTel ¢ rpadoBeIMH 0a3zaMu JaHHBIX. PesyabTarsl. IlpennoskeH MeTox MpPOrPaMMHOTO
MMMTALMOHHOTO MOJEIUPOBAHMS I0Jb30BaTeNell U OOBEKTOB PEKOMEHJATENbHOH CHCTEMBl, COCTOAIIEH U3 TIeHepaluu
CTPYKTYpPHI COIMANBHOTO Tpada peKOMEHIATEIbHON CHCTEMBI B CHMYJIAINN ITOBEICHHS 0Ib30BaTeNel H 00TOB B Hell. brina
IIPOBEJIEHa Cepusl SKCIEPUMEHTOB I IPOBEPKU PabOTOCIIOCOOHOCTH pa3pabOTaHHO MPOrpaMMHON UMUTAIMOHHON MOJEIH.
B Xojme 3KCIEpUMEHTOB OBLIO CTEHEPHPOBAHO MHOXKECTBO pabOYMX M TECTOBBIX HA0OpOB MaHHBIX. Ha ocHOBe paboueit
BBIOOPKU OCYILECTBIUIOCH IIPOTHO3UPOBAHME IIPEANOYTEHUH IMOoJb30BaTenel MeTonoM KojuiabopaTuBHOH ¢uinbTpanuu. Ha
OCHOBE TECTOBOM BBIOOPKH MPOBEPSIIaCh TOYHOCTh IPOTHO3HPOBAHHSA IIPEANOYTEHHH. Pe3ymbTaThl TPOBEIEHHBIX
JKCIIEPUMEHTOB IOKa3ajM, YTO JDKUTTEP MCCIELyeMbIX 3HA4eHUH TOYHOCTH, MOJAHOTEI M RMSE mpornosupoBaHus
IOpEeIIOYTeHHH B OONBIMMHCTBE MPAKTHIECKHX CIydaeB yBEPeHHO YKIAABIBAaeTCA B  JIOMyCTHMBIE — IIPEIEITBI
KonebaHuil, a cieqoBaTeNbHO IOBEJCHUE IOJb30BaTeNe B IMPOrpaMMHOM Mojenu He ObUIO CilydalHBIM, a MMHTHPOBAJIO
[OBEICHUE pEalbHBIX II0JIb30BATENEH C  ONpPEIENICHHBIMU IPEANOYTEHUAMH. OTO MOATBEPKIAECT JIOCTOBEPHOCTh
pa3paboTaHHOW NPOTPaMMHOM HMMHUTALMOHHOW MOJIETIM PEKOMEHIATeNbHOH cucTeMbl. BbIBoabl. IlpemiokeH MeToxn
IPOrpaMMHOIO MMUTALHOHHOIO MOJEIMPOBAHUS IOJb30BAaTENIE B PEKOMEHIATENbHOM CHCTEME, II03BOJISAIOIIMM
reHepHpOoBaTh HAOOPHI JAHHBIX JUIl TECTHUPOBAHUS alrOpUTMOB (OPMHUPOBAHMS peKOMeHauui. Pa3paboTaHHBIH MeTOX
MO3BOJIIET MOJCIHPOBATH TIOBEICHHE KaK OOBITHBIX ITOTB30BATENEeH, TaK U OOTOB, YTO JAaeT BOSMOXKHOCTh CO3/aBaTh HAOOPHI
JAaHHBIX JUIi TECTUPOBAHMA CTOMKOCTH PEKOMEHIATeNbHBIX CHCTeM K HHQOPMAIMOHHBIM aTakaM, a Takke
UL TecTUpoBaHUS A(P(PEKTUBHOCTH METONOB BBIABICHUS U HeHTpanusauuu OoT-cereil. CTpykTypa CBs3ed Mexmy
TONTB30BATEISIMH M OOBEKTAMH PEKOMEHIATENbHOW CHCTEMBl MOJEIMPOBAaCh C IOMOINBI0 TEOPHH CIOXKHBIX CETeH.
Wudopmarionnele atakd OOTOB MOJCIMPOBAINCH Ha OCHOBE W3BECTHBIX MOJENEH aTak uHBeKuued npodmied Ha
PEKOMEH/IATENbHBIE CHCTEMBIL.

KiroueBble cii0Ba: peKOMEHIATENIbHbIE CHUCTEMBI; IPOrPaMMHOE MOJEIHMPOBAaHHME; UMMUTALMOHHOE MOJEIUPOBAHHUE;
CIIOKHBIE CEeTH; COI[HANIBHBIC CETH; CONMANBHBIN rpad; ceTh 60TOB; aTakyu HHbEKIHEl npoduIeil; BeO-caifTsl; 6a3bl JaHHBIX.

Fionioepagiuni onucu / Bibliographic descriptions

Menemko €. B., SIkumenko M. C., Bocbko B. B. MeTo mporpaMHOro iMiTaiifHOro MOAETIOBaHHS MTOBEIIHKA KOPUCTYBAYiB Ta
OOTIB y peKOMEHJaliiHIi cucTeMi 3 BUKOpPHCTaHHAM rpadoBoi 6asu manux NEOA4J. Cyuacnui cman maykosux docniodceHv ma
mexnonoeiti 6 npomucnosocmi. 2021. Ne 3 (17). C. 23-31. DOI: https://doi.org/10.30837/ITSSI.2021.17.023

Meleshko, Ye., Yakymenko, M., Bosko, V. (2021), "A method of computer simulation modeling of user and bot behavior in a
recommendation system using the graph database NEO4J", Innovative Technologies and Scientific Solutions for Industries,
No. 3 (17), P. 23-31. DOI: https://doi.org/10.30837/ITSSI.2021.17.023




ISSN 2522-9818 (print)

ISSN 2524-2296 (online) Innovative technologies and scientific solutions for industries. 2021. No. 3 (17)

UDC 519.85 DOI: https://doi.org/10.30837/1TSS1.2021.17.032

M. NOVOZHYLOVA, V. KRAMARENKO, O. CHUB

MODELING OF INFORMATION TECHNOLOGY OF MATERIAL RESOURCES
MANAGEMENT OF A CONSTRUCTION COMPANY

The article's research subject is the information technology of construction company's material resources management. The work's
purpose is to construct and implement tools for modeling construction company's material resources management information
technology. The article solves the following tasks: determining the place of information technology of construction company's
material resources management in the modern construction company's information ecosystem, defining the main components, and
building a functional model of construction company's material resources management information technology, taking into account
the shortcomings of existing models, creation of the multicriteria optimization model of the considered information technology. The
following methods are used: system analysis, structural analysis, mathematical modeling of complex systems and processes,
multicriteria optimization. The following results were obtained: a structural analysis of the existing information ecosystem at the
regional level construction company, the composition of which is agreed on the organizational structure elements of the enterprise and
the stages of the construction life cycle; considered the functions of construction company's material resources management which are
realized at various stages of a construction project life cycle; constructed the set-theoretical model of material resources management
information technology; determined the functional characteristics of the considered information technology, offered the criteria of
information technology efficiency according to the ITIL strategy; constructed the conceptual model of information technology of
material resources management. Conclusions: for the first time, developed tools for modeling construction company's material
resources management information technology, including a theoretical-multiple model of material resources management information
technology; Offered the information technology's conceptual scheme which realizes specific information technology's functional
characteristics. The built modeling strategy will provide an opportunity for further development and software implementation of the

information technology.

Keywords: information flows; construction enterprise; functional model; efficiency criteria.

Introduction (Statement of the problem)

In the modern world, information becomes an asset
that significantly affects the efficiency of doing business
in a competitive environment. This is especially true for
companies and enterprises that define customer-oriented
as a business philosophy and to which construction
enterprises belong. Any large company has a significant
amount of information that needs to be processed to
understand the current state of the company and make a
management decision. In the construction company,
information processing is complicated by the duration of
construction and the presence of a number of construction
projects that are carried out simultaneously and are at
different stages of their life cycle.

The transformation of construction enterprises into
digital companies is actively supported by the state in the
context of the course on computerization of all spheres of
public life and the transition to online formats.

In 2021, the procedure for maintaining a Unified
State Electronic System in the field of construction was
updated [1]. The Cabinet of Ministers of Ukraine
approved the Concept of Implementation of Construction
Information Modeling Technologies (VIM-Technologies)
in Ukraine developed by the Ministry of Community
Development and Territory of Ukraine, as well as the
action plan for its implementation [2]. Thus, the base for
the introduction of general information reporting in
electronic formats is prepared.

These and other elements of the general information
ecosystem of the construction enterprise as new forms of
the organization of production are factors of innovative
development of the company.

An important and currently little-studied subject area
in the general problem of digitalization of construction

companies is the construction and optimization of
information technology for automated management of
various material resources throughout the product life
cycle of the construction project.

Analysis of recent research and publications

An overview of scientific publications in the field of
information management is given in [3]. This study
summarizes the evolution of knowledge about
organizational processes, technologies and tools for
creating, integrating, disseminating access organization
storage and information security in automated systems.
Analysis of the potential application of automation tools at
different stages of the construction project was carried out
in [4].

In [5] technology is defined as a set of scientific and
engineering knowledge embodied in the methods and
means of labor, sets of material factors of production,
types of their combination to create a particular product or
service.

Using the approach [6], information technology at
the organizational level is defined as the resources needed
to collect, process, store and disseminate information.

The general state and prospects of information
technology implementation, as well as the main obstacles
to their implementation are considered in [7]. In general,
in the information technology market, there are many
enterprise management systems that provide increased
speed in the information processing process, improve the
quality of information for management and help in project
planning.

The structure of information technology for
controlling the cost of resources, which takes into account
the imperfection of information in the description of

© M. Novozhylova, V. Kramarenko, O. Chub, 2021
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objects and processes of the subject area, was defined in

[8].

Functional-modular ~ approach to building a
conceptual model of information technology as such,
proposed in [9]. The main tasks of information analysis
are considered, in particular the tasks of evaluating
results, clustering activities by areas and forecasting
development prospects on the example of scientific
activity.

The technique of object-oriented analysis for
modeling information on design and construction is
implemented in [10]. This approach is used to model
information in terms of the fundamental ideas that
underlie object-oriented technology, ie types and classes
of objects, methods, queries, encapsulation and
inheritance.

The general principles of building an artificial
intelligence system project for a company's business
processes using the so-called "business-artificial
intelligence” alignment model are considered in [11]. The
importance of a common understanding of the project
between all members of the project team, both from
business departments and from the IT department, is
emphasized.

The development of the architectural field of
construction is BIM-technology (Building Information
Model) is a new approach to digital information
management in the construction industry, which allows
you to \virtually reproduce the object, increase
safety and reliability of buildings and structures, control
the quality and speed of construction, significantly
reduce probability of errors in projects, reduce
construction  costs and  optimize costs  during
operation. [12] proposes an approach to using BIM as a
tool of lean technology, which allows you
to make the right decisions at different stages of
construction. Therefore, integration with BIM is necessary
for modern information technology in the field of
construction.

Despite the benefits of BIM, data compatibility is a
barrier to its adoption. To solve this problem, [13]
presents the BIM Interoperability Adoption Model
(BIAM) as a link between organizational, semantic,
legal and technical factors to determine compatibility
issues in the early stages of BIM implementation.

The development of management technologies in the
construction industry is a matrix information technology
for linking 1C software and Microsoft Project into a single
information processing system for managing construction
companies and projects — NadProject [14]. This
technology is designed to assist the construction project

manager in developing plans, allocating resources,
tracking progress and analyzing workloads, and
integrating  this information with the enterprise

information system. Despite the benefits of BIM, data
compatibility is a barrier to its adoption. To solve this
problem, [13] presents the BIM Interoperability Adoption

Model (BIAM) as a link between organizational,
semantic, legal and technical factors to determine
compatibility issues in the early stages of BIM

implementation.

The development of management technologies in the
construction industry is a matrix information technology
for linking 1C software and Microsoft Project into a single
information processing system for managing construction
companies and projects — NadProject [14]. This
technology is designed to assist the construction project

manager in developing plans, allocating resources,
tracking progress and analyzing workloads, and
integrating this information with the enterprise

information system.

Selection of previously unsolved parts of the overall
problem. The purpose of the work

Despite the constant development of models,
methods and information systems for resource
management, in particular in the construction industry, the
existing systems lack the functionality to collect, store and
process information about changes in the external
environment of construction projects [15].

There is also no possibility to support decision-
making in conditions of uncertainty, which in turn
negatively affects the effectiveness of operational resource
management and profitability of projects.

Moreover, in order to make more sound management
decisions in the field of resource management in
construction, the relevant processes, tools and methods of
material resource management of construction projects
should be allocated as a separate field of knowledge, as
proposed in [16].

Another unresolved problem is to take into account
the wide territorial distribution of construction sites, along
with the need to obtain relevant information in different
locations and in a single control center, ie the creation of
principles of cloud technology as a basis for information
technology management of construction resources.

This issue is especially relevant for solving the
problem of automation of information flow management
of a large construction company at the regional level. The
main technical and economic characteristics of such an
enterprise are as follows: simultaneous implementation of
+ 10 projects at different stages of the life cycle, 1000-
2000 employees, builds simultaneously in different areas
of the city and is engaged in different types of
construction. These are such companies as Zhitlobud-2
(https://zhilstroj-2.ua), Zhitlobud-1 (https://gsl.com.ua/),
Avantazh: (https://avantazh.ua/), Stroy- City
(https://stroycity.com.ua/uk).

The purpose of the work - the construction and
implementation of tools for modeling information
technology management of material resources of the
construction company under the conditions of using
existing approaches to company resource management
and software architecture.

Materials and Methods

All divisions and zones of activity of the
construction enterprise according to its organizational
structure are subject to automation (fig. 1).
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Fig. 1. Organizational structure of a typical construction enterprise

The analysis of the current state of the process of
information ecosystem formation at the construction
enterprise of a certain - regional - level showed that today
each service of the enterprise uses many software
applications of different architecture and orientation
according to the subject area of operation.

In the subject area of the production service, the use
of BIM-server of BlIMcloud [17] allows simultaneous
processing of the project by a team of designers, which
allows you to see a holistic picture of the project and
avoid conflicts when designing compatible components of
ventilation and electricity. The team work can be attended
by a construction worker as a direct contractor who
receives current design data in real time.

Estimation by the finance service is carried out with
the help of the product Construction Technologies:
Estimate 8 (https://smeta.ua/). The wage module in 1C
calculates the wages that must be paid based on the work
performed by the employee or the number of changes
worked. Thanks to the placement of the 1C system in the
cloud, employees of the enterprise according to the level
of access, can view or edit current accounting data, control
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the balance of resources and place orders with other
departments.

The M.E.DOC program (https://medoc.ua/) is used
to submit official reports to the controlling bodies in
electronic form. To control, analyze and simplify the sale
of apartments, the marketing service uses the CRM system
AMO-CRM (https://www.amocrm.com.ua/).

The personnel service and security service have an
automatic face recognition system CaMaP from Kobi
software [18], which stores in the database information
about each person who passed to the object and the access
control system (ACS). These systems generate reports on
the time a person is at the facility. The video surveillance
system covers the entire territory of the construction site at
the same time. The function of recording on electronic
media is implemented.

The supply service also uses the 1C information
system. Automated scales are installed at the exit from the
territory of the production and assembly center, the system
records the date, time and weight of each machine when
passing through them, this data is stored on the server. If it
is a company car, the driver has a consignment note with a
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QR code, he scans it and the system adds to the electronic
consignment note in 1C indicators from the scales and
saves a photo of the car from the camera at the entrance.
The system of sensors on concrete units exports the actual
data on the amount of materials used for the manufacture
of concrete, and stores in the system 1C. The 1C system of
the enterprise saves production reports for change and
calculates the prime cost of the made products. Users
record the movement of materials and therefore see the
real balances in warehouses.

With the help of the transport control system from
Moniterra  (http://moniterra.com.ua/) the dispatcher
controls the real location of the transport, in addition, the
functions of automatic collection and transmission of data
on the distance traveled and the amount of fuel consumed
in the 1C system are implemented.

Zhytlobud-2's  immediate plans include the
integration of BIM360 [19] and Navisworks [20]
architectural technologies for Revit, which make it
possible to simulate the planned appearance of the
building in accordance with the materials used. Therefore,
one of the important tasks in the design, development and
implementation of information technology must take into
account the level of the information structure created at
the enterprise.

In general, the use of information technology in a
typical construction company can be submitted at the
stages of the life cycle of housing construction: pre-
investment, pre-project, design, construction, operation.
On the other hand, these information technologies can also
be arranged according to the subject areas of design,
which are represented by the relevant services of the
enterprise (fig. 2).

Marketing ] /
Service AMO-CRM
— S—
( . Access®
Personnel cess,
Service . control |
........ b — . —. S
S — —) and video |
Producltiou BIMcloud r Estimate 8 r *I surveillance systems
Service —— B Pt S
! l
SUP p ly | I Moniterra I
ervice
m——
Financial - e |
Cloud Technologies | Enterorise I
Service e pris ’i

Pre-investment Pre-project

stage stage

R

Operational
stage

Project
stage

Construction
stage

Fig. 2. The use of information technologies according to the life cycle stage of construction and the subject area of application

Obviously, information technology and systems are
part of the resource potential of the enterprise. In general,
the resource potential of the enterprise is a set of its
tangible, labor, intangible, financial, time, information
resources, including the ability of employees to effectively
use these resources to perform the intended technological
process and achieve strategic and current goals of the
enterprise [21].

We distinguish among the set of resources material
resources (inventories, current assets) that participate in
the process of economic activity during one production
cycle, while completely changing their form and transfer
their value to the costs of the enterprise.

Pre-investment, pre-project and project stages of the
life cycle of a construction project are such that they
practically do not require the use of material resources.
However, at these stages, all the necessary information for
the construction phase is formed, namely — the project,
which generates the composition, structure, quantity, time

of receipt and other characteristics of the set of material
resources.

The functions of material resource management can
be reduced to four main groups [21]:

1. Planning the parameters of material flows, ie
planning the need for material resources in conjunction
with the choice of suppliers, forms and channels of supply
of resources.

2. Organization of the process of receipt of material
resources.

3. Regulation of the parameters of material flows by
bringing them closer to the actual needs of the enterprise.

4. Periodic control of the process of resource use
based on monitoring the parameters of construction
works.

The functions of material resources management are
implemented at different stages of the life cycle of the
construction project (fig. 3).
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Fig. 3. The ratio of stages of the life cycle of the construction project, levels and functions of material resources management

These management functions are the main
tasks of information technology of material resources
management (ITmmr) of  the construction
enterprise.

By definition, information technology as a finite
ordered set of methods and means of information
processing (Information Processing) elements of
information  technology can formalized
as follows:

ITmmr = <{IR,

be

o IPyI{Ry, (1)

where IR, ..., IR, R;,... Ry, —
information technology and means of their ordering,
respectively, N and M - power of sets IP and R.

As a resource, information technology ITmmr must
have certain characteristics of P (functional and cost), and
must meet certain information needs of information
technology consumers.

The following functional characteristics B,,..., P, of
information technology of material resources management
are generalized:

P— use
technologies;

P,— availability of a unified base of material
resources;

P,— compliance with the regulatory framework for

informatization of the economic activity of the enterprise;
P, — availability of mechanisms to support strategic

o Ru}>,

sets of elements of

of computing paradigm of cloud

and operational management decisions;
P,— support for data exchange (import and export)

with external sources;

P, — availability of means of integration into the

existing information ecosystem of the enterprise;
P, — modular structure of information technology.

Each of the selected characteristics is vector
(multifactor), the content of which is revealed in the
subsequent stages of modeling.

Development and implementation of information
technology for material resources management requires
qualified personnel, financial and time costs. Therefore,
when creating information technology, it is necessary to
determine the metrics of its effectiveness. To date, an
arsenal of approaches to determining the effectiveness of
information technology, both economic and systemic. The
difficulty lies in the fact that the quantitative assessment
of the actual economic efficiency of investment in the
creation and implementation of information technology as
such does not cover all the results and consequences of
development.

A set of elementsIP,..., IP, of the information

technology and the main flows of information exchange
R,....R, we present in the form of a conceptual model
(fig. 4), which has a clearly defined modular structure
(property).

It is assumed that the data processing modules
should be placed in the cloud (property). The arrows in the
diagram indicate the information flows between the
technology modules.

Analysis of the available means of determining the
effectiveness of information technology in terms of
subject area showed that the most acceptable is the service
strategy ITIL (IT Infrastructure Library) [22], which
implements a systematic approach to determining the
effectiveness of information technology.
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Fig. 4. Conceptual model of information technology of resource management

According to the ITIL strategy, the functional
efficiency K. (IP) of information technology

management of material resources of a construction
company is assessed by the results of operational
{K.,(IP)}, financial {K_,(IP)}, strategic {K.,(IP)},

industrial {K_,(IP)} industries. In turn, the criterion of
operational efficiency K., (IP) for ITmmr includes such

criteria as: reducing information processing time
K.,(IP) and resource delivery time K_,(IP),

increasing the productivity of the supply service
K. (IP), increasing the reliability of the supply process

K., (IP) to reduce risks K.;(IP) (by type of resources),

improving the use of resources with limited life
of K. (IP).

The criterion of efficiency K.,(IP) of financial

activity concerning ITmmr includes such partial criteria,
as reduction of direct expenses K., (IP) for creation of a

product of the construction project, criterion of growth of
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margin K_,,(IP), criterion of execution of the budget of
the construction project K, (IP) .
The criterion of strategic efficiency K, (IP)

includes the criteria of strengthening the market position
of the enterprise K., (IP), determining the competitive

types of housing projects K., (IP), improving the quality
of construction K_,,(IP), offering new types of services
in the field of housing K, (IP), improving the comfort
of the construction project product K, (IP) .

The criterion of industrial efficiency K, (IP)

contains such partial criteria as the criterion of growth of
the company's share in the housing market K., (IP), the

criterion of compliance with construction standards and
regulations K,,(IP), the criterion of recognition of the

enterprise as a leader in the housing market K_,,(IP) .
Thus:

)

where F is a certain type of hierarchical convolution of

K (IP) = F[4, K, (IP)],i =1,..4,

partial efficiency criteria K (IP),4 - isomorphism
parameters that lead heterogeneous partial efficiency
criteria to a single metric,

A=A i=12..3, 3)

where J;,i =1,...,4 is the number of partial criteria by types
of information technology efficiency.

Research results and their discussion

A structural analysis of the existing information
ecosystem at a construction company at the regional level
in conjunction with the elements of the organizational
structure of the enterprise and the stages of the
construction life cycle. The existing elements of
automated information processing are considered as
reference points for the development of information
technology management of material resources of the
enterprise.

The functions of management of material resources
of the construction enterprise which are realized at various
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MOJIEJTFOBAHHS IHOOPMAIIMHOI TEXHOJIOI'Tl YIIPABJITHHS
MATEPIAJIBHUMU PECYPCAMMU BYIIBEJIBHOI'O NIIIPUEMCTBA

[peamerom pocmiUkeHHS B CTaTTi € iHQOpMAIliifHa TEXHOJIOTIS YHpPaBIiHHA MaTepialbHUIMU pecypcaMu OyIiBeIBHOTO
mignpuemMcrtBa. Mera poboTu — moOyZoBa Ta peamizalis 1HCTpYMEHTaIbHHX 3aco0iB MOJAETIOBaHHS iH(pOpMauiifHOI TEeXHONOTil
YOpaBIiHHS MaTepialbHUMU pecypcaMy OyZiBeJIbHOro MiANPHEMCTBA. B cTaTTi BUPILIYIOTBCSA HACTYIIHI 3aBJAHHA: BU3HAYCHHS
Mics iH(opManifHOT TeXHOJIOTIi YIIpaBIIiHHSI MaTepialbHIMH pecypcaMi OyAiBeILHOTO IiIPHEMCTBA B iHOpMaNiiiHill ekocucTeMi
Cy4acHOro OymiBeNBHOTO IIANPHEMCTBA, BU3HAYEHHS OCHOBHHX CKJIAJOBHX Ta MmoOymoBa (yHKIiOHANBHOI Mozeni iHdopmaniiiHol
TEXHOJIOTI] YNpPaBIiHHA MaTepiabHUMHU pecypcaMH OyiBEeIbHOTO MiANPHUEMCTBA, IO BPAaXOBYe HEMOJIKH ICHYIOUHX MOJeNeH,
BU3HAYEHHS] YaCTUHHHX ITOKAa3HHKIB e(eKTUBHOCTI iH(pOpMamiifHOT TeXHOJIOTI] Ta CTBOPEHHS ONTHMI3aliliHOI GaraToKpHUTepiatbHOT
Mojeri iHGopMaIiifHOI TEXHONIOrIl, 110 PO3rNIAAAEThCS. BUKOPHCTOBYIOTHCS Taki METOAM: CHCTEMHOIO aHalidy, CTPYKTYypHOTO
aHaJi3y, MaTeMaTHYHOTO MOJENIOBAaHHA CKJIAIHHX CHCTEM Ta MpOIeciB, OaraTokpuTepiagbHOl onTuMizarii. OTpuMaHO HACTYIHI
pe3yJbTaTH: MPOBEJCHO CTPYKTYPHHUI aHasi3 HasBHOI iH(GOpMAalifHOI eKOCHCTeMH Ha OyAiBENIbHOMY MiAIPHEMCTBI PEriOHAIBHOTO
PiBHS, CKIag AKO1 Y3TOPKEHO 3a €JIeMEHTaMH OpTaHi3alliifHO CTPYKTYypH MiANPHEMCTBA Ta €TAIiB KUTTEBOIO IUKIY OyIiBHHUITBA;
po3rsIHYTO (YHKIIT yNpaBiiHHSA MaTepiajJbHUMHU pecypcaMH OyAiBEIBHOI'O MiANPHEMCTBA, IO PEaNi3yloThCs Ha PI3HMX eTamax
KHUTTEBOTO LUKy OyAIBEIBHOIO IPOEKTY; MOOYZOBAHO TEOPETHKO-MHOXHHHY MOJENb iH(pOpManiiiHOi TeXHOJOTii yIpaBiiHHA
MaTepialbHUMH pecypcaMy; BHU3HA4eHO (YHKIIOHAIBHI XapaKTepHCTHKU iH(opMamiiiHoi TexHoyoril, Mo po3TIiIacThes,
3aIpoOIIOHOBAaHO KpuTepii eeKTHBHOCTI iHpopMaIiitHoi TexHouoril 3a cTparerieto ITIL; moOymoBaHO KOHIENTYyalbHY MOJEIH
iH(pOpMaLifHOT TEXHOJIOTIi YNpPaBIiHHSA MaTepiaJbHUMH pecypcamu. BHCHOBKH: Brepmie po3poOieHO 3aco0M MOAETIOBaHHS
iH(pOpMaLifHOT TEXHOJOTIi YHpaBIiHHSI MaTepialbHUMH pecypcaMH OyAiBEeNbHOTO MiANPHEMCTBA, LI0 BKIIOYAIOTh TEOPETHKO-
MHOXHWHHY MOJENb iH(popMamiiHOI TEXHOJOTii YHMpaBIiHHS MaTepiaJbHUMH PECypcaMu; 3alpONOHOBAHO KOHIIENTYAbHY CXEMY
iH(popMaLiitHOT TEXHOJIOTil, IO peali3ye BU3HAUCHI (YHKIIOHAJIBHI XapaKTEepUCTUKH iHPopmariiiHoi TexHoimorii. [loOymoBana
CTpaTerisi MOJICITIOBAaHHS 3a0€3MEUYNTh MOXKITUBICTh MOIATBIIOT0 PO3BUTKY Ta MPOTPaMHOI peaizalii iHpopManiiHOT TEXHOOTIT.
Kumrouosi ciroBa: indopmaniiini moroku; OyaiBenbHe MiIPUEMCTBO; (GYHKIIOHAIBHA MOJIENb; KPUTEPil e(eKTHBHOCTI.

MOJIEJIMNPOBAHUE HH®OPMAILIMOHHBIX TEXHOJIOI' A YIIPABJIEHU A
MATEPUAJBHBIMU PECYPCAMMU CTPOUTEJIBHOT'O ITPEAIIPUATUSA

IIpexMeroM WCCIENOBAHUS B CTarbe SIBISETCS WH(DOPMAIMOHHAS TEXHOJOIWS YIPABJIEHHS MAaTEepUaIbHBIMUA peCcypcaMu
crpoutenbHoro mpennpustus. Ileqas paGoThl - MOCTPOEHHWE M peaau3alysi HWHCTPYMEHTAIBHBIX CPEICTB MOIETUPOBAHMS
UHPOPMAILMOHHON TEXHOJOIMH YIPABJICHUS MAaTepUaJbHBIMH DPECypcaMd CTPOHMTEIBLHOTO MpPENNpUsTHs. B crarbe pemiarorcs
CIIE/IyIOIINE 3a/1a4l: ONpe/IeicHHe MecTa HHQOPMAIMOHHOM TEXHOJIOTHH YIPABJICHUS MaTepHaIbHBIMU PECYpPCAMHU CTPOUTEIIBHOTO
OpenpusTiHs B WHOOPMAIMOHHON 3IKOCHCTEME COBPEMEHHOTO CTPOUTENBHOTO HPEANPHATHS, ONpPEACICHHE OCHOBHBIX
COCTABJISAIONIMX M MOCTPOCHUE (YHKIMOHAILHONW MOJENH HHOOPMAIMOHHON TEXHOJIOTHH YIPABJICHHS MATEPHAIBHBIMU PECYpCaMu
CTPOUTENILHOTO TPEANPUATHS, YYMTHIBAIOIINA HENOCTATKA CYNIECTBYIOUIMX MOJENEH, OINpeeieHne 4YacTHBIX MOKasaTelen
3¢ PeKTUBHOCTH WH(YOPMAIIMOHHOW TEXHOJIOTHH M CO3JaHUE ONTHMHU3ANMOHHOW MHOTOKPUTEPHAILHOM MOJEIM MH(POPMAUOHHON
TEXHOJIOTHH, paccMarpuBacTcs. VICIOJB3YIOTCA — CHEAYIOIIME METOAbI: CHCTEMHOTO aHali3a, CTPYKTYpHOTO —aHaH3a,
MaTeMaTHYECKOr0 MOJIEIMPOBAHUS CJIOKHBIX CHCTEM M IPOIECCOB, MHOIOKPUTEPUAIBHON ONTHMHU3AIMK. [10JydeHbl CIEAyIONHe
pe3yJbTaThl: IPOBEAEHO CTPYKTYPHBIM aHAIW3 HMMEouIeics HHPOPMAIMOHHON 3KOCHCTEMBI Ha CTPOUTEIHLHOM IMPEIIPHSTHH
PErHOHANBLHOTO YPOBHS, COCTaB KOTOPOM COTJIACOBaH C BJIEMEHTAMH OPTaHH3al[MOHHON CTPYKTYPHI TPEANPHUATHS W ITaroB
JKU3HEHHOTO [UKJIA CTPOUTENBCTBA; PACCMOTPEHBI (DYHKI[MH YIIPABICHHS MaTEPHAIBLHBIME PECYPCAMH CTPOUTEIHLHOTO TIPEANPHATHS,
peaM3yeMbIX Ha pasinyYHbIX dTarax >KU3HEHHOTO IUKJIA CTPOUTEIBHOTO MPOEKTY; MOCTPOEHO TEOPETHKO-MHOXKECTBEHHYIO MOJIEIH
UHPOPMAIMOHHON TEXHOJIOTHH YIPABJICHUS MAaTepHAIbHBIMH PECYPCaMH; OINMpENeieHbl (PYHKIMOHAIBHBIE XapaKTEPUCTHKH
WH(OPMAIMOHHON TEXHOJIOTHH, PacCMaTPUBAETCS, MPEIIOKEHBl KpuTepud 3()(GEKTUBHOCTH HMH(POPMAUOHHONW TEXHOJOTHH IO
crparerun ITIL; MOCTPOEHO KOHIENTYaIbHYIO MOJENIs MHPOPMAIMOHHONW TEXHOJIOTHH YIPABJIEHHS MaTepUajbHBIMU PECYPCAMHU.
BoiBoabI: BrEepBbie pa3pa0OTaHbl CPEACTBA MOJIEIMPOBAHHUSA WH(POPMAIMOHHON TEXHOJOIWM YIPABJIEHHS MaTepPHAILHBIMU
pecypcamMy  CTPOUTENBLHOTO TPEANPUATHS, BKJIIOYAIONIME TEOPETUKO-MHOXECTBEHHYIO MOJETb HMH(POPMAIMOHHONW TEXHOJIOTUH
VIpaBIeHHUsT MaTEPUAIBHBIMH DPECypcaMu; MpEUIOKEHA KOHIENTyalbHas cxeMa HWHQOPMAIMOHHON TEXHOJOTHH, pPeaju3yer
ompeJieieHHble  (YHKIMOHAIBHBIE XapaKTEPUCTHKH HMH()OPMAIMOHHON TexHonoruu. I[loCTpoeHa CTpaTerds MOJeIUpOBaHUS
00€eCreynT BO3MOKHOCTD JABHEHINEr0 Pa3BUTHSA U MPOrPaMMHOMN pearu3ainy HHGOPMAIIMOHHON TEXHOJIOTHH.

KiwueBbie c¢a0Ba: WHOOPMAIMOHHBIE IOTOKH; CTPOUTENBHOE TNpPEANpHATHE; (DYHKIHOHAIBHAS MOJEb; KPUTEPHU
3G HEKTUBHOCTH.
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OCOBJIMBOCTI BAKOPUCTAHHS YETBEPTOI'O ETAITY AKYCTHUYHOI
EKCIIEPTU3U 1JIA IPUMIIIEHD CIIEHIAJIBHOI'O ITPU3HAYEHHS

[Ipeamerom nOCHiIKEHHA B CTaTTi € METOJOJOTIS NPOBEACHHS EKCIEePTU3H MNPHUMILICHb 3 METOI0 CTBOPEHHS ONTHMAIbHHUX
aKyCTHYHHX YMOB B 3aJIGKHOCTI BiJl MPU3HA4YEHHs NMpuMilieHHA. MeTa — MiIBUILEHHS SKOCTI MPOBEAEHHS BCIX €TaliB aKyCTUYHOI
EKCHEPTU3U 3 YPaxyBaHHSAM INPHMIIIEHb, U SIKHX 1CHYIOTh OCOOJMBI BUMOTH O SKOCTI IEPENaHOT0 KOHTEHTY a00 i SKUX €
ocobumBocTi 'y (opMmyBaHHI 3ByKOBOTO TOJS. [IyIsI JOCATHEHHS IIOCTaBI€HOI METH, aBTOpaMM B CTaTTi 3alpoOIIOHOBaHAa HOBA
TIOCJIITOBHICTh IIPOBEAEHHS €TaIliB aKyCTHYHOI €KCIIEPTH3H, a caMe, BUKOPHUCTaHHS 3aBEpIIaJbHOTO (YSTBEPTOTO) €Taly B SIKOCTI
nepmoro. Taka IOCTIJOBHICTh ITPOBEJCHHS €TaliB BHUMAara€ BHPIMICHHS AEKUIBKOX 3aBJaHb: BH3HAUCHHS YMOB IIPOBEIEHHS
JOCII/DKEHb 3 ypaxyBaHHAM CHEeIU]IKM NPHUMIIIEHHS 1 KOHTEHTY; BHOIp amapaTHO-NPOrPaMHOrO KOMIUIEKCY IUIS NPOBEIEHHS
JOCIIJDKEHb; BH3HA4YCHHS IH(QOPMATHBHHX KPUTEpiiB OIMIHKM aKyCTHKH HPHUMIIIEHHS 3 YpaxyBaHHSAM BCiX HOTO OCOOJMBOCTEH;
00poOKa Ta aHami3 OTPUMAHMUX PE3yJIBTATIB. 3aCTOCYBAaHHS TAKOTO IMiAXOIY JI0 €TamliB aKyCTHYHOI eKCIepTU3u OyJo pO3IIIAHYTO Ha
MIPUKJIal 3ay 3acilaHb, IS SKOTO OyJIM MPHUCYTHI BUMOTH 10 BHCOKOI SIKOCTI MOBHOTO KOHTEHTY, B 3aJli B)K€ BUKOPHCTOBYBAJIACS
cucTeMa 3BYKOIIJACHICHHsS, Oynmn ocoOMMBOCTI y (opMyBaHHI 3BYKOBOTO IIONIsl. ABTOpaMH B CTAaTTi OMHMCaHI pIilIEHHA BCiX
MOCTABICHUX 3aBAaHb U1 JOCTIIKyBaHOTro TNpuminieHHs. OTpuMaHi pe3yJabTaTH JO3BOJIWIM TPOAHATi3yBaTH OO0'€KTUBHI
XapaKTePUCTHKH 3BYKOBOTO TOJISI Ta BUSBUTH HPHMYMHHU HU3BKOI SKOCTI Iepefadi MOBHOTO KOHTEHTY HE TUIBKH IIPH aKyCTUYHOMY
pO3paxyHKy, aje NpH BHUKOPHUCTaHHI ICHYIOYOi CHCTEM 3BYKOMIJICWICHHS (EIeKTPOaKyCTHUHHH pO3paxyHOK). BHcHOBKH.
3anponoHoBaHa TMOCIIOBHICTh TMPOBEACHHS CTAIliB aKyCTUYHOI CKCIEePTHU3U Ja€ MOXKIHMBICTh BHSBUTH "MPOOJAeMHI" Micusd B
(opMyBaHHI 3BYKOBOTO MOJS i/a00 BM3HAYHTH MOXJIMBI IUISXM BHUPIMIEHHS M€ MO IOYATKy eTaliB IepeBipKH ICHYFOUYHX
apXITeKTypHO-OyIiBENbHUX PILICHb i PO3POOKH TEXHIYHOTO 3aBIAHHS Ha KOHCTPYKIII OrOpOKYyBaJbHHX HOBEPXOHB 1 3aXOJiB IO
CTBOpPiHb ONTUMAJIbHUX aKyCTHYHHX YMOB.

KuarouoBi cioBa: akycTHYHa eKCHEPTH3a; OO'€KTHBHI XapaKTEPHCTHKH 3BYKOBOTO IIOJSA; KpUTepii OLIHKH aKyCTHKH
MIPUMIIIECHHS.

Beryn eram, SKAA  BKJIIOYAa€  MPOBEICHHS  BHMIipIOBAaHb
00'€eKTHBHHX XapaKTEPHUCTUK 3ByKoBoro o [1, 2, 9].
AKyCTHYHAa  CKCIepTH3a  MPHUMINICHb  PI3HOTO OG6poOka Ta aHami3s OTPUMAHMX PE3YJILTATIB
NpU3HAYEHHS BKJIFOYA€E YOTUPHU eTanu [13-15]: BUMIPIOBaHb I03BOJISIE IIPOBECTH OIIIHKY HE TIJIbKH
- TIepuImit eTan — nepeBipka icHyrounx  aKyCTHKH MIPUMIIICHHA (aKyCTUYHHH PO3pPaxyHOK), a M
apXIiTeKTypHO-OYAIBeNPHUX pIllEeHb I BHYTPIIIHIX iCHy1040i CHCTeMM 3BYKONIJCWIICHHS, SKIIO BOHA
ITOBEPXOHb MIPUMIIIICHHS (reomerpis, MaTepianu IIPHCY THA (eneKTpoaKy CTUIHHIA 'po3paxyHOK), mo Jae
06p06KH); MOJKJIMBICTh NPOBOJAMTH HACTYINH1 €TallM 3 ypaXyBaHHIM
- Ipyruii eram — po3poOKa pEeKOMEHaliil mogo  BUABJIEHHX HEJIOJIIKIB Ta ocoOyuBocTeil y (hopMyBaHHI
migBumeHHs  aad(Qy3HOCTH  3BYKOBOrO  IMOJii Ta  3BYKOBOIO IOJIA.
3abe3nedeHHs ONITHUMAJILHOT CTPYKTYpH

peBepOepaIliitHOro mporecy (eramn CTBOPSHHS TEXHIYHOTO
3aBJiaHHs Ha PO3POOKY KOHCTPYKIiil OropojKyBaJbHUX
IIOBEPXOHbB);

- TpeTii  eram —  MOJENIIOBaHHS  aKyCTHKH
NPUMILIEHHS. 3 PEKOMEHIOBAHUMHU O037100JI0BaIbHUMH
MarepialaMi Ta pPEKOMEHJIOBAaHHMMH B TEXHIYHOMY
3aBJIaHHI OTOPOKYBaJIbHUMH ITOBEPXHAMHU;

-4eTBepTH  eTam —  BUMIp  OO'€KTHBHHX
XapaKTEePUCTUK 3BYKOBOTO TIOJIS, SIKE CHHTE30BAHO IIICIIS
BHUKOHAHHS PEKOMEHJOBaHHX 3ax0/1iB 110/10
3a0e3neueHHs] ONTUMAIBHUX aKyCTHIHUX YMOB.

[TocnimoBHICTE Ta 00CAT TPOBEAEHHMX B pPaMKax
aKyCTHYHOI eKCIEepTH3M eTalliB MOKe 3MiHIOBaTHCS 3a
paxyHOK TMeBHUX (akTopiB ab0 HAsSBHOCTI OCOOIMBHX
NEpBUHHUX YMOB BHUKOHAHHS eKCIepTH3H. Takumu
¢dakTopaMM Ta ~ yMOBaMH  MOXYTb  BHUCTYIIATH:
MIPUMILICHHS, B SIKMX HIPUCYTHI 0COOJIMBOCTI (popMyBaHHS
3BYKOBOTO  IIOJIS;  NPUMINIEHHS 31  CIleialbHUM
NIPU3HAYCHHSIM; MPHUMIIIECHHS 3 OCOOJIMBUMH BUMOTaMH
70 00'eKTHBHHX 1/a00 CyO'€KTMBHHX XapaKTEpHUCTUKaMH
3BYKOBOTO II0JIS; MPUMILIEHHS 3 OCOOJIMBUMH BUMOTaMH
JI0 THITY Ta SKOCTI epeadi KOHTEHTY. Y TaKuX BHIaJKax
B SIKOCTI TIEPILIOTO €Taly BHUKOPHUCTOBYEThCS YETBEPTH

Merta i 3aga4i gocaixKeHHsa

B poGori mocraBiieHO 3a MeTy MiJIBUIIEHHS SKOCTI
OLIIHKM aKyCTHYHMX YMOB B IPUMILIEHHI 32 paxyHOK
MPOBEJCHHSI ~ BHUMIPIOBAJBHOIO  €Tamy  aKyCTHYHOI
EKCIepTU3H (YeTBEPTOro eTamy) B SKOCTI MEPIIOro eTamy
Ha TPUKJIAi CIEIiaJbHOTO MPUMIMICHHS 3 OCOOIHBUMH
BUMOTaMH /IO THITY Ta SKOCTI Tiepeadi KOHTEHTY.

Jns  nMocATHEHHS METH HEOOXiHO BUPIIIATH
HACTYTIHI 3a7adi:

- BU3HAYHUTH YMOBH IPOBEICHHS JOCITIIKEHb;

- 3aMPOIOHYBATH aNapaTHO-IPOTPAMHHIA KOMIUIECKC

st TIPOBEJICHHS BHMIipIOBaHb 00'eKTUBHHUX
XapaKTePUCTUK 3BYKOBOTO TIOJIS;
- BU3HAUUTH  iH(QOpMATHBHI  KpPHUTEpii  OIHKH

aKyCTUKU TPHUMIIICHHS 3 ypaxyBaHHSIM OCOOJHBOCTEH
MPUMIIICHHS 200 KOHTEHTY, 1[0 BUKOPUCTOBYETHCS;

- POBECTH aHaJi3 OTPUMAHUX PE3YJBTATiB 3 METOIO
BUSBJICHHS 0COONHMBOCTEH (OpMyBaHHS 3BYKOBOTO TIOJISI B
NPUMIIICHHI, OIIHKH SKOCTI Tepenavi KOHTCHTY,
BUSBJICHHS TPWYMH HE3aJ0BIIBHOI SKOCTI IMOKAa3HHUKIB,
BU3HAUEHHS 3aXOMdiB 1 peKOMEHHaIlild Ui TOJATbIITUX
€TariB aKyCTHYHOT €KCIIEPTU3H.

© C. M. ITopouus, B. B. Ycuk, 2021
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OcHOBHA YacTHHA

1. YMoBHM npoBeaeHHs T0CTiIIKeHb

[TincTaBoro 1A MPOBEACHHS aKyCTHYHOI EKCIIEPTH3H
NpUMIIIeHHss Oyja He3aJ0BiIbHA SKICTh  Tepenadi
MOBHOTO KOHTEHTY, 5K 33 YMOBH BHUKOPHUCTAHHSI
HEHAIPaBIICHOTO JDKepenna 3BYKOBOTO CHTHAITY, Tak i IpH
BHKOPUCTaHHI ICHYIOYOi CHCTEMH 3BYKOIIiICHJICHHS.
OO0'ekTOM  JOCHI/UKEHb  BUCTYNIMB  3al  3aciJaHb.
JlocimKkyBaHuii 3271 MaB TEOMETPHYHI pO3MIpH: IIUPUHA -
24,69 M; nOBXHHA 24,47 wm, Bucora - 12,94 wm.
[ToBiTpstHuii 06cAT CTaHOBUTE ~ 7817,9 M3.

BuMiproBaHHS ~XapaKTEPUCTUK 3BYKOBOTO  MOJIS
MPOBOJUBCS 3 BUKOPUCTAHHSAM amapaTHO-IPOTrPaMHOIO
kommiekcy [11, 12, 16, 17]. Jlns npoBeaeHHS AOCIIKEHb
OyIJi0 BU3HAYCHO HACTYITHI YMOBH:

1. BumiproBaHHS B MPHUMIIICHHI 32Ty HPOBOIFIIHCS
srigro ISO 3382 [5-7].

2. Cxema pO3MIMIEHHS TOYOK BHMipIOBaHb
mpexacraBieHa Ha puc. 1-2. YV mpumimenHi Oyio oOpaHo
35 TOYOK pO3MIlllEHHs BHMIpPIOBAIBHOTO MikpodoHa Ha
nepmoMy moBepci Ta Ha  OamkoHi. Mikpodon
po3MmilryBaBcs Ha BHUCOTI 1,2 M BiJ MOBEPXHi MIJJOTH B
30HI po3TaltyBaHHs kpicel. JlocmimKyBaHe IpUMIIICHHS €
CUMETPHYHHUM Y3JI0BXK MO3OBXKHBOI BiCi, TOMY BCI TOUKH
PO3TaIIOBYBAJIMCS B NPaBiil TOJIOBUHI 3aITy.

3. BumiproBaHHS B TIPUMIIOICHHI MPOBOAMINCH Oe3
YYacHUKIB 3aCiTaHH.

4. Bci mpoBeneHi pe3ysbTaTH BUMIPIOBaHb Ta ix
aHai3 MICTHTh JBa BapiaHTH, sKi BiAPI3HAIOTHCS
BHKOPHUCTAHHAM PI3HHX JDKEPET TECTOBOTO CUTHANY.

[epmmii BapianT (aKycTuuHUi). B sikocTi mxepena
TECTOBOTO CHUTHATy BHKOPHCTOBYBaIM  HCHAIPAaBJICHE
JoKepesio, sike Oysio BCTaHOBIEHE Ha BHCOTI 1,5 M Bifg
MiJJIOTH  Ta  PO3TAllOBAaHO IO  MO3MOBXKHINA  BICi
MPUMIIIICHHS B paiioHi eHTpanbHOl TpuOyHHU [3, 4].

Hpyruii BapianT (esieKTpoakycTHuHuid). s omiHKu
napaMmeTpiB CHHTE30BAHOTO 3BYKOBOTO TMOJSI, B SIKOCTI

ICHyIOYa CHCTeMa 3BYKOMIACHICHHS 3ally 3 BKIIOYCHOIO
KOHTpecC cucTeMoio [3, 4, 5].

5. 3rimHO 3 THM, IO OCHOBHHWH 3BYKOBHUH KOHTCHT
JUTSL JOCHIDKYBaHOTO MPUMIIIICHHS] OyB MOBHUH MaTepial,
To Oyam BHU3HAYCHI Ta BUMIpsIHI ~ HACTYIIHI
XapakTepucTuku: yac pesepOepauii T30, panniii yac
cnany EDT; moBHa sicHicTh C50, SICHICT IIPSIMOTO 3BYKY
C7; %ALcons — BIOCOTOK apTUKYJALIHHUX BTpaT
npuronocuux; STI  iHgekc mnepemaui moBu; RASTI
IIBUIIKUH 1HIeKC nepenadi Mmoeu [10].

2. Kpurepii ouinku akycrtuxu npumimensas [10,
12, 17]

Yac peBepoeparii.

Jlnst BuMiptoBanHs paHHbOro dacy cmamy (EDT) i1
gacy pesepOepariii (RT) BHKOPHUCTOBYETHCS BIATYK Ha
IMITyJIbCHUH BIUIMB B npuMmimieHHi. KpyTusHa oGepHeHO
IHTErpOBaHOTO JIOrapu(MIUYHOTO IMITYyJIbCHOTO BIATYKY
npuMitieHHs (tak 3BaHa auisiHka Illpenepa) mo3Boiisie
po3paxyBaTu 4ac peBepoepariii.

OTpuMaHi pe3ynbTaTh NPEACTaBICHI B 4YacTOTO
3BaKCHOi (opMi (ONLIOHAIBHO TPETHHY OKTaBH) Ta
BimmoBiaHo 1m0 ISO3382 Bu3HA4ae X CHEPrETUIHHMH
nmianmazoHamu Bix -5 nb mo -15 ab (EDT), i Bix -5 nb a0 -
35 nb (T30) [5-7,10].

Tak sk B pealbHUX YMOBax 3ajliB Ba)XKO JOCSTTH
HEOOXITHOTO AWHAMiyHOro niama3oHy B 60 nb mis
OTpHUMaHHS CTaHIApTHOTO dacy pemepOepamii (T60), To
gac peBepOepallii BH3HAYAETHCSA SK 3aracaHHs piBHS
3BYKOBOTO THCKY B miama3oHi Bix -5 anb mo -35 nb i
HazuBaeTbes T30.

Posmipn  pocmimxyBaHoro  3amy Ta  Horo
MPU3HAYCHHS BU3HAYAIOTh ONTHUMAJIbHHUH yac
peBepOepamii T500. Ha puc. 3 mpexacraBieHi momyctumi
MeXi PEKOMCHIOBAHMX BIIXWICHb 3HA4YeHb 4Yacy

peBepOepamii 1mom0 ONTHMAIBHOTO dYacy peBepOepartii
T500.

JOKepeiia TECTOBOI'O CUTHAITy BUKOPUCTOBYBAJlacqa
LT T T T T 11
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Puc. 1. Cxema po3ralryBaHHs BUMipPIOBaILHOTO MiKpO(OHY IPU MPOBEACHHI aKyCTUYHOT EKCIIEPTH3H Ha MEpPIIOMY MOBepCi 3aiy
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Puc. 2. Cxema po3TanryBaHHs BUMipIOBAIBHOTO MiKpO(OHY IpH NPOBEICHHI aKyCTHYHOI €KCIIEPTU3H Ha OAJIKOHI 3a11
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Puc. 3. Jlonmyctumuii Aiana3oH BigxXuiieHb 4acy peBepOeparlii Bij onTuManbHOTo 3HaueHHs T500, pekoMeHI0BaHHI I MOBHOTO

KOHTCHTY

ScHicTh.

JIyist OI[IHKY TIOKA3HUKIB SICHOCTI B MPHUMIIICHHI, &
mepeBaxae MOBHOT KOHTEHT, OLIIHIOKOTHCS
IOKa3HUKH:

1) pisensnpsimoro 3Byky C,;
2) moBHa sicHicTh Cy, ;
1. PiBenp mpsimoro 3Byky C, BimoOpaxae 3BYKOBI

KOMITOHEHTH €Heprii MpsMoro 3ByKy IO BiJIHOLIEHHIO JIO
3BYKOBOI eHeprii BimoOpaxkeHp Ta peBepOepanii, sKi

npuOyBalOTh  ICHA  OPSAMOro  3BYKYy Ha  MicIe
mpocityxoByBaHHs.  [lokasHuk C, —  Kpurtepii
Cy0'€eKTHBHOTO CIPUHHATTS "6onu3pKoCTI" abo

"Oe3moceperHOCTI" pKepen 3BYKy (cmikepa). 3HaueHHS
PiBHS MPSMOT0 3BYKY BH3HAYAETHCS 32 (POPMYIIOO:

E
C, =10log,, (ﬁ) 1)

0 7

2. INokasznuk C,; Mae BiAHOMIEHHS 710 po30ipiauBOCTi

MOBH Ta PO3PaXxOBY€ETHCS 3a (POPMYIIOI0

E
C, =10 IOglO (ﬁ

0 50

). )

BigHomeHHs MiX MOBHOI SCHICTIO Ta BA3HAYEHHAM
nokazHuka Cy Jae OLIHKY, 3TifgHO 3 kol C,, TMOBHHEH

O6ytn >-2 nb. lle nomomMarae yHHMKHYTH 3MEHIIEHHS
sicHocTi ckiaay Hiwkde 80%. ScHicTh ¢pazu (TekcToBa
SICHICTB), 3aBASKH KOHTEKCTY € BHIIE, HIK SCHICTh
CKkIamy, Ta cTaHoBUTb 95%. 3mauenns C,, = -2 b

BBaAXXA€THCIA HUKXHBOIO )IOHyCTI/IMOIO MEXCH JIs1 FapHO.l.
MOBHOT a00 TEKCTOBOI SICHOCTI.

YiTkicTh MOBHOT0 KOHTEHTY.
Jlnst omiHKK po30ipiIMBOCTI BUKOPUCTOBYETHCS TaKi
MOKa3HUKH, SIK:

- 9%ALcons (percentage Articulation Loss of
Consonants) -  BIACOTOK  apTHKYJALifHUX  BTpar
IIPUT'OJIOCHUX

- STI (speech transmission index) - inmekc mepenaui
MOBH.
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- RASTI (rapid speech transmission
IIBUIKAHN 1HIEKC Tepeadi MOBH.

index) -

Bigcorox apTHKYJIAUIHUX BTPAT MPUTOJOCHHUX
(%ALcons).

JAnst omiHKK po30ipIMBOCTI OOUUCITIOETHCS BIZICOTOK
BTPAaTH MPUTOJOCHHUX, SIKI B OCHOBHOMY 1 BU3HAYAIOTh
CMUCIIOBHH 3MICT mpoMoBH. YuMm Oifblie med BifCOTOK,
TUM Tipmie po30ipiMBICTH MOBH B  IIPUMILICHHI.
MakcumanbHO nomycTuMe 3HadeHHs - 10% (3a ymMoBH, 110
MIPUMIIICHHS BiTHOCHO BUIBHO Bij IIyMy, IO MAaCKYE).
3HadeHHss Alcons o0'eqHaHi peHTHHTOBOi MIKaIH ISt
OITIHKH CJIOBECHOI MOBHO1 SICHOCTI (Tabur. 1).

Taonuus 1. [lxana oyinku moenoi scnocmi

3navenns Alcons Ouinka MOBHOI siICHOCT
<3% ineanpHa
=3% Iyxe 100pa
=8% nobpa
>11% mo 20 % MoraHa
>20% MapHa (TpaHHYHE 3Ha4eHHs 15%)

B npuMilieHHAX 1e BaXJIUBUM (AKTOPOM € sIKiCHA
nepejiaya MOBHOT'O KOHTEHTY, IIOKa3HUK apTHUKYJIALIHHIX
BTpaT mnpurojocHux %ALcons He Mae NepeBUIIYBaTH
3Ha4YeHHSA 5%.

Ingexc mepexaui mou (STI).

Meton po3paxyHKy iHgekcy mepemadi moBu (STI)
MOJsITa€ B TOMY, IO MOBHHM CHTHAN SBISE COOOIO
3rOPTKY IMITyJIbCHOI XapaKTepHUCTHKH 3BYKOBOTO CUTHAITY
JoKepena (U1l TOJIOCHUX 3BYKIB i€ IMITYJIbCHHI CHTHAM 3
Maike TapMOHIHHMM CHEKTPOM, IS INPHUIOJIOCHUX 1€
UIYMOBHHA cHrHan pizHoi QopmMu) 3  iMIyJIbCHOIO
XapaKTEPUCTHUKOIO TOJIOCOBOTO TPAKTY.

MoBHHUH CUTHAJI MOKHa HAOJIKEHO PO3TIISIATH SK
MEBHUHA IMUPOKOCMYTOBHU cHTHaN (3 cmyrow 125
8000 I'm), MomynpOBaHHMK IHIIUM CHTHAJIOM 3 HHU3BKOIO
9acToTor0. YacToTa MOAYIALIi BU3HAYAETHCS MIBUIKICTIO,
3 SKOI IIOJMHA BUMOBJISE€ (OPMAHTH (IIBHIKICTIO
apTuKyIsii). ExcepuMeHTH TMoka3and, M0 YacTOTH

MoraHo Cnabo

CepegHbo

MOJYJISIII B 3BUUalHili MOBI 3HAXOMATHCS B Jiarma3oHi Bij
0,63 mo 16 I'm, mpryoMy HaiOINBII HMOBIPHI YacCTOTH
MOJYJISI] 3HAXOAAThCA B obmacTi 5 ... 7 ',

Busnauenus 3HaueHb STI 3acHoBaHe Ha BHMIpi
IOIaBJIEHHS MOIYJIAIIIT CUTHAITY MIXK MicIEM
pO3TallyBaHHS JKEpela 3BYKy, HANpPHKIAI, HA CICHI, Ta
MPUAOMHUM  BHMIPIOBAJIGHUM  MICICTIOJIOKCHHAM 3
cepeHiMU OKTaBHUMH YacTtoTamu Bin 125 'y mo 8000 I,

OpnHak, He TUIBKK peBepOepallist Ta IIyM 3MEHIIYIOTh
SICHICTh MOBH, aJleé TaK0)K BCi 30BHIIIHI CHTHaIH abo ix
3MiHHM, SKi BiIOyBarOThCS Ha NUIAXY BiX JDKepena a0
ciyxada.  Jas  MATBEPIKEHHS  [BOTO  BIUIMBY
BHKOPHUCTOBYETHCSI MOJIYJIAIINHHA TIepeaaBaibHa QYyHKITIS
(MTF). HasBHu{ KOpHCHMWI cuTHaI S  (CHUTHaMN)
CIIBBITHOCUTBCS 3 TMEPEBAKAIOYUM  CUTHAJIOM IO
3aBakae, N (mymoMm). BusHagambHUM  (aKkTOpOM
MmopaymsiniiHoro noxasieHHs m (F) e dakrop, skwmii
XapaKTepU3ye MEePEIIKOANA 3 MOBHOT SCHICTIO:

1 1
ST ®)

1+ (22F - RVy2 1410 9%
138

m(F) =

ne F — uwactora moaymsnii, ['m; RT — yac peBepbeparii, c;
S/N — BiHOILIEHHS CUTHAJ/IIyM, 1b.

Jns  0oOYMCICHHS BUKOPUCTOBYIOTBCS  YacTOTHU
moaymsiii Bix 0,63 T'm mo 12,5 T'i B TpeTHHY-OKTaBHUX
cmyrax. Kpim Toro, Moaynsuiiina nepeiaBaibHa GpyHKIis
migmaeTbess HambaBky vactotn (WMTF — HaBaHTa)keHa
MOAYJISIIHA TepenaBanibHa (YHKINSA) IS AOCATHCHHS
MOBHOI Kopensmii 3 MOBHOI scHicTio. [lpum mpoMy
MOJIyJIAIifHA TMepenaBaibHa (YHKIISA TOMIIAETEC HA 7
JliaITa30HIB 4acTOT, KOXKEH 3 SIKAX MOIYJTIOBATH YaCTOTOIO
Monynsii. Ile mpm3Bogute mo marpumi 7 x 14 = 98
KOC(IIE€HTIB MPUIYIICHHS MOLY/ISIIT mi.

Jdust Toro, mo0® Oyna MOXIHMBICTH TOPIBHATH
pe3yJbTaTH OIIHOK PO30IpJIMBOCTI, OTPUMAHHUX PI3HUMU
Meronamu, Oyma  po3poOiieHa  3arajJibHa  IIKaia
po3oipmuBocti CIS (cranmapt IEC-60849), o no3Bosse
repepaxoByBaTH 3HA4Y€HHS PO30IPIMBOCTI, OTPUMAaHOT
pizHUMH ~ MeTomamMH  (SK  CyO'€KTHBHHMH, TakK 1
00'€eKTUBHUMH) OfIHA B iHIY (pHC. 4).

HoBpe BiamiHHO
1 I 1 L I L 1 L L I

I L 1 1 L 1 I L L I
LI
0 01 02 03 04

Puc. 4. IlIkana ouiHky iHACKCY Tepeaadi MOBH

Mexi 3miam  STI pgnsa  3abesmedeHHs rapHOi
PpO30ipaUBOCTi, OCOOIMBO ISl IPUMIIIEHB, 1€ BAXKIUBUM
€ MOBHUI KOHTEHT, ckianarTs 0,6 ... 1,0.

HIBuakuii ingexc nepenaui peun (RASTI).

OCKUTBKH  PO3paxyHOK  pPO30IipIMBOCTI  MICTHUTH
TPYAOMICTKY mpouenypy, ¢ipmoro Bruel & Kjaer Oys
po3po0JieHni  albTEpPHATUBHUNA  CHPOIICHUH  METOJ
RASTI, sikuit nepenbauae BUMIPIOBaHHS TITBKH B JIBOX
oktaBHMX cmyrax 500 I'm mpm dacToTax MOmyJNAIil
1,02/2,03/4,07/8,14 T, a Takox 2 kI mpu dYacTtoTax
moxayssimii 0,73/1,45/2,90/5,81/11,63 T'u. Jam nponeaypa
BHMIiPIOBaHb BiZIOyBAa€THCS SIK 1 B ITONIEPETHHOMY BHIIA/IKY,

T
0.6 07 08 0.9 1.0

OyIyeTbCcs MaTPHIl, PO3PAXOBYETHCA CEPEIHE 3HAUYCHHS
MOJIYJISIIHOI MepegaBaibHOi (YHKIIi B CMyrax 9acTorT i
0 HhOMY BH3HA4a€eThCsl HopMaltizoBanui ingekc RASTIL

Ilo6 orpumatu 3HaueHHs RASTI mins guHHOTO
BiTHOCHHH CHTHAJI-IIyM X, WOr0 MOXHa OOYHCIUTH 3
Koe]iIieHTIB MPUIyIICHHS MOTYIAIIT M,

¥ X, @

j=1

X =

© |

X, =1OIg(1in—im). )
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3rigHo 3 BusHaueHHAM 3HaueHHI RASTI Tomi:

X =150h
3005

RASTI = (6)

3acHOBaHI Ha TIOPIBHSAHHI Pe3yJbTaTiB Cy0'€KTHBHUX
EKCIIEPUMEHTIB 3 MaKCHMaJIbHOIO MOXJIMBOKO SICHICTIO
ckmamiB  96%, 3naueHHs RASTI xnacudikoBani B
CyO'eKTHMBHHMX OIIHKaX JJs CKJIaJ0BOI SICHOCTI 3TiTHO
Tabm. 2.

Taoauus 2. Bionogionicms cKiado60i sCHOCMI 3HAYEHHAM
RASTI

PexoMmeHOBaHa CKIIaZ0Ba SICHICTh B MPUMIMICHHSIX,
UIS  SKAX BAXKJIMBAM € SKICHA I[epeJadya MOBHOIO
KOHTEHTY, NOBHHHA HaJeXaTH [iama3oHy Bim "Jlyxe
nmobpe" mo "BigminHO".

3. AHaJi3 pe3y1bTaTiB BUMIpIOBaHb
OnrtumaibHUil Yac peBepOepauii i 3aiy, B SKOMY

OCHOBHUM € MOBHI/Iﬁ KOHTCHT, CTAHOBUTbH
Tsoo = 0,3Ig(\/)—0,05 =112c. (7)

Ha puc. 5-8 mHaBeneni rpadiku yacToTHOT
3aJIeKHOCTI 4acy peBepOepanii Ta paHHBOIO 4Yacy cHamy

CkJ/1a710Ba sICHiCTB 3navyenns RASTI (EDT) muis neskux Touok BUMiproBaHHA. KoxeH pUCYHOK
GinHa 0-03 MICTHTh 4YaCTOTHI 3aleXHOCTI 4acy pepepOeparii T30,
- OTpUMaHI JUIi JBOX BapiaHTIB JDKEpela TECTOBOTO
3a10BiJIbHA 0.3-0.45 p A p JOKED .
curHaiy: 1 BapiaHT - HEHaNpaBIeHe JKepeno; 2 BapiaHT -
no6pa 0.45-06 ICHylo4a CcHCTeMa 3BYKOMiACWICHHA. Ha KokKHOMY
nyxe 106pa 0.6 -0.75 rpadbiky HaBeAeHA  KpHWBa  ONTHMAaJbHOTO  dYacy
BiAMiHHa 075-1 peBepOepartii T590 1 PEKOMEHIIOBaHI MEXI1 BIJIXUJICHHS
yacy peBepOeparllii i1 MOBHOTO KOHTCHTY.
m p2-1)
120
[ N
- B A
160  — 20 .y - =~
AN - -
\\ n a7 : h . 1
0 N - —
10 - = - : Lx . <
\ “\
10 W —

-

050

010

01 w0 1000 2000 2000 2000

—+TE00 ~B-T30 Henanpasnens axepend ssyry T30 |okyiaua sHeTen acsyx niaoune

0 T T T T T T d
121 b= 0 000 2000 2000 2000
—TEIO

~8-EDT Henanpaenens mrepenossyry EDT louyioua cuoremazsyxoniacine

Puc. 5. I'padiku gactoTHOT 3anexHoCTi yacy pesepoepauii T30 Ta panaporo yacy cnany (EDT), mo orpumani st Touku

BuMiproBaHHs No7

2

1m0

160

120

150

130 -

120

23 m 00 1000 200 4000 200

4+ TE00 B T30 Henanpaenene gxepena seyy T30 I yions herem sy ariaskne

03 ™ 00 1000 200 4000 000

—+-TE00 -8-EDT Henanpaenese g =penoseyry EDT lonyioa eneTemasrpmoniacnne

Puc. 6. 'padiku gactoTHOT 3anexHoCTI yacy peBepoeparii T30 ta panaporo vacy criany (EDT), mo otpumani i To9KkH

BuMiproBaHHs NelQ
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Puc. 7. I'padiku gactoTHOI 3anexHoCTI yacy peBepoepauii T30 ta panaboro wacy cnany (EDT), mo orpumani 1 Touku

BuMiproBaHHS Ne28

2m

130 130
160 /\.\ 150 — /.\\
10 \._'_‘“-—- 140 \"‘--—-.__ B
N N
120 ! - s - - - - 10 i T = i i i LY i
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1m0 / o 1m .
- . _ /
2] 050
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i¥:] k]
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15 = s 1000 20 wm 50 15 = sm 10m am i 00

=~T3500 =30 HeHampagneHe [KEREND SBYRY T30 IcHyioqa CHCTEME 36 YKONIGEMNGS

=+=T3500 == T30 HeHanpasnete Lkepeno sbyky T30 loHyrqa CHOTEME 35 YKOMIRCHNE

Puc. 8. I'padiku gactoTHOT 3anexHoCTi yacy peBepoeparii T30 ta panaporo dacy crnany (EDT), mo otpumani i ToukH

BuMiproBaHHs1 Ne33

VY Ttabn. 3-4 mpencTaBiicHI 3HAYEHHS, IO BUMIPSHI,
YacTOTHOI 3aJIeXXHOCTI Yacy peBepOepalii Ta paHHbOTO
yacy cnany (EDT) mis Bcix 35 TOYOK BHMIpIOBaHHS IS
JIBOX BapiaHTiB JKEPET 3BYKY.

Amnaniz orpuMaHux rpagikiB Ta 3HaueHb 130 i
panHboro vacy cnany EDT no3BonuB 3poOuTH HacTymHi
BHUCHOBKH:

- yac peBepOepamii B NMPUMIIICHHI JOCHTh CHIIBHO
BiPI3HAETHCS BiJ] ONTHUMAJIBHOTO Hacy peBepOepamii B
ychoMy Aiamazoni 9actoT Big 125 T'm mo 8000 I'm, mo He
MOJKE HE IO03HAYaTHCS Ha SKOCTi BIITBOPEHHS MOBHOTO
KOHTEHTY;

- TEHJAEHIs TpadikiB YaCTOTHOI 3aJEKHOCTI Hacy
peBepOepallii TakoX Mae SBHUM miOHOM B o00nacTi
HU3BKMX 4YacTOT, IO Ma€ OJIarOTBOPHMI BIUIMB Ha
MY3WYHUIl KOHTEHT, aje TMpPHU3BOIUTH JIO 3HWKEHHA
PO30ipIMBOCTI MOBHOTO KOHTEHTY;

- aHali3 3HAYeHb PAHHBOIO 4Yacy CHaJy IOKa3ye
CTIHKy  TEHJICHI[I0 1O 3pOCTaHHS 3HAa4YeHb B
CepeHbOYaCTOTHIM 007acTi, M0 3YMOBJIEHO MaJliM
MOTJIMHAHHSAM  OTOPO/UKYBAJBHUX IIOBEPXOHb Ta, SIK
HACJIJIOK, 3HIKEHHsS PO3PI3HEHHS Ta SICHOCTI 3BYKOBOTO
KOHTEHTY;

- JUIl KOpEKLii aKyCTHYHHUX BIJIACTUBOCTEH 3aily
HEOOXiZTHO TPOBENEHHS 3aXOMdiB HE TIIBKK IO 3aMiHi
aKyCTUYHOT 0OpOOKH TTOBEPXOHB, IO OOTOPOIKYIOTH 3aITy
(3 MOXXJIIMBOIO KOPEKIII€I0 TeOMEeTpii OropoKyBaTbHUX
MOBEPXOHB), aje 1 3aMiHM ICHYIOUOi CHCTEMH
3BYKOMNIACWIEHHS (THI, TOYKHM TIJBICY, KYyT HaxXwiy,
CHUCTeMa eKBai3allii Ta 00poOKm).

Ha puc. 9-12  jgns nBoX BapiaHTIB poO3paxyHKY
MpeJICTaBJICHI 3HaYeHHS MOBHOI sicHocTi C50 mis Beix 35
TOYOK BUMIpIOBAHHS.
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Ta6muns 3. 3nauenna T30 ma EDT, wo eumipani (Osxcepeno 36yKy - nenanpasnene)

o T30 EDT
. F, Hz F, Hz
BHMIP- 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
1 153 | 144 | 172 | 165 | 157 | 136 | 101 | 1.37 | 1.08 | 1.74 | 158 | 158 | 1.58 | 1.36
2 14 | 13 | 159 | 16 | 149 | 133 | 1 |o025| 01 | 017 | 012 | 013 | 0.14 | 0.16
3 186 | 147 | 1.38 | 084 | 125 | 143 | 0.96 | 1.66 | 1.65 | 1.7 | 15 | 197 | 153 | 0.86
4 171 | 153 | 134 | 096 | 144 | 143 | 1 | 15 | 146 | 192 | 168 | 218 | 203 | 2.55
5 166 | 155 | 1.47 | 095 | 146 | 145 | 1 | 1.93 | 1.37 | 193 | 181 | 206 | 1.88 | 1.69
6 153 | 14 | 175 | 115 | 141 | 14 | 09 | 2 | 188 | 195 | 186 | 1.79 | 1.74 | 1.47
7 175 | 157 | 154 | 104 | 119 | 142 | 097 | 201 | 1.78 | 202 | 172 | 1.75 | 154 | 113
8 176 | 168 | 154 | 115 | 123 | 141 | 092 | 202 | 1.86 | 1.89 | 1.82 | 1.79 | 1.63 | 1.26
9 178 | 158 | 151 | 1.16 | 116 | 133 | 093 | 1.72 | 1.26 | 1.8 | 166 | 157 | 1.4 | 0.86
10 186 | 16 | 163 | 108 | 13 | 138 | 095 | 1.7 | 1.7 | 169 | 1.74 | 184 | 152 | 1.05
11 147 | 153 | 156 | 124 | 118 | 138 | 0.96 | 1.45 | 1.66 | 1.78 | 1.87 | 1.76 | 1.62 | 1.13
12 19 | 167 | 161 | 125 | 124 | 14 | 094 | 1.98 | 156 | 1.88 | 193 | 1.76 | 1.54 | 1.21
13 164 | 142 | 162 | 126 | 125 | 133 | 094 | 19 | 13 | 163 | 152 | 1.4 | 121 | 058
14 179 | 162 | 162 | 155 | 131 | 135 | 0.94 | 1.65 | 1.49 | 157 | 161 | 138 | 13 | 0.69
15 174 | 174 | 168 | 132 | 126 | 136 | 0.95 | 1.79 | 1.67 | 169 | 164 | 163 | 1.43 | 0.83
16 159 | 164 | 165 | 131 | 129 | 137 | 0.94 | 152 | 158 | 18 | 1.86 | 166 | 141 | 0.88
17 165 | 151 | 17 | 158 | 134 | 137 | 097 | 14 | 127 | 153 | 177 | 179 | 1.44 | 0.99
18 172 | 156 | 163 | 16 | 132 | 131 | 092 | 1.85 | 159 | 1.37 | 147 | 139 | 1.27 | 0.69
19 156 | 16 | 167 | 162 | 131 | 131 | 096 | 1.05 | 091 | 11 | 153 | 143 | 1.12 | 0.42
20 163 | 147 | 158 | 161 | 134 | 134 | 095 | 16 | 1.13 | 159 | 181 | 157 | 1.31 | 0.77
21 161 | 156 | 1.66 | 1.74 | 135 | 134 | 0.96 | 1.84 | 1.47 | 165 | 152 | 153 | 1.42 | 0.73
2 167 | 159 | 1.74 | 164 | 135 | 13 | 095 | 157 | 1.28 | 141 | 181 | 1.75 | 14 | 085
23 149 | 16 | 168 | 164 | 132 | 13 | 093 | 1.25 | 081 | 1.14 | 168 | 148 | 1.23 | 0.83
24 172 | 159 | 168 | 164 | 138 | 13 | 095 | 15 | 1.38 | 169 | 1.75 | 149 | 1.39 | 061
25 173 | 168 | 162 | 157 | 127 | 135 | 093 | 1.25 | 158 | 1.81 | 192 | 1.7 | 1.48 | 0.9
26 183 | 154 | 169 | 158 | 149 | 139 | 091 | 251 | 1.84 | 18 | 168 | 162 | 1.42 | 1.11
27 169 | 158 | 161 | 127 | 143 | 137 | 092 | 1.84 | 1.76 | 215 | 1.76 | 1.7 | 16 | 1.28
28 157 | 153 | 162 | 143 | 14 | 138 | 093 | 187 | 1.8 | 19 | 191 | 1.76 | 155 | 1.3
29 145 | 142 | 171 | 1.72 | 155 | 1.35 | 085 | 1.98 | 1.94 | 1.76 | 168 | 152 | 1.22 | 0.91
30 167 | 157 | 163 | 162 | 142 | 134 | 095 | 1.01 | 1.18 | 151 | 155 | 153 | 1.07 | 061
31 165 | 1.45 | 1.66 | 1.66 | 159 | 139 | 0.97 | 0.87 | 1.35 | 1.73 | 1.87 | 166 | 1.21 | 0.89
2 152 | 156 | 167 | 164 | 135 | 138 | 1 | 149 | 13 | 16 | 1.83 | 1.73 | 1.34 | 0.84
33 157 | 152 | 171 | 168 | 144 | 14 | 1 | 103 | 1.08 | 168 | 1.73 | 1.79 | 1.41 | 0.88
34 168 | 137 | 158 | 148 | 143 | 143 | 098 | 1.99 | 151 | 191 | 201 | 196 | 1.57 | 1.11
35 131 | 153 | 164 | 162 | 152 | 146 | 098 | 1.67 | 1.77 | 202 | 1.86 | 1.84 | 158 | 115
Ta6anus 4. 3uauenns T30 ma EDT, wo eumipsni (Odcepeno 36yKy - icHyloua cucmema 36yKOnioCUieHHsl)
om T30 EDT
. F, Hz F, Hz
BHMIP- 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
1 216 | 12 | 1.127 | 129 | 125 | 124 | 101 | 1.35 | 1.65 | 071 | 1.73 | 1.74 | 1.68 | 1.25
2 185 | 157 | 163 | 165 | 152 | 14 | 101 | 142 | 13 | 173 | 173 | 1.78 | 151 | 05
3 2 | 151 | 165 | 16 | 158 | 1.37 | 105 | 26 | 1.83 | 1.67 | 1.77 | 162 | 137 | 0.98
4 22 | 159 | 162 | 161 | 151 | 137 | 104 | 195 | 16 | 1.8 | 156 | 156 | 1.38 | 1.02
5 194 | 146 | 169 | 164 | 155 | 136 | 1.05 | 1.99 | 1.74 | 15 | 154 | 159 | 1.38 | 0.97
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Kineup Tadauui 4.

6 182 | 145 | 169 | 1.62 | 159 | 1.36 | 1.02 | 1.44 [ 1.99 | 1.69 | 1.69 | 1.62 | 1.38 | 1.01
7 117 | 11 | 164 | 173 | 156 | 1.37 | 1.05 | 143 | 164 | 1.59 | 141 | 165 | 1.29 | 0.95
8 189 | 147 | 162 | 16 | 157 | 137 | 1.05 | 199 | 157 [ 1.74 | 164 | 1.6 | 1.37 | 0.98
9 186 | 1.41 | 157 | 158 | 157 | 1.36 | 1.06 | 226 | 1.82 | 1.57 | 1.37 | 1.58 | 1.45 | 1.04
10 181 | 158 | 17 | 163 | 158 | 1.36 | 1.04 | 157 | 152 | 149 | 158 | 1.6 | 1.29 | 0.95
11 194 | 152 | 164 | 161 | 155 | 135 | 1.04 | 142 | 1.7 [ 162 | 1.71 | 148 | 14 | 0.94
12 19 [ 149 | 169 | 165 | 152 | 135 | 1.04 | 1.92 | 157 | 1.59 | 1.72 | 1.66 | 1.33 | 0.97
13 161 | 151 | 163 | 166 | 155 | 1.35 | 1.06 | 1.89 | 1.85 | 1.85 | 1.6 | 1.54 | 1.37 | 0.95
14 196 | 154 | 16 | 1.68 | 158 | 1.36 | 1.06 | 211 | 1.64 | 1.78 | 1.66 | 1.63 | 1.38 | 0.96
15 192 | 162 | 157 | 161 | 153 | 1.39 | 1.06 | 1.37 | 1.33 | 1.63 | 1.62 | 1.67 | 1.38 | 0.96
16 183 | 147 | 159 | 161 | 155 | 1.36 | 1.04 | 169 | 1.6 | 1.64 | 1.66 | 1.62 | 1.37 | 0.9
17 194 | 151 | 158 | 159 | 154 | 1.36 | 1.06 | 1.04 | 165 | 168 | 1.7 | 157 | 1.31 | 0.88
18 185 | 151 | 168 | 1.64 | 153 | 1.36 | 1.05 | 1.74 | 117 | 16 | 1.72 | 153 | 1.29 | 0.93
19 194 | 15 | 175 | 162 | 156 | 1.35 | 1.06 | 1.82 | 1.87 | 1.68 | 1.73 | 1.5 | 1.33 | 0.93
20 174 | 151 | 165 | 167 | 156 | 1.38 | 1.06 | 1.39 | 1.34 | 1.67 | 1.67 | 1.65 | 1.32 | 1.02
21 179 | 146 | 1.73 | 162 | 159 | 137 | 1.05 | 1.84 | 165 | 1.64 | 1.71 | 1.6 | 1.35 | 0.98
22 151 | 146 | 154 | 16 | 152 | 138 | 1.05 | 148 | 145 [ 1.79 | 167 | 1.59 | 1.3 | 0.96
23 185|159 | 16 | 163 | 155 | 1.37 | 1.05 | 175 | 113 | 1.82 | 1.7 | 159 | 1.2 | 0.94
24 178 | 151 | 162 | 165 | 156 | 137 | 1.05 | 201 | 15 | 1.7 | 1.66 | 1.54 | 1.31 | 1.01
25 179 | 16 | 164 | 164 | 162 | 138 | 1.06 | 164 | 131 [ 1.72 | 1.69 | 157 | 1.3 | 1.05
26 191 [ 145 | 16 | 162 | 155 | 1.36 | 1.06 | 167 | 157 | 1.67 | 1.71 | 1.68 | 1.21 | 0.93
27 179 | 154 | 17 | 157 | 152 | 136 | 1.04 | 172 [ 145 [ 162 | 1.68 | 1.63 | 1.31 | 1.05
28 217 | 159 | 167 | 161 | 156 | 1.38 | 1.05 | 1.89 | 122 | 1.58 | 1.79 | 1.65 | 1.25 | 0.98
29 178 | 154 | 157 | 159 | 154 | 137 | 107 | 178 [ 154 [ 1.75 | 16 | 1.62 | 1.3 | 0.98
30 243 | 143 | 172 | 158 | 16 | 1.05 | 106 | 171 | 1.85 | 1.65 | 1.68 | 1.62 | 1.36 | 0.88
31 171 16 | 163 | 124 [ 091 | 05 [ 047 | 164 | 277 [ 175 | 161 | 138 | 1 | 0.72
32 114 | 146 | 159 | 121 | 106 | 07 | o5 | 16 | 165 | 1.8 | 147 | 1.37 | 1.14 | 062
33 174 | 146 | 157 | 115 | 162 | 144 | 1.06 | 1.06 | 1.58 | 154 | 1.65 | 1.61 | 1.36 | 0.89
34 218 | 155 | 177 | 167 | 158 | 1.44 | 105 [ 122 | 155 | 150 | 149 | 162 | 1.35 | 0.81
35 341 | 22 | 15 | 139 | 098 | 065 | 054 [ 152 | 2 [ 161 | 159 | 1.43 | 1.08 | 0.79
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Puc. 9. TTokasuuk MoBHoi siciocti Cy, Ha mepuioMy mosepci 3aiy (JKepelio 3ByKy - TECTOBa aKyCTHYIHA CHCTEMA)




Cyuacnuti cmamn HayKo8ux 00CIIONCeHb ma mexnono2i 6 npomuciosocmi. 2021. Ne 3 (17)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Puc. 10. [Toxasuuk MoBHOI sicHocti Cg,
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Puc. 12. TTokasuuk moBHOT sichocti C,; Ha GankoHi (Jpkepeso 3ByKy - iCHYI0Ya CHCTeMa 03BYdyBaHHS)

Puc. 11. [Toxasuuk MoBHOI sicHocti Cy, Ha mepmioMy mosepci 3aiy (JUKepelto 3ByKy - iCHyI04Ya CHCTEMa 03BYdyBaHH)
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VY Tabn. 5-6  ans OBOX BapiaHTiB po3paxyHKy — MoBHOI scHocTi C,, Ta MOKa3HHKA SICHOCTI TMPAMOTO

TNIPpEACTABJIICH1 BUMIPSAHI 3HAYEHHS 9aCTOTHO1 3aJIEKHOCT1 3BYKY C7 1S BCiX 35 TOUYOK BI/IMipIOBaHHﬂ.

Tabauus 5. [oxasnux mosnoi scnocmi Cyy ma sicnocmi npsimoeo 3eyky C, (Ogcepeno 36yKy - nenanpasiene)

Touka Cso Cr7
BHMip. F, Hz F, Hz

125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000

1 28 | 59 | 38 | 35 | 09 | 17 | 1 | 12 | 39 | -06 | 24 | 28 | 25 | 29

2 104 | 134 | 134 | 139 | 138 | 127 | 148 | 14 | 05 | 23 | 6 | 58 | 6 | 86

3 09 | 32 | 22 | 54 | 57 | 79 | 93 | 20 | 34 | 09 | 3 | 39 | 45 | 46

4 13 | 47 | 17 | 53 | 42 | 57 | 84 | 18 | 26 | 13 | 39 | 28 | 41 | 71

5 08 | 42 | 14 | 36 | 36 | 48 | 77 | 16 | 52 | 23 | 1 | 19 | 21 | 43

6 01 | 25 | 01 | 04 | 09 | 12 | 23 | 14 | 81 | 4 | 21 | 33 | -05 | o1

7 26 | 17 | 15 | 22 | 15 | 18 | 47 | 25 | 58 | 34 | 1 | 05 | 02 | 34

8 11 | 06 | 06 | 12 | -04 | 04 | 21 | 16 | 11 | 29 | 06 | 17 | 22 | 03

9 10 | 49 | 32 | 06 | 07 | 09 | 29 | 26 | 85 | 54 | 23 | 09 | 2 | 11
10 58 | 4 | 2 | 0o | o1 | 08| 26 | 22 | 89 | 54 | 21 | 21 | 35 | 07
11 32 | 36| 2 | 03 | 08 | 08 | 28 | 21 | 94 | 56 | 22 | -15 | 35 | 05
12 2 | 16 | 28 | 03 | 04 | 14 | 14 | 18 | 14 | 54 | 26 | -19 | 4 | -09
13 53 | 46 | 33 | 06 | 25 | 13 | 41 | 23 | 12 | 75 | 31 | 12 | 45 | 14
14 71| 23| 11 | 01 | 24 | 1 | 49 | 22 | 10 | 95 | 52 | 22 | 49 | -09

15 37| 3 | 23| 02| 17 | 04 | 38 | 26 | 9 | 75 | 37 | 13 | 42 | 0
16 59 | 29 | 23 | 08 | 02 | 12 | 35 | 23 | -11 | 67 | 42 | 33 | 64 | 14
17 55 | 38 | 36 | 24 | 13 | 11 | 42 | 23 | 14 | 96 | 53 | 23 | 63 | -13
18 19 | 12 | 27 | 02 | 28 | 24 | 55 | 24 | 12 | 11 | 59 | 33 | -49 | 26
19 5 | 23 | 11 | 08 | 35 | 41 | 77 | 21 | 14 | 12 | 75 | 41 | 49 | 47
20 56 | 28 | 07 | 09 | 27 | 2 | 56 | 22 | 14 | 12 | 72 | 36 | 72 | -42
21 37 | 27 | 13| 05 | 19 | 18 | 56 | 22 | 13 | 92 | 72 | 36 | 56 | 21

22 33 | 44 | 42 | 21 | 11 | 05 | 43 | 21 | 15 | 12 | 67 | 35 | 65 | 2
23 75 | 1 | 04 | 07 | 22 | 3 | 57 | 27 | 18 | 14 | 72 | 31 | 45 | 28
24 38 | 02 | 11 | 09 | 27 | 16 | 67 | 22 | 13 | 13 | -66 | 36 | -67 | -33
25 54 | 35 | 17 | 08 | 01 | 06 | 31 | 18 | 13 | 87 | 49 | 39 | 7 | -41
26 03 | 14 | 08 | 41| 5 | 39 | 05 | 12 | 11 | 79 | 11 | 99 | 83 | 43

27 56 | -15 | -25 | 08 | 38 | 25 | 12 | -16 | 57 | -76 | -46 | -78 | 61 | -4
28 29 | 08 | 35 | 35 | 58 | 49 | 19 | 18 | 84 | 91 | 11 | 10 | 91 | 73
29 02 | 31 | 39 | 52 | 52 | 52 | 34 | 13 | 14 | 17 | 23 | -23 | -23 | 56
30 12 | 2 | 08| 07 | 23 | 28 | 45 | 20 | 83 | 11 | 69 | 61 | 54 | 33
31 02 | 03 | 14 | 05 | 12 | 24 | 49 | 20 | 8 | -95 | 55 | -41 | -35 | -15
2 38 | 34 | 08 | 08 | 12 | 12 | 42 | 19 | 11 | -89 | -61 | 25 | -33 | -1.2
33 23| 2 | 04| 19 | 01 | 12 | 4 | 24 | 97 | 89 | -78 | -44 | 49 | 12
34 29 | 47 | 35 | 5 | 44 | 17 | 09 | 17 | 13 | -83 | -98 | -86 | 47 | -2.9
35 11 | 48 | 58 | 68 | 57 | 18 | 24 | 22 | 13 | 12 | 12 | 89 | 38 | 56

Tabmuus 6. Toxasnux mosnoi sicnocmi Cgy ma sicnocmi npsimozo seyky C, (0dicepeno 36yKy - ichyloua cucmema 036y4y6anHs)
Touka Cso ¢
. F, Hz F, Hz

BIMIP- o8 T 250 | 500 | 1000 | 2000 | 4000 | 8000 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
1 146 | 153 | -135 | -144 | -143 | -143 | -141 | 246 | -251 | 276 | -266 | -25 | -236 | -23
2 61 | 26 | 1 | 35 | 01 | 55 | 83 | 14 | 81 | 36 | 15 | 33 | 21 | 46
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Kineup Tadauui 6.

3 -101 | -1.7 -1 -1.8 0.1 -29 | -11 | -219 | -139 | -10 -63 | -25 | -97 | -83
4 -9.7 -2.2 1.4 1.4 1.4 -1.2 -02 | -195 | -134 | -73 -1.8 -1 -5 -5.4
5 77 | 21 | 02 | -18 0 -2 01 | -228 | -135 | -87 | 62 | -29 | -6.8 -8
6 112 | 27 0 -16 | -01 | -06 08 | -231 | -134 | -116 | -45 | -37 -4 -6.2
7 -7.8 1.7 0 -0.5 -1 -2 -16 | -30.2 | -238 | -17.7 | -16.3 -17 -13.9 -22
8 -4.6 1.9 0.9 -2.9 -1.9 -1.6 0.3 -143 | <141 | -34 | -111 -8 -7.8 -8.8
9 -105 | -1.3 0.8 15 0.3 -0.9 -1.3 | -19.2 | -123 | -7.3 -6.5 -5.6 -8.2 -9.7
10 -6.3 0.4 0.7 -1.6 0.6 -1.9 -1.2 | -156 | -147 | 9.1 -1.7 -4.1 -10 -13
11 -8.3 -2.4 -0.4 -1.3 -1.6 -1.7 -09 | -223 | -206 | -17.4 | -159 -14 -14.2 -14
12 -8.6 -2 -2 -3.3 -2 -1.5 -0.7 | -17.2 | -15.7 | -141 | -175 -11 -14.4 -16
13 -2.6 -0.1 -2.4 -1.3 -1.3 -0.6 -0.3 | -23.1 | -15.7 | -224 | -19.6 -21 -21 -29
14 -3 2.6 -1.8 -1.1 -0.4 -0.2 0.7 -139 | -105 | -101 | -7.9 -5 -8.2 -9.8
15 -2.9 2.5 0.7 -2.7 -0.9 -0.5 0.8 -21.4 | -149 | -164 | -204 -18 -17.7 -27
16 -4.2 -1.9 -0.9 -2.2 -0.1 -1.4 0.8 -269 | -13.1 | -176 | -175 -22 -24 -26
17 -0.3 -2.3 1.6 -2.3 -1.9 -0.9 11 -205 | -19.7 | -12.2 | -155 -18 -12.3 -16
18 -2.2 1.9 05 -1.5 0.5 0.2 1.8 -226 | -16.1 | -174 | -85 -1.7 -13 -12
19 -1.6 1.4 1.6 0.3 0.1 0 1.7 -17.2 | -111 | -43 -6.5 -5.4 -8.8 -10
20 -2.4 -3.6 1.3 -2.2 -2.8 -0.1 1.4 -134 | -17.2 | -20.3 | -155 -15 -14.9 -19
21 -0.4 -1 1.6 -2 0 0.1 0.7 -174 | -16.2 | -214 | -183 -14 -16.3 -19
22 0.1 -1.9 -1.5 -3.2 -2 0.1 0.7 -142 | -153 | -7.2 | -165 -13 -10.2 -14
23 -2.8 6 12 0.4 0.8 39 | -151 | -11.2 | 9.2 | -9.2 -9 -153 | -13
24 -0.3 23 0.5 0.4 11 22 | -175 | -202 | -216 | -22.7 | -24 | -245 | -28
25 -4.6 -1.5 1.3 -3 -1.5 1.2 1 -193 | -188 | -84 | -184 -19 -18 -26
26 -55 | 46 | -1.7 | -26 -1 2.6 2 242 | -224 | -113 | -11 -65 | -3.3 -33
27 -4.9 -3.7 -3.7 -3.1 -2.3 -1.3 2.9 -21.8 | -30.7 | -206 | -16.9 | -95 | -24.1 -25
28 -3.7 -1.3 -6.2 -0.8 -1 3.5 3.1 -13.8 | -223 | -235 | -6.7 -25 -26.6 -27
29 -4.3 -2.2 -6.5 -4.2 -2.3 -0.1 1.7 -14.1 | -23.7 | -23.6 | -26.5 -27 -27.2 -30
30 15 -2.9 0.1 15 -3 1 5.1 -179 | -20.7 | -5.8 -4.6 -10 -3 -2.2
31 0.2 -4.7 -1.5 -0.7 -2.4 -0.5 3.4 -193 | -218 | -73 | -10.1 | -84 -5.3 -2.6
32 24 | -6.6 0.9 23 | -24 0.5 3.8 -19 | -191 | -52 | -106 | -95 | -38 | -3.2
33 2.7 -6.6 -0.6 1.7 -2 11 24 -179 | -194 -8 -3.2 -7.3 -2.9 -37
34 -0.5 -4.6 -1.5 1 -2 0.4 4.8 -17.3 -18 -1.7 -3.9 -88 | -31.7 -1
35 -4.6 -8.9 -3.1 -3 -1.6 0 3.8 -24 -234 | -144 -11 -5.6 -3.7 -2.2
[Toxa3Huk MOBHOT SICHOCTI BijloOpaxkae  NepeBHIy€e I'PaHUYHE 3HA4YeHHS -2 Ab, 110 LiIKOM MOXe
CHIBBIJHOIIEHHSI €HEprii, 110 NPUXOJUTh Ha Micle 3a0e3MeYnuTH SICHICTh CKiaay Buile 95%.
IIPOCITyXOBYBaHHS (micue 3HAaXOIKEHHA YYaCHHKa Ha puc. 9-10 npencrasneni 3nauenHs C,, Ha

3acimanHs) nmo S50 Mc g0 eHeprii, MmO NPUXOIUTH

micis 50 MC. Taxkum YUHOM, UM BHILIC

SHeprist  paHHIX BiJI3epKaIeHb Ta HPSIMOTO

3BYKa, TUM BHIIIE po30ipiMBicTh MOBHOT'O
KOHTEHTY.

Ha puc. 9-12 HaoyHO IPOCTEKYETHCS TEHICHILISA
3MiHHM TIOKa3HHUKA SICHOCTI, IO JIa€ MOXKJIMBICTH OL[IHUTH
CIIBBITHOIICHHS EHEPriid, M0 TPUXOAAThH HA MICII
3HAaXO/PKEHHS  yYacHHWKIB  3acimaHHs Ta  3po0HTH
BHCHOBKHU:

1) mpm aKycTHYHOMY BapiaHTi NMPAaKTUYHO Ha BCIiX
TOYKaX BUMIpIOBaHHs criocTepiraeTbest 3HadeHHs Cg, , sKe

gactoTi 1000 'y, a aHami3 pe3yibrariB TadN. 5 TMOKa3ye,
mo 1 wacrorax Bimx 1000 I'm mo 8000 I'm orpumani
3HAYEHHS 3aJJ0BOJIBHSIOTH BHMOTY MEPEBHIICHHS PIBHS
-2 b, a came B mid o0OJacTi JeXaTh CIEKTPU
NPUTOJIOCHUX, IO HECYTh CMHCJOBE HABaHTaXEHHS B
MOBHOMY  KoHTeHTi.  CrHocTepiraeTsCsi  3HMKECHHS
MOKa3HWKa B 007acTi HU3BKUX YacTOT, WIO0 TIPH
MiBUIIEHOMY dYaci peBepOepamii MOXe HpPU3BECTH JI0
3HW)KEHHS 3araJibHOT ICHOCTI Ta YiTKOCTI.

[MTpn ananizi 3HaYeHb TabM. 5 — MOKA3HUKIB MPSMOTO
3ByKy C, — MOXHa 3pOOHTH BHCHOBOK IpO T€, IO

BHUKOPUCTAHHSA HEHAIPaBJICHOTO JoKepena,
PO3TalIOBaHOTO B paiioHi TpHOYH, 3a0e3redye JIO0CTATHIO
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KUIBKICTh TIPSIMOTO 3BYKY, IIO TIO3UTHBHO BIUIMBAaE Ha
MoBHy scHicTb C,, . HagBHicTb 30H (Touku 27, 28, 29), 3

HepeBaKaHHIM 3BYKy, L0 peBepOepye, Ta HU3BKUMHU
nokasHukamu C,; 1 C, B IMX TOYKaX, OOyMOBIJIEHO

(oKycyBaHHSIM 3BYKOBUX NpPOMEHIB B Iiii obmacti 3a
PaxyHOK OCOOJMBOCTEH TreoMeTpii 3ally Ta BiJACYTHICTIO
3ax0/IiB 110/10 JIOZIATKOBOTO 3BYKOIOTJIMHAHHS
OrOpOKYBATLHUMH MOBEPXHSIMH 3aITy.

JlocuTh HU3BKI 3HAYCHHS SICHOCTI OTpUMaHi B O19HHUX
CceKTopax OaJKOHIB, IO TMOSICHIOETHCS PO3TANTYBAHHS
HEHANPABIICHOTO JDKepelia Ta MOXe OyTH CKOPUTOBAaHO

ONTHMAIBGHUM  PO3MIIICHHAM  JDKEpena  3BYKOBOTO
CHUTHAIY.
I[Ipu BUKOpHCTaHHI B SAKOCTI JDKepena 3BYKY

iCHy}O‘Iy CUCTEMY 3ByKOHiZ[CI/IHeHH$I MOKa3HUKH MOBHO1

11 [ Tes] [ |

5.7

SICHOCTi cTaroTh Tipmumu (puc. 11—-12), 110 MOsSCHIOEThCS
HEONTUMAJIbHUM PO3TAIlyBaHHIM JDKEpEN 3BYKy Ta
3HMYKEHHSM €HEepril MPsIMOTO 3BYKY, IO MiITBEPIKYETHCS
Tab1I. 6.

Henocratas KUTBKICTB eHeprii paHHIX
BiJI3¢pKAJICHb, SKI NPUHNUIM B TNEPEIHIA MiBIUIOIIKHI,
NPU3BOAMTH 1O ICTOTHOTO 3HMXKCHHSA MOKa3HHKIB

po36ipnuBocTi. HenmoctaTHst KiMbKICT eHeprii HpsiMOTO
3BYKY PI3KO 3HU3UTH BCE MOKA3HUKHU SICHOCTI Ta YITKOCTI
MOBHOT'O KOHTEHTY 1 HpH IiJBHIIEHHI ()OHOBOTO LIyMY,
IO BIACTHBO JJS JOCTIKYBAaHOTO 3aily, IIiJ dYac
eKCILTyaTartii.

Ha puc. 13—16 nnsg nBox BapiaHTIB JpKepelia 3BYKY
MIPECTaBJICHI 3HAYCHHS BiJICOTKA apTUKYJALIAHUX BTPAT
JUTS BCiX 35 TOYOK BUMIipIOBAaHHS.
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Puc. 13. BigcoTok apTHUKYJIALIIHUX BTpAT NPUroNocHUX %ALCONS Ha nepuioMy moBepci 3ay (JpKepesio 3ByKy - TECTOBa aKyCTHYHA

cucTema)
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M

Puc. 14. BifcoTok apTHKYJISLIHHAX BTPAT NPUroJocHUX % ALCONS Ha GankoHi (IpKepeso 3ByKY - TECTOBA aKyCTHYHA CUCTEMa)
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Puc. 15. BincoTok apTUKYJIALIHHAX BTPAT NPUTOIOCHUX %ALCONS Ha mepriomMy moBepci 3aiy (IKepesno 3ByKy - iCHyro4a cucremMa

03BYUYyBaHHS)
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Puc. 16. Bincotok apTUKyIALMiITHIX BTpaT NpUroinocHX %ALCons Ha GamkoHi (JuKepeno 3ByKy - iCHyIoda CHCTeMa 03BydyBaHHS)

AHaii3 OTpUMaHMUX PE3YJIbTATIB IO3BOJIMB 3POOHTH
HaCTYITHI BUCHOBKH:

- Ha BCiX 35 TOoYKax BUMipIOBaHb, TP BUKOPHUCTAHHI
OJIHOTO HEHAIPaBJIEHOTr0 JKEepesli TEeCTOBOIO CHUTHAINY,
BiJICOTOK apTHKYJIIIIHHUX BTPAT HAJIEKHUTH JAiala3oHy 3a
IKanor MoBHOI sscHOCTi B "Ilorano" mo "lobpe";

- JUIA BapiaHTy €JEKTPOAKyCTHIHOTO PO3PAXYHKY
(mKepeno 3BYKy-iCHYOYa CHCTeMa 3BYKOIIiICUICHHS)
moka3sHUK %ALcons Ha BCiX MiCHIX 3HAXOKEHHS
YYaCHHKIB 3acCiflaHHs CTa€ Ime BHUIIE, M0 MEXye 3
TIOKa3HUKaMU 3a MKajolo sicHocTi "[lorano”.

Otpumani 3HadeHHs %ALcons, XapakTepHi s

3aIIiB 3  HU3BKHM piBHCM npsAMOro 3BYKY, 1o

Ha Micld
YYacHHUKIB

MOTPAIUISIOTh
3HaXOKEHHS
c(hOpMOBaHOIO CTPYKTYPOIO
npolecy Ha MicUsX, HU3bKUM  3BYKOIIOTJIMHAHHAM
OTOPOKYBaIbHUX IIOBEPXOHb, BiJICYTHICTIO
3aXO0MiB 3 OpTraHi3amii CTPYKTypH TPHXOLY PpaHHIX
BiJlI3€PKaJICHb.

Ha puc. 17-20 mna OBoX BapiaHTIB PO3PaxyHKY
MIpeJCTaBJICHI 3HAUYEHHs 1HACKCY Ieperadi MOBH IS BCIX
35 Touox BuMiptoBaHHsA. Ha pwuc. 21-24 nmns  aBox
BapiaHTIB PO3pPaxyHKY NpeACTaBeHI 3HAYEHHS IIBHJIKOT'0
ingekcy nepemawi MoBH (RASTI) mns Bcix 35 Touok
BUMIpIOBaHHSI.

MPOCIyXOBYBaHHS  (Micus
3acijjaHHs), HEBIPHO
peBepOepartiiHoro
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Puc. 17. Iunekc nepenaui Mmou STI Ha mepuiomMy moBepci 3aiy (JuKEpeno 3BYKY - TECTOBA aKyCTHYHA CUCTEMA)
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Puc. 18. Iunekc nepenaui moBu ST Ha GankoHi (Kepesio 3ByKy - TECTOBA aKyCTHYHA CHCTEMA)
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Puc. 19. Iunexc nepenaui moBu ST Ha mepmomy moBepci 3ainy (JuKepeno 3BYKY - iCHyIOUa CHCTeMa 03By4YyBaHHS)
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Puc. 20. Tunexc nepenayi moBu STI Ha GankoHi ([ukepesno 3BYKY - iICHYI04Ya CHCTEMa 03BY4YyBaHHsI)
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Puc. 21. Iunekc nepenaui moBu RASTI Ha mepiiomy moBepci 3aimy (PKepeno 3ByKy - TECTOBA aKyCTHYHA CUCTEMA)

\I\IusII\II

RASTI

Puc. 22. Inpexc nepenaui Mo RASTI Ha 6ankoHi (pkepesio 3ByKYy - TECTOBA aKyCTHYHA CUCTEMa)
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Puc. 23. Tnnexc nepenaui moBn RASTI Ha nepimomy moBepci 3aimy (Jukepelo 3ByKy - iCHyro4a CHCTeMa 03By4YyBaHHS)
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Puc. 24. Tunexc nepenaui moBu RASTI Ha GankoHi (Kepeno 3ByKy - iCHyl04a CHCTEMa 03BY4yBaHH)

AwHaii3, OTpUMaHHMX B pe3yJbTaTi BHMIPIOBaHb Ta
MIpeACTaBICHUX Ha puc.17-24, 3HaueHb iHAEKCY Nepexadi
moBH (STI) i mBuakoro ingexcy nepenadi mosu (RASTI)
MOKa3aB:

- TOKa3HWKH CKJIA/I0BOI SICHOCTI MalOTh 3HA4YeHHS,
sIKi HaJIexKath 1o obnacti "3amoBireHo" 1 "J{oOpe", mo He
€ TPUAHATHUM JUIS MOBHHX 3alliB Ta NPUMIIICHB, [
pO30IpIUBICT Ta SCHICTH MOBHOTO KOHTEHTY Mae
HaJIe)kaTh 00JacTi 3HAYeHb, sKi BimHOCATBCA 1Mo "Jlyxke
nmobpe" Ta "BigMiHHO" (MakcMMallbHA CKJIAZOBA SICHICTH
96%);

- 3Ha4YeHHS IHAEKCY TIepeladi MOBH  MICTHTh
3HAueHHS, SKi CTOCYIOThcs obmacti "Cmabo" Ta
"Cepennpo" mpu  BKIIOYEHHI  ICHYIOYOi  CHCTEMHU
3ByKOMiJICWIeHHS Ta 3HaueHHA Bix "CepemHpo" m0

"BigMiHHO"  TpW  BHUKOPUCTaHHI  HEHANPaBIEHOTO
Jokepena. Taka BiIMIHHICTP Y TOKa3HHKaX 3YMOBIICHO
THM, 10 HA 3HAYEHHS TOKA3HUKIB 1HAEKCY mepeaadi MOBH
Ta IMIBHJIKOTO IHAEKCY Iiepefadi MOBH  BIIIMBAE
CHIBBITHOIICHHSI €Hepril NpsIMOro 3BYKy Ta eHeprii
BiIOMTHX 3BYKiB, a TaKOX CITiBBIIHONICHHS pPIBHIB
CUTHAJI/IIY M.

[lpn BUKOpHCTAaHHI HEHANPABIEHOTO JDKEpela Ha
MiCISIX 3HAXOJUKEHHS YYacHHKIB 3acilaHHS MpPUCYTHS
JIOCTaTHSA KUIBKICTh €Heprii mNpsMOro 3BYKy, IO
MPUXOANTH B IEpeAHIN MIBIUIOIIMHHY, & IPU BUKOPUCTAHHI
CHCTEeMHU 3BYKOIIJCHICHHsS NPSMHIA 3BYK BiJl CHCTEMH
MPUXOANTH 3 THIY, A€ PO3AiLIbHA 3IaTHICTH JIOJCHKOTO
CIyXy HH3bKa, TOMY B MEpeAHIH MiBIUIOMMHI 3BYKOBa
EHepris dhopmyeThest 3aBepIIAIbBHUM BiJIpi3KOM
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peBepOepaIiifHoro mporecy 3a paxyHOK OaraTopa3oBHX
TIepeBiqONTTIB.

4. 3aragbHi BHCHOBKH BHKOHAHHSl eTamy
AKyCTHYHOI eKCIIePTH3H
B pamkax mpoBeleHHS ~ 4YETBEPTOrO  €TaIly

aKyCTHYHOI 3aily €KCIEpPTHU3U B SIKOCTI IEpIIOro eTamy
Oy NpOBEJICHI BUMIpIOBaHHS IMITyJIbCHUX
BIITYKIB y 35 TOYKax TPUMIIMICHHS 3 TMOAATBIINM
YCEepEIHCHHSM PE3YJbTaTIB B KOXKHII TOUIll BUMIPIOBaHHS
(B KOXHIA TOYIl OTPUMAHO TII0 TPH IMITYJIBCHHUX
BITYKH).

Orinka mapaMeTpiB 3ByKOBOTO ITOJISI TIPOBOAMIIACS B
YMOBaX, KOJIM B SKOCTI JpKepella TECTOBHX CHTHAIB
BHKOPHCTOBYBAJIOCH HEHAIPABJICHE JDKEPEIO Ta KON B
SKOCTI  JDKepena  BHCTyNajlla  iCHylO4a  CHCTeMa
3BYKOIII ICHJICHHS.

AHai3 4acTOTHUX 3aJeXKHOCTEH yacy peBepOeparii
Ta PaHHBOTO Yacy CIaAy JO3BOJISIE MPUITYCTUTH, IO B
JOCITIDKYBAHOMY 3aJli MPOBEJCHA HEOCTATHSA KIUIBKICTh
3aXO/iB IOJO CTBOPEHHS ONTUMAJBbHUX aKyCTHYHHX
YMOB SIKICHOT Iepeadi MOBHOTO KOHTEHTY:

-gac peBepOeparii B TPUMINICHHI  3HAYHO
MIEPEBUIYE ONTHUMAIBHUNA dYac peBepOepalii B ychoMy
mianma3oni vactot Big 125 T'm mo 8000 I'm, mo cyrtreBo
MMO3HAYAETHCS HA 3HWKCHHI SIKOCTI BIATBOPEHHS MOBHOTO
KOHTCHTY;

- TCHACHINIA TpadikiB YacTOTHOI 3aJICKHOCTI dacy
peBepOepallii TakoXk Mae SBHUM migidoM B 00JjacTi
HU3BKMX 4YacTOT, L0 Ma€ T[O3UTHBHUI BIUIUB Ha
MY3HYHUIl KOHTEHT, aje TMpPHU3BOIUTH IO 3HIKCHHS
PO30ipIUBOCTI MOBHOTO KOHTEHTY;

- aHaJi3 3HAYeHb PAHHBOIO 4Yacy CHajgy IOKa3ye
CTIfiKy TEHICHIIIO IO 3pPOCTaHHS 3HAYCHb B CEPEIHBO
4acTOTHIH 007acTi, MO 3yMOBJICHO MallUM TOTJIHHAHHIM
OTOPOJKYBAIEHUX MTOBEPXOHb Ta, SIK HACIIAOK, 3HIKCHHS
PO3pi3HEHHS Ta SICHOCTi 3BYKOBOT'O KOHTCHTY;

- U1 KOPEKIi aKyCTHYHUX BIIACTHBOCTEH 3alry
HEOOXiIHO:

1) npoBenmeHHsT 3axOMiB MO 3aMiHi aKyCTHYHOT
00pOoOKM  OropoJKYBalbHUX TOBEPXOHb IPHMIIICHHS
3aJIM 3 MOXKJIMBOIO KOPEKIII€I0 TeoMeTpii;

2) o0rpyHTOBaHMI BUOIP Ta BUKOPUCTAHHS CUCTEMH
03BYYEHHS Ta KOHTPEC CHCTeMH (Ha 3aMiHy ICHYIOYHX
CHCTEM) 3 YpaxyBaHHSIM OCOOJIMBOCTEH reoMerpii 3aiy,
aKyCTUYHUX YMOB, eKCIUTyaTallifHIX OCOONHUBOCTEH,
3BYKOBOT'O KOHTCHTY.

AmHaii3 TNOKa3HHUKIB SCHOCTI Ta po30ipiHMBOCTI Ha
BCiX 35 KOHTPOJBHUX TOYKAaX JO3BOJMB BHSBUTH
PI3HMIIO MDK MOKa3HHUKaMH, II0 OTPHMaHi HpH
BHKOPHCTaHHI HEHANPaBIEHOTO JpKepena (aKyCTHUYHHH

BapiaHT), Ta ICHYIOYOi CHCTEMH 3BYKOIIiICHUJICHHS
(enmexTpoaKyCTHYHHIA BapiaHT), a caMe:

1) mpu  aKyCTHYHOMY  BapiaHTi  JIOCHIKEHb
MPaAKTUYHO Ha BCIX TOYKax BUMIpIOBaHHS

crocrepiraetbest 3HadeHHS C

< » IKE MIEPEBHUIILYE TPAHUYHE

3Ha4YeHHs -2 Ab, 10 HIJIKOM MOKe 3a0€3[eUYNTH SICHICTh

ckimany Bume 95%. CroocrepiraeTbCs  3HWKEHHS
MOKa3HWKa B 00JacTi HHU3BKUX YacToT, IO HpH
MiIBUIIEHOMY dYaci peBepOepallii mpU3BOAUTH [0

3HIDKEHHS 3arajibHOI ICHOCTI Ta YITKOCTI.

2) aHami3  MOKa3HWKIB  mpsmoro  3Byky  C,
(akycTHuHMI  BapiaHT) JOBiB, MO0 BHKOPUCTaHHA
HEHAIpaBJICHOTO JDKepena, pPO3TalloBaHOTO B paiioHi
TpuOyH, 3a0e3Meuye JOCTAaTHIO KUIBKICTh MPSIMOTO 3BYKY,

o0 MNO3WTUBHO BIIJIMBA€E Ha MOBHY SICHICTD C50'

HasBHicte 30H (Toukm 27, 28, 29), 3 mnepeBaxkaHHAM
3BYKY, IO peBepOepye, Ta HU3bKUMH MokazHUKaMu Cy,

ta C, B IHMX TOYKax, OOyMOBIECHO (HOKyCyBaHHIM

3ByKOBHUX TIPOMCHIB B i 00JacTi 3a paxyHOK
0COOJIMBOCTEH TeoMeTpii 3ally Ta BiJICYTHICTIO 3aXOJliB
1010 JIOZIATKOBOTO 3BYKOIOTJTHHAHHS
OTOPOKYBATLHUMHU MOBEPXHIMHU 3aiy. Hesixi
0CcOONMBOCTI MOKa3HWKIB, IO OTpUMaHi B OIYHUX
CeKTopax  OaJKOHIB, TIOSICHIOIOTHCS  PO3TallyBaHHS
HEHAIpaBJICHOTO JpKepesia Ta MOXKe OyTH CKOpUTOBaHO

ONTUMAILHUM  PO3MIIICHHAM  JDKepesia  3BYKOBOI'O
CHUTHAIYy.
3) aHami3  MOKa3HUKIB  pO30IpIMBOCTI  MOBHU

(akycTHUHUH BapiaHT) TMIATBEPAWB NPHUITYIICHHS TIPO
HE3aJI0BUTbHI 3HAYCHHS YITKOCTI MOBHOTO KOHTEHTY, a
came:

- BIICOTOK  apTukymsmiiianx  Brpar (%ALcons)
HAJICKUTh Jiala30oHy 3a IMKajJol MOBHOI SICHOCTI BiJ
"TTorano" mo "obpe";

- IOKa3HUKHM CKJIQZIOBOI sICHOCTI (iHAEKC mepenadi
moBu STI i mBuakiit ingexc mnepenaui MoBu RASTI)
MaloTh 3HAYEHHS, SIKi HaJleXaTh M0 00acTi "3a70BiIbHO"
i "loOpe", 1m0 He € MPUHHATHUM JJISi MOBHUX 3aJliB Ta
NpUMILICHb, JA€ pPO30IpJIMBICTE Ta SCHICTH MOBHOTO
KOHTGHTY Ma€ HajekaThm oO0nacTi 3Ha4eHb, sIKi
BigHOCAThCT gm0 "Hyxke mobpe" Ta "BimmiaHO"
(MakcuManbHA CKIIAZOBa SCHICTE 96%).

4) s miABMINEHHS — IIOKAa3HHWKIB  SICHOCTI  Ta
PO30ipIUBOCTI MOBHOTO KOHTEHTY MOTPiOHO HE TUIBKH
NPUAUIMTH  yBary  MiJBHIIEHHIO  3BYKOIOTJIMHAHHIO
MOBEPXOHb, alic U BXUTH 3aXO[iB mo oprauisarii
CTPYKTYpH peBepOepamiiHOro Mpolecy Ha  MIiCIix
YYaCHHKIB 3aCiTaHHs.

5) npu eeKTpoaKyCTHYHOMY BapiaHTi JOCTIKEHb
MOKa3HUKH MOBHOI SICHOCTI CTalOTh Habarato TipLIMMHU,
IO TOSCHIOETHCS  HEONTHMAIbHUM  PO3TAITyBaHHSIM
JOKEpel 3BYKY 1, SIK HACIIIOK, MPSMHMA 3BYK BiJ JDKepel
MPUXOANTH 3 THIY, A€ PO3ALIOBa 3IaTHICTH JIOJCHKOTO
CIIyXy HH3bKa, TOMY B TEpeAHIH MiBIUIOMKHI 3BYKOBa
eHepris  (QOpPMYETbCS  3aBEepPIIAIGHUM  BIAPI3KOM
peBepOepaIiifHOTo0 MpoIecy 3a paXxyHOK 0araTopazoBHX
MepeBiIONTTIB.

[ToxasHuKH PO36iPAMBOCTI MOBHOTO KOHTEHTY Pi3KO
MOTIPIIYIOTECS: TOKa3HUK %Alcons Ha BCiX MiCIsX
YYacHHKIB 3acCiJaHb MEXy€ 3 MOKa3HHKaMH 3a IIKAJI0I0
scHocTi "lloraHo"; 3HaueHHS iHZEKCy mepenadi MOBHU
(STI) wicTuTh 3HaYeHHS, SKi CTOCYIOThCS O0MacTi
"Cna60" Ta "CepenHbo"; CKI1aJ0Ba SICHICTh 3HAXOIUTHCS B
Mmeskax "Jloopa".

HenocratHst KiNBKICTH €Heprii NpsIMOTO  3BYKY
(am3pki 3HaueHHs C,) PI3KO 3HMKYE BCI IOKA3HUKH

SICHOCTI Ta W9ITKOCTI MOBHOTO KOHTEHTY, a npu
MiABUIICHHI (OHOBOIO IIyMy, IO BJIACTHBO JIJIS
JIOCIIIKYBAHOTO 3aiy, JOCATHYTh KPUTUIHO

HECPUATINBUX 3HAYCHD.
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6) anaiis IMITYJTbCHUX BIT'YKiB pu
€JIeKTPOAKyCTUYHOMY BapiaHTi JOCIIIKEHb BHSBHB DA
0COOIMBOCTEM:

- Ha JCSIKAX TOYKaX BHMIPIOBaHHS IMITYJILCHUMH
BIATYK Ma€ XapakTepHi MUITHKH JO CaMOTO IMIYJbCy Ta
Habarato mMi3Hilme HiX caMm iMoymsc (puc. 25-27).
HasiBHICTP TakuX CIUIECKIB JIO TECTOBOTO CHUTHAIY
TOBOPHTH HasBHICTb (DOHY, CTBOPIOBAHOT'O OE3M0CepeHBO0

CHUCTEMOIO 3BYKOINJICHJIICHHS (TakuX CIUIECKIB HeEMae,
KOJIM BHKOPHUCTOBYETHCS OJMH HEHAINPABIICHOI IDKEPEIo
puc. 28). [Ili3Hi cmueckd eHeprii MiATBEPIKYIOTh
BHCHOBOK ITPO HasBHICTb OrOPOKYBAJIbHUX ITOBEPXOHB 3
MaJiM 3BYKOIIOTJIMHAHHs (0arato 3BYKOBiAOWBaIbHUX
MOBEPXOHb  JIOCUTh  BEIUKHX pO3MipiB). Bussieni
0COOJMBOCTI IMITyJIbCHUX BIATYKIB PI3KO 3HMXKYIOTH BCi
OJIep)KyBaHI B paMKaX eKCIIEPTH3H XapaKTePUCTUKH.

Puc. 25. ImnysbcHuit Biaryk B Touni BumiproBanHs Ned (Ipkepesio 3ByKy - iCHYIO4a CHCTeMa 3BYKOIII ICHIICHHST )

Puc. 26. ImmynscHuit Biaryk B Toulli BumiptoBaHHa Nel5 (Ipkeperno 3ByKy - iCHyro4a CHCTEMa 3BYKOITi ICHIICHHS)

g s s ey

Puc. 27. IMnynbcHuUi BiAryk B Touli BUMiproBaHHst Nel7 (mKeperno 3ByKy - iCHy04a CHCTEMa 3BYKOITi ICUIICHHST )
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Puc. 28. ImnybcHuit Biaryk B Touli BuMiproBaHHs Ned (IpKepesio 3ByKy - HEHAIIpaBJIeHOT)

7) Ui CTBOPEHHS ONTHMAIBHHX aKyCTHUYHHX YMOB
SIKICHOT Tiepedadi MOBHOTO KOHTEHTY BiJ CIIIKEepiB IO
YYaCHHKIB 3aciaHHS HEIOCTAaTHhO TIIBKU 3aXOmdiB 3
IT1 IBUILIEHHS 3BYKOIOTJIHHAHHS OrOpOIKYBAILHIX
[TOBEPXOHh Ta (POPMYBAHHIO ONTHUMAILHOI CTPYKTYpH
peBepOeparliitHoro mporecy, 3a paxXyHOK 3MiHH TeOMeTpil
JNESIKUX OrOPOKYBaJbHHX IIOBEPXOHBb, ajleé IIOTPIOHO
TaKOX MPUAUIUTH 0COOIMBY yBary BUOOPY Ta PO3PaxyHKY
CHUCTEMH 03BYHYCHHS 3Ty Ta KOHIPEC CUCTEMHU.

BucHoBkH

VY marepianax ctaTTi aBTOpaMH PO3TJISIHYTO MPUKIIA]]
BUKOPDHCTaHHS ~ OCTAHHBOI'O  3aBEPIIAILHOTO  €TaIly
aKyCTMYHOI eKCHepTH3M B SIKOCTI TNepuoro. AHaui3
OTPUMaHUX pEe3yJbTaTiB, IPOBEACHUH Ha NPHUKIAIL

OIIIHKK aKyCTHKHU MPHUMIIICHHS 3aJ1y 3aciJaHb, JTO3BOJUB
BHSBUTH CYTT€EBI HEJOJIKH y (OPMYBaHHI 3ByKOBOTO MOJIS
Ta 00'€KTHBHI MPUYMHHU 1X BUHHUKHEHHS. BUKOPHUCTAHHS
BUMIPIOBAJIbHOTO €Tamy 10 I0YaTKy eTamy [epeBipKu
ICHYIOUHMX apXiTeKTypHO-OYyIiBEeIbHUX PilllcHb TO3BOJINB
chopMyIIOBaTH  NPUYMHA  3HIDKCHHS  00'€KTHUBHHUX
MMOKA3HUKIB 3BYKOBOTO TOJIsI, KPUTEPIiB OIIHKH SCHOCTI Ta
YiTKOCTI MOBHOTO KOHTEHTY, NMPOBECTH OL[IHKY ICHYIOUOT
CHUCTEMH 03BYUYyBaHHSI.

3anpornoHoBaHa MOCIII0BHICTb, IO 3aCTOCOBYETHCS
JUTS IPUMIIIEHB 3 OCOOIMBUMHU YMOBAMU, JTA€ MOXKJIMBICTh
MiABUIIUTA  SKICTh TMPOBEICHHS HACTYIHHUX CTaIliB
aKyCTHYHOT eKCIEepPTH3H 3a PaxyHOK OTPHUMAHOTO
YSIBIICHHST IPO O0COOIMBOCTI (hOPMYBaHHS 3BYKOBOTO TOJIS
Ta  BUSIBIICHHS  [PUYMAH  HE3aJOBUIBHOI  aKyCTHKH
MPUMIIIICHHS.

Cnucoxk Jirepatypu

1. Russo D., Ruggiero A. Choice of the optimal acoustic design of a school classroom and experimental verification. Applied
Acoustics. 2019. Vol. 146. P. 280-287. DOI: https://doi.org/10.1016/j.apacoust.2018.11.019.

2. Barteld N. J. Postma S. J., Brian F. G. Katz. Pre-Sabine room acoustic design guidelines based on human voice directivity.

The Journal of the Acoustical Society of America. 2018. Ne143. P.2428-2437.

MMupsxenxuit X. A., bopucos JI. A. AxycTuka 3anbHbIX nomenienuid. Cuena. 2002. Ne2. C. 21.

Amnept B., Creden @. Texnuka 3Bykoycuienust. Teopus u npaktuka / nep. ¢ auria. M: OO0 "TIK® Jlepymia". 2003. 416 c.

1SO 3382:2009. Acoustics - Measurement of room acoustic parameters. Part 1: Performance spaces. 20009.

1SO 3382-3:2012. Acoustics - Measurement of room acoustic parameters. Part 3: Open plan offices Performance spaces.

20009.

1SO 3382-1:2009 Acoustics - Measurement of room acoustic parameters. Part 1: Per formance spaces. 20009.

JBH B.2.2-16-2005. Byaunku i ciopyau. KynsTypHo-BUIOBHIIHI Ta 03BiIEB] 3akaany. JepxOyxn Ykpainu. Kuis. 2005.

Ahnert W., Schmidt W. Fundamentals to perform acoustical measurements. 2005. P. 1-49.

0. Ahnert W., Schmidt W. EASERA Users Manual. 2005. 212 p.

1. Yeuxk B. B., 3y6uenko [I. C. Pa3paboTka ammapaTHO-IPOrPAMMHOTO KOMIUIEKCA JUII H3MEPEHHs OOBEKTUBHBIX
IapaMeTpoOB aKyCTHKH moMelneHus. HayuHo-texandeckuii sxypHan. Texnonorus npudopoctpoenus. Crer.Beimyck. 2014.
C. 36-40.

12. Yeuxk B. B., Msrkuit U. I'. Mcnone3oBaHue MEpBBIX IBYX 3TAllOB aKyCTUYECKOH 3KCHEPTU3bl MOMEIICHUH 3pUTENBHBIX

3aJI0B Ha ImpuMepe Ipamariudeckoro tearpa Ha 500 mect. HaykoBo-TexHiuHuH xypHan "[HHopMaLiiiHO-KepyIOdi CHCTEMH
Ha 3aJli3HUYHOMY TpaHcnoprti". Xapbkos, 2017, Ne 5. C. 26-34.

13. Tlopoma C. M., Yceuk B. B. Meromuka mnpoBeneHHs] aKyCTHYECKOW HSKCIEPTU3BI U apXUTEKTYPHO-CTPOHTEIBHBIX
pelieHuid sl 3pUTENBHBIX 3aJI0B Ha mpuMmepe apamartuyeckoro tearpa Ha 500 mect. COipHMK HaykoBHX mpaib VI
Mixuapoaauii pagioenekrponsnii hopym. [Ipukinaana pamioenekrponika. Cta Ta nepcrekTusu po3putky (MPO — 2017).
Xapbkos, 2017. C. 125-130.

Sl

HBRwoeN




ISSN 2522-9818 (print)
ISSN 2524-2296 (online) Innovative technologies and scientific solutions for industries. 2021. No. 3 (17)

14. Tlopoumn C. M., Ycuk B. B. Merononorus OlEHKH aKyCTHYECKHX CBOMCTB NMOMEUICHHH 3pUTENbCKUX 3ajoB. World
Science. 2018. Vol. 1. Ne 1 (29), C. 8-15.

15. Usik V. V. The hardware-software complex for measuring sound field characteristics in a room at the final stage of the
acoustic examination. Metrology and metrology assurance 2018. Procttdings of the 28 International scirntific symposium.
Sozopol, 2018. P. 233-236.

16. Poroshin S., Usik V., Butova O. Features of the application of the methodology for assessing the acoustic properties of the
sound field for spectator rooms. XXIX International Scientific Symposium Metrology and Metrology Assurance 2019
(MMA 2019) Sozopol, 2019. P. 145-149. DOI: https://doi.org/10.1109/MMA.2019.8936027.

References

1. Russo, D., Ruggiero, A. (2019), "Choice of the optimal acoustic design of a school classroom and experimental
verification", Applied Acoustics, Vol. 146, P. 280-287. DOI: https://doi.org/10.1016/j.apacoust.2018.11.019

2. Barteld, N. J., Postma, S. J., Brian, F. G. K. (2018), "Pre-Sabine room acoustic design guidelines based on human voice
directivity", The Journal of the Acoustical Society of America, No. 143, P. 2428-2437.

3. Shirzhetsky, H. A., Borisov, L. A. (2002), "Acoustics of halls" ["Akustika zal'nykh pomeshcheniy"], The magazine Scene,
No. 2, P. 21.

4. Anert, V., Stephen, F. (2003), Sound amplification technique. Theory and practice [Tekhnika zvukousileniya. Teoriya i
praktika], Ed. OOO PKF Lerusha, 416 p.

5. 1SO 3382:2009 (2009), Acoustics - Measurement of room acoustic parameters. Part 1: Performance spaces.

6. 1SO 3382-3:2012 (2009), Acoustics - Measurement of room acoustic parameters. Part 3: Open plan offices Performance
spaces.

7. 1SO 3382-1:2009 (2009), Acoustics - Measurement of room acoustic parameters. Part 1: Per formance spaces.

8. DBN B.2.2-16-2005 (2005), Buildings and structures. Cultural, entertainment and leisure facilities. State Construction
Committee of Ukraine, Kiev.

9. Ahnert, W., Schmidt, W. (2005), "Fundamentals to perform acoustical measurements”, P. 1-49.

10. Ahnert, W., Schmidt, W. (2005), EASERA, Users Manual, 212 p.

11. Usik, V. V., Zubchenko, D. S. (2014), "Development of a hardware-software complex for measurement of objective
parameters of room acoustics" ["Razrabotka apparatno-programmnogo kompleksa dlya izmereniya ob"ektivnykh
parametrov akustiki pomeshcheniya"], Scientific and technical journal "Technology of instrument making", Special issue,
P. 36-40.

12. Usik, V. V, Myagkiy, 1. G. (2017), "The use of the first two stages of acoustic examination of auditoriums on the example
of a drama theater for 500 seats”, Scientific and technical journal "Information and control systems for railway transport",
No. 5, P. 26-34.

13. Poroshin, S. M., Usik, V.V. (2017), "Methods of conducting acoustic examination and architectural and construction
solutions for auditoriums on the example of a drama theater for 500 seats" ["Metodika provedeniya akusticheskoy
ekspertizy i arkhitekturno-stroitel'nykh resheniy dlya zritel'nykh zalov na primere dramaticheskogo teatra na 500 mest"],
Collection of scientific works VI International Radio-Electronic Forum "Applied Radio Electronics. Status and Prospects
of Development”, P. 125-130.

14. Poroshin, S. M., Usik, V.V. (2018), "Methodology for assessing the acoustic properties of auditorium rooms"
["Metodologiya otsenki akusticheskikh svoystv pomeshcheniy zritel'skikh zalov™], World Science, No. 1 (29), Vol. 1, P. 8-
15.

15. Usik, V. V. (2018), "The hardware-software complex for measuring sound field characteristics in a room at the final stage
of the acoustic examination", Metrology and metrology assurance 2018. Procttdings of the 28 International scirntific
Ssymposium. Sozopol, P. 233-236.

16. Poroshin, S., Usik, V., Butova, O. (2019), "Features of the application of the methodology for assessing the acoustic
properties of the sound field for spectator rooms”, XXIX International Scientific Symposium Metrology and Metrology
Assurance 2019 (MMA 2019) Sozopol, P. 145-149. DOI: https://doi.org/10.1109/MMA.2019.8936027

Haoiiwna (Received) 19.08.2021

Bidomocmi npo asmopis / Ceedenus 06 asmopax / About the Authors

Mopoumn Cepriii MuxaiiioBU4 — TOKTOp TeXHIYHNX Hayk, mpodecop, HarionanpHuit TexHIYHAI yHIBepcHTeT "XapKiBChKUi
MOJITEXHIYHUI 1HCTUTYT", 3aBigyBad Kadenpu MyJIbTUMEIIHUX iHPOPMAIiHAX TEXHOJOTiK 1 cucteM, XapkiB, YkpaiHa; email:
poroshin0020@gmail.com, ORCID: http://orcid.org/0000-0002-2583-9916.

Mopommu Cepreii Muxaif1ioBU4 — JOKTOp TEXHHUYECKHX HayK, mpodeccop, HammoHanbHBIN TeXHWUECKHII yHUBEPCHUTET
"XapbKOBCKHI MOMUTEXHUIECKUI MHCTUTYT", 3aBeqyronmid kKaheapoi MyIbTUMEIUITHBIX HHPOPMAIIMOHHBIX TEXHOJIOTHI U CHCTEM,
XapbKoB, YKpauHa.

Poroshin Sergei — Doctor of Sciences (Engineering), Professor, National Technical University "Kharkiv Polytechnic Institute",
Head of the Department of Multimedia Information Technologies and Systems, Kharkiv, Ukraine.

Ycuk Bikrtopist BanepiiBHa — kaHIumat TeXHIYHHUX HayK, AOUeHT, HauioHanbHUI TexHiYHME yHiBepcuTeT "XapKiBChKHN

HOJIITEXHIYHUH 1HCTUTYT', Tpodecop kadenpu MyIbTUMENiHHMX  iHGOpMaliiHMX TexHONorid i cucrem, XapkiB, YkpaiHa;
email: usik.viktory@gmail.com, ORCID: http://orcid.org/0000-0002-3515-4849.




ISSN 2522-9818 (print)
CyuacHuii cman HayKoeux 00CriodceHb ma mexHonoeitl 6 npomuciosocmi. 2021. Ne 3 (17) ISSN 2524-2296 (online)

Ycuk Buxkropuss BajepueBHa — KaHIWZAT TEXHUYECKUX HAyK, AOLEHT, HalnnoHanbHBIA TEXHUYECKUH YHUBEPCUTET
"XapbKOBCKUH MOJUTEXHUIECKHH MHCTUTYT", mpodeccop Kadeapbl MylIbTHMETUHHBIX WHPOPMAIIMOHHBIX TEXHOJOTHH M CHCTEM,
XapbKkoB, YKpauHa.

Usik Victoriya — PhD (Engineering Sciences), Associate Professor, National Technical University "Kharkiv Polytechnic
Institute”, Professor Department of Multimedia Information Technologies and Systems, Kharkiv, Ukraine.

OCOBEHHOCTH UCTTIOJIb30BAHUS HETBEPTOI'O 9TAIIA AKYCTHYECKOM
IKCIIEPTHU3bI JJIA IOMEINEHUU CIIEHUAJIBHOT'O HASHAYEHUA

IIpenmeToM nccienoBaHus B CTaTbe SBISIETCS METOMOJIOTHS MPOBEICHHS SKCIEPTU3BI TIOMEILEHUH € IIENbI0 CO31aHUs] ONTUMANbHBIX
aKyCTHYECKHX YCIOBHI B 3aBHCHUMOCTH OT Ha3sHauyeHHs roMermeHus. Ileqb - TOBBIIIEHHE KadecTBa IPOBENCHUS BCEX OSTAIOB
aKyCTHYECKOH SKCIEpTH3bl C Y4eTOM ITOMENICHUH, JUI1 KOTOPBIX CYIIECTBYIOT OCOOBIe TpeOOBaHMS K KadecTBY IepeqaBacMoro
KOHTEHTA WJIH JUISl KOTOPBIX €CTh OCOOCHHOCTH B ()OPMHUPOBAHUH 3BYKOBOTO TOJIS. IS TOCTH)KEHMS TIOCTaBJICHHOH IEITH, aBTOpaMH
B CTaThe MpeIUIoKEeHa HOBas IIOCIEOBATEILHOCTh IPOBEICHUS ITANOB aKyCTHYECKOH AKCIIEPTH3BI, a MMEHHO, HCIIOJIb30BaHHE
3aBEpINAONIEro (YETBEPTOro) 3Tama B KadecTBE MepBoro. Takas IMOCIEA0BAaTENbHOCTh MPOBEACHMS 3TAloOB TpeOyeT pelleHus
HECKOJIbKMX 3aJa4: ONpeJelieHHe YCIOBUIl NMPOBEIEHHs HCCIENOBAaHUI C ydeTOM CIelM(HKH MOMEIIEHHS M KOHTEHTa; BHIOOp
amnnapaTHO-IPOrPaMMHOTO KOMIUIEKCAa JUIsi MPOBEASHMS HCCIENOBaHMH; ompeneneHne HWHOOPMATHBHBIX KPUTEPHEB OLEHKU
aKyCTHKHU ITIOMEIIEHHUsS C YY4eTOM BCEX ero 0coOeHHOCTeH; 00paboTKka M aHaIM3 MONy4YEeHHBIX pe3ynbTaToB. IIpuMeHeHHe Takoro
MOAXO0Aa K dTalaM aKyCTHYECKOW SKCIIEPTH3bI OBUIO pacCMOTPEHO Ha NpHMeEpe 3ajla 3aceJaHHd, Ul KOTOPOTO IMPUCYTCTBOBAIN
TpeOOBaHMs K BEICOKOMY KaueCTBY PEUEBOTrO KOHTEHTa, B 3aJI€ y)Ke HCIIOJIb30BaJIach CHCTEMa 3BYKOYCHIICHHS, ObIIM 0COOCHHOCTH B
(OpMHUpOBaHUH 3BYKOBOTO TIOJIsl. ABTOpaMH B CTaThe ONMCAHBI PEIICHHS BCEX ITOCTABICHHBIX 3a1a4 Ul UCCIIETyeMOro ITOMEICHHS.
[MonyuyeHHBIE pe3yabTAThl MO3BOJMIN IPOAHATH3HPOBATh OOBEKTHBHBIC XapaKTEPHCTHKU 3BYKOBOTO MOJISI M BBISIBUTH IPHYMHBI
HHU3KOTO Ka4ecTBa IEpefadyn PedeBOro KOHTEHTa HE TONBKO NPH aKyCTHUECKOM pacdeTe, HO MPH HCIOIb30BAHUU CYIIECTBYIOIICH
CHCTEM 3BYKOYCHJIEHHS (3IEKTpoaKycTHYecKui pacdeT). BbiBoabl. IlpemnoxeHHas mOCIeA0BATENbHOCTh NPOBEACHUS ITAIOB
aKyCTHYECKON HKCIIEPTU3BI JaeT BOZMOXKHOCTD BBISIBUTH "TIpo0OJIeMHBIe" MecTa B (JOPMUPOBAHIH 3BYKOBOTO IOJISI M/MIIH ONPENCIUTH
BO3MOJKHBIE ITyTH PELICHHS elle O Hadayia 3TaloB MPOBEPKH CYNIECTBYIOMINX ApXUTEKTYPHO-CTPOUTENBHBIX PEIICHIH U pa3paboTKu
TEXHUYECKOT0 3aJJaHusI Ha KOHCTPYKIMH OIPaKJAIOMINX OBEPXHOCTEH W MEPOIPHATHI MO CO3AaHUSAM ONTUMAIBHBIX aKyCTHUECKUX
YCIIOBHH.

KnioueBbie cioBa: akycTHdecKas dKCHepTH3a; 00bEKTHBHBIE XapaKTEPUCTUKH 3BYKOBOTO IOJIS; KPUTEPHU OLIEHKH aKyCTHKH
TIOMEICHHSI.

SPECIFIC FEATURES OF USING THE FOURTH STAGE OF ACOUSTIC
EXPERTISE FOR SPECIAL PURPOSE PREMISES

The subject of the report is the methodology of carrying out an examination of the application for the purpose of establishing the
optimal acoustic minds in the prevalence of attribution. The goal is to improve the quality of all stages of acoustic examination, taking
into account the premises for which there are special requirements for the quality of the transmitted content or for which there are
features in the formation of the sound field. Such a sequence of stages requires the solution of several tasks: determining the
conditions for conducting research, taking into account the specifics of the premises and content; selection of hardware and software
complex for research; determination of informative criteria for assessing the acoustics of a room, taking into account all its features;
processing and analysis of the results obtained. The application of this approach to the stages of acoustic examination was considered
on the example of a conference room, for which there were requirements for high quality speech content, a sound reinforcement
system was already used in the hall, and there were features in the formation of a sound field. The authors in the article describe the
solutions to all the tasks for the investigated room. The results obtained made it possible to analyze the objective characteristics of the
sound field and identify the reasons for the low quality of speech content transmission not only in the acoustic calculation, but when
using the existing sound reinforcement systems (electroacoustic calculation). Conclusions. The proposed sequence of the stages of
acoustic examination makes it possible to identify “problem" places in the formation of the sound field and / or to determine possible
solutions even before the stages of checking existing architectural and construction solutions and the development of technical
specifications for the construction of enclosing surfaces and measures to create optimal acoustic conditions.
Keywords: acoustic examination; objective characteristics of the sound field; criteria for evaluating room acoustics.
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DEVELOPMENT OF A MODEL FOR THE DYNAMICS OF PROBABILITIES OF
STATES OF SEMI-MARKOV SYSTEMS

The subject is the study of the dynamics of probability distribution of the states of the semi-Markov system during the transition
process before establishing a stationary distribution. The goal is to develop a technology for finding analytical relationships that
describe the dynamics of the probabilities of states of a semi-Markov system. The task is to develop a mathematical model that
adequately describes the dynamics of the probabilities of the states of the system. The initial data for solving the problem is a matrix
of conditional distribution laws of the random duration of the system's stay in each of its possible states before the transition to some
other state. Method. The traditional method for analyzing semi-Markov systems is limited to obtaining a stationary distribution of the
probabilities of its states, which does not solve the problem. A well-known approach to solving this problem is based on the formation
and solution of a system of integral equations. However, in the general case, for arbitrary laws of distribution of the durations of the
stay of the system in its possible states, this approach is not realizable. The desired result can only be obtained numerically, which
does not satisfy the needs of practice. To obtain the required analytical relationships, the Erlang approximation of the original
distribution laws is used. This technique significantly increases the adequacy of the resulting mathematical models of the functioning
of the system, since it allows one to move away from overly obligatory exponential descriptions of the original distribution laws. The
formal basis of the proposed method for constructing a model of the dynamics of state probabilities is the Kolmogorov system of
differential equations for the desired probabilities. The solution of the system of equations is achieved using the Laplace transform,
which is easily performed for Erlang distributions of arbitrary order. Results. Analytical relations are obtained that specify the desired
distribution of the probabilities of the states of the system at any moment of time. The method is based on the approximation of the
distribution laws for the durations of the stay of the system in each of its possible states by Erlang distributions of the proper order. A
fundamental motivating factor for choosing distributions of this type for approximation is the ease of their use to obtain adequate
models of the functioning of probabilistic systems. Conclusions. A solution is given to the problem of analyzing a semi-Markov
system for a specific particular case, when the initial distribution laws for the duration of its sojourn in possible states are
approximated by second-order Erlang distributions. Analytical relations are obtained for calculating the probability distribution at any
time.

Keywords: Semi-Markov system; model of dynamics of probabilities of states; approximating Erlang distributions; analytical
calculation of probabilities of states.

Introduction demanding of them in terms of the amount of information
used is as follows. Sets of possible states E and transitions
Traditional technologies for constructing models of ~ between them, as well as the matrix (Q;(t)) of

the functioning of complex systems are based on the use  jndependent distribution functions of the time spent by the
of Markov theory. The corresponding models  process in state | before the transition to state j, i€E, j€E,
constructively use the Markov property of the behavior of 16 given. Moreover, if tij is the random duration of stay

such systems [1]. The simplicity and efficiency of such i, i hefore the transition to j, 50 Q. (t)=P(t <t). Then
models are a natural consequence of the fact that in ! !

Markov systems the distribution density of the duration of
the stay of the system in any particular state is determined
only by this state, but does not depend on when and how
the analyzed system got into this state. This circumstance

the probability of transition Pij(t) from | to j is the
probability that no transition to any other state occurs
during this time. This probability is equal to

t
makes it possible, using simple Kolmogorov differential P;(t) =IH(1—Qik (o)dQ; () =P(£ () =,
equations [2, 3], to solve the problem of finding the 0 k#j @)
distribution of the probabilities of the stay of t, <t/£(0)=i),i=|.
the system on the set of possible states with an analytical
description of the dynamics of this distribution. Failure to The set of functions B;(t) together with the initial

fulfill the Markov property leads to a significant state also uniquely define a semi-Markov process. The

complication of the problem of analyzing the behavior of probability P, () of transition from i to j in an unlimited
systems. Difficulties in solving the corresponding

problems make the problem of developing special time is
methods for constructing behavior models of semi- o
Markov systems relevant. R, =Py() = [TT@-Q (2))dQ; () )

0 k#j

Literature analysis

and determines the probability of transition of the Markov
chain embedded in the process. Wherein Y P, =1.
j#i
Next, a conditional distribution function of the
duration of stay in | before the transition to j is introduced,
which is equal to

The semi-Markov process, as it is known [4, 5],
differs from the Markov process in that the distribution
law of the random duration of stay in each of the possible
states is not exponential. There are several alternative
ways to define a semi-Markov process [6]. The least

© L. Raskin, O. Sira, L. Sukhomlyn, R. Korsun, 2021
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R, () = P(t, <t/<(0) =i, £(©) = ). 3)
Then
Pij t= Fij 0] F)IJ 4)

The matrix of transition probabilities of the
embedded Markov chain P=(P,) together with the matrix

of conditional distribution functions F(t)=(F;(t)) and the

initial state determine the third way of specifying the
Markov process [6].

The fourth way of setting this process is
implemented as follows [7]. The unconditional
distribution function of the duration of stay in i before
leaving to some other state is determined

F=Pt <=2 RREO=2RO. ()

j#i j#i

The same function can be defined through the
original matrix (Qij(t)):

Fij ®) :1_H(1_Qij ®)). (6)

j#i

The expression corresponding to (5) for the
distribution density of the duration of stay in i before
leaving has the form

fi (t) = z pij

j#i

dr (t)
T - Z pij fij (t) (7)

j#i

Next, the matrix of conditional transition

probabilities is introduced
qij(t) =P(4(t)= j/tij =t,4(0) =1).

Herewith
Py ®=P(SM)=]j /tij =1,£(0)=i)= quj ()i (r)dz.

All of the above methods for specifying a semi-
Markov process are equivalent.

In the works on the analysis of semi-Markov
systems, the results of solving the following two
important problems are used. The first task is to calculate
the average durations of the stay of the system
in each of their states, which is solved using the standard
ratio

T =

ot—38

th(dt=> Pt Odt=YR7. (7
j#i 0 j#i

The second task is to obtain the final distribution of

the probabilities of the system states, which is solved as

follows. First, using the transition probability matrix

P=(R;), the stationary distribution of state probabilities

for the Markov chain embedded in the semi-Markov

process is found. The vector z=(m1, m,..., m) of these
probabilities is found by solving the system of equations

=P,

iﬂ'i =1. ®

Now, as shown in [6, 7], the desired final distribution
of state probabilities is determined by the relations

p: ﬂ.iz_-i

I n

,i=12,..,n 9)
T
i=1

The obtained results (7) and (9) are very useful in
solving practical problems. However, in many cases, for
example, when solving control problems for semi-Markov
systems, it is necessary to have an analytical description
of the dynamics of state probabilities. In addition, it is
important to know the dependences of the values of the
components of the probability distribution of the system
states on the numerical values of the system parameters.

In this regard, the purpose of the study is to develop
a technology for finding the dynamics of the probability
distribution of the states of a semi-Markov system.

Main result. Calculation of the probability
distribution of the states of a semi-Markov system.
Consider a system with its possible states and build a
model of the functioning of such systems.

Let us introduce, using (3), F;(t)=P(z; <t) — the

probability that the random duration tij of the stay of the
system at i before the transition to state j will be less than
t. Then the probability of no transition to state j on the
interval [t, t+ 7] is defined as follows:

Q,(t+7)=Q,()Q; . t+7);
Q,t+7)
Q)

In this case, the probability of transition from i to j
on this interval will be equal to

Qi t+7)= (10)

Qij (t+7)
W, (t, t+7)=1-Q,(t, t+7) =1 0,0 =
_ Qij ® _Qij (t+7) _ - Qij (t+7)-(1- Qij ®) — (11)
Q; (1) Q; (1)
Fij (t+7)- Fij )
) 1- Fij (t) .

Let the distribution law of the duration of stay at i
before going to j be the Erlang distribution law of order m.
Wherein [8]

"

m!

Fi)=1-Y i
m=0
If m=2, so

Fy(®) =1- L+ At ™ (12)

Now, substituting (12) into (11), we obtain the
probability of transition from i to j on the interval [z, 7+7].
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[L- 1+ t+o)e T -[1- L+ 4, e ] _

W, (t, t+7) = —
: 1-@+ 2, e ™

" (13)
(A0 -+ A teo)e b 1_1+/1Ij (t+7) o i

1+, T LAt

Then the distribution density of the duration of stay
at i before the transition to j on the interval [z, #+7] has the
form:

/1|j2 (t+7) efaijr '
1+ At

]

f(t,7) = (14)

It is clear that at t = O relation (13) is reduced to
formula (12), which determines the Erlang distribution
law of order 2 for an interval of length t, and relation (14)
takes the form

f(t)=27e ", (15)
usual for the second-order Erlang distribution density. It
follows from relation (14) that the distribution density of
the random duration of stay in state i before transition to j
on the interval [z, ¢+ + 7] depends on the value of the
parameter z. This value can be random. Consider, for
example, a two-channel queuing system with an incoming
flow of claims, in which the distribution density of the
interval between claims is described, for example, by the
second-order Erlang law (15). A request received at the
moment when both channels are free takes one of them and
begins to be served. Let the next request arrive at a random
time interval. If the servicing of the previous customer by
the first channel has not been completed by this moment T,
then the next customer occupies the free second channel.
Let the distribution laws of the random value of the
interval between incoming customers and the duration of
service of each of the channels have the form, respectively

[9
F(r)=1-(1+Ar)e ™,

(16)
G(r)=1- QA+ ur)e ™.

Then the probability of completion of servicing by
the first channel on the interval [T, T + 7] in accordance
with (13) is

BT Tar)=1- A0 4D e (17)
1+uT
The corresponding distribution density is described
by the formula

2
£, Tr) = D) e (18)
1+ ut
In addition, in accordance with (16), the distribution
law for the duration of servicing a customer by the second

channel is determined by the relation
G,(r) =1- 1+ ur)e™, (19)

and the distribution density of this duration is

f,(z) = yre ™. (20)

The random moment of the end of servicing by any
of the two busy channels is specified by the minimum of
the durations of servicing claims by these channels. The
corresponding distribution density is determined by the
densities f,(T,T+71) and f2(z2) as follows. Let

xI = T + ¢/ and x2 = 72 determine the service duration
values for the first and second channels. We introduce
u = min{x1, x2}. The distribution function of this random
variable u has the form

G(u) =1-(1-G,(u)A-G,(u)), (21)
The corresponding distribution density, found by
differentiating (21) with respect to u, is equal to

g(u) = f,(W)A-G, () + f,(W)A-G,(u)).

Let us substitute functions (17) - (20) into (22),
bearing in mind that at the time of service by any of the
channels 71=7,=r. In this case, the random variable u takes
on the value T+ if the first channel completed servicing
earlier than the second, and corresponds to the value of ©
if the second channel finished servicing earlier than the
first. That's why

(22)

2
g(T,T) — :u (T + T) e—yr(1+ ﬂr)e—yr + luzz_e—m 1+AU(T + T) e—m —

1+uT 1+uT

2

_ H —2ur —2ur _
Lot [(T+o)+pr)e™ + oL+ p(T +7) o™ =

2

= [T o) pr) ol (T 7)) =
1+ uT

= ’le
1+uT

2

__H
1+ uT

(T+Tur+r+uc’ +o+uc’ +ulr)e™ = (23)

(c+ T +0)+2uTc+2ur?))e™ =

2
= H (et (T o)+ 2ur(T +2)e™ =
1+ uT

2

= H (T )+ 2ur))e .
1+uT

It follows from this relation that the analytical
description of the distribution density of the duration of
the stay of the system in the state when both channels are
occupied until the moment one of them is released
contains a random parameter T. The fundamental
complexity of the situation arising in this case is as
follows. Relation (23) describes not a single density, as it
happens when all the parameters of the distribution
density are known constants. The random nature of the
parameter T gives rise to a family of densities, each of
which corresponds to a specific value of this parameter. It
is clear that in this situation a direct solution to the
problem of analyzing such a system is impracticable. An
approximate solution can be obtained if the parameter T is
set by its mean value T . In this case, relation (23) takes
the form

2

= M
g(Tvz-)_1+lu.r

(r+(T +7)1+2ur))e™.  (24)
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This relationship makes it possible, using
numerical integration, to calculate the average value of the
duration of the system's stay in the busy state
of both channels, and from this to obtain an estimate of
the intensity 4 of the system's exit from

this state.
The above distributions and calculations (23) - (24)
allow us to analyze the process of functioning of the

considered two-channel queuing system. Let us
introduce a set {Ei}, i = 0,1,2, of system states
corresponding to  the number of  occupied

channels. We find the distribution of the probabilities
of the states of the system Pk(t), k=0,1,2, by
solving the Kolmogorov system of differential equations
[10]

dP t
() Zﬂ«,k P)-R® D 4, k=012 (25)
JEZ ]eZk
where, 4, - intensity of system transition from state j to

state k; Zc* — the set of system states, from which a direct
transition to the k-th state is possible; Zi — the set of states
of the system into which a direct transition from the k-th
state is possible.

We solve the resulting system of equations using the
Laplace transform. As is known, the Laplace transform of
the function u(t) is the function

L(u(t)) = F(s) = Tu(t)e’s‘dt. (26)

The Laplace transform of the derivative u'(t) of the
function u(t) is defined by the relation

L(u'(t)) = Tu (e ™dt. 27)
Integrating (27) by parts, we obtain
L(u'(t)) = _Te‘s‘u (t)dt =

=u(t)e™ |7 +sTu(t)e’s‘dt =sL(u(t)) —u(0).

Transforming (25) according to Laplace, we obtain

s (s)-R.(0) = Z ﬂ*jk”j (S)_Pk(s)z Ao (28)
jEZ; jEZI:
where 7, (s) = L(P,(t)).
In the considered task we have Zg*=1; Zo=1;

Z:7={0;2}; Z2:={0;2}; Z;*=1; Zy=1; Po(0)=1; P1(0)=
P2(0)=0. Therefore, the system of equations (28) is
simplified to the form

ST, (5) = 1*107[1 (5) - /1017[0 (5) +1=0,

S7,(8) = A7, (S) + A5y 7, (S) — (A4 + A1) 7, (S),

ST, (S) = /112”1(5) -4

170> (S)

After reducing similar terms, we get:

(S+ 01 )76 (S) — Ao, (S) =1,
An 74 (8) = (S+ Ay + A,) 7, (S) + 45,7, (5) =0,
A, (8) = (S + 4, )7, (5) = 0.

The system of linear algebraic equations (29) is
solved in a standard way. By Cramer's rule, we have:

bi(s)
D(s)’

(29)

,1=0,12,

z(s) = (30)

where

(s+4) o 0
D =det Ay —(5+ 4, +4,) A )
0 A (s+4,)

1 - 0
D,=det| 0 —(S+A4,+4,) Ay ,
O 112 (S + 121)

(s+4,) 1 0
D, =det| A 0 A

01 21 1

0 0 (5+4y,)

(S+/101) _/110 1
D, = det An _(S+ﬂ10+ﬂ12) 01,
0 A 0
Note that when solving the resulting system of
equations, it is necessary to take into account the

normalization condition Po(t)+P1(t)+P(t)=1, which after
the Laplace transform has the form

2

> 7(s) =% or siﬂk (s)=1.

k=0

As a result of performing the necessary operations in
accordance with (30), we obtain

T (S) — Abo + Ahls+ AJZSZ (31)
° B, +Bs+B,s’+B,s*’
m,(s) = Aot AsS : (32)
B, +B;s+B,s+B;s
1y () = e (39)

B, +Bs+B,s+Bs’

We carry out the inverse Laplace transform by
expanding the fractional rational functions (31) - (33) into
elementary fractions. To do this, it is necessary to find the
roots of the polynomial in the denominator of the
functions being expanded by solving the equation

B, +B,s+B,s*+B,s’=0.

Let these roots be equal S1, S, Ss.

The technology of further operations depends on the
nature of these roots. In this case, in the general case, the
following options are possible.
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a) All roots are real, different. Then

Ap tASTAS | 8 tanS+ayst
B, +Bs+B,s’+B,;s’ (s—5)(s-5,)(S—S,)

(34)
A, =D i-01,2.3

S—5, B,

The unknown coefficients «,, «,, a, are found

after reducing (34) to a common denominator and
equating the coefficients at the same powers of s to the left
and right of the equal sign.

b) Roots are real, multiples. Then

2
Ao T3S + 3,8 _ oy A, i3
k1 k2 kK3 + 2 + 3 +
(5_51) (S_Sz) (S_Ss) S—§; (5_31) (5_51)
a a. a
21 + 22 - + 23 -~ + (35)
S-S, (S_Sz) (S_Sz)

Oy Oy Oy

+ + -+ 5
535 (S_Ss) (5_53)

In this case, the total number of terms in relation (35)
cannot exceed three. The method for finding the unknown
coefficients in (35) is the same as above.

¢) Among the roots there are complex. Then

B tanS+3pS" & fs+y
(s—s)(s*—ps+q) s-s, s*—ps+q

Unknown coefficients are found in the same
way as before. Further, according to the correspondence

o

table of the originals and their  Laplace
transforms, unknown functions Po(t), Pi(t), P2(t), are
found, which specify the desired
distribution of the probabilities of the

system states.
The task becomes much more complicated if the
number of channels in the system is more than two. In this
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PO3POBKA MOJIEJII JMHAMIKHA IMOBIPHOCTEM CTAHIB
HAIIIBMAPKOBCBKUX CUCTEM

Ipeamer — AOCHIKEHHS AMHAMIKH PO3MOJIITY WMOBIPHOCTEH CTaHIB HAMiBMapKOBCHKHX CHCTEMH IMPOTATOM MEPEXiTHOTO
Mpoliecy 10 BCTAHOBJCHHS CTalliOHAPHOTO po3mojiny. MeTa — po3poOKa TEXHOJOTil BiJIIYKaHHS aHANTITUYHUX
CHIBBiHONIEHb, IO ONHCYIOTh IWHAMIKYy MMOBIpHOCTEH CTaHIB HAaIliBMapKOBCHKHX CHCTEMH. 3aBAaHHA pO3poOKa
MaTeMaTHYHOI MOJIeNi, aAeKBAaTHO ONMCY€E JUHAMIKy HMOBIpHOCTEH CTaHIB cucTeMH. BuxinHi naHi Ui BUpILMIeHHS 3aBOaHHS -
MaTpHUI YMOBHHX 3aKOHIB PO3IIOJTY BHIIQAKOBOI TPHBAIOCTI MepeOyBaHHS CHCTEMH B KOKHOMY 3 MOIIMBHX ii CTaHIB 10
nepexofy B Oyab-sike iHme ctaH. Meroa. Tpanuniiinuil MeTon aHasi3y HalliBMapKOBCHKHUX CHCTEM OOMEXY€EThCS OTPUMAHHAM
CTaIliOHAPHOT'O PO3MOiIY HMOBIPHOCTEH 11 cTaHiB, 110 HE BUPIIy€e MOCTABICHY 3a1auy. BimoMuii mixi 10 BUPIIICHHS [IbOTO
3aBJaHHS 3aCHOBAaHMH Ha (OpMyBaHHI Ta BUPIIICHHI CUCTEMM iHTErpanbHHUX PiBHAHb. OJHAK B 3arajlbHOMY BHIAIKy AJII
JIOBITBHHUX 3aKOHIB PO3IOJIIY TPHBANOCTeil mepeOyBaHHS CHCTEMH B MOXIMBHX CBOIX CTaHaX Iel MiIXix HE peasizyemo.
[ykanuii pe3ynpTaT MOKe OyTH OTPUMAHHH TIIBKHM YHCENBHO, IO HE 3aJO0BOJbHSAE MOTpeOM HpakTWKU. st oTpUMaHHS
HEeOoOXITHUX aHANITHYHMX CIIiBBITHOIICHb BHKOPUCTOBYETHCS E€PIAHTOBCHKUI alpOKCHMAIis BHXITHHX 3aKOHIB PO3IOMLNY.
Ileii mpuiioM iCTOTHO MiABHUIIYE aJeKBATHICTh OJEP)KYBAaHUX NPH LIbOMY MAaTeMaTHYHUX MOAENeH (yHKIiOHyBaHHS CUCTEMH,
Tak K J03BOJISE BIMIATH BiJ HAJAMIPHO 3000B'SI3YIOTh €KCIIOHCHIIIMHUX OIMKCIB BHUXIJIHUX 3aKOHIB po3mominy. dopmasibHa
OCHOBA 3allPOIIOHOBAHOTO METOAY MOOYIOBH MOJEINi ANHAMIKM HMOBIPHOCTEH CTaHIB - cucTeMa AuGEpeHIiaIbHUX PiBHSIHD
KommMoropoBa momo IIykaHHX HMOBIpHOCTeH. PimleHHs CHCTeMH pIBHSHB JOCSTAETHCS 3 BHKOPHCTAHHSAM IIEPETBOPEHHS
Jlannaca, sike JErKo 3MIHCHUMO VISl €pJIaHTOBCHKHM PO3MOALUIIB A0BIIBHOrO MOpsaky. PesyabraTH. OTpHMaHO aHANITHYHI




ISSN 2522-9818 (print)
ISSN 2524-2296 (online) Innovative technologies and scientific solutions for industries. 2021. No. 3 (17)

CIIBBIJIHOIICHHS, SIKI BU3HAYAIOTh LIYKAHHH PO3MOJII MMOBIPHOCTEH CTAaHIB CHCTEMH Ha OyIb-sKHi MOMEHT udacy. Meton
3aCHOBAHUN Ha alpOKCUMAL]l 3aKOHIB PO3MOJLLY TPUBaJIOCTEN NnepeOyBaHHSA CUCTEMH B KOKHOMY 3 MOXJIMBUX CBOIX CTaHIB
posnoxinamu Eprmanra HanexHOTo MopsanKy. I[IpHHINIIOBAM MOTHUBYIOUMM OOCTaBHHOIO ATl BHOOPY 3 METOIO alpoKCHMAIii
pO3MOIINB caMe HBOTO THIy € MHPOCTOTa IX BHKOPHCTaHHS IS OTPUMAaHHS aJeKBaTHUX Mojened (yHKIiOHyBaHHS
IMOBIpHICHUX cucTeM. BucHoBkM. HaBesneHo pillleHHS 3ajaui aHaji3y HaIiBMapKOBCBKUX CHUCTEMHU JUIi KOHKPETHOTO
OKPEMOTO BHWIIQJIKy, KOJU BUXIJHI 3aKOHH PO3IMOJIUTY TPUBAIOCTI ii mepeOyBaHHS B MOJMJIMBHUX CTaHaX alpOKCUMYKOTHCS
posnoainamu Epnanra apyroro nopsaky. OTpUMaHO aHaNITHYHI CHIBBIAHOIIEHHS JJISL PO3PaXyHKy po3Nojily HMoBipHOCTEH
Ha OyIb-sIKHif MOMEHT 4acy.

Kiro4oBi cjioBa: HamiBMapKOBCBKMX CUCTE€Ma; MOJENb JUHAMIKM HMOBIpHOCTEH CTaHiB; almpOKCUMYIOUMH pO3MOILIL
Epnanra; aHanmiTHYHUN pO3paXxyHOK HMOBIPHOCTEH CTaHiB.

PA3PABOTKA MOJEJN JTUHAMUKHA BEPOSITHOCTEN COCTOSIHUM
INOJTYMAPKOBCKUX CUCTEM

IIpenmer — uccrienoBaHUE IAMHAMUKHU PacIpeieieHUs BEPOSTHOCTEH COCTOSHUN MOIyMapKOBCKOM CHUCTEMbl B TedeHHE
MIEPEXOHOTO TPOIlecca O YCTAHOBIEHMs CTalMOHapHOro pacmpeneneHus. Lleqb — pa3paboTka TEXHOJOTHH OTBICKAHHS
AQHATUTHYECKUX COOTHOIIEHHH, OMMCBHIBAIONIMX JUHAMHUKY BEPOSTHOCTEH COCTOSHUH IMOJYyMapKOBCKOH CHUCTEMBL. 3amadya —
pa3paboTka MaTeMaTHYECKO MOJENH, aJeKBaTHO ONKCHIBAIONICH AMHAMHKY BEPOSITHOCTEH COCTOSHHN CHCTEeMBI. VcxoaHble
JIaHHBIE JUIS PEeLeHUs 3a7add — MaTpHLa YCIOBHBIX 3aKOHOB paclpeleneHus CIydaifHOH MpOJOIKUTEILHOCTH NPEeObIBAHMS
CHCTEMBI B KaXXIOM M3 BO3MOJKHBIX €€ COCTOSHHI JI0 Iepexoja B Kakoe-THOo apyroe cocrosHue. Metoa. TpaaunnoHHBINH
METOJ| aHaJu3a MOJYMAapKOBCKUX CHCTEM OTPAHUUYMBACTCS IIOJyYEHHEM CTAIl[MOHApHOIO paclpeselieHUsl BeposTHOCTEl ee
COCTOSIHHUH, YTO HE pellaeT MOCTaBICHHYIO 3a/1ady. M3BeCTHBIN MOaX0/] K PEIICHHIO ATOH 3aa4 OCHOBAH Ha (HOPMUPOBAHUH
U PEIIEHUU CHUCTEMBbl UHTErpalbHbIX ypaBHeHuH. OpHako B oOIieM ciydae A IIPOU3BOJIBHBIX 3aKOHOB pPaclpeleieHus
MIPOJIOIDKUTENFHOCTEH MpeOBIBAaHKS CHCTEMBI B BO3MOJXKHBIX CBOHMX COCTOSHHSX OJTOT IOIXOJ HE peanm3yeM. MckoMmbrid
pe3ysNbTaT MOXET ObITh IOJIYYeH TOJBKO YHCIEHHO, YTO HE YJOBJICTBOPSIET MOTPEOHOCTH MpakTHKU. {1 mosydeHus
TpeOyeMBIX aHAMTUYECKUX COOTHOLIEHHUH HCIIONB3YETCs IPIAHTOBCKAsl allIPOKCHMAIINS UCXOAHBIX 3aKOHOB PacIpeaeICHIsL.
OTOT HNpUEM CYLIECTBEHHO MOBBIIIAET aJeKBATHOCTh HOJIyYaeMbIX NPH 3TOM MaTeMaTH4eCKUX Mojenel (GyHKIHOHUPOBAHUS
CHUCTEMBI, TaK KaK I03BOJIAET OTOWTH OT YPE3MEPHO OOS3BIBAIOIIMX SKCIOHCHIMAIBHBIX ONHCAHUM HMCXOAHBIX 3aKOHOB
pacnpenenenus. @DopmanbHas OCHOBAa IIPEUIOKEHHOTO METOJa IOCTPOCHUS MOJEIM JAWHAMHUKH BEpOATHOCTEH
COCTOSIHUI — cHcTeMa auddepeHIHaTbHbIX ypaBHeHHH KoIMOropoBa OTHOCHTENBHO HCKOMBIX BEpOSTHOCTEW. Pemenne
CHCTEMbl YpPaBHEHHH JOCTHUraeTcs C HCIOJIb30BaHUEM IIpeoOpazoBanus Jlamnaca, KOTOpo€ JIETKO BBIIOJHHUMO JUIS
9PJIAHTOBCKUX paclpesieIeHUi IPOU3BOIbHOTO nopsaaka. Pe3yabrarsel. [lomydeHsl aHanUTHUECKHE COOTHOIICHHUS, 3a/Iaf0lHe
HCKOMOE pacIpelielieHue BEpOATHOCTEH COCTOSHMN CHCTeMBbl Ha J100OH MOMEHT BpeMeHH. MeroJ OCHOBaH Ha
amNMpOKCHMANUK 3aKOHOB PACIpeNeNieHus] POIOJDKATENBHOCTEH MPeObIBaHUS CHUCTEMBI B KaXXIOM W3 BO3MOXKHBIX CBOUX
COCTOSIHUH paclpeneneHusIMH DpiiaHra HaJjiexkalero nopsaka. [IpyHIMNManIsHBIM MOTUBHPYIOIIUM OOCTOSITENBECTBOM JUIS
BBIOOpA B IEJISIX alllPOKCUMAIMN paclpeeJIeHUiH HMEHHO 3TOTO THIIA SIBISIETCS TPOCTOTA MX MCIOJIB30BAHHS JUIS MTOTYISHHS
aJleKBaTHBIX MoJenell (PyHKIMOHUPOBAHUS BEPOSTHOCTHBIX CHCTEM. BbiBoabl. IIpuBeneHO pelleHHe 3afauy aHAIM3a
[OJTyMapKOBCKOM  CHCTEMBI A7 KOHKPETHOTO YacTHOTO  Clydas, KOIZla MCXOJIHbIE 3aKOHBl  paclpeAeieHHs
MIPOJOJDKUTEIFHOCTH €€ TpeObIBaHUA B BO3MOJKHBIX COCTOSHUSIX —AaNNIPOKCUMHPYIOTCS pacIpelefeHUsAMH OpliaHra
BTOpOro nopsaka. IlomyueHsl aHaIUTUYECKHE COOTHOIICHMS U pacdyeTa pacHpesieNieHus] BEpOsTHOCTEH Ha 11000 MOMEHT
BpEMEHHU.

KiiouyeBble cjI0Ba: IOJIyMapKOBCKas CHUCTEMA; MOJENIb AWHAMUKH BEPOATHOCTEH COCTOSIHUI; aNMpOKCUMUPYIOILUE
pacrpenenieHus JpiaHra; aHaIMTHYECKUHA pacdyeT BEpOATHOCTENH COCTOSHHM.
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METHODOLOGICAL TOOLS FOR THE IMPLEMENTATION OF INFORMATION
TECHNOLOGY FOR EXPERT ASSESSMENT OF THE QUALITY OF HEAVY
AUTOMOBILE EQUIPMENT IN THE PROCESS OF ITS EXPLOITATION

Subject matter. Justification of the choice of a model range of heavy vehicles when organizing purchases in the framework of large-
scale infrastructure projects. Goal. Increasing the efficiency of the process of determining the model range of heavy automobile
equipment, in terms of its operation, at the stage of initiating large-scale infrastructure projects, by creating a special methodological
approach, and on its basis - an appropriate information technology for decision support. Tasks. To develop a complex fuzzy model for
assessing the quality of heavy automobile equipment during its operation. To propose a method for collective expert assessment of the
quality of heavy automobile equipment during its operation. To develop an applied information technology to support decision-
making on the formation of a model range of purchased heavy vehicles. Methods. System analysis — in the development of a
comprehensive model of the quality of heavy automotive equipment; fuzzy mathematics — to ensure the process of fuzzy assessment
by experts of the quality of heavy automobile equipment during its operation; expertology — when creating a method for forming a
generalized quality assessment by means of collective expert assessment; software engineering — when creating applied information
technology for collective expert assessment of the quality of heavy automobile equipment. Results. An approach to the creation of a
number of applied information technologies for complex expert assessment of the quality of operation of a wide class of vehicles
using the example of heavy automobile equipment. Conclusions. A comprehensive model has been developed for assessing the
quality of heavy automobile equipment, at the stage of its operation, using the principles and approaches that are generally accepted in
system analysis. The method of presentation and further implementation of a complex quality assessment model by means of fuzzy
mathematics, which makes it possible to increase the efficiency of expert assessment, is described. A method for forming a team of
experts is proposed, which implements the selection of an expert from several applicants, while taking into account the
communication capabilities of individual members of the team of experts. The applied information technology for complex
assessment of the quality of heavy automobile equipment in the aspect of its operation is described, in order to justify the choice of a

model range for the acquisition of this equipment in the implementation of large-scale infrastructure projects.
Keywords: heavy automotive equipment; integrated quality model; fuzzy mathematics; collective expert assessment; decision

support; applied information technology.

Introduction

In recent years, large-scale infrastructure projects
have become widespread in many countries around the
world, including Ukraine. A typical example of such a
project is the state program "Large Construction”, which
is currently being implemented and which is initiated by
the President of Ukraine. A significant part of the funds
that make up the budget of such projects is intended for
the purchase of technical means. The specificity of large-
scale infrastructure projects (LIP) in many cases is
associated with the need to purchase large volumes of
various transport mechanisms, including heavy trucks and
special equipment based on them. Due to the scale of LIP,
heavy automotive equipment (HAE) purchases can reach
many hundreds of units, making it an important task to
pre-estimate future HAE maintenance costs, including
routine maintenance, emergency repairs, and more. Thus,
among the many tasks inherent in the life cycle of LIP is
quite relevant to justify the choice of the HAE model
range, based on the above factors. This task is directly
related to quality assessment, in terms of operating costs
for the maintenance of HAE. Irrational decisions about the
choice of HAE can further lead to unjustifiably large
losses of funds, which will reduce the overall
effectiveness of LIP.

Many researchers have paid attention to the issue of
assessing the quality of heavy engineering products, but
the tools they have developed in the course of research
have not taken into account the specifics of LIP in terms
of assessing the quality of vehicle operation.

These circumstances necessitate the development of
special methodological tools, and on this basis - the means
of information support for decision-making processes to
determine the model range of HAE for the implementation
of the planned LIP.

Formulation of a scientific problem and its significance

The problem that determines the relevance of this
study is the most fundamental of all the problems of
human existence. This is a problem of lack of resources.
It, in this case, identifies an applied problem, which is an
unacceptably high level of uncertainty about the
performance of HAE, and their impact on the quality of
LIP in general.

This problem cannot be solved by any top manager
alone, because finding a rational option is associated with
the need to analyze a large number of factors that are, by
their nature, heterogeneous and quite difficult to relate to
each other.

Thus, there is a single way to solve this problem,
which is to create special models of integrated quality
assessment, methods of assessing the values of quality
indicators of HAE operation by a team of experts, and
making a single, aggregate assessment of a particular
HAE model range for implementation of LIP.

These methodological tools should be presented
formally with the use of adequate mathematical structures,
and then programmatically implemented in the framework
of special applied information technology, in the form of a
decision support system for those who choose the HAE
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model range.

Analysis of publications on the stated problem

The modern quality management paradigm is based
on the concept of Total Quality Management (TQM) and
is regulated by a series of relevant ISO 9000 standards
[1-5].

In the general sense, quality management is the
management of those factors and conditions that most
significantly affect the level of product quality. The
quality management system covers the entire organization
(responsibility, methods, and processes) of enterprise
management and is aimed at reliable implementation of
quality requirements, which implements all measures of
effective and efficient implementation of the company's
goals defined in the quality policy [6].

To date, in the theory and practice of quality
management there is a fairly well-developed
methodological apparatus, which is often associated with
ISO standards, various theories of the founders of quality
and the concept of TQM [7-10].

The quality of HAE, in particular in terms of
operating costs, is the most important factor in its
competitiveness, so for any manufacturer of HAE is a
very important task in the production of TQM systems
[11-13]. However, the level of quality of HAE operation
from different manufacturers differs significantly from
each other in different indicators [14-16]. This
circumstance determines the difficulty of the process of
choosing the HAE model line by one person. An effective
tool for implementing such tasks is the technology of
collective expert assessment [17], and the efficiency of the
process can be significantly increased by using the
mathematical apparatus of fuzzy mathematics [18], as
experts are able to operate during the assessment of their
usual linguistic concepts.

The purpose of the article is to solve the problem of
increasing the efficiency of the selection process for the
purchase of HAE model line during the planning and
implementation of LIP, by creating specialized
methodological tools for integrated HAE quality
assessment through fuzzy collective expert evaluation and
development of applied information technology for
software implementation and tools in the form of a dialog
environment.

Materials and methods of research

We will determine the quality of HAE in terms of
operating costs by the formula:

Q = f (Qp: Qug: Q) (1)
where: Q. — assessment of HAE performance by the
consumer; Q, — HAE quality according to TQM;
Qstg — quality of related services; Q — quality of service.

The indicator Q, is regularly calculated by world-
famous concerns, such as Toyota Motors, Volkswagen,

General Motors, Daimler, Ford Motors, Honda Motors,
Nissan Motors, Hyundai Motors, BMV, and Peugeot. At
the same time, they use differential, complex, mixed and
integrated methods common in practice on the basis of
expert, sociological, measurement and calculation,
experimental and  combined  approaches.  The
implementation of these methods involves the use of
technical means of control such as, various measuring
instruments, installations, tools, scales, auxiliary materials
— questionnaires, tables, etc. Specific means of expert
activity include professional knowledge of experts, their
experience, and intuition.

The problem considered in this study is most
consistent with the differential method of assessing the
level of product quality, which involves comparing its
individual indicators with the corresponding indicators of
standard products, taken as a unit, or basic indicators of
standards (specifications) and is to calculate values of
relative quality indicators — their parametric indices
according to formulas:

%, = Po /P, @)

where g; — parametric quality index of the i-th parameter
being evaluated; P, — the value of the i-th product quality
indicator; P, — the basic value of the i-th indicator of its

quality; n — number of indicators.

The implementation of the method assumes that
from formulas (2) is selected the one in which the increase
in the relative value of the indicator corresponds to the
improvement of product quality, for example: other values
of service life are calculated by the first formula, and
material consumption - by the second.

The advantage of this method is that it allows you to
determine a comprehensive indicator of product quality,
which is calculated as a consolidated parametric index by
the formula:

Q = Za xq, (3)

where a; — weight of the i-th parameter.

When assessing the level of operational quality of
HAE, it is advisable to use well-known in qualimetry
comparison methods based on expert assessments based
on known scaling, which is just as useful in solving the
problem.

Modern information technologies allow the use of
appropriate software products to facilitate the modeling of
production processes. The activities of automotive
companies can be represented as a system of service (SSS)
of cars, consisting of interconnected elements: equipment;
documentation for maintenance and repair; performers
needed to maintain and restore the level of quality and
reliability of products, in particular cars.

The car service system is one of the elements of a
comprehensive assessment of the quality of automotive
products. As an example of improving product quality,
consider the model (fig. 1).




Cyuacnuti cman HayKo8ux 00CIiOdCeHb ma mexnonoi 6 npomuciosocmi. 2021. Ne 3 (17)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

z
Zyg Z,
—t—, g,
o —— Y TR
I?):____ — ——» tax;pe-:t
X < Ti:—3| CARSERVICE SYSTEM ) - ¥

}'IEE]:I-}:I —_— —.'h tﬂ.l-?_-

Daif — > Da of
o

X — vector function of input control factors; A — the intensity of the flow of requests for repairs; B,. — type of repair
effects; I',, — grouping of repair influences on complexity and periodicity of carrying out; M, — the average length

of the queue of machines in SSS; D,;; — other input factors; Z — vector function of uncontrolled factors; Z
vector function of quality and reliability (initial parameters);

aprp —
p — parameter of the query service time indicator in the

system; oo — average request waiting time; Ny, — the average number of employees engaged in the maintenance

of channels; D,,¢ — other initial factors.
Fig. 1. Cyber-model of car service system

Statistical research and observation aims to
determine: the density of the incoming request flow (),
the intensity of the outgoing flow of requests (u) and

service parameters (SP) in SSS with unlimited incoming
request flow, diagnostics, technical service (TS) and repair
for different brands and car models.

The main way to determine SP requests is the
number of service requests over a period of time. The data
obtained in these studies are the result of information

collected over 3 years. The information reflects the
number and type of incoming requests for SP cars, as
presented in the information card and accounting
documents. The most important are the parameters of
testing plans, have accuracy & and precision [ in

estimating the average values of the characteristics of the
intensity of requests, coefficients of variation. Table 1
shows the sequence of determining the number of objects
(n) in the study of their reliability.

Table 1. The sequence of determining the number of objects ( n ) in the study of their reliability

The law of distribution of the studied random variable
Sequence of computational operations normal Weibull 0.3<v <1.0
Determine the relative error § on the 8 =0,05;0,1; 0,15; 0,2; 0,25;
mean interval t with probability g B =0,05; 0,1; 0,15; 0,2; 0,25;
Set the predicted coefficient of 0<v<0,3
variation, v
De_termine the number N of test Y ' (5+1)ﬁ .
objects N= 3 15N -1 N = 5 “J1-p:2N

It is advisable to apply the known values of the
coefficient of variation in relation to the resource HAE
and the laws of distribution [5]. To find them in the
normal distribution law, as the studied indicators in
mechanical engineering are taken mileage of the machine
or its units before the stage of overhaul. The most
common value in the normal law of distribution of the
coefficient of variation is considered v =0,20.

For a fairly complete description of random
processes that occur continuously over time in a discrete
system, it is necessary to analyze the reasons that cause
the transition of the system from one state to another. For

a real-time (RF) system, the main factor that determines
the processes that take place in it is the flow of orders.
This flow consists of its individual components with low
intensity, because it is stationary ordinary.

In [6] it was shown that when collecting individual
flows into an integral one, we obtain a flow quite close to
the flow, which is characterized by a "Poisson"
distribution of the probability of events, provided that the
number of these flows goes to infinity. For practical
needs, it is enough to use 4-5 threads to get a single
distribution stream. Since the intensity of the flow of
requests is a function of the intensity of the mileage HAE,
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for those car owners whose loads on the machines are
uniform, enter A = const. In this case, the demonstration
of the flow and research on it are significantly simplified
[9].

The mathematical expectation of the number of
orders X on SP during the day can be determined by the
formula.

(4)

i=1
where n — squares of deviations.

The hypothesis is tested using the Pearson test
(XZ).Checking the consistency between the theoretical

and experimental distribution is that the size of the
difference between them is determined as the sum of the

2
-~ n; :
squares of the deviations [—'—Pxi) , thatis:
n
2 < (0 —nPy )’

nP,

i=1 Xi

45
404
354

254

B h W W %

a)

where nP,; — theoretical absolute frequency after joining;
n; — absolute frequency after joining based on experience;

k — number of classes after joining.

Analysis of information on the number of requests
per month for the period of research in specialized
branded centers, allows us to determine that the parameter
flow A of RP requests, which is a function of the failure
rate of cars is directly dependent on their workload.
Where the load of the machine is uniform, we
can assume that the flow of failure rate is a constant value,
and, consequently, the flow of requests for RS
is constant.

The analysis of information on appeals to service
centers showed that the time period for cars of four brands
(studied) can be divided into two periods: in the studied
periods of time the parameters of the flow of requests A
are different, and therefore the organization of requests
should be different.

According to the results of the study, using formulas
4, 5, empirical and theoretical distribution curves were
constructed, the average number of requests in the RP of
the studied brands of Skoda, Citroen for 2020, which is
presented in fig. 2.

50-
45
40
35
30

Fa
n
A W U Y

b)

Fig. 2. The average values of the parameters of the flow of requests A for RP depending on the study period (months 2020) of the

following brands of cars: a) Skoda; b) Citroen

The study of the average values of the parameters of
the flow L of requests in the RP performed on four SSS
operating in Ukraine, allowed to obtain the main
numerical characteristics of the law of distribution of
request flows for repair and maintenance effects on some
basic elements of cars.

The study determined both the time costs for
different types of services and the values of the average
intensities of the output streams of RP requests in the
tested service centers. Considered: engine, clutch,
transmission, rear and front axles, chassis (brake system).

Based on the results of the research, the approach to
making the right informed decisions was determined and a
conceptual model of management information support
was developed. This model includes a set of blocks that
are connected in series.

Rational decision-making is carried out in the blocks
of the first group, and provides a detailed analysis and
expert evaluation of the formed decisions.

Since the technology of strategic management
involves, in some cases, the restructuring of the SSS, the
second group of units implements a regulated sequence of
actions for the restructuring of the SSS, in particular, the
relevant tangible and intangible assets.

The third group of blocks is designed to evaluate and
justify decisions to determine the HAE model line for
procurement under LIP.

The model described above, in principle, is suitable
for solving a wide range of practical problems related to
the justification of the choice of model range not only cars
but also other technical means, such as various technical
equipment (machines, units, etc.). At the same time, the
specifics of LIP create risks of very large financial and
time losses due to making irrational decisions. This fact
necessitates the addition of a comprehensive model for
assessing the operational quality of HAE with a set of
special functional units designed to improve the efficiency
of the quality assessment process. Thus, in the first group
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of blocks it is advisable to apply the representation of a set
of factors that determine the operational quality of HAE in
the form of linguistic variables with appropriate scales.
This expansion of the integrated model will increase the
comfort of experts, which will directly affect the
efficiency of the whole process.

Let’s present a comprehensive model for assessing
the operational quality of HAE in the form of a "black
box", the input of which provides information about the
factors that determine the quality of operation P.
Multiple factors from the set P are characterized by the
degree of importance V and intensity of the flow of
applications for TS | (in time). The main parameters for
each factor are the threshold values — lower K, and

upper K, . At the output of the model, a set of relevant

estimates of the level of operational quality of HAE C is
formed.

Consider the parameters of the complex HAE model
described above as linguistic variables.

It is known that a variable is called linguistic if its
meanings are words, phrases of natural language. The
linguistic variable can be described by aset (X, T, U,
G, M), where X — variable name; T — term set of a
variable X, that is, the set of all names of linguistic
values of a variable X, and each of these values is a
fuzzy variable X with values from the universal set and
with the base variable U ; G - syntactic rule that
generates names X of the value of the variable X ; M —
a semantic rule that matches each fuzzy variable X to its
meaning M (X ). The concrete name X, generated by a
syntactic rule G, is called a term.

In turn, a fuzzy subset M is defined as some set X
with the function of belonging g, (X), which takes

values from the interval [0, 1]:

M:ijXWX,

xeX

where g, : X — [0, 1] — function of belonging.

Let’s assume that the most important factors for
assessing the performance of HAE are the values of

variables K;, K, and P. Let the area change K,

determined by the interval [9...30], K, — [20...40], P -

[1..7]. An absolute scale was used to determine the
intervals.

On the basis of the data which can be received as a
result of interrogation of experts, for the considered
linguistic variables such term sets are defined.:

T (lower quality threshold K,;) = lower than

acceptable + acceptable + higher than acceptable;
T (upper quality threshold K,,) = lower than

acceptable + acceptable + higher than acceptable;

T (the intensity of the flow of applications for
TS 1) = below normal + normal + above normal.

We also define the linguistic variables that describe
the initial parameter of the model, namely the set of
relevant estimates of the level of operational quality of
HAE C, with areas of change in this value are
respectively in the range [9...30].

Based on the above, term sets can be written as:

T (the lower limit of the level of operational quality
of HAE C,) =small + average + high;

T (the upper limit of the level of operational quality
of HAE C,,) =small + average + high.

For each term, a corresponding fuzzy set is
constructed from the term sets defined for linguistic
variable M with its carrier, which is determined on the
basis of the study of expert assessments. In this case, the
carrier of the fuzzy set means the set X', such as:

X' ={x| ty (X)>0,xe X'} .

The results of fuzzification of a comprehensive
model for assessing the operational quality of HAE are
presented in table 2.

Table 2. Fuzzy values of parameters of the complex model of evaluation of operational quality of HAE

The name of the linguistic variable Terms Fuzzy set medium
Lower quality threshold K, Low 9-22
Average 19-25
High 24-30
Upper quality threshold Ky, Low 20-25
Average 24-33
High 31-40
The intensity of the flow of applications for TS | Below the norm 1-5
Norm 3-6
Above the norm 6-7
HAE performance level C Small 9-15
Average 14-24
High 23-30
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The next stage of phasing of the complex model [19]

of HAE performance assessment involves
the construction of a set of rules describing
the level of HAE performance. The rules are
generalized

IF A=N,THEN B=M,

where 4, B - linguistic variables; N, M — terms of the
corresponding linguistic variables.
For example:

IF the lower quality threshold = <high>,
THEN quality level = <medium>.

A matrix of fuzzy relations is built on the basis of a
set of rules. As is known, a fuzzy binary relation R is a
subset of a Cartesian product X xY :

R= [ mxy)/(xy).
(x,y)eXxy
Next, the constructed matrices are combined
Mg = MaX (g sy M) -

For the organization of the logical conclusion the
compositional rule of the logical conclusion which
separate case is the known syllogism Modus Ponens is
used.:

BASIS1IF x e4,THEN y € B
BASIS 2
BASIS

X e A
yeB.

There are quite a number of fuzzy relations used in
the compositional rules of inference. But in this case it is
appropriate to apply one of three rules:

LR, = (AxB)U(-AXV) = [ (1, () A ) v (L~ g1, )/ ().

uxv

2. R,(-AXV)® (U xB) = [ (L (1 12, (1) + 41, (V) / (. V).

uxv

3. R, =AxB= JyA(u)AyB(V)/(u,V).

uxv

The specifics of LIP life cycle management,
including the solution of the problem of determining the
HAE model range, necessitates the use of a number of
special methods based on the principles of the competency
approach in the selection of applicants for inclusion in the
team of experts. Collective expert evaluation
is largely determined by the fuzzy nature of the process of
forming evaluations by both individual experts
and the team of experts as a whole. These circumstances
indicate the feasibility of wusing fuzzy logic
in collective expert evaluation, in order to reduce the
impact of uncertainty on the objectivity of expert
evaluation.

The expert survey procedure can lead to several
cases, each of which requires special methods of
processing the survey data. However, quite often in
practice it all comes down to averaging in one way or
another assessment of individual experts. Obtaining an

average assessment will be justified only if
there is a sufficiently high consistency of expert
assessments. If several groups are formed in
the expert commission, standing in significantly
different  positions, then a simple averaging
of the assessments of all experts will be
meaningless.

Subgroups of experts (usually small) or individual
experts, whose assessments differ quite sharply from the
assessments of the majority, have been called "dissidents"
in the literature. In order to artificially achieve consistency
in the assessments of dissident experts are excluded from
the expert group. However, they may include original
thinkers who have delved deeper into the problem than
most experts.

A mild way to combat dissidents is to use robust
(stable) statistical procedures, namely the use of methods
that are known in the theory of rough sets.

When performing an expert operation (in the case
when the assessments of experts are expressed in the scale
of relations) with the appointment of weights of criteria
and alternatives, the number of which can be quite large
(more than 10), there are some difficulties. This is due to
the fact that in such conditions, the expert is
quite difficult to rank or break the elements. To solve this
problem, the method of pairwise comparison of elements
(objects) is widely used, which in turn is the basis for
other  methods of analysis of  multicriteria
alternatives (ordinal sum method, generalized ordinal sum
method  for  incomplete  pairwise  comparisons,
hierarchy analysis method, and scalar convolution
method), etc.).

The application of the above formal means of
collective peer review aims to increase the objectivity of
the decisions made regarding the justification for the
choice of the HAE model line at the stage of LIP
initiation.

In the course of the research an applied information
technology was developed, the description of which in the
IDEFO notation is given in fig. 3.

The application of the developed information
technology, based on CASE-tools, common in the practice
of software engineering, will increase the efficiency
of the process of assessing the operational quality of HAE
by reducing the risks of irrational decisions
that lead to financial losses in both HAE procurement and
operation.

Conclusions and prospects for further research

1. A comprehensive model for assessing the quality
of heavy vehicles, at the stage of its operation, using the
principles and approaches that are generally accepted in
the system analysis.

2. The method of presentation and further realization
of the complex model of quality estimation by means of
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fuzzy mathematics that increases efficiency of expert 4. The applied information technology of complex
estimation is stated. assessment of quality of heavy automobile equipment in

3. A method of forming a team of experts is the aspect of its operation is described, for the purpose of
proposed, which allows to justify the choice of an expert  a substantiation of a choice of a model line for purchase of
from a number of applicants and to draw conclusions this equipment at realization of large-scale infrastructure
about the communication capabilities of individual projects.
members of the team of experts.
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LIP
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METOJANYHI 3ACOBH PEAJIIBAIIT IH®OPMAIIMHOI TEXHOJIOI'TI
EKCIHHEPTHOI'O OLITHIOBAHHS IKOCTI BAXKKOI ABTOMOBLJIBHOI TEXHIKH
B ITPOLIECI 1T EKCILTYATALI

Ipenmer. OOrpyHTYBaHHS BHOOPY MOJEIBHOTO PsLy Ba)KKOi aBTOMOOLIBHOI TEXHIKM NPH OpraHizalii 3aKyIiBeab B paMKax
BEITMKOMACIITA0HUX IHPPACTPYKTYPHUX MPOeKTiB. MeTa. [TifBUIIECHHS e()eKTHBHOCTI MPOIECY BU3HAYEHHS MOJIEIEHOTO Py
Ba)XKOI aBTOMOOIMBHOI TeXHIKM, B acmekTi ii ekcrulyartamii, Ha erami iHimjamii BenMKOMacITaOHHMX iHGPACTPYKTYPHHUX
HPOEKTIB, MIISXOM CTBOPEHHS CIICIIAIBHOTO METOIMYHOTO IIXOAy, a Ha IHOro OCHOBI — BIiAMOBimHOI iH(opMamiitHOi
TEXHOJIOTI] MIATPUMKH NPUHHATTS pilieHb. 3aBJaHHs. Po3poOUTH KOMIUIEKCHY HEUiTKy MOJEb OLHIOBAHHS SIKOCTI BayKKOi
aBTOMOOLTEHOT TEeXHIKM B XOmi i eKcIuIyaramii. 3amporoHyBaTH MeETOJ| KOJEKTHBHOTO EKCIIEPTHOTO OI[IHIOBAHHS SKOCTI
Ba)XKOI aBTOMOOIIBbHOI TeXHIKM B XoXi i ekcmiyarauii. Po3poOutu mpuxiagHy iHpopMmaniiiHy TEXHOJIOTIIO IiATPHUMKH
OPUHHATTS PIillleHb MOA0 (OPMYBAaHHS MOJEITBHOTO PSIy BaXXKOI aBTOMOOULIBHOI TEXHIKH, IO 3aKyHoByeThcsa. Metoman.
CuctemHuil aHaniz - Ipu po3poOLi KOMIUIEKCHOT MOJENi SIKOCTI BayKKOi aBTOMOOIIBbHOI TeXHIKHM; HEYiTKAa MaTeMaTHKa — JUIs
3a0e3IeueHHs MPOoIeCcy HEUYiTKOTO OI[IHIOBAHHS SKCHEepTaMH SIKOCTI BaXXKKOi aBTOMOOITBEHOI TeXHIKM B Xofi 1i ekcruryaTamii;
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EKCIEePTOJIOTIS — TPU CTBOPEHHI MeToay (OpMYBaHHS y3arajbHEHOI OIIHKH SIKOCTI IIISIXOM KOJICKTUBHOTO E€KCIIEPTHOTO
OLIIHIOBAaHHS; IIPOrpaMHa 1HXKEHEpis — IPHU CTBOPEHHI NMpPUKIAAHOI iHGOpPMalifHOI TEXHOIOTrii KOJIEKTUBHOIO E€KCIEPTHOIO
OIIIHIOBaHHSI SKOCTI Ba)KKOI aBTOMOOUIBHOI TexHiku. PesynabraTn. ITiaxia 10 cTBOPEHHS HU3KH MPUKIAIHUX 1HQOpMAIHHUX
TEXHOJIOTIl KOMIUIEKCHOTO EKCIEPTHOTO OIIHIOBAHHS SKOCTI EKCIUTyaTallii HIIMPOKOTrO Kiacy TPaHCIOPTHHUX 3aco0iB Ha
MPUKJIaai BaXKoi aBTOMOOINBHOI TexHikH. BucHOBKH. P03po0JeHO KOMIUIEKCHY MOJENb OIIHIOBAaHHS SIKOCTI BaKKOl
aBTOMOOITBHOT TEXHIKM, HA eTarli ii eKCIuTyaTallii, 3 BHKOPUCTAHHSIM MPUHIUINB Ta MiAXOIIB, 0 € 3araJbHONPUHHATUMHU Y
CHUCTEMHOMY aHai3i. BUKIageHo MeToa NpeacTaBieHHs W MOAaiblIoi peasizalii KOMIIEKCHOT MOJENi OLiHIOBaHHS SKOCTI
3aco0amMM HEYiTKOT MaTEMaTHKH, 10 MiIBUIIY€E e(EKTUBHICTH EKCIIEPTHOTO OI[IHIOBAHHS. 3alpOIIOHOBAHO METO] ()OPMYyBaHHS
KOJIEKTUBY €KCIEpTiB, 110 HaJgae 3Mory OOIPDYHTyBaTH BHOIp eKclepTa 3 HHU3KH IPETEeHJCHTIB Ta 3poOUTU
BHUCHOBKH TIPO KOMYHIKAI[iifHI MOJJIMBOCTI OKPEMHX YIICHIB KOJEKTHUBY ekcrhepTiB. OmnucaHo NpUKIaaHy iH(popMaliiHy
TEXHOJIOTiI0 KOMIUIEKCHOTO OLIHIOBAaHHS $IKOCTI BaKKOi aBTOMOOUIPHOI TEXHIKM B aclekTi Ii eKcIulyarauii, 3 MEeTO
00TrpyHTYBaHHSI BUOOPY MOJICIBHOTO Psily JUIS 3aKYIIBII Li€T TEXHIKK MPH peati3allil BeTUKOMAaCIITa0HUX 1HPPACTPYKTYypHHX
IIPOEKTIB.

KarouoBi cioBa: Bakka aBTOMOOUIbHA TEXHIKA; KOMIUIEKCHA MOJEIb SKOCTi; HEYITKA MaTeMaTHKa, KOJEKTHBHE
€KCIIEpTHE OLHIOBaHHS; MIATPUMKA IPUHHATTS pillieHb; NpUKIagHa iHpOopMAallifiHa TEXHOJIOTIS.

METOJIAYECKHUE CPEJICTBA PEAJIM3AIIUU THOOPMAIIMOHHON _
TEXHOJIOI'MH 3KCIIEPTHOI'O OHEHUBAHMA KAYECTBA TSIKEJIOU
ABTOMOBUJIBHOU TEXHUKH B ITPOLHECCE EE DKCIINIYATAIIUHU

IIpenmer. O60CHOBaHKE BHIOOPA MOJIEIBHOTO Psijia TSUKENONH aBTOMOOMIBHOM TEXHUKH MPH OPTraHU3alldH 3aKYMOK B paMKax
KpynHOMaciTabHbIX UH(ppacTpykTypHbiX mpoekroB. Ileab. IloBbimeHne 3ddexkTuBHOCTH mpolecca OmpenesicHHs
MOJICTIBHOTO Psifia TSHKEIOH aBTOMOOMITBHOM TEXHUKH, B ACTIEKTE €€ IKCIUTyaTalluy, Ha 3Tane WHUIHAIMHA KPYyITHOMACIITaOHBIX
HHOPACTPYKTYPHBIX MPOEKTOB, IyTEM CO3[aHUS CICHHAIBHOIO METOAMYECKOr0 IMOAXOHa, a Ha €ero OCHOBE —
COOTBETCTBYIOIIEH MH()OPMAIIMOHHONH TEXHOJOTHH MOAJCPKKH MPUHATHS perieHuil. 3aganue. PazpaboTaTh KOMIUICKCHYIO
HCYETKYI0 MOJEIb OLCHKH Ka4yecTBa TSDKEIOW aBTOMOOWIBHOW TEXHHKH B XOJ€ €€ JKCIUTyaTalud. lIpeayoKuTh METOX
KOJUISKTHBHOTO JKCIIEPTHOTO OIICHMBaHHs KadeCTBa TSDKEIOW aBTOMOOWIBHOM TEXHHUKH B XOIE €€ OIKCIUTyaTalluH.
PaspabotaTh MpUKIaIHY0 HHOPMAMOHHYIO TEXHOJIOTHIO MOAACPKKH MPHHATHS PEIICHHH 10 (POPMHPOBAHUIO MOIEIEHOTO
psia 3aKyraeMoil TshKeno aBTOMOOMIBbHOM TeXHUKU. MeToabl. CUCTEMHBIN aHaNn3 - TP Pa3padoTKe KOMIUIEKCHOW MO
KauecTBa TSDKEJIOW aBTOMOOWIBHOW TEXHHKH, HEYCTKAash MATEMATHKA — JUIsi 0OSCIEeUEHMs IIPOIIecca HEYSTKOrO OLCHUBAHUS
9KCIEPTAMHU Ka4eCTBa THKEIOW aBTOMOOHIBHON TEXHUKH B XOJI€ €€ IKCIUTyaTallld; SKCIIEPTONOTHS — MPH CO3JaHHK METO/a
(bopmupoBaHus 0000IIEHHOI OLIEHKH Ka4eCTBa ITyTeM KOJUICKTUBHOTO SKCIIEPTHOTO OLICHUBAHHS; IIPOTPAMMHAsI HHXKEHEPHUSI -
MPU CO3J[aHUU TPHUKIAJHON HWH(GOPMAIIMOHHON TEXHOJOTHH KOJJIGKTUBHOTO SKCIIEPTHOTO OIICHMBAaHHS KAadeCTBa TSDKEION
aBTOMOOWIBHON TexHUKH. Pe3yabraThl. [logxox K CO3MaHHIO psijia MPUKIAJHBIX HHOOPMALMOHHBIX TEXHOJOTHIA
KOMIUTEKCHOTO ~ OKCIIEPTHOTO  OIEHMBAHMS KadecTBa OKCIUTyaTal[Md IIHPOKOTO Kjacca TPAHCIOPTHBIX  CPEICTB
Ha TPUMEpE TSHKEIONH aBTOMOOWIIBHON TEXHHKU. BbIBOABI. Pa3paboraHa KOMIUIEKCHAs MOJIEIb OLCHKH KadeCTBa TsDKEJIOW
aBTOMOGI/IHbHOﬁ TCXHUKH, Ha OJTale €€ OKCIUTyaTauu, C HUCIOJIb30BAHUEM TIIPUHIUIIOB W IMOAXOAOB, KOTOPLIC
SIBJISIFOTCSL  OOLICHIPHHATHIMA B CHCTEMHOM aHaim3e. V3JI0KeH MeToJ INpeICTaBieHHs W JalbHEHmiedl peanu3anuu
KOMIUTEKCHOW MOJETM OIIEHKM Ka4deCTBa, CPEACTBAMH HEYSTKOW MATEMAaTHKH, KOTOPBI [JaeT BO3MOXHOCTh
MOBBICUTH 3(P(HEKTUBHOCTH SKCIEPTHOro oreHuBanus. [Ipemnosken MeTon (GOpMUPOBAHUS KOJUIEKTHBA HKCIEPTOB, KOTOPBIH
peamm3yer BBIOOp OKcOepra W3 HECKONBKMX IPETCHACHTOB, IIPH 3TOM  YYHTHIBAIOTCS KOMMYHHKAIHOHHBIC
BO3MOXHOCTU OTHACJIBHBIX YJICHOB KOJUICKTHUBA OSKCIICPTOB. Omnucana MpUuKJIagHast l/lH(l)OpMaLll/lOHHaﬂ TCXHOJIOT U
KOMIUIEKCHOW OIICHKH Ka4ecTBAa TSDKENIOH aBTOMOOWIIBHOW TEXHHKH B acleKTe ee SKCIUIyaTallld, C Lelbi0 00OCHOBAHUS
BbIOOpa MOJEIBHOTO psiia A NPUOOPETCHUS 3TOM TEXHUKH IPH pealu3allud KPyNHOMAcIITaOHBIX HHQPACTPYKTYPHBIX
MIPOEKTOB.

KiioueBble cioBa: Tsokeldas aBTOMOOWIIbHAs TEXHHKA; KOMIUIEKCHAs MOJENh KadeCTBa; HEUeTKas MAaTeMaTHKa;
KOJUICKTHBHOEC  OKCIIEPTHOE  OICHWBAHWE; MOAACP)KKA  MPHHITHS  PCIICHW; OpUKIagHas  HWH(OpMaUHOHHAS
TCXHOJIOTHS.
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SCIENTIFIC AND METHODOLOGICAL SUPPORT OF FINANCIAL EXPRESS
ANALYSIS OF SMALL INDUSTRIAL ENTERPRISES OF UKRAINE

The subject of research of this work is the current direction in the financial activities of small industrial enterprises — financial express
analysis. The purpose of the study is to develop a scientific and methodological basis for a simplified procedure of financial
supervision of small industrial enterprises in the country in order to provide qualified assistance to managers of small industrial
enterprises in the financial sphere of their activities. The article solves the following tasks: study of the state of small industrial
enterprises and their role in the development of Ukraine's economy, definition of “financial supervision", development of algorithm
for financial express analysis of small industrial enterprises, choice of directions for financial express analysis of small industrial
enterprises financial supervision, the formation of a bank of input data on four components, testing of scientific and methodological
support on the example of a particular enterprise. The following methods are used: theoretical generalization, retrospective
analysis, comparative analysis, analytical, analysis and synthesis, rapid analysis. The following results were obtained: the method of
financial express analysis of a small industrial enterprise was proposed on the basis of financial supervision; selected areas of
financial analysis under a simplified procedure; the scheme of algorithm of carrying out procedure of financial supervision is
developed; the bank of the input data which are necessary for the decision of the set task is formed; substantiation of the choice of
applied mathematical models is carried out; the experimental approbation of the offered scientific and methodical approach to
carrying out the financial express-analysis on the factual basis of the real small industrial enterprise is carried out; appropriate
recommendations were given to the management of the researched enterprise. Conclusions: It is determined that in the current
unstable economic conditions, small industrial enterprises need professional assistance of consulting orientation in financial activities.
Obtaining up-to-date relevant information on the financial condition of small industrial enterprises is a very important task that
requires a rapid financial analysis of their activities. The study of this issue showed the lack of consensus of analysts on the directions
and methods of financial rapid analysis. This led to the need and feasibility of developing for the management of small
industrial enterprises under a simplified procedure of an orderly methodology of financial rapid analysis on the basis of financial

supervision.

Keywords: small enterprise; retrospective analysis; financial supervision; methodical support; algorithm scheme; data bank;

mathematical model; express analysis; results.

Introduction

Negative phenomena currently occurring in the
economy of Ukraine and many countries around the
world, significantly affect the viability, competitiveness
and efficiency of industrial enterprises, regardless of their
size and ownership [1]. This leads to a crisis in the
activities of enterprises and can lead them to bankruptcy.
A necessary condition for the recovery of the country's
economy is the survival of small business. According to a
survey conducted by the Union of Ukrainian
Entrepreneurs and the Ukrainian Marketing Group, during
the pandemic, 29% of Ukrainian companies suspended
their quarantine and 6% closed their businesses. Small and
medium-sized businesses lost 25-50% of profits and were
forced to lay off 10-25% of employees compared to the
pre-quarantine period [2].

Thus, in the period of crisis from 2020, small
businesses suffer the most. This can be seen in the
deterioration of the financial results of small industrial
enterprises, their financial stability, and insolvency. Not
all companies in crisis can stabilize in time. In the
conditions  of  unstable external  environment,
strengthening of threats and growth of crisis phenomena
in economic and political spheres of the country for
domestic industrial small enterprises the task of receiving
a positive financial result of their activity acquires special
value. That is why the issue of conducting a financial
rapid analysis of the small industrial enterprises of the
country as a measure that helps prevent companies from
falling into crisis and manage them in such a period, is
very important and necessary today. We consider it

expedient to propose the introduction of scientific and
methodological support for financial rapid analysis as a
modern tool of supervision. Based on general
interpretations of the concept of supervision [3, 4], we
define the definition of "financial supervision™ as follows:
it is a tool for providing professional assistance in
conducting rapid analysis of financial activities of small
industrial enterprises, which aims to work with
professional difficulties and eliminate shortcomings
organization of work in general.

The introduction of such a methodological approach
(tool) requires, first of all, the development of a set of
measures of scientific and methodological orientation due
to the lack of a specialist in financial management
in the staff of small enterprises. This determines the
relevance of this study, focused on the development of
scientific and methodological tools for financial
supervision of the management of small industrial
enterprises.

Analysis of recent research and publications

Many foreign and domestic scientists have been
engaged in research of theoretical and methodological
issues of financial analysis of industrial enterprises.
Determining the content and assessment of the financial
condition of the enterprise, directions, methods and forms
of financial analysis, the choice of indicators for assessing
solvency, financial stability, business activity, financial
management, issues of preventing bankruptcy of
economic entities are widely considered in the scientific
works of F. Allen, G. Artemenko, O.Ya. Bazilinskaya,
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I.T. Balabanov, I.A. Blank, M.V. Belendyr,
I.A. Berzhanir, .M. Boyarko, R. Brayley, E. F. Brigham,
A. E. Voronkova, L.T. Gilyarovsky, O.V. Deineka,
I.V. Demyanenko, O.V. Yefimova, L.V. Ivchenko,
V.V. Kovaliova, L.O. Ligonenko, S. Myers, I.P. Otenko,
A.M. Podderogin, V.M. Rodionova, G.V. Savitskaya,
0.S. Stoyanova, L.S. Strygul, T.E. Unkovskaya,
K. Walsh, N.M. Ushakova, Yu.S. Tsal-Tsalko,
R.A. Chemchikalenko, V.V. Chepko, Yu.V. Shevchuk,
A.D. Sheremet, N.l. Shifrin, 1.0. Shkolnik, M. Erhard,
V.P. Yakovenko, O.0. Yatsukh and many others [5-22].
Scientists have considered a significant part of
methodological and applied issues in a particular area of
research, but still there is no consensus on
the scientific and methodological support of financial
rapid analysis of small industrial enterprises. Some issues
of theoretical and methodological orientation require
further research, which led to the relevance of the research
topic.

According to the authors of [19], the analysis of
domestic and foreign scientific literature reveals the lack
of coverage of the evaluation of the mechanism of
studying the financial stability of enterprises. Therefore,
they proposed the use of a method of comprehensive
comparative rating assessment of financial stability of
enterprises.

Scientist V.M. Polozova developed a method of
comprehensive graphical assessment of the financial
condition of the enterprise [18]. The proposed
economic-mathematical model is complex, dynamic and
simulation, which makes it impossible to use it as a tool
for financial rapid analysis of small industrial
enterprises.

In the scientific work of G.M. Shamota and
D.O. Malysh approaches to a comprehensive assessment
of the financial condition of the enterprise are given [7].
The possibilities of using traditional methods of analysis
of the financial condition of business entities in
combination with models for assessing their financial
stability, which are used in the practice of foreign
countries, are described. It is concluded that the current
problems are the imperfection of methods for assessing
the financial condition of the enterprise, the complexity of
the analysis of the financial condition of enterprises. This
means that domestic methods need to unify and reduce the
number of indicators analyzed. When choosing the
estimated financial and economic indicators, preference
should be given to those indicators that are more
necessary, most meaningful and accessible by the method
of calculation.

An article by scientists N.S. Pedchenko and
V.0. Zirka [5] is devoted to the modern view on the
application of the method of rating assessment of the
financial condition of the enterprise. The developed
methodology is based on the use of modern economic and
mathematical methods and necessarily requires the
formation of a group of enterprises — participants
in such an assessment within a certain market
segment or a certain industry. This approach, in our

opinion, is quite problematic in terms of practical
implementation.

Scientific and methodological approach to the
integrated assessment of the financial condition of the
enterprise for the purpose of its comprehensive analysis
and development of proposals for its improvement is
covered in [6]. The authors of the article I.A. Berzhanir,
O.A. Vinnytska, N.I. Gvozdey came to the conclusion that
despite the large number of publications on the assessment
and analysis of the financial condition of enterprises,
today we can state the lack of a unified approach
to the formation the main indicators of financial
condition assessment, methods of their calculation and
interpretation of  evaluation parameters  that
affect the quality and reliability of the calculation of the
integrated assessment of the financial condition of
economic entities, with which it is impossible
to disagree.

To date, not all experts, analysts agree on the
directions and methods of financial rapid analysis. So
scientists V.M. lvakhnenko and K.G. Kirichenko devoted
their article to the express analysis of the financial
condition of the enterprise [13]. Based on the results of
consideration of existing developments in this matter, they
proposed as a criterion for assessing the financial
condition of the enterprise solvency ratio. Co-authors of
the work [2] Sinitsyna Yu. P., Kvasova L.S.,
Chebanova M.O. conducted research of crisis situations
during a pandemic on the example of small business
organization, which determines a certain potential for
further research on possible ways to improve scientific
and methodological approaches to financial express
analysis, diagnostics and overcoming of crisis situations in
the activity of small industrial enterprises of Ukraine. To
assess the level of financial stability of small enterprises in
[30] a methodological approach is proposed, which is
based on the use of a system of financial indicators with a
limited number of them: Beaver ratio and total solvency
ratio. Scientists L.V. Sokolova and O.V. Kolisnyk in
scientific work [26] formed a matrix of dynamics of the
level of financial stability on the example of statistical
information of four real small enterprises. The advantages
of the proposed methodological approach are the
simplicity of calculation of indicators, visual presentation
of the results, the ability to assess the level
of financial stability of enterprises in the dynamics, which
can be further taken into account when developing
strategies for small industrial enterprises and management
decisions.

An important component of financial rapid analysis
is the assessment of the stability of the financial
condition of a small enterprise. Both foreign and domestic
scientists have dealt with the issue of crisis prevention and
the probability of bankruptcy at enterprises, so
currently there are many working methods/assessment
models, some of which are used in the practice of
domestic enterprises [43-45]. Popular mathematical
models and methods in Ukraine are those that are
presented in table 1.
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Table 1. Comparative characteristics of existing models for assessing the crisis probability of bankruptcy

Name of

methodology/model Advantage

Disadvantage

Regulatory methods for diagnosing the threat of bankruptcy

Order of the Ministry of
Economy of Ukraine
dated January 19, 2006
No. 14

causes of the crisis

Unambiguous approach in assessing the crisis
and bankruptcy, a comprehensive analysis of
financial and economic activities, the ability to
determine the type of bankruptcy and the

Too many evaluated indicators complicate the
application of the methodology, duplication of
individual ratios, ignoring the indicators of market
activity, as well as the state and structure of cash
flows of the enterprise

Models of integrated assessment of crisis/probability of bankruptcy

Models of Altman, Fox,
Taffler, Springgate,

Fulmer, Tishaw, Olson,
R-model of bankruptcy

risk forecast bankruptcy

Rating number method
(Saifulina, Kadykova)

Insignificant number of indicators, simplicity
and speed of calculations, availability of data
necessary for calculations, possibility to
estimate a financial condition and to predict

Not suitable for the economy of Ukraine, the
impossibility of application to small businesses,
lack of accounting legislation, inconsistency of
methodological methods of calculating indicators
of Ukrainian financial statements, subjectivity of
choice of indicators, lack of time adjustments, the
use of linear dependence

Insufficient validity of indicators and their
normative values, impossibility to determine the
reasons for enterprises to fall into the zone of
"insolvency", ignoring the sectoral characteristics
of objects

Discriminant model of
integrated assessment of
financial condition by

Tereshchenko the parameters of the model

Taking into account the specifics of the
subjects, a small number of indicators, the
availability of information needed to calculate

Insufficient level of validity of indicators,
application only for individual enterprises, wide
range of uncertainty

Comprehensive
diagnosis of crisis state
by Ligonenko
allocation of indicators of rapid and
fundamental diagnostics

A large number of indicators of financial
condition, the possibility of application by
both internal and external stakeholders, the

Duplication of individual indicators, identification
of liquidity and solvency indicators, ignoring
indicators of production and economic activity and
market activity of the enterprise

Techniques based on building a system of indicators

In-depth analysis of
financial and economic
activity by Chernyavsky
certain type

Coverage of various indicators of economic
activity, the presence of criteria for which the
state of the enterprise can be attributed to a

Insufficient number of indicators, unavailability of
information for calculation of indicators of the
model of ignoring indicators, which are calculated
on the basis of net cash flow

In-depth analysis of the
financial and economic
activities by Gryaznova | activity, availability of information for

analysis

Phased and simple calculations, coverage of
indicators of various aspects of economic

ignoring indicators of business activity,
identification of indicators of liquidity and
solvency, lack of limits of criteria for carrying the
enterprise to this or that condition

Methods for assessing
the threat of financial
crisis and bankruptcy of
enterprise by Sypyagin
and payables

Insignificant number of indicators, simplicity
and speed of calculations, availability of
information for analysis, detailed analysis of
the composition and structure of receivables

Lack of indicators that can be used to predict the
loss or recovery of solvency, limited list of
indicators of financial condition, which does not
allow for a comprehensive assessment, lack of
consideration of the dynamics of changes in the
financial condition of the enterprise

The system of
indicators of the
financial condition of
the enterprise for the
diagnosis of its
bankruptcy according to
the Beaver model

years ahead

Ability to identify unsatisfactory balance sheet
structure, simplicity and speed of application,
forecasting the risk of bankruptcy for several

Designed only for successful enterprises, non-
compliance with regulatory values for enterprises
in some industries, ignoring the status and structure
of cash flows, receivables

Source: formed taking into account [43-45]

Each model and methodology has its advantages and
disadvantages that can affect the forecasting results.
Therefore, it is important to indicate them in order to
make an adequate choice of model and correctly interpret
the results. It is necessary to choose such models that
would take into account the peculiarities of the Ukrainian
economic space and the industry in which a particular
enterprise operates.

Selection of previously unsolved parts of the overall
problem

Currently, the strategic focus of the industrial
enterprises of Ukraine is a high level of their
competitiveness, which is impossible without ensuring
their efficiency, financial stability, solvency, flexibility [1,
23] in an unstable environment. The analysis of
professional literature on the chosen research topic
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allowed to state the following: despite a significant
amount of theoretical and methodological developments
in the field of financial management of enterprises, further
research requires the development of theoretical and
methodological support for small industrial enterprises to
conduct financial rapid analysis of their activities; the
choice of specific scientific and methodological support to
some extent depends on the ultimate goal of financial
analysis, the essence of analytical work at the enterprise,
its size and industry affiliation.

It was found that not only the essence of the
definition of "financial supervision” has been
insufficiently studied, but also a number of issues related
to the procedure of providing professional assistance in
conducting a simplified procedure of financial express
analysis of small industrial enterprises. This indicates the
relevance of the topic of this study.

Formulation of the goals of the article (task statement)

The purpose of the study is to develop a scientific
and methodological basis The purpose of the article is to
develop a scientific and methodological basis in the form
of methodological recommendations for providing
financial express analysis of the activities of small
industrial enterprises in selected areas on the basis of
financial supervision to provide qualified professional
assistance to the management of these enterprises. The
purpose of the article is to create a scientific and

methodological basis for the financial supervision of the
activities of small industrial enterprises in the country
using the method of express analysis.

Study results

In a market economy, small business is an element of
development of the regions and Ukraine as a whole. Small
enterprises are an organic structural element of the
national economy, because the results of their activities
affect the socio-economic indicators of the country [24-
26]. Therefore, today the intensification of Ukrainian
small industrial enterprises, their  development,
organization and analysis of financial results is of
particular importance. Indicators of development of small
enterprises in Ukraine are characterized by a certain
dynamics. The table 2 shows the data that characterize the
changes in the volume of output by small enterprises -
small businesses of Ukraine for the period 2013-2019
[27].

It can be concluded that the volume of products
produced by small enterprises, calculated both in natural
and relative terms, and is characterized by growth
dynamics. However, against the background of increasing
inflation in the country, it is impossible to assess this as a
100 percent positive result. Table 3 shows individual
indicators that characterize the activities of small
enterprises.

Table 2. Volume of products manufactured by small enterprises of Ukraine

Volume of products manufactured by small enterprises
Year total _ industry _ _
- % to the total indicator of - % to the total indicator of business
million UAH. . L million UAH. s
business entities entities

2013 513644 19,8 91512 7,2
2014 616086 21,3 96450 7,2
2015 745058 21,6 120655 7,5
2016 1014203 24,0 169140 8,8
2017 131332 24,7 216640 8,8
2018 1605385 25,9 267790 9,6
2019 1971187 28,2 295145 10,1

Source: formed on the basis of [27].

Table 3. Performance indicators of small enterprises in Ukraine

The share of the number | VVolume of sold products
of small enterprises in the|  (goods, services) of small The share of sales of products
Number of small - .
Year . - total number of enterprises / total (goods, services) of small
enterprises, units - . A
enterprises, enterprises, enterprises in total sales, %
% UAH million
2013 373809 95,04 670258/4050215 16,55
2014 324598 95,19 705000/4170660 16,90
2015 327814 95,45 937113/5159067 18,16
2016 291154 95,03 1177385/6237532 18,88
2017 322920 95,47 1482001/7707935 19,23
2018 339374 95,36 1766150/9206049 19,18
2019 362328 95,20 1839876/9639731 19,09

Source: formed on the basis of [27].

It should be noted that the statistics, which are given
in table 2 and table 3, do not take into account the
information of the temporarily occupied territories of the
Autonomous Republic of Crimea, the city of Sevastopol

and parts of the temporarily occupied territories in
Donetsk and Luhansk regions. The positive direction of
the dynamics of the above specific indicators is mainly
characteristic of the periods of time: 2013-2015, 2017.
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The number of small enterprises per 10 thousand
people of the current population was: 2013 - 82, 2014 -
76, 2015 - 77, 2016 - 68, 2017 - 76, 2018 - 80, 2019 - 86
units [27]. The rate of change in the number of small
enterprises per 10 thousand people of the current
population amounted to 104.88% in 2019 compared to
2013, which is a positive sign of development.

A necessary factor in the development of the
economy of Ukraine and its regions is the cash flow from
the activities of business structures, including the
activities of small industrial enterprises. A significant
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percentage of the population working in a particular sector
of the economy creates competitive products, thus
affecting the socio-economic situation of the country. For
example, in many European countries, small businesses
generate up to 60% of cash flows to the budget [24]. In
Ukraine, unfortunately, the pace of development of small
enterprises has an unstable trend. In fig. 1 presents
changes in the share of sales of products (goods, services)
by small enterprises of Ukraine in the total sales for the
period 2013-2019.

18 3

01
20

[¥]

P
!

Fig. 1. The share of sales of products (goods, services) by small enterprises of Ukraine

Source: formed on the basis of [27].

An important indicator of the activity of each small
enterprise is the financial result. An analysis of the net
profit indicator, which is a characteristic of the financial
result of production and economic activities of each entity
was done. In order to assess the dynamics of changes in
such indicators as the share of profitable enterprises of

Ukraine and the financial result of their activities, based
on official statistical information of the State Statistics
Service of Ukraine [27] was analyzed profitability of
small industrial enterprises of Ukraine. The table 4 shows
data that demonstrate the change in profitability of small
industrial enterprises of Ukraine during 2013-2019.

Table 4. Dynamics of profitability indicators of small industrial enterprises of Ukraine

. . . Financial result of profitable small industrial enterprises
v The share of small industrial enterprises -
ear that made a profit, % absolute value, relative value,
' UAH million % to the previous year
2013 65,0 35748 100,00
2014 65,7 45237 126,54
2015 73,5 89390 197,60
2016 72,8 99299 111,09
2017 72,3 107935 108,70
2018 73,7 127659 118,27
2019 73,3 162563 127,34

Source: formed taking into account [27].

The analysis of the obtained data shows the
instability of the dynamics of the financial result of
profitable small industrial enterprises from 2014 to 2019
inclusive compared to the previous year, respectively.

Representatives of small business of Ukraine - small
industrial enterprises represent one of the leading sectors
of the market economy, which is formed on the basis of
small-scale  production.  Small  enterprises  are
characterized by rational forms of management, rapid and

adequate adaptation to unpredictable changing challenges
of the market and the external environment. A significant
advantage of small enterprises is their mobility, which is
ensured by the absence of complex multi-level
management decision-making systems. During the
pandemic and, as a consequence, the financial crisis in the
country, the advantages of small businesses over large
areas of life include those listed in table 5.
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Table 5. Advantages of small enterprises during the financial crisis

Sphere of life Advantage

Economic Structural restructuring of the country's economy and its regions, freedom of market choice,
mobility of responding to changes in the external environment and economy of the country,
promotion of weakening of monopolism and development of competition

Social Formation of a new social layer of entrepreneurs - owners; reducing social tension in society,
ensuring the saturation of the market with consumer goods and services of everyday demand

Financial Replenishment of local budgets of regions, fast payback of expenses, implementation of
innovations, introduction of creative startups

Labor Creating additional jobs, solving the problem of unemployment in the country

Banking Carrying out activities at their own funds, which eliminates the problem of providing loans

Source: formed taking into account [ 24, 25, 28, 29].

So we can hope for the revival of Ukrainian industry
through the successful development of small enterprises,
because the modern development of Ukraine's economy
takes place in an instability environment, inflationary
fluctuations, and crisis of defaults, which leads to a
decline in production and has a very negative impact on
industrial enterprises, especially in the small business
segment. Recently, small industrial enterprises operate in
a harsh pandemic in the country, resulting in a decrease in
their solvency and financial stability, which can lead to
complete bankruptcy [26,29].

In these conditions, the problem of obtaining
relevant information on the financial condition of small
industrial enterprises is very relevant, which requires rapid
analysis of their activities. Adequate assessment of the
financial condition, attraction and highly efficient use of
financial resources requires constant monitoring, with the
long-term goal of achieving and maintaining the current
level of competitiveness of the enterprise. In the analysis
of the financial condition of small businesses can use a
variety of techniques, methods and models of analysis.
Their number and breadth of application depends on the
specific objectives of the analysis and are determined by
its objectives in each case. However, small businesses, as
small businesses, objectively have limited opportunities to
conduct regular financial analysis of their activities.
Therefore, we consider it appropriate to recommend small
businesses to conduct on a regular basis financial rapid
analysis, which belongs to the group of methods of
analysis of financial ratios. The economic essence of this
method is to assess the crisis parameters of the financial
development of the enterprise, carried out on the basis of
its financial statements [17, 21, 31-33]. The advantages of
this method include efficiency, speed, simplicity (does not
require extra time and complex calculations), cheap
calculations, the ability to detect signs of crisis in the early
stages of the entity, the disadvantage is the superficial
assessment of crisis phenomena.

The developed step-by-step scheme of the algorithm
of financial express analysis of the activity of a small
industrial enterprise is shown in Figure 2.

1. The task statement includes the purpose of solving
this problem and contains a description of the economic
essence of the financial rapid analysis of a small enterprise
and the sources of obtaining the necessary information.
Financial rapid analysis is one of the main forms of
internal financial analysis at the enterprise level on the
basis of "research purpose”. The main objectives of the

rapid analysis of the financial condition is a general
assessment of the enterprise, its financial condition,
identification of "weaknesses” and areas for further in-
depth assessment. It is used to quickly assess the financial
condition of the enterprise in selected areas and the
relevant calculated indicators. Financial rapid analysis is
performed according to the financial statements; its
advantages are the speed and simplicity of calculations.
The source of input information by year is usually an
official document of Annex 1 to the provision (standard)
of accounting 25 "Simplified financial statements"
(paragraph 5 of section 1) "Financial statements of a small
enterprise” consisting of: form Ne 1-m "Balance Sheet",
code for SCMD 1801006; form Ne 2 "Report on financial
results”, code according to SCMD 1801007. The factual
basis of the study was chosen a private small industrial
enterprise, the main activity of which according to NCEA
25.62 is the machining of metal products.

2. In the context of financial supervision, a method
of scientific and methodological support of financial
express analysis of a small industrial enterprise in a
simplified procedure in such areas as:

a) analysis of the comparative analytical balance with the
determination of the dynamics and share of its main
sections of assets and liabilities (if necessary);

b) analysis of the "golden rule of economics” (business
activity) of the enterprise;

¢) ratio analysis of liquidity, financial stability, business
activity, profitability;

d) analysis of the level of probability of bankruptcy (as an
example of the R-model and the Beaver model,;

e) the use of financial scoring (for example, according to
the method of YouControl) as a fast and convenient
system for assessing the solvency of a potential borrower
(provided the opportunity and need for the company to
assess in advance a positive decision to obtain a loan) [16,
18, 20, 21, 22, 30-42].

3. The formation of the input bank is assumed by
such components as: input data of a small enterprise (I -
input statistical information; Il - intermediate normative
and reference information; 111 - scale of assessment of the
stability of the financial condition of the enterprise (Table
6 on the example of a real small industrial enterprise
according to the R-model); IV - mathematical models of
financial express analysis of enterprise activity (table 7).
To solve the problem, a certain set of deterministic
analytical multiple and mixed models and the
corresponding methods of deterministic analysis was
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selected, taking into account the recommendations of [6, 7,11, 13, 14, 16, 18, 19, 20, 22, 30, 31, 35-38, 42, 43-45].

STAGES OF FINANCIAL EXPRESS ANALYSIS OF A SMALL
INDUSTRIAL ENTERPRISE

1L

1. Statement of the task of conducting a financial express analysis of the
activities of a small industrial enterprise

|

2. Determining the areas of financial supervision to the management of a small
industrial enterprise

l¢
v
3. Formation of the input data bank: input statistical information; intermediate
normative and reference information: mathematical models

|

4. Verification of input information for authenticity

|

5. Calculation of financial indicators, ratios

|

6. Formation of tables of initial data by results of the carried-out
calculations

|

7. Analysis and interpretation of the obtained results; report generation

|

8. Presentation of the report, provision of scientifically substantiated
recommendations

Fig. 2. Scheme of algorithm of financial express-analysis of activity of small industrial enterprise

Source: author's development.

Table 6. Data bank structure by component "Input data of small industrial enterprise”

. Value, thousand UAH.
Indicator
(t-1) year t year
1 2 3
1. Input statistical information
Non-current assets 78,3 289,2
Wear and tear 274,7 293,0
Current assets 437,1 617,9
Balance 515,4 907,1
Equity 210,9 197,7
Long-term liabilities - -
Current liabilities 726,3 1104,8
Net income from sales of products (goods, works, services) 2769,5 2690,7
Total costs 2602,0 2677,6
Net profit 167,5 13,2
1. Intermediate regulatory information

Coefficient/indicator Recommended value
Current ratio 1,0-1,5
Coefficient of financial stability 0,7-0,9
Coefficient of financial autonomy 0,5
Financial risk ratio <1
Beaver coefficient >0,2
Indicator of financial stability according to the R-model >0,42
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The end Table 6.

I11. Scale for assessing the stability of the financial condition of the enterprise according to the R-model

The value of the stability index R

Level of stability, %

Less than 0 Minimum (90-100)
0-0,18 Low (60-80)
0,18-0,32 Average (35-50)
0,32-0,42 High (15-20)

More than 0.42

Maximum (up to 10)

Source: developed by the authors taking into account [7, 8, 16, 22, 35-38].

Next, according to the presented algorithm, it is
necessary to check the input information for authenticity.

(table 6).

In case of errors it is necessary to correct input data

Table 7. The structure of the data bank on the component "IV - Mathematical models"

Dgﬁ?l';s?s()f Mathematical model (formula) Characteristics of the model parameter
1 2 3

1. Analysis of the
main items of the
balance sheet of
the enterprise

GRE, = I1-100%

ib

GRE; — growth rate of the i-th indicator of
the balance sheet of the enterprise; 1., |

the numerical value of the i-th indicator of
the balance sheet of the enterprise in the
base and reporting years, respectively

ib

2. Analysis of the
"golden rule of
economics"  of
the enterprise

100% < GR(A) < GR(Eq) < GR(NI )< GR(NP)

GR(A), GR(Eq), GR(NI), GR(NP) -
chain growth rates of assets, equity, net
income from sales of products (goods,
works, services), net profit of the enterprise,
respectively

3. Calculation
and ratio analysis
of liquidity,
financial
stability,
business activity,
profitability

Cud ~ _Eq+LL , CL
cl CL ' fs A 1M Eq’
cp=NPtA o _NE e NP o0s,
BC wC A
= NP 009, R, = NP 1000
Circ4 " Egq

C,.A

R, — current liquidity ratio; C,.
circulating assets; CL — current liabilities;
C, — coefficient of financial stability; Eq —
equity; LL— long-term liabilities; 4 -
assets of the enterprise; R, — financial risk
ratio, CB — Beaver coefficient; 4,—
amortization; BC — borrowed capital; NP
— net profit of the enterprise; T, — turnover

of total assets; NP, — net income from sales

of products (goods, works, services); A -
average annual assets; T, — working

wc

capital turnover; WC — average annual
working capital; R, — return on assets;

a

R, — return on current assets; R, — return
on equity

4. Assessment of
the stability of
the financial
condition of the
enterprise

R =0,838K, + K, +0,054K, +0, 63K,

R — an indicator of the stability of the
financial condition of the enterprise
according to the discriminant R-model;
K, — coefficient, which is determined by
the ratio of Circ4 to A4 of the enterprise;
K, — coefficient determined by the ratio of
NP to Eq; K, — coefficient determined by
the ratio of NP, to A; K, — coefficient,

which is determined by the ratio of NP to
IC (integrated costs) of the enterprise

Source: formed taking into account [14, 16, 30, 35, 37, 38].

We consider it expedient to substantiate the choice of
a mathematical model for assessing the stability of the

financial condition of predicting the risk of bankruptcy of
a small enterprise in the form of a discriminant R-model
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[37]. In conditions of economic instability in Ukraine, a
sufficiently high share of unprofitable domestic industrial
enterprises, uncertainty and variability of the external
environment, enterprises have a growing risk of losing
their solvency, financial stability, which can lead to
bankruptcy. Therefore, it is important to solve the problem
of timely detection of negative changes in the financial
condition of economic entities, including small industrial
enterprises.

To solve this problem, it is proposed to choose a
discriminant R-model [37], according to which you can
assess the stability of the financial condition of the
enterprise. It has the following advantages: availability of
accounting information; selection of independent
variables; choice of a set of financial indicators; simplicity
of calculations; suitable for companies whose shares are
not listed on the stock exchange.

It is advisable to pay attention to another of the
methodological approaches to conducting a rapid financial
analysis of the enterprise. In the financial sphere of
activity of each industrial enterprise efficiency,
convenience and saved time are considered by experts as
one of the main assets. The new tool "Financial Scoring"
from YouControl provides an opportunity to quickly
analyze the financial performance of the company and
further calculate the consolidated final score - the index
FinScore (1-4) [40]. This index reflects the financial
condition of the enterprise relative to others in the
industry, has a probabilistic nature, indicates a relatively
lower probability of bankruptcy. In the field of banking,
the FinScore risk index is a convenient and fast system for
assessing the solvency and integrity of a potential
borrower.

Financial scoring is based on the following
indicators: current liquidity; absolute liquidity; coefficient
of autonomy; return on assets; return on current assets; net
margin; return on total assets; turnover of total assets;
working capital turnover; turnover of receivables. The
scale of financial scoring is as follows: A — high level of
financial stability (4 points); B — good level of financial
stability (3 points); C — satisfactory level of financial
stability (2 points); D — unsatisfactory level of financial
stability (1 point).

It should be noted that this method is an information
product, it reflects the opinion of YouControl experts on
the overall level of financial risks of economic entities.
The financial scoring system uses special computer
programs that allow you to analyze information about
each business entity [39-41]. For these reasons, the current
bank of mathematical models does not contain
information on the calculation of financial scoring.

The calculation of financial indicators, coefficients is
provided at the fifth stage of implementation of the
developed algorithm. Table 8 presents the results of the
financial express analysis of this enterprise in the first (a)
direction.

Table 9 presents the results of the financial express
analysis of the enterprise in the second (b) direction,
which allowed to analyze its "golden rule".

Table 10 presents the results of the financial express
analysis of a small industrial enterprise in the third (c)
direction, which allowed to conduct a ratio analysis of
liquidity, financial stability, business activity, profitability
of the enterprise

Table 8. The results of the analysis of the comparative analytical balance with the determination of the dynamics and the share of its

main sections (on the example of the asset)

Atthe beginning of t At the end of t year Change of the indicator
year
Balance in abs. val in the
Section name line code | abs. val., abs. val., Y basic growth
rel. val., rel.val.,| (gr.5-gr.3), | structure,
thousand thousand rate, (gr.5/ gr.3),
UAH % UAH % thousand | (gr.6- gr.4), by
UAH % °
1 2 3 4 5 6 7 8 9
Active
I. Non-current assets 1095 78,3 15,2 289,2 31,9 210,9 16,7 369,3
II. Current assets 1195 4371 84,8 617,9 68,1 180,8 -16,7 141,4
I11. Non-current assets 1200 - - - - - - -
held for sale and
disposal groups
Balance 1300 515,4 100,0 907,1 100,0 391,7 0,0 176,0

Source: author's development.

Table 9. The results of calculating the chain growth rate of economic indicators of the enterprise

The value of the indicator, thousand UAH .
Indicator as of the beginning of as of C;heu_n growth rate of (Ehe
the t-th year the end of the t-th year indicator (gr.3/gr.2),%
1 2 3 4

1. Net income 167,5 13,2 7,88

2. Net income from sales of products (goods,

works, services) 2769,5 2690,7 97,15

3. Equity 210,9 197,7 93,74

4. Assets 515,4 907,1 176,00

Source: author's development.
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Table 10. The results of the analysis of liquidity, financial stability, business activity, profitability and probability of bankruptcy of a

small industrial enterprise

Indicator Recomr_n_ended value, Indicator value Absqlute change in the
positive trend (t-1) year t-year indicator, (gr.4-gr.3)

1. Current liquidity ratio 1,0-15 0,60 0,56 -0,04
2. Coefficient of financial stability 0,7-0,9 0,42 0,22 -0,20
3. Financial risk factor <1 3,44 5,56 2,12

4. Beaver coefficient >0,2 0,61 0,28 -0,33
5. Turnover of total assets growing 0,62 0,39 -0,23
6. Working capital turnover growing 7,62 511 -2,51
7. Return on assets, % growing 32,50 4,60 -27,90
8. Profitability of current assets, % growing 36,60 2,10 -34,50
9. Return on equity, % growing 38,30 6,70 31,60
10. Stability by R-model >0,42 1,8 0,8 -1,0

Source: author's development.

The penultimate stage of the proposed algorithm
(fig. 2) is the analysis and interpretation of the results and
report generation. The following conclusions can be
drawn from the results of the financial express analysis of
a small industrial enterprise conducted as an example
1) The balance of the enterprise for the t-th year is
characterized by positive dynamics of growth by 391.7
thousand UAH. due to the change of non-current assets by
UAH 210.9 thousand. and current assets - by UAH 180.8
thousand. The basic growth rate of non-current assets in
the amount of UAH 369.3 thousand gets 227.9% ahead of
the same indicator of current assets in the amount of 141.4
thousand UAH. In general, the basic growth rate of the
balance sheet of the enterprise for the studied year was
176.0%, which is a good sign. 2) The "golden rule of
economics” for the studied small business for the whole
chain of inequalities is not fulfilled, except for the latter,
namely: 100% <TK (A). This inequality means that the
economic potential of the enterprise is growing — the scale
of its activities is expanding and this is a good sign.
However, the chain rate of change in net profit, net
income from sales of products (goods, works, and
services), and equity is characterized by a negative trend
that will not strengthen the financial condition of the
enterprise. Therefore, it is recommended that the
company's management pay attention to improving the
financial situation in the future. 3) The estimated values of
liquidity, financial stability, business activity and
profitability of the surveyed enterprise do not meet the
relevant recommended values and are characterized by a
negative trend over time. 4) Despite the decrease in the
value of the Beaver coefficient over time, we can state the
following. Since the estimated values of this indicator
exceed 0.2, this is a positive sign of the financial stability
of the enterprise in assessing the risk of bankruptcy.
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Conclusions

The study of the methodological support of financial
analysis of industrial enterprises revealed that there is an
urgent need to use the tools of financial supervision in the
small business sector of the country. Therefore, the
problem of developing appropriate scientific and
methodological support for financial rapid analysis of
small industrial enterprises of Ukraine has become
important. The practical application of the developed
scientific and methodological approach to conducting
financial express analysis on the basis of financial
supervision will serve as a "guideline” for the analysis of
the financial condition of small businesses and will
facilitate the timely adoption of scientifically sound
decisions in the financial management of small industrial
enterprises of Ukraine.
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HAYKOBO-METOAWYHE 3ABE3IIEYEHHSA ®IHAHCOBOTI'O EKCIIPEC-
AHAJII3Y MAJINX TPOMUCJOBUX MIJAMPUEMCTB YKPATHUA

I[peamerom mociikeHHs TaHOT poOOTH € CydacHUH HampsMOK y (iHAHCOBIM IiSUIFHOCTI MajHX IPOMHUCIOBUX MiANPHEMCTB —
npoBesieHHs (piHAHCOBOTO eKchpec-aHalizy. MeTo T0CTiKeHHs € po3po0Kka HayKOBO-METOAMYHOTO MiAIPYHTS JUIs MPOBE/ICHHS 32
CIIPOIICHOI0 TPOLEAYpPOI0 (iHAHCOBOI CyMepBi3il MISUIBHOCTI MaluX HPOMHCIOBHX IIANPUEMCTB KpaiHW 3 METOI0 HaJaHHS
KBaJTi(hiKOBAHOI JOTOMOTH KepiBHUKAM MaJHuX MPOMHCIOBUX HiANPHEMCTB y (diHaHCOBI cdepi X misutbHOCTI. B crarTi BupimyooThes
HACTYTIHI 3aBJAaHHsI: OCHI/DKSHHS CTaHy MaJIMX MPOMHUCIIOBHX IMiANPHUEMCTB Ta 1X POJIi B PO3BUTKY CKOHOMIKH YKpaiHH, BU3HAUCHHS
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nediniuii HOHATTS «(diHAHCOBAa CyMepBi3is», po3poOka airopuTMy (iHAHCOBOTO eKCIpec-aHallidy Majoro IMPOMHUCIOBOTO
MiANpHeMCTBa, BUOIp HANpPSMKIB MPOBEACHHS (HIHAHCOBOTO EKCIpec-aHai3y MalMX IIIIPHEMCTB IIPOMHUCIOBOCTI Ha 3acagax
¢inancoBoi cymepsisii, ¢opMyBaHHS O0aHKy BXITHMX IaHHX 3a YOTHpPMa CKJIAQJIOBUMH, anpooaris HayKOBO-METOIHMIHOIO
3a0e3nedyeHHs Ha NPHUKIaLl KOHKPETHOTO MIIIPHEMCTBA. BHKOPHCTOBYIOTBCS Taki MeTOAM:  TEOPETHYHE  y3arajbHEHHS,
PETPOCIIEKTUBHUM aHAIII3, TOPIBHUIBHUI aHai3, aHAJITHYHHHN, aHaNi3 Ta CHHTE3, eKcIpec-aHani3. OTpIMaHO HACTYIHI pe3yJabTaTH:
B po0OTi 3alpoOIOHOBaHO Ha 3acajax (iHaHCOBOI CymepBi3ii METOAWYHI peKOMEeHJalil HI0M0 TMPOBEACHHsS (iHAHCOBOIO EKCIpec-
aHaJli3y MaJloro MPOMHUCIIOBOTO MiIIPHEMCTBA; 0OpaHO HAMPSMKH MPOBeIeHHs (DiHAHCOBOTO aHANI3y 3a CIIPOLICHOIO MPOILEIYPOIO;
po3po0IieHO cXxeMy aITOpUTMY peaiizauii ¢piHaHCOBOI CymepBiii; copMoBaHO OaHK BXiAHUX JAHMX, SKi HEOOXiHI AJS BUPILICHHS
MIOCTaBJICHOTO 3aBJIaHHS; NIPOBEJCHO OOIPYHTYBaHHS BHOOPY NMPHKIAIHAX MAaTeMAaTUYHUX MOJENCH; NPOBEACHO EKCIIEPUMEHTAIIbHY
arpo0aIlifo 3aIporNOHOBAHOI0 HAYKOBO-METOUIHOTO IiIXOY 0 MPOBEACHHS (hiHAHCOBOTO eKCIpec-aHalli3y Ha (akToyoriuHii 6asi
peaTbHOTO MaJIoro MPOMHKCIIOBOTO MiANPUEMCTBA; HAJaHO BiJIOBIJIHI PEKOMEHJAIII KEPIBHHUIITBY IOCITIPKYBAHOTO ITiIIIPHUEMCTBA.
BucnoBkn: JlocimkeHo QiHaHCOBI pe3yibTaTé (YHKIIOHYBAaHHS Cy0’€KTIB TOCIOAapIoBaHHS y cdepi Manoro Oi3Hecy. BusnaueHo,
o y TemepiliHii Yac Maji INPOMHCIOBI MiINpHEMCTBA YKpaiHM NOTPeOYyIOThH IpodeciiHOl MOMOMOTH KOHCYIBTAIIHHOT
CIPsIMOBAHOCTI Y (iHAHCOBI# cdepi cBOET AisIbHOCTI. Byno po3pobiaeHo HayKOBO-METOANYHE HMiAIPYHTs [Aits piHAHCOBOT CymepBisii 3
BUKOPHUCTAHHSAM METOJy eKCIIpec-aHali3y, CKIaJeHO Ta OIHMCAHO €TalH CXEMH AITOPUTMY NPOBEACHHS (DiHAHCOBOTO €KCIIpec-aHalli3y
3a CHpOIICHOK Tmporeayporo. IIpoBeaeHo ampobamito — peamizaimii anroputMy Ha (GakTonoriuHii 6a3i KOHKPETHOTO Majoro
MIPOMHCIIOBOTO MiJIPHEMCTBA, 3p00IEHO KOHKPETHI peKOMEH Ialii.

KniouoBi coBa: Mane mianmpueMcTBO; PETPOCIIEKTHBHHI aHaii3; (iHaHCOBA CyIepBi3is; MeToIM4YHE 3a0e3IedeHHs; cxeMa
anropuTMy; OaHK JaHUX; MaTeMaTHYHa MOJIeNb; eKCIIPec-aHali3; pe3yIbTaTH.

HAYYHO-METOAUYECKOE OBECIIEYHEHUE ®UHAHCOBOI'O 9KCIIPECC-
AHAJIM3A MAJIBIX TIPOMBIILJIEHHBIX IIPEINPUSATUNA YKPAUHBI

IIpenmeToM wuccienoBaHMs JAHHOH pPabOTHI SIBISIETCS COBPEMEHHOE HalpaBieHHEe B (DHHAHCOBOW JESTENBHOCTH MaJbIX
TIPOMBIIIIEHHBIX NPEIIPHATHH - TIPOBeIeHUE (PHHAHCOBOTO KCIpecc-ananu3a. LlesbIo uccienoBanus sBiseTcs pa3paboTKa HayqHO-
METOJMYECKOTO OCHOBaHHWS Uil IPOBEAEHHS II0 YNPOLICHHOW Ipolenype (UHAHCOBOW CYyNEpBU3UM JASSITEIBHOCTH MajbIX
MPOMBILIICHHBIX NPEANPUATHI CTPAHBI C LENIbI0 OKAa3aHU KBATH(UIMPOBAHHON MOMOIIN PYKOBOJMTEIAM MaJbIX IPOMBIIUICHHBIX
npeanpusTHid B GUHAHCOBOM cdepe X NesATENBHOCTH. B cTaThe pelIaroTcs CACAyOIe 3aaul: UCCIIeJOBAHUE COCTOSHUS MajbIX
NPOMBILIICHHBIX MPEANPHATHI U UX POJb B Pa3BUTHUHM 3KOHOMUKHM YKpaHHBI, ONpeneicHue NeUHHUIMU MOHATHS «(pHUHAHCOBas
CYIEpBH3HUs», pa3paboTKa aJropuTMa MpoBeaeHHs (PUHAHCOBOTO HKCHpECcC-aHaln3a Maloro HPOMBIIUICHHOTO MPEIIPUITHS, BBIOOD
HaINpaBJICHWI HpoBeleHNs] (UHAHCOBOTO OJKCIpEcC-aHalM3a MalbIX HPENIPHATHH NPOMBIIIICHHOCTH Ha OCHOBE (DHMHAHCOBOM
cynepBu3uy, (OpMHUpOBaHME OaHKa BXOAHBIX JAHHBIX II0 YETHIPEM COCTABILIIOIIMM, anpobanus HayYHO-METOANYECKOro
obecrieueHHss Ha IpUMEpe KOHKPETHOTO MpeMnpusTHa. VICrnone3yroTcst crenyromue MeToAbl: TeopeTHdeckoe 0000IeHH e,
PETPOCIIEKTUBHBIN aHAIN3, CPAaBHHUTEIBHBIN aHAIN3, aHAINTHYECKUH aHAM3 W CHHTE3, HKCIpecc-aHamm3. IloiydeHsl ciemyromue
pe3yJabTaThl: B paboTe MPEIIOKEHO HAa OCHOBE (MHAHCOBOIl CYNepBH3UHM METOMMKY HMPOBEIACHHS (DMHAHCOBOTO SKCIIPECC-aHAIN3a
Majoro MPOMBIIUICHHOTO TPEANPHATHS; W30paH HalpaBiICHUs MPOBEJCHHS (MHAHCOBOTO aHAIM3a IO YIPOLICHHOH mporeaype;
pa3paboTaHa cxema alropuTMa MpOBEICHHS MPOLeayphl (PMHAHCOBOTO CyINepBH3UH; CHOPMHPOBaH GaHK BXOJHBIX JAHHBIX, KOTOPBIC
HEOOXOAMMBI [UIsl PELICHHs MOCTAaBJICHHOH 3aJavu; MPOBEIEHO OOOCHOBaHHE BHIOOpA NMPUKIAHBIX MATEMAaTHYECKHX Mojereil;
MPOBE/ICHa OSKCIIEPUMEHTANbHAsT anpoOaiys IMPeJIOKEHHOTO HAyYHO-METOIMYECKOr0 IMOJXO0Aa K MPOBEIeHUIO (DHHAHCOBOTO
JKCIpecc-aHain3a Ha (DaKToNOru4eckold 0asze peasbHOr0 Majoro MPOMBIIUIEHHOTO MPEANPHATHS; JaHbl COOTBETCTBYIOILIME
pEeKOMEHIallMKH PYKOBOJCTBY HMCCIEAYEeMOT0 NPEAnpusThs. BoIBOABI: YCTaHOBIEHO, YTO B COBPEMEHHBIX HECTAOWIIBHBIX YCIOBHSIX
XO3SMCTBOBaHHMS Maible MNPOMBIIUICHHBIE TPEANPUATHS HYXIAIOTCS B HPO(ECCHOHAIBHOH MOMOIIM KOHCYJIBTallHOHHON
HaIpaBJICHHOCTH B (PUHAHCOBOH JesATeNbHOCTH. IloNydeHne akTyalbHOW pelieBaHTHON HHQOpManuu 0 (UHAHCOBOM COCTOSHHH
MaJblX MPOMBIIUICHHBIX MPEANPHATHIl SBIAETCS OYEHb aKTyalbHOM 3amadeil, TpeOyrouell mpoBeneHuUs (HHHAHCOBOTO IKCIpEcC-
aHANIM3a WX JEATENBHOCTU. V3ydeHHWe AAaHHOTO BOMpPOCA IIOKA3al0 OTCYTCTBHE EJMHOrO MHEHMS aHAIHTHKOB OTHOCHTENBHO
HaNpaBlIeHUH W METOJIOB NPOBEACHHA (MHAHCOBOTO SKCIpEcC-aHam3a. DTO 00YCIOBHIIO HEOOXOIMMOCTh W IENecO00pa3HOCTh
pa3paboTKH JUIsi PYKOBOJACTBAa MAJBIX INPOMBIIUICHHBIX NPEANPUATHH 10 YIPOIISCHHOH NPOLEAype YIOPSIOYEHHOH METOIUKU
(MHAHCOBOTO HKCIpecc-aHANIN3a Ha OCHOBE (PMHAHCOBOH CynepBU3HN.

KunroueBbie ciioBa: Mayoe NMpeAnpusITHE; PETPOCIIEKTHBHBIN aHauu3; (UHAHCOBas CYNEPBU3MS; METOJUYECKOe 0OeCIeueHue;
cXeMa aJropuTMa; 0aHK JaHHBIX; MaTeMaTHYeCKast MOJEINb; SKCIIPECC-aHAIN3; PE3YJIbTaThI.
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S. LUTSKYY

SYSTEM-INFORMATION APPROACH TO UNCERTAINTY OF PROCESS AND
SYSTEM PARAMETERS

The subject matter of research in the article is a system-information approach to the uncertainty of the parameters of processes and
systems of the technosphere as one of the scientific directions of using information theory in metrology and other scientific areas. The
system-information approach is based on the definition of the term "information” of the properties of the system, its content and
meaning. The solution of the basic problem in metrology, obtaining "information" of the quantitative characteristics of the true value
of the properties of objects and phenomena that reveal the regularities of the environment, is a complex scientific problem. The
instrument for obtaining information about the properties of the system is the measurement process. One of the directions in the
development of measurement theory is the concept of uncertainty. The goal of the work is to research of non-traditional solutions to
problems of technical-cybernetic systems based on the system-information approach to the uncertainty of the parameters of processes
and systems. The article solves the following tasks: to analyze the assessment of the parameters of technological processes and
systems based on the system-information approach; to develop system-information methods and algorithms for the effective use of
discrete-probabilistic information in technical-cybernetic systems; to develop principles and approaches for using the system-
information assessment of the uncertainty of the Planck units, use of system-information modeling in various scientific directions. The
following methods are used: system-information approach to processes and systems, methodology of system-information modeling of
the measured value; system information methodology for the assessment of the measured quantity and uncertainty. The following
results were obtained: developed a system-information methodology for assessing the nominal parameter has been developed, which
provides indirect control over the independent parameters associated with it; systemic and information methods for the effective use
of discrete-probabilistic information in technical and cybernetic systems have been developed; a system-information methodology for
calculating the energy equivalent of product performance indicators has been developed; the principle of calculating the efficiency of
manufacturing a product based on the energy equivalent of Planck units is formulated. Conclusions: The solution of the set tasks on
the basis of the system-information approach to the uncertainty of the parameters of processes and systems makes it possible, from the
system-information point of view, to study the regularities of the stages of the life cycle of technical-cybernetic systems and
conservation laws.
Keywords: system-information approach; discrete probabilistic information; uncertainty; Planck units.

Introduction system. The methodology of the Sl approach is designed

for information research of systems such as physical,
biological, social, technical, cybernetic and use in
engineering and scientific disciplines such as general
systems theory, systems science, cybernetics, systems
engineering,  thermodynamics,  systems  dynamics,
metrology and so on..

Mankind for a long time has paid attention to the
definition of the term "information”. But until the
beginning of the 20th century, this question belonged to
the philosophical category. The key question regarding the
information was how to quantify it. Such scientists as

R. Hartley, R. Fischer, W. Ashby, N. Wiener, K. Shannon,
A.N. Kolmogorov and others dealt with this issue. As a
result of research in the field of information, information
theories have been developed, which are based on
different scientific approaches: probabilistic (K. Shannon),
synergetic (V.B. Vyatkin), quantum (A.S. Kholeva),
system-information (S.V. Lutskiy) and others.

System-information (SI) approach to the processes
and systems of the technosphere is one of the scientific
directions in the field of information theory. Technosphere
is an object of planetary ecology [1], part of the
ecosphere, which contains artificial technical structures
that are manufactured and used by man. Theoretical
principles of Sl approach to processes and systems are
based on the scientific principle of "reflection” of the
properties of interacting objects of any nature from the
threshold of sensitivity of these objects to external
influences and are identified as values of physical
quantities (PQ), their location in space and time.
"Reflection” is a fundamental property of the universe,
which underlies the evolution of the universe. From a
mathematical point of view, this is a "transformation”, ie a
function.

The Sl approach is based on the definition of the
term “information", its meaning and significance in the

An important scientific and economic direction in
the field of research from the standpoint of the SI
approach is technical and cybernetic systems. With the
development of mankind, technical and cybernetic
systems are becoming increasingly complex, both in terms
of mechanics and control. With the complexity of
technical and cybernetic systems, the requirements for the
safety of their manufacture, operation and disposal
increase.

The basic difficulty of knowing the properties of
systems is manifested in obtaining information on the
quantitative characteristics of the true values of the
properties of objects and phenomena that reveal the laws
of the environment. The tool for obtaining information in
the system is the measurement process. One of the
directions of development of the theory of measurements
is the concept of uncertainty. The concept of uncertainty is
based on an "observer" who cannot obtain information
about the true value of a measured quantity, but can only
determine the range of values in which there is a true
value of the quantity. The properties of the technical-
cybernetic system, as a complex of interacting
components, are in information equilibrium and have a
stationary character with constant over time indicators of
the distribution of probabilistic characteristics. The

© . Lutskyy, 2021
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scattering interval of the parameters that characterize the
properties of the technical-cybernetic system is the
uncertainty interval.

Control of information of the limits of the expanded
uncertainty of parameters is extremely important for
safety of operation of technical and cybernetic systems
and environment. This information is necessary for the
timely response of the management system to crisis
situations - that is, to the unforeseen exit of the limits of
the interval of extended uncertainty beyond the tolerance
of the parameters of processes and systems and their
prevention.

The parameters of technical-cybernetic systems are
to some extent related by the relationship based on the
information they possess, and their accuracy (uncertainty)
tolerances are also related. This makes it possible, based
on the information of the controlled parameter and its
uncertainty, to control the algorithm of other parameters
and uncertainties associated with it, as well as to predict
their future state. SI approach, as a tool for analysis and
synthesis of systems lays the information relations of
objects at the initial stages of the product life cycle, which
allows to solve problems in the development,
manufacture, operation and disposal of technical
cybernetic systems on the same system-information basis,
and combines mechanical and cybernetic components of
the system with one unit of measurement of parameters,
which greatly simplifies and reduces the cost of
digitization at the stages of the product life cycle.

Therefore, it is important to study non-traditional
solutions to technical and cybernetic systems based on the
Sl approach to the uncertainty of the parameters of
processes and systems that have emerged in new non-
traditional fields of science and technology.

Analysis of literature data, problem statement

S| approach to processes and systems reveals the
system and information characteristics of objects, which
reflect the regular relationship between them [2]. The
result of this relationship is the reflection of information.
Information relations in the universe are absolute and
comprehensive, both directly and indirectly. The category
of time and space characterizes the intensity of
information. Information in the system-information
approach to processes and systems reveals not only
quantitative characteristics, but qualitative and value [3].

Information is a fundamental quantity; it cannot be
expressed through other basic quantities. Information
contains the content of the system about itself and is an
intrinsic property. Mathematically, information is defined
as a measure of the order of a set consisting of different
objects. A measure of information associated with a
system that can accept N possible states and is measured
in bits. The equation of information is valid if the different
states are equally probable [4]. If the different states are
not exactly probabilistic, then the probability is considered
as a weighted average. The first fairly clear proposals for
ways to measure the amount of information date back to
the early 20th century and belong to R. Fisher (in
connection with the work on mathematical statistics) and

R. Hartley (in connection with the storage of information
in storage devices) and its transmission through
communication channels) [5]. The most common use in
various fields of science and technology was the measure
of information, which is formulated in the information
theory of K. Shannon [6]. The theory is closely related to
information entropy and uses mainly the mathematical
apparatus of probability theory and mathematical
statistics. From the standpoint of defining the concept of
information in the system according to K. Shannon — "the
system takes many equally probabilistic states".

The SI approach considers information as the
ordering of many stationary states of a system. A priori
information of the steady state of the system is
characterized by many possible manifestations of the
properties that are realized in its interaction with other
systems (objects). Manifested properties of the steady
state of the system are identified as a set of physical
quantities of their values and uncertainties, which is the
content of system information. Under external (internal)
influence, the state of the system changes and a posteriori
information captures the steady state of the system over
time and the corresponding values of physical quantities
and uncertainties. In physical space, the state of the
system changes from the threshold of sensitivity to
external (internal) influence. The influencing system also
changes due to the fundamental properties of the universe
of symmetrical "reflection”. Traditional information
analysis considers the transfer of information from the
"transmitter" to the "receiver" is one direction from which
side to look.

In technical-cybernetic systems, information has a
parameter. A technical parameter is a physical quantity
that characterizes any property of a technical device,
system, phenomenon, or process. The number that
characterizes this parameter (value) is its value. Nominal
parameter (nominal value of the parameter) is its value,
which is the beginning of the countdown of the actual and
maximum tolerances. The parameter is characterized by
the accuracy tolerance, which is laid down in the technical
documentation for the object. Within the tolerance limits,
the "information" of the parameter is not a change, its
state is stationary. From the standpoint of the SI approach
to defining the concept of the amount of information, the
parameter has a finite value of possible stationary states
and the number of these states is calculated as the
logarithm of the ratio of the parameter value to its
accuracy. In technical and cybernetic systems,
"information” is laid down in the design and technological
documentation. As a rule, in the finished product the
amount of "information" is greater than the value of the
coefficient of technological margin of accuracy
kma = 1,2-1,5. Therefore, the quality of "information"
received by the product during manufacture is relative, it
characterizes the ratio of the amount of "information"
embedded in the parameters of the product according to
the technical documentation to the amount of inflated
"information" parameters of the finished product:
Jaual = 9/1%-1 The value of the "information" of the
product is the result of the ratio of the number of
parameters in the product according to the technical
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documentation to the amount of "information" according
to the technical documentation: 1 = N/, The less
information is spent on the parameter of the technical
documentation  without changing the functional
characteristics of the product, the more valuable the
product information.

In production, the tolerance of the accuracy of the
parameter of the technical object is obtained due to the
technological process of processing. The tolerance of the
accuracy of the parameter is laid down and corresponds to
the statistical principle of three standard deviations. The
change of the content of the parameter information occurs
when the parameter goes beyond the tolerance limit of the
parameter accuracy.

Thus, the system-information approach allows to
determine the amount of parameter information and record
its change. From the standpoint of defining the concept of
"information" of the object in the SI approach as "discrete-
probability" (DP) information, the parameter takes many
possible stationary states with respect to accuracy, and this
ratio is a deterministic value for stationary stochastic
systems.

The theoretical principles of the SI approach to the
processes and systems of the technosphere are based on
the fundamental properties of space — "reflection™ [7]:

1) any elementary deviation from the nominal
properties of objects in space and time entails many
results of elementary "reflections” on other categorical
attributes (general information connection of categorical
attributes of properties of objects in space and time);

2) the elements of deviations of the "system of
reflections” of the properties of objects are discrete in
nature, they are the lowest thresholds of sensitivity to each
other;

3) the discreteness of elementary deviations of space
is due to the quantum nature of physical space;

4) the determinism of elementary deviations is due to
the stationary in the period of discrete space of "mapping
systems" of categorical attributes of the technosphere.

According to the theoretical principles of the SI
approach, the mathematical model of a process or system
parameter can be represented at two levels: the first as an
element x (threshold of sensitivity) of the set of possible
state X, which has a stochastic nature, and the second as a
deterministic value of the ratio X/x the final value of the
number of possible states of the system.

Thus, the content of such a model for measuring the
parameter of a process or system is a set (unity) of the
content of stochastic and deterministic parts, which
determine the numerical value of possible states of a
process or system relative to their sensitivity threshold and
probability of transition from one state to another. The
stochastic part of such a model carries information on the
sensitivity threshold of the measuring parameter of the
process or system, and the deterministic part carries the
numerical value of the possible states of these parameters.

The theoretical component of the SI approach is
based on the axiom and four laws of system-information
communication of interacting objects and the
methodology of SI modeling of processes and systems [7].

(Axiom). The change in the state of an object occurs
as a result of external (internal) influence starting from the
threshold of sensitivity of the state of the object to this
influence.

1. Law No.1 of identical DP
information of properties of objects

1(x)=1(y,).

2. Law No. 2 matching DP information properties of
the reflection process

reflection of

Ha Hg Xi Vi
log, —& =log, —, log, — =log, —,
g, o, g, o, 9, AX, 9, Ay,
c, Ax . - . .
where —&, — is a coefficient of information
c, Ay

communication.
3. Law No. 3 additivity of DP information parameter
properties

t
t Z'Xi
— P P — i=1
IYJ. —;|Xi, i=@0), j=Lk), MYj =0y, -n
4. Law Ned4 system properties of stationary DP
information space

Zn: Iout(si)=zn: lin(s;), Zn:I(Sij)=const,

j=1 ij=1
where S; es; are the interacting elements of a stationary
system S,

The theoretical foundations of the SI methodology
for modeling the parameters of processes and systems of
the technosphere are based on the "display" of DP
parameter information (intensity), space (length) and time
(duration). SI modeling considers fragments of reality of
manifestation of objects of system which are combined in
various configurations: intensity - duration; intensity -
length; intensity - duration and length, within the
homogeneity and variability of intensity, duration and
length [7].

The discreteness of the state of properties is defined
as the ratio of the values of the interval max (sup) and min
(inf) of the manifestation of the intensity of the object,
duration, length to the value of their lower limits of
manifestation — the sensitivity threshold. SI models are
structured without reference to the measurement scale.
The logarithmic form of the SI model function with base
n = 2 indicates the logarithmic law of information
relations between objects, and the number of characters
(complexity) required to record word information in the
memory of a computing electronic device.

The threshold of "sensitivity" of the manifestation of
the property by its nature has two boundaries of the
interval lower and upper, within which the object
information is not variable. For a stationary system, and
technical-cybernetic systems are such within the
parameter tolerance, the sensitivity threshold coincides
with the accuracy tolerance limits, and the extended
parameter uncertainty is within the tolerance range. From
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the position of the SI approach, the technical-cybernetic
system changes its state, ie information about itself when
the value of the parameter exceeds the tolerance limits for
accuracy.

For the first time the concept of uncertainty, as one
of the directions of development of measurement, was
proposed in the work of L. Finkelstein "Theory and
Philosophy of Measurement” [8]. The reasons for the
concept of uncertainty were the emergence of new non-
traditional areas of measurement - analytical chemistry,
psychology, sociology, pedagogy, medicine and more.
The theory of uncertainty developed by scientists of the
world led to the appearance of the document of the
International Organization for Standardization ISO "Guide
to Expression of Uncertainty in Measurement", published
in 1993.

The uncertainty of the measurement result is
characterized by either the average quadratic deviation
(AQD) or symmetric boundaries, and the distribution of
the uncertainty components by the evaluation method is
divided into components of categories A and B [9]. The
ISO governing document presents the definition of
uncertainty — a parameter combined with the result of the
measurement, characterizing the scattering of values of
the measuring value.

Thus the DP information of a parameter is closely
related to its value and uncertainty and is simultaneously
both a deterministic and probabilistic characteristic of a
physical quantity. In order to emphasize the difference
between the units of measurement of DP information with
the generally accepted notion of "information™ (which is
measured in bits), DP information is measured in discrete
probability bits (DPbit).

The purpose of the work is to study non-traditional
solutions to problems of technical-cybernetic systems on
the basis of a system-information approach to the
uncertainty of process parameters and systems of the
technosphere.

Materials and methods of research

Estimation of parameters of technological
processes and systems on the basis of system-
information approach.

The values of the parameters are obtained directly
from the results of physical measurements, data and / or
other parameters and the form is mathematical formulas,
so the information of the uncertainties of the arguments of
the components of the formula are displayed on the
information of the uncertainty of the function. At direct
one-time measurements values of parameter are defined
on indications of the device. The estimation of the value
of the measured value is directly the display of the device,
such estimation of uncertainty belongs to category B. At
repeated measurements and statistical data processing the
estimation of variance u® is characterized by the
components received by estimation of type A. Data
processing consists in the analysis of components of an
error. In many cases, the measured value of Y is not
measured directly, but determined from N other values of
X, X,, Xy by the functional dependence of f{x).

SI methodology for estimating parameters is to
estimate the value and uncertainty of the measured value
of one "information object" based on the values and
uncertainties of other “information objects" by
implementing information laws, principles and algorithms
performed on the SI measurement model.

The technological process is a cyclic stationary
stochastic process in which the characteristics of the
probability distribution with time shift do not change with
each cycle.

The extended uncertainty interval is a random
variable, but the process developed on the basis of
experimental data is provided by parameter tolerances
where the expanded uncertainty U of the measured
quantity is within the accuracy tolerance range with a
probability close to TI>U regardless of the probability
distribution law.

The tolerance values for the accuracy of the process
and product parameters are normalized in the early stages
of the product life cycle (LCP). They are functionally
interconnected both in the production process and in the
process of product operation.

The concept of SI methodology for estimating the
parameters of the technological process is based on
functional dependencies (1)

LM — f (N Tl Nog Tl Npp T, mN L TH ) at T2 U, (1)

where, LM - logarithmic measure of communication
capacity of parameter, TI, (tolerance of accuracy of

parameters of product), Tl,, (tolerance of accuracy of
parameters of technological equipment), Tl;, (tolerance of
accuracy of parameters of technological process), N, -
parameters of product, N;. — parameters of technological
equipment, N, — process parameters, mN; — other

environmental parameters, Tl — parameter accuracy
tolerance, U — extended parameter uncertainty.

Functional dependences (1) form new principles for
the development of a methodology for estimating the
parameters of the technological process, the effective use
of measurement information based on the development of
the concept of the measure of communication capacity
PQ.

Communication Capability (CC) of PQ is the
potential ability of the properties of some objects to
"reflect" on other objects discretely. It is a scalar quantity
and is the only measure of the various forms of

communication of objects and is defined as X The

logarithmic unit measure of communication capacity is

defined as Iongxi. The logarithmic measure (LM) of

communication capacity (amount of DP information) is

defined as log, ﬁ where x, is the value of PQ, Ax, is
the sensitivity threshold. The measure of communication
capacity is considered as a measure according to Lebegue-
Stiltjes [10].
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Based on the Law Nel of the identical reflection DP
of the property information and the Law Ne2 of the
matching of the DP property information of the SI
process, the model of the measuring parameter
("information" object y is a function of unrelated x) has
the form

1
¥)=Y log, (x, XW), Ux)<TI(x)=Ax, (2)

if X is interconnected then the information model has
the form

= iZZI:IOQZ(xi X U

U(x) <TI(x) = Ax;,

1

(U(x)-U (%))

1 n
(Xi))+;Iog2

the parameter, Ax is the sensitivity threshold, TI(x) is the
accuracy tolerance, 1/U(x) is the unit measure of the
communication capability of the parameter, U(x) is the
expanded uncertainty, and (y) is the amount of DP
information measuring parameter.

The Sl approach allows you to establish quantitative
relationships between the evaluation of the measurement
result and the uncertainty of the parameter. Provided that
the extended uncertainty is equal to or less than the
accuracy tolerance of the parameter U(x)<TI(x;),

equation (2) has the form

y X Xn
o8 20~ 00 e T
y X _
Ing (T|}) I092T|(x1) ng]( ) ng[( ) TI(Xn)ZU(Xn)- r=1
Y 1% _ 8 X, __
ay(T,) I;ITI(xi)’ y=s(T,) 1;[TI(xi)' M,)== X @)
: TH(x,)
ZH:TI(xi) U
TI, =k, xAy(Tl,), k, =L , Tl >U,, u =2,
: v K

where: u, — total uncertainty, K — coverage factor.

The presented system-information algorithm for
estimating the value of the parameter and the total
uncertainty takes into account both the values of the
standard uncertainties of the components of the formula
and the values of the partial derivatives of these
components.

We formulate the Sl rule for estimating extended
uncertainty: extended uncertainty of a measured quantity
takes into account both the sum of values of extended
uncertainties of functionally independent quantities, which
does not contradict the generally accepted provisions [11],
and the influence of components X, X,, X, on changey.

System-information methodology for estimating
parameters is based on the use of three consecutive
analytical methods.

Method 1. Methodology of SI modeling of
measuring parameter of processes and systems.

It consists in the fact that the tolerances of the
accuracy of the parameters of the technological system are
interconnected both physically and on the basis of DP

Ay(u )_; gZU( x)’
,5(y)=1f[5(xi),

=>Ylo
5(y) ; gZcS(x)

[T

information. That is, in the manufacture of products, the
output of one parameter of the technological system
beyond the tolerance of accuracy ultimately leads to the
tolerance of the parameters of the part associated with it
directly or indirectly. In the operation of a technical-
cybernetic system, the departure of one parameter beyond
the tolerance ultimately leads to the tolerance beyond the
tolerance of other parameters directly or indirectly related
to it.

The SI model of the parameter is based on the
number of possible states of the parameter (a measure of
communication capacity) as a system (in the information
equation). This is the principle of equality of the sum of
DP information of arguments and functions and is
formalized as the logarithm of the ratio of the nominal
value of the parameter to the uncertainty. For statistical
DP, the PQ information is the logarithm of the ratio of the
mathematical expectation to the standard deviation. The
relative uncertainty is equal to the modulus of the inverse
of the measure of communication capacity

U(x;)

()‘

5()‘

n @)
U, =k, x nyE(Xi).
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This method uses the paradigm of relative errors
because we study a technological system with constant
values of tolerances on the accuracy provided by the
technological process, and the uncertainty is within the
tolerance of the accuracy of the nominal parameter.

da+ob
la+b| -

&

da+ |b| ob
la+b| ’

S(a+ |a+b|

b) =

S(axb) = 5% —sa+sb, S(a)=ksa,

Method 3. SI method for estimating the required and
sufficient parameter accuracy.

The calculation method combines the use of two
principles:

1) information modeling and 2) the method of
estimating absolute and relative errors.

Method 2. Methods for estimating relative errors.

If the relative error has a mathematical expression,
then the principle based on the mathematical provisions of
the relative error is used

da+ob
la—b|

_ |
[ab|

o

da+ ob
la—b|

s(@a-b) =

®)

If the interval of extended uncertainty U(y) with the
confidence level p(y) = 1 and is equal to the accuracy
tolerance TI(y), then we write Sl equation (2) due to the
relative error 6(y)

y X X,
lo lo +lo +log, ——,
%y T T %% Tty % Ty
AY(TI
log, —— = I0g, —— +1og, ——+...+log, ——, 5(x,) = T'(X), 50y = YT
o(y) o(x,) o(x,) 5(xn)
" 5(x) (6)
NUBEE : 2.5
yayhﬂjﬁn)Thzyﬂjﬂmyh,Mz%%——.
y i=1 i=1 H5(X.)
i=1
Thus, in the generalized variant for TI(y)>U(y) (6)
there is an estimate of the necessary and sufficient |gzy_ log, —— +10g, —2— ...+ log, —1
accuracy of the parameter y due to the relative errors of Ay, (T1,) TI(x,) TI(x,) TI(x,)
the components within which there are relative extended n
uncertainties U(x) regardless of the distribution law. y ZTI(Xn) (8)
Equation (6) is an estimate of the extended Ay, (T1)=—"—, Tl =Ay,xk,, k =-"——
uncertainty of the quantities due to the relative error for S 0i) H'n(x )
the known values of the uncertainties of the related 2i=1 i

quantities based on the DP information. If the values of
the uncertainties of the related quantities are unknown,
multiple measurements of the i-th parameter are used after
each j-th cycle of the technological operation. To
determine the i-th unknowns of the expanded uncertainty
of the parameters, a matrix with the i-th rank is
constructed. A relative scale is used to evaluate the result
of the calculation of the unknown matrix. The choice of
accuracy of the measuring instrument is provided by 10%
of the interval of the calculated accuracy of the parameter.

Based on the equations of the Sl approach, the
following values are determined:

1) Sl estimate of the value of the nominal parameter
yn without error;

log, y, =log, x, +log, x, +...+log, X,

il(xi) (7)
=2,

2) Sl estimate of the tolerance of TI(y,) at the
given DP information x, and the value of the nominal
parameter y,

3) Sl estimate of the parameter Ay, at the given
tolerance of accuracy of TI (yn )and DP information x ;

yn Xl

v ST gzzv(z) gzzvcx)
Zl(xi) HTl (x,) 9
1) =log, ——, o =2 Ay =TI xH—
Ti(x, ) Ay, ZTI(X)

Implementation of SI methodology for estimating the
accuracy of measured values is based on the principles of
DP information communication of process parameters and
solves the following problems:

1) determines the accuracy with which it is necessary
to measure the nominal parameter of the technological
process to ensure maximum informativeness and quality
of the result;

2) the analysis of the DP value of the information of
the measurement result of the parameter, which provides
indirect control of the associated parameters of the
technological process for compliance with the uncertainty
within the tolerances.
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The use of the methodology of system-information
approach to assessing the accuracy of measuring the
parameters of the technological process and system
ensures production efficiency, economical use of
resources, identification and implementation of best
practices, new equipment and production technology,
prevention of unnecessary costs.

System-information methods and algorithms for
effective use of discrete-probabilistic information in
production.

System-information methods and algorithms for
effective use of DP information are based on the scientific
basis of the developed system-information approach as
information technology, which from the standpoint of
information principles provides accurate and timely, cost-
effective assessment of controlled parameters and their
required accuracy.

System-information  approach as information
technology is based on the developed scientific SI bases:
method, method, means and process:

1) method - the theory of system-information
approach to processes and systems;

2) means of application of the method - methodology
of system-information modeling of processes and systems;

3) means of implementation of the method and
method - information technology algorithms based on the
logarithmic measure of the communication capacity of the
controlled parameters;

4) the processes of collection, processing and use of
discrete-probabilistic information of controlled parameters
at the stages of the product life cycle.

The developed SI technology of effective use of
discrete-probabilistic ~ information ~ of  parameters
formulates scientific positions of dependence between DP
information of model of the controlled parameters of
technological process and system, and production
indicators.

Table 1. Methods of effective use of DP information

1. Any method of production is displayed through
the DP system of information of controlled parameters of
production facilities.

2. The properties of the production object have the
final numerical value DP of the information of the
parameters that are the most objective characteristics of
production.

3. The amount of DP information of the controlled
parameters of the design documentation (DD),
functionally related to the quantitative indicators of
material, labor and energy resources for the production of
the product. The object of the product is more economical
in production, the smaller the numerical value of DP
information of the parameters it has, which provide its
official purpose —

Costs (material, labor, energy) = f(Ipp, Is,; Itp).

4. Excess and loss of DP information of the
controlled parameters of the product, technological system
(TS), technological process (TP) are functionally related
to the indicators of production quality in the system of
information connections of the properties of production
facilities -

Quality :f([pr, Its, Itp, Alexc, Alloss)-

5. The values of DP information of quantitative,
qualitative and value evaluation of the manufactured
product are functionally related to the indicators of
production efficiency in the information communication
system of production facilities involved in the
technological process —

Eﬁ{eCl‘ :f([val, Iqual,' Iprice)-

The algorithms for the effective use of technical and
economic information of production are based on the
proposed system of DP information controlled parameters
relations which are presented in table 1.

The above algorithms are an element of the result of
the corresponding measurements intended for use in the
calculation formula KTI- (ISO 22400-2014).

Indicators Explanation
1. Absolute (ALLI), DP bit The amount of DP information of product
k X 1 m m m 1 parameters according to the documentation
ALl = log, — =1log, ——, ALl , = lo = log, —— ;
oD Zl 9. TI 9. 50x) ™ Z:, 9, S(x) 21 9, 55(x) (DD), technological process (TP) and

where, X

u — mathematical expectation, 3S— relative mean quadratic deviation.

— the value of the measured value, TI, — size tolerance,

technological equipment (TE)
TIi > 30,

2. Relative %(RLI)

The ratio of absolute indicators of design
documentation to the absolute indicators of the
technological process shows the degree of
excess or lack of resources expended

RLl, = Allos
AL,

3. Equivalent (ELI), DP bit, UAH
: X > Hy

ELI,p :Zl: IOgZTI +x, xk(e,/x,), ELl :le log, 3
i=! X i=! Xj

where — k(e/x) — the coefficient of coordination of the controlled parameter to the

energy E based on PL units, x,, — PL unit

+x,xk(e,/x,),

The equivalent of the absolute energy
consumption of the product based on the DP
value of the information of the product
parameters is equivalently recalculated using
the coefficients of agreement on the DP value
of the information of the unit of energy.

4. Mixed (MLI), UAH/bit

wue < KTl
ALIC

where, KTI — key technical and economic indicators,
n —a new product, o — old product

. KTI, =MLI. x AL

The equivalent recalculation of DP information
is based on the use of "PL units".
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2. Method of calculation of SI production indicators
on the basis of acceptance statistical control.

2.1. The arithmetic mean value of the controlled
product parameter

n
2%
f: i=1 ,

n

(10)

where n is a number of peoducts.
2.2. The scope of scattering
characteristics

the qualitative

Rj = Xmax ~ Xmin - (11)
2.3. Absolute actual logarithmic index of ALI¢
x
ALI; =log, —. (12)
R;
2.4. Mixed actual logarithmic index MLIf
MLI,. = KT (13)
ALI,

3. The parameter of production control (PC) is a
change of processing process, change of processing
methods, change of route, change of technological
equipment

X X;
PC =log, R log, T —0. (14)

Development of methods using the methodology of
Sl evaluation of production characteristics in information
measuring systems based on DP information allows us to
contribute to the effective achievement of production
management goals.

1. The method of calculating the absolute
logarithmic index (ALI) of production is based on DP
information of controlled parameters in the technical
documentation and DP information of controlled
parameters of receiving statistical control, which are used
to control the level of process equipment for processing.

2. The method of calculating the relative logarithmic
index (RLI) is used to control the parameters at the level
of the technological process. The smaller the value of DP
information of the parameters of the manufactured product
with the same quality characteristics, the more perfect the
processing technology. RLI indicators reflect the quality
of the technological process.

3. The method of calculating the -equivalent
logarithmic index (ELI) is used to calculate the value of
one discrete probable (DP) bit of the product, which is the
most objective indicator with the same performance
characteristics of the product. This ELI is used in the
marketing, planning and accounting services of the
company to assess the competitiveness of the product, as
well as departments of R & D and product design. ELI
indicators reflect the cost-effectiveness of technological
resources for the product.

4. The method of calculating the mixed logarithmic
index MLI is used to manage production at the enterprise

level. It allows you to compare the efficiency of different
production units in terms of resource costs per discrete
probable (DP) bit of the product on the CD. MLI
indicators reflect the characteristics of the technological
process used to predict the CRI of a new product in the
technological preparation of new production.

When setting up a new product, the use of DP
product parameter information allows in the early stages
of the life cycle to predict the main technical, economic
and production indicators required for technological
preparation for the production of a new product, based on
MLI production of the old product. This significantly
reduces the time for technological preparation for the
production of a new product and, as a consequence,
improves the technical and economic performance of the
enterprise.

On the basis of the presented methods of effective
use of DP information methods of the decision of the
following problems are developed.

1. Method of forecasting resource costs.

Provides KTI forecast of production in the early
stages of the life cycle to optimize resource costs for
technological preparation of production and production on
the basis of LM product parameters according to the
design  documentation (DD) and technological
documentation (TD) of production. Type of forecasting
without development of technological processes: time of
production of a product; energy and material waste for the
manufacture of the product; labor-intensive manufacturing
of the product; the level of automation of processes of this
production; the level of quality of production processes;
the level of optimization of technological processes of this
or new production.

2. The method of optimizing resources in the
preparation of production.

Provides optimization of resources of technological
processes of manufacturing of a product and a choice of
methods and parameters of management of technological
process (TP) on the basis of DP of information of
parameters of a product on DD and technological system
(TS) of production.

3. Method of optimizing production management.

Provides control of product manufacturing
parameters and optimization of control parameters of
technological equipment in real time on the basis of DP
information of product parameters on DD and TS of
production.

4. Method of production efficiency control.

Provides analysis of DP values of information of
controlled parameters of TP of production and DP of
information of controlled parameters of finished products
for identification of technological reserves of production
resource.

An important principle of improving KTI production
is the use of software in system-information measuring
systems to solve problems of economic analysis at the
levels of the shop, shop and production.

1. Perspective (forecast, preliminary) analysis of
technical and economic indicators is used when launching
a new product into production in the early stages of the
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life cycle and is based on algorithms of absolute and
mixed DP information of controlled parameters.

KT
° x ALI?,
ALIS,

=KTI, (10)

where 0 is a product that was manufactured earlier, and n is
a new product.

2. Operational analysis is based on the use of data of
statistical acceptance control of the product. This allows in
real time the production time to calculate the change in the
basic time of formation on the necessary parameters of the
processing process to reduce the coefficient of
technological margin of accuracy CTMA = X
const/Htechn tends to one. Reducing the basic time for the
operation in general in production increases productivity,
reduces labor intensity and cost of the product.

3. The current analysis of the results of activities for
a given period is used to identify technological reserves
and is based on the comparison of actual production
mixed indicators MLI, production with the values
calculated on the basis of energy consumption for
production on the technical documentation.

System-information principles and approaches to
uncertainty based on ""Planck units."

"Plank units" (PL units) are very far from the ranges
used in practice and are not reproduced with the help of
real physical objects, they define the limits of application
of modern physical theories. Therefore, they are not used
in metrology [12]. But the numerical values of "PL units"
can be used in system-information analysis of process
parameters and systems as the threshold of sensitivity
(space-Ip, time-tr, mass-mr, energy-Er, and so on) PQ.
They are composed, calculated and interconnected
through physical fundamental constants C (speed of light,
m/s); h (Dirac constant, J c¢); G (gravitational constant,
m3/kg-1c-2) [13] and can be expressed one by one

Gh §
|, =[5 =1616255(18)10 Sm;

t = |2 < 5,391246(60)x 10
c

Ch
m = /G ~ 2,176434(24) x10° Kg;

5
E, = /hc ~1,9561x10°J;
G

_h
mC’

| =tC=

The rationale for the application of PQ "PL units" as
a sensitivity threshold is that they are interconnected
linearly with each other and with the FFC and their
accuracy. In nature, the sensitivity threshold of PQ is the
interval within which PQ does not change its DP
information. The values of FFC and their relative accuracy
were agreed by KODATA in 2002 [14] and are taken as
constant values. From this point of view, the "PL units" of

PQ and their uncertainty are also constant values, and
their DP information is constant over time. Therefore, the
uncertainty of the "PL unit" can be used as a universal
uncertainty PQ.

This approach makes it possible to calculate the
equivalent values of "PL units" of PQ to each other.

We write the system-information equations for "PL
units" Ip - space, tr - time, mr - mass, E-energy [15] to
determine the extended uncertainty U (Ip), U (tr), U (mr),
U (er) on the basis of Sl provisions of the law No. 2.

For the logarithmic measure of PL length

| Gh
P F'
P(I,) 1 PG P(n P(C
0g, . =—(log, ( )+|ng ()_ 2 ())1
ua 2 u(G) U (h) u(C)
| (12)
u)=— L , U()=u()xk_,
Zz(logz Gy Hos2 -0 ) P P
_U@+U(C)+U(G))
" (Um)xU(C)xU(G))
For the logarithmic measure of PL time
Gh
p = F’
t, G h C
lo lo +1lo 5lo 12
gzu(t) 2( gzU(G) gzu(h) gzu(c)) ( )
t
U(t)=— e —. U(t,)=U()xk,.
22 3002 5 825 25
For the logarithmic measure of PL mass
Ch
mp: E,
0g, = log, = —-+log, — ~—log, =), (13
“U(m) ZU(C) ZU(h) UG)”
m
U(m)= — = U(m)=U(m)xKk,.
22 002 ey 192 5y 925 6y
For the logarithmic measure of PL energy
h hC®
Ep = rr‘lpC2 =t_ = G y
E C G
lo == +5lo -lo , (14
gzu(e) ( gzu(h) QZU(C)) QZU(G)) (14)
E
U(e) = : —.U(e,)=U(e)xk,.
2 (I0g2U(II)+5Iog2 ( ) IUgZU(G))
Let’s calculate the numerical values of the

logarithmic unit measure "PL units" for Ip - space, tp -
time, mp - mass, Ep-energy and the order of absolute
error, table 2.

Based on the calculated values of the logarithmic
unit measure (LUM) of the basic units of the SI system,
we calculate some values of the LUM for the derived
units. Let’s calculate the coefficients of adjustment Cadj
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(Er / PQp) as the ratio of Er PL energy to PQp PL physical  quantity and enter them in table 3.
Table 2. Logarithmic unit measure of "PL units” (PQp)

Units of measurement . . . . The absolute error of the logarithmic unit
PQ Logarithmic unit measure PQp (LUMp) [DPbit] measure PQp
Space (I) [1m] A=0,0097 m
1,616-10
Time (t) [1c] A=0,002
log, ;744 ~ 143,734 ¢
5,391-10
Substance (m) [1kg] A =0,0002 k
log, % ~ 25,454 s
2,176-10
Energy (E) [1J] A=0,0002J
log, ;9 ~-30,836
1,956-10

Table 3. Logarithmic unit measure of PL units

No. SI system units Dimensionality Logari;h(g;ifsjgiéigeasure Coefficient(lc_:n; r;ug)jgi;ment Cadj
1 Energy (Ep) J=kg xm?/s? -30,836 1

2 Substance (mp) kg 25,454 -1,211
3 Space (Lp) m 115,589 -0,267
4 Time (tp) with 143,734 -0,215
5 Power (Rp) kg x m?/ s3 -174,57 0,177
6 Work (Ap) kg x m?/ §? -30,836 1.0
7 The amount of heat (Qp) 4.1868J -129,104 0,239
8 Pressure (pp-pascal) kg /s> xm -377,603 0,082
9 Heat of combustion (Hp) m?/ s? -236,56 0,13
10 Area (Sp) m? 231,178 -0,534

Example: Determine the equivalent value of power P to energy E in the system SI through PL units

hC® 1 1
E,,=1/ G LUM(E,) =log, (). LUM(P,)=l0g,(-"),

P
2

P[kg-/:—g], log, (P) = log, (m) +2log, (/) —3log, (2),

1 1 1 1
log, () =g, (=) + 2log, () ~3l0g, (), (15)
P m, p tp
1 LUM(E )
P - . C.(EIP)=—2?
P a2 ()v2log2 (H)-3kog2 (1) (B, 1F) LUM(P,))
mp 4 P r

P
e (Cadj (Ep /Pp)xlog2 —)

Iogzi—"zcadj(Ep/Pp)xlogzg;; Ef =E, x2 .

P V4

where LUM(x,) — logarithmic unit measure, E;, [J] — PL

eq n

unit of energy, P, — PL unit of power, Ep[J] — PL I=log, —-=3{ Ingixc'( o) (E, 1 x,) J[DPbit]
energy equivalent to power in the system of units SI, e, = X @ Re TR
Caq (Ey/Pp) — coefficient of adjustment, P — power in the n _
Sl system. pof Iogzxj—'pxcuadj)(ﬁp/xip) }
Based on the Law Ne3. Affidditivity of information Ey =g, x2 , (16)
parameters of properties” of physical quantities and Cadj n
presented in table 3 you can calculate the amount of > E; (techdoc)
equivalent energy from the parameters that reflect the = Ff,

technical characteristics of the objects according to the ZE;‘* (techproc)
formula i1
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where Epeq [J] — PL equivalent of the parameter x; to
energy, x; — parameters, x,; — PL unit of the parameter,
ep — PL unit of energy, Ciud) (E, /xip) — coefficient of
adjastment, Efyoq— effectiveness of production.

If we take into account (theoretically) all the
properties of the object, or the performance of the product,
the equivalent energy from the parameters of the object
will be the most objective characteristic of its value. And
given the cost of energy on the market at the moment, the
price of the object will be tied to time. The ratio of energy

equivalent from the parameters of the product according
to the design documentation to the equivalent energy from
the parameters of the product as a result of the
technological process, we obtain the efficiency of
manufacturing the product. The system-information model
of production formulates the principle of optimality which
coincides with Pareto optimality: optimality is a state of
some system in which the value of each particular
indicator that characterizes the system cannot be improved
without deteriorating others [16].

Use of system-information modeling in various scientific directions.

System-information modeling in systems theory.

S - straightforward information process
UT . XE__,T**I YT
_ﬁLé_!';iiiiﬂL_B__"__
S =U'aX™py™ U —enter
o {[Tx (T +1)]x X x UT}— X 5 B Zﬁem status
7T +1)]x X} > Y™ o —transitive reflection
n —initial reflection
T —time
» - cyclic information process
A={X*} [ [B={X"}

frUMNYB) > XA 5 YAU®R) - XP 5 YPUY

F(AB) = Ura*X Y A0UBo® X By B »
A A . B B

X* = X} X* —{X7}

O-A, GB, 77A’ 778

v,0

U* u® v*y®

Q =c*n"c®n°0v

— the set of system states
— reflection of initial and transitive systems A, B

— reflection of connectivity
— input and output of A and B systems

— total reflection of the system SAB

I[F(A)]: 1{U "X ") > 1(Y*): 1[F(B)]: I(U BanBqB)al(YB);

I[F(AB)]: I(YATJ—>I(YBTJ—M(YAMJ;I(YA):{ai};I(YB):{bi}

ai,bi— properties of the system Sy, 5, T — time

System-information models of object dynamics.

1) F(y,y,y,u,u)+f =0,
a,y+ay+a,y-bu-bu-c,f=0,

Ay=y—y* Ay = y-y* Ay = §-§*, Au=u—u* Au = u-u* Af =f-f*

y, ¥, ¥.u,u, f — expected values
y*, y*, §*,ux,u, f * —real values, Ay — interval,

y y y u u f
—+4+a —+a,—-b,—-b—-¢c,— =0,

2)a°Ay alAy Ay C AU blAu ° Af
lzgy _yzsy lzsy lzgﬂ izgu
Ay Y Y "Au Au ’

ngf
Af

sY,s¥, 8,8, S" S" — communication capacity of quantities.

3) system-information equation of dynamics

log,(a,S* +a,S” +a,S’) =log, (b,S" +bS: +¢c,SL)=0 .
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I(y,y,V,u,u, f ) —the amount of information carried by the equation of dynamics;
4) DP information of differentiation of sum, product and share

u vy U'AU—UAU"  V'AV-VAV'
—+—| =log, —+ > ,
AU  Av Au AV

uY U'Au —UAU’
b) I(CE] =Iog2(Cx—2),

Au

Lxlr—log{ uyv  ufvy |~ log, { WAU-UAY v ) (VAV-VAY u |
Au - Av Y lau) Av - AulAv ? Au® Av AV Au)

u AvY uYAv u(AvY UAU-UAU" AV (VAV—VAV' Au
d) I(—x J:Iogz{( j—+ (—] }=log, { (—Zx—)+(—2x—j 1.

AU/ v  Au\ v u v v u

System-information models of object management tasks.

Iy |
Ai | ZUy) | Bj

Z I (Ai) = f(z([ni;]yi ;Imi ;IRn ;I(ZA)) ' Z I (Bj) :f(Z([mj;]yj ;]mj ;IRn ;I(ZB))
i=1 i=1 i j=1 j=1 j

1(4), 1(B;) —system A, B status;

Inm, lyiyis I7ijs Irij Iz, — properties (n, m), value (y), time (T), place (Rn), environment (z),

1. Y 1(A)= D>_I1(B,) — Sl principle of management without loss of information.
i=1 i=1
2.2 1(4)=->1(B,) = D_AI(B)), Y AI(B;)—0-SIregulation A—B.
i=1 =1 i=1 i=1
3. D 1(A)-D_1(B) = D AI(A), D> AI(A)—>0 —SIadaptation A.
i1 = i-1 i-1

n
= Al(Aj) — min (0)
g =1 — Sl stabilization.

n
3 AI(BJ') — min (0)
=1

3 Q(4): 2 AI(4) - min Y AI(4)
L L = — Sl self-organization.

3 Q,(B):2AIB) — min 3 AI(B)

Q (4), Q,(B) —self-organization operators

i)
m
¥ AI(Bj)-0,
i=1

6. iQij(il(A) ,ZH_ZAI(BJ.)): iAI(A)—)Zn”(A)

i=1

; Qij operator (self) learning
%’ AIB))-0,
j=1
Discussion of results system-information approach as thresholds of PQ
sensitivity justified?; 3) what principles of system-
Discussion of the results of this article should information approach can be used in different scientific
address several issues: 1) how the system-information  directions.
approach corresponds to the principle of conformity in The system-information approach is based on the
science?; 2) to what extent is the use of PL units in the ~ concept of communication capacity. The value of

>0, (0 18) S AIB)): Y AIA) - D IA)

i=1
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communication capacity quantitatively characterizes the
ability of the quantity of information aggregation by
quanta with other quantities. From the point of view of
mathematics in the information equation the number of
quantum quantities on the left side of the equation is equal
to the number of quantum quantities on the right side of
the equation. Communication capacity is quantified as the
ratio of the value of a quantity to the interval of extended
uncertainty of that quantity. If the interval of extended
uncertainty is represented as the absolute error of the
nominal value, then the value of such a modulo ratio is a
quantitative characteristic of accuracy. This characteristic
is used in engineering technology [17, p. 6].

1. System-information ~ approach  states  that
information has not only probable but also deterministic
characteristics. All properties of the elements of the
universe have DP information. The main properties of DP
information in the system include the following:

1) the element that has DP information in the system
is the value;

2) DP information of quantity, quality, value is the
information characteristic of the state of the system;

3) the value of the interval of extended uncertainty of
the elements within the system is a regular value;

4) in a balanced closed system with independent
elements, the total DP information has a finite value and
does not change over time;

5) in a closed system, increasing the interval of
extended uncertainty of some elements leads to a decrease
in the intervals of extended uncertainty of other elements
of the system;

6) the amount of DP information in a closed system
increases with the increase of interconnected elements of
the system.

From the analysis of the properties of DP
information in the system we can conclude that DP
information behaves in the system as a Shannon
negentropy. Its value is interrelated with the value of the
interconnected elements, which are based on the
sensitivity threshold of the system elements to each other.
The value of DP negentropy is minimal for independent
elements of the system and maximum for the overall
interconnectedness of all elements.

Thus, DP information is a function of the value of
the interval of extended uncertainty of the elements and
the degree of their interconnectedness in the system. In a
balanced closed system with independent elements of
increasing DP information in one place, the system
automatically reduces DP information in another place
(analogous to the Pareto principle), as they obey the law
of conservation of DP information as well as energy. The
DP property of information self-organization of systems is
based on this principle.

2. The use of PL units as sensitivity thresholds in
determining the PQ equivalent to each other and to energy
in units of the SI system is based on the same values of the
amount of DP information possessed by PL units of mass,
time and length. Since certain PQs, including energy, are
derived from PL units of mass, time, and length, we
calculated the matching coefficients on this basis and used
them to calculate the PL equivalent of PQ to energy. It is

important that the PL units as the sensitivity threshold PQ
can be considered as constant values due to the agreed
values of the relative errors of the physical constants
(KODATA in 2002).

3. Here are examples of the concept of using a
system-information approach.

In cosmology: The universe is a multilayered,
hierarchical DP information interconnected system in
which the stabilization of elementary deviations of
categorical attributes in time occurs on the principles of
self-organization.

Self-organization of systems.

1) Self-organization of the system is one of the forms
of organization which at the bifurcation point is
independently structured (self-organized) without the
involvement of external DP information resources.

2) In the process of self-organization, the structure of
the system tends to a state of minimum DP information
potential (the amount of DP information of the state of the
system), which does not change its target functions.

3) The process of self-organization of systems is
based on the principle of DP information coordination of
uncertainty in the structuring (self-organization) of system
elements.

The scientific provisions of the methodology of
system-information approach explain a number of
processes in various fields of scientific and economic
activity.

In sociology: the level of development of society is
estimated by the value of reaction time to changes in the
uncertainty of the categorical attributes of the surrounding
space in the self-organization of DP information links in
society.

In economics: the level of economic development is
estimated by the growth of DP information capacity of
economic relations.

In the technosphere: technology is evolving in the
direction of increasing the DP information capacity of
products, and technology is evolving towards the growth
of time-derived DP information capacity of manufactured
products.

What are the prospects for the development of a
system-information approach? We see in the development
of DP-based models of computer technology to solve a
variety of scientific and applied problems, especially
software, which would replace experimental field tests of
processes and systems with computer, by analogy with the
scientific field of computer chemistry - computer physics,
mechanics, engineering technology, etc.

What are the advantages of the proposed approach to
modeling processes and systems of the technosphere?

1) DP models of processes and systems integrate
elements of the product life cycle - due to the invariance
in time of the information connection between them.

2) Simplifies mathematical methods of optimization
in solving problems of analysis and synthesis of processes
and systems - just choose a system with a minimum
amount of DP information.

3) Reduces the cost of resources (similar to existing
ones) in solving scientific and applied problems -
computer, software, time, financial, etc.
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Conclusions at the patterns of development of the surrounding world

and the laws of conservation. The methodology of its use

The system-information approach to the uncertainty ~ provides an opportunity for non-traditional solutions to

of the processes and systems of the technosphere makes it~ problems that have arisen in new areas of science and
possible from a system-information point of view to look  technology.
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CUCTEMHO-THO®OPMAIINHUHA MIIXIJ 10 HEBUSHAYEHOCTI HAPAMETPIB
MNPOLECIB I CUCTEM TEXHOC®EPHU

IIpenMeToM IOCTIIKEHHS B CTAaTTi € CUCTEMHO-iH(GOpPMALifHUH MiAXig 10 HEBU3HAYEHOCTI IapaMeTpiB MPOLECIB i CHCTEM
TexHOC(EepH K OAUH i3 HAYKOBUX HANPSAMKIB BUKOPHUCTAHHS Teopil iHpopMallii B METpOJIOTii Ta iHIINX HAyKOBHX HAIIPSMKIB.
B ocHOBI cucTeMHO-iH(GOpPMaiHHOTO MiAXOAY JEKUTh BU3HAUECHHS NOHSTTS TepMiHa "iHpopManis" BIaCTUBOCTEH cucTeMH, ii
3MiCT 1 3HaueHHS. BupimenHs 0a30Boro B MeTpOJOTii 3aBAaHHSA OTpuMaHHA "iHpopmamii" KiNTbKiCHOI XapaKTepUCTHUKH
ICTHHHOTO 3HAa4YeHHs BJIACTHBOCTEH O0O0’€KTIB 1 SBWIN, SIKi PO3KPUBAIOTH 3aKOHOMIPHOCTI HABKOJIMIIHBOTO CEpPEIOBHINA, €
CKJIaJTHOK0  HAayKOBOI TMpoOsieMor. [HCTpyMEHTOM ajisi OTpUMaHHS iHQopMalii Nmpo BIACTHBOCTI CHUCTEMH € TMPOLEC
BuMiproBaHHs. OIIUH 13 HANPSIMKIB PO3BUTKY TeOpil BUMIPIOBaHb € KOHIICIIIis HeBH3HAUSHOCTi. MeTa poOOTH — JOCIIHKEHHS
HETPAIMI[IMHUX pIlIEeHb 3aBAaHb TEXHIKO-KIOEPHETHMYHUX CHUCTEM Ha OCHOBI  CHCTEMHO-iH(GOpPMaliHHOTO MiAXOLy [0
HEBU3HAUCHOCTI ITapaMeTpiB MPOIECiB i CHCTeM TexHOChepH. B cTaTTi BHpINIyIOThCS HACTYITHI 3aBJAAHHS: IPOBECTH aHATI3
OLIIHIOBAHHs MapaMeTPiB TEXHOJOTIYHMX MPOLECIB Ta CHCTEM Ha OCHOBI CHCTEMHO-iHGOPMaliHOTO MiAXOmy; pO3podUTH
cUCTeMHO-1H(OpMaIlifiHi MeTOIH i aNropuT™Mu e(EeKTHBHOTO BUKOPHCTAHHS JTUCKPETHO-IMOBipHiCHOT iH(OpMAIlii B TeXHiKO-
KiOepHeTHYHUX CHCTeMaxX; pO3pOOMTH NPUHLIUNK Ta MiAXOAW BHUKOPHCTaHHS CUCTEMHO-iHGOpMamiiHOI OLIHKH
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HEBU3HAYCHOCTI IUIAHKIBCHKUX OJIMHMIIb, BHKOPHCTAHHS CHCTEMHO-IH()OPMAIIHHOTO MOJICIIOBAHHS B PI3HMX HAyKOBHX
HanpsiMKax. BUKOPHCTOBYIOTbCS Taki MeTOOM: CHUCTEMHO-iHQOpMamiWHUM MiAXiAx 10 MPOLECiB 1 CHUCTEM, METOJOJIOTIs
CHUCTEMHO-1H()OPMAIIITHOTO MOJEIIOBAHHS BHUMIPIOBAHOI BEIMYMHH, CHCTEMHO-iH(OpMaliliHa METOIOJIOTIsI OI[iHFOBaHHS
BUMIPIOBAHOI BEJIMYUHU 1 HeBU3HaueHOCTi. OTpUMaHO HACTYIHI pe3yJIbTaTH: PO3POOIEHO CHCTEMHO-iH(pOpMaliiHy
METOJIMKY BU3HAYCHHS TOYHOCTI BHMIPIOBaHHS HOMIHAJIBHOTO MapaMmerpy, sika 3a0e3rnedye MaKCUMalbHy iH()OPMATHUBHICTH
HENPSMOr0 KOHTPOJIIO 3a I10B’3aHUMU 3 HUM HE3aJeXHUMHU MapaMeTpaMu; Po3poOIIeH] CUCTEMHO-iHpOpMalLiiiHi aIrOpuTMU
e¢(eKTUBHOTO BHMKOPUCTAHHS IMCKPETHO-IMOBIpHICHOT iHQOpMAIl B TEXHIKO-KIOEpHETUYHUX CHUCTEMax; pO3pOOJICHO
CHUCTEMHO-1H(OpMalilfiHy METOJMKY PO3PAaXyHKY ILIAHKIBCHKOI'O €HEPreTUYHOIO €KBIBAJICHTY TEXHIUYHUX IIOKa3HUKIB BUPOOY;
c(hopMyJIbOBaHUN NPUHIUI PO3PaXyHKY €(PEKTHBHOCTI BUTOTOBJICHHS BHUPOOY Ha OCHOBI IUIAHKIBCHKOTO EHEPrETHYHOTO
eKkBiBaJeHTY (i3M4HUX BenMuuH. BucHOBKHU: BupilleHHS NOCTaBIeHMX 3aBJaHb Ja€ MOXJIMBICTB 3 iH(opMaliiiHOro KyTy
30py JOCHIIUTH 3aKOHOMIPHOCTI €TamiB J>KUTTEBOTO IUKIY TEXHIKO-KIOCPHETHYHHMX CHUCTEM 1 3aKOHM TEpPETBOPEHHS i
30epeKeHHs.

Kawuogi ciioBa: cucreMHO-iHPOpMAIIHNH TIX11; JUCKPETHO-IMOBIpHICHA iH(pOpMAITis; HEBU3HAYCHICTD; TUIAHKIBCHKI
OJTMHHII.

CACTEMHO-UH®OPMAIIMOHHBIN NOAXO K HEOIIPEJEJEHHOCTHA
ITAPAMETPOB ITPOIECCOB U CUCTEM TEXHOC®EPBI

IIpenMeToM ¥HcclieIOBaHUS B CTAaThe SBISIETCS CHCTEMHO-HH(GOPMAIMOHHBIA MOAXOA K HEONpeNeNeHHOCTH NapaMeTpoB
IIPOLIECCOB U CUCTEM Te€XHOCGEPHI KaK OAUH U3 HayYHbBIX HAIlpaBJICHUIl HCIIOJIB30BAaHUS TEOPUH UH(OPMAIIUU B METPOJIOTUH U
JPYrUX Hay4HBIX HalpaBleHUSX. B OoCHOBe CHCTEMHO-MH(GOPMAIMOHHOTO MOJXO0JA JISKUT OIpE/eNICHUE IMOHATHS TepPMHHA
"uHpopManus" CBOMCTB CHCTEMBI, €€ COJCpKaHHEC W 3Ha4YcHHE. PemieHue 0a30BOW B METPOJIOTHH 3aJa4ydl MOJy4YCHHE
"uH(popManuu" KOJIMYECTBEHHON XapaKTePUCTUKU UCTUHHOTO 3HAU€HUs CBOICTB OOBEKTOB U SIBJICHUM, KOTOPBIE PACKPBIBAIOT
3aKOHOMEPHOCTH OKpY)KAaloIleld Cpensl, SBIAETCS CIOXHOW HaydyHOH mpoOmemoil. MHCTpyMeHTOM s TOJTydYeHHUS
nHdopMayu 0 CBONHCTBAX CHCTEMBI SBISETCS INpolecc u3MepeHus. OIHO M3 HaNpaBICHUH Pa3BUTHUS TEOPUU H3MEPEHMI
SIBISIETCS KOHIIENIMS HeompeneneHHOCTH. Lleab pa0oTBl - HCClIeOBaHHE HETPAJUIMOHHBIX PEIIeHHH 3a1ad TeXHHKO-
KHOEPHETUYECKUX CUCTEM Ha OCHOBE CUCTEMHO-MH(OPMAIOHHOTO MOAX0/a K HEONPEJeIeHHOCTH IapaMeTpoB MPOLIECCOB U
cucreM TexHoceprl. B crartee pemaroTcs cieayromue 3aJauM: [IPOBECTH aHAIN3 OLEHKH MapaMeTPOB TEXHOJIOTHYECKHX
IIPOLIECCOB U CUCTEM Ha OCHOBE CUCTEMHO-HMH(OPMAIIMOHHOIO M0JIX0/1a; pa3padoTaTh CUCTEMHO-UH(OPMALIOHHBIE METOABI U
anropuT™MbI 3G HEKTHBHOTO HCIONB30BaHHS IUCKPETHO-BEPOSATHOCTHON HHPOPMALIUH B TEXHUKO-KHOSPHETHUECKNX CHCTEMAX;
pa3paboTaTh INPUHIMIIBLL M IOJXO/bl HCIOJIB30BaHUSA CUCTEMHO-MH(GOPMAIIMOHHOMN OLIEHKH HEOIPEIeNeHHOCTH IIaHKOBCKUX
eIUHUI], WCIIOJIb30BAHHE CHCTEMHO-MH(POPMAIMOHHOTO MOJETHPOBAHUS B  PA3IMYHBIX HAYYHBIX HAalpaBlICHUSX.
Hcnonb3yloTess cllefylolmye MeTOAbl: CHCTEMHO-MH(OPMALMOHHBIM MOAXOJ K HpoleccaM M CHCTeMaM, MEeTOMOJIOIUS
CHUCTEMHO-HH(pOPMAIIMOHHOTO MOJIEINPOBAHHUS U3MEPSIeMOl BENMYUHBI, CHCTEMHO-MH(MOPMAIIMOHHAS METOJOJIOTHS OLEHKU
n3MepsieMOd  BEIMYMHBI M HeompeAeneHHOCTH. I[lomyuyeHel cheayioliue pe3yJbTaThl: pa3paboTaHa CUCTEMHO-
nH(GOpMALIMOHHAsT METOAMKA OIPEACNEHNsT TOYHOCTH H3MEpPEHWS HOMUHAJIBHOTO IapaMeTpa, KoTopas oOecrednBaeT
MaKCHUMaJbHYI0 HMHGOPMAaTHBHOCTb M KauyecTBO pe3yslbTaTa HU3MEpEHHs; pa3pabOoTaHbl CHCTEMHO-HH()OpPMAaLUOHHEIE
anropuT™MbI 3P HEKTHBHOTO HCIONB30BaHHS AUCKPETHO-BEPOSATHOCTHON HHPOPMALIMH B TEXHUKO-KHOSPHETHUECKAX CHCTEMAX;
paspaboTaHa CHUCTEMHO-MH(GOPMAIMOHHAs METOAMKA PacyeTa IJIAHKOBCKOI'O SHEPreTHYECKOro HKBUBAJIECHTA TEXHUUECKUX
nokaszarteneit u3nenus; chopMyIMpOBaH MPUHIUT pacyera 3()(HEKTHBHOCTH MPOU3BOJICTBA H3JENHS HA OCHOBE IUIAHKOBCKOTO
SHEPreTUUECKOr0 HKBUBAJEHTAa (U3MUYECKUX BEIUUUH. BbIBOABI: PerieHue mocTaBICHHBIX 3a7ad HA OCHOBE CHUCTEMHO-
MH()OPMAIMOHHOTO MOJX0Ja K HEOIPEAENCHHOCTH IapaMeTpOB IIPOIECCOB U CHCTEM JaeT BO3MOXHOCTh C CHCTEMHO-
nH(OPMALMOHHOW TOYKM 3pPEHUs] HCCIENOBaTh 3aKOHOMEPHOCTH JTANOB JXKU3HEHHOTO IMKJIA TEXHHUKO-KHMOEPHETHYECKUX
CHCTEM M 3aKOHBI COXPaHEHHUS.

KuroueBbie cJI0Ba: CHCTEeMHO-MH(OPMaLMOHHbIH MOJIXOZ; JTUCKPETHO-BEPOSATHOCTHAS uH(pOpMAaIHS;
HEONPeIeICHHOCTD; TIIAHKOBCKUX SIUHUIIBL.
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I. III. HEB1O0B, B. B. €BCee€B, H. I1. JIEMCBEKA, M. I". CTAPOJIYELIEB

BUPIIIEHHA MATAHHA MOJAEPHI3AILII BAPOFHUYOI'O OBJIATTHAHHS 3
BUKOPUCTAHHAM KIBEP-®PI3BUYHUX BUPOBHUYUX CUCTEMU KEPYBAHHA

[NocriitHe BOOCKOHANEHHS MapKy TEXHOJIOTIYHOTO OOJagHAHHS, B yMOBAaX iCHYIOYOTO BUPOOHHIITBA, € CKJIAJHUM 3aBAAaHHIM, MPH
BUPILICHHI SKOT0 HEOOXIJHO BpaxoBYBaTH OaraTo HapaMeTpiB, TaKMX SK MEXaHi3allis, aBTOMAaTH3allisl 1 3aCTOCYBaHHS HOBHX
TexHoJori B pamkax koHuenmii Industry 4.0. OgHuM 3 epeKTHBHHX METOMIB MiJBUIIEHHA TEXHIKO-€KOHOMIYHUX MOKa3HHUKIB Ta
HaJIHOCTI BUPOOHHMIITBA € MOJEPHI3allis iCHYI0UOTrO TEXHOJIOTIYHOTO OCHAIIEHHS, KA IPYHTYEThCSI Ha HEOOXiTHOCTI BUKOPHCTAHHS
CYJacHHX METOJIB pO3poOKH i BIIpOBapKeHHs iH(opMaIiiHuX TexHOoIOTiH, Takux sk Industrial Internet of Things, kiGep-hizuanux
BUpOoOHWYMX cuctem. I[lpeamMeToM naHOTO JOCH/DKCHHS € ampoOallis METOMIB PO3POOKH aIMTHBHOTO KiOep-AW3aiiHy st
aBTOMATH3aIlil CKIaJHOTO MPOMHUCIOBOTO OOnagHaHHSI. MeTo naHoi cTarTi € po3pobka Kibep-(pi3uuHOi BHPOOHHYOT CHCTEMHU
KepyBaHHs, JUIA MoJepHizamii npeca TigpaBmigvaoro J{A2238B. JIns MOCATHEHHS IOCTaBICHOI METH HEOOXiTHO BHPIMIUTU TaKi
3aBJaHHS: TIPOBECTH aHANI3 TEXHIYHUX XapaKTepPUCTHK 1 CHCTEMH KepyBaHHS Ipeca TigpaBmigyHoro J[IA2238b; mposectu
JIOCTI/DKEHHS CXeMH TiIpaBIiyHOI MPUHIMIIOBOI Ha 0a3i sfkoi oOpaTH AaTYMKU 1 BUKOHABYI MEXaHI3MH, a TaKOXK PEXKHUMHU pOOOTH;
PpO3pOOHUTH cXeMy BKIIIOUEHHS T1Ipo 00JagHaHHs; pO3pPOOUTH aBTOMAaTH30BaHy CHCTEMY KepyBaHHS Ha 0a3i Cy4acHOTO OJHOILIATHOTO
KOMIT'IOTepa 1 pOo3pOOUTH IHTYITHBHO 3pO3YMLIHH agUTUBHHUK KiOep-am3aiiH iHTepdelicy omeparopa; NpOBECTH €KCIIEPUMEHTAIbHI
JIOCIiKeHHsI. BHCHOBKH: B pe3ynbTaTi JOCITIPKeHb O0yJI0 po3po0IeH0 CTPYKTYPHY CXeMy Ta pealti3oBaHO aBTOMAaTH30BaHYy CUCTEMY
KepyBaHHs Ha 0a3i LattePanda. OOpaHi maTyvkum THCKY i TeMIEpaTypH sl KOHTPOJIO MPOIECIB MPECYBaHHS, IO J03BOJHUIIO
3a0e3NeYnTH TOYHE JOTPUMaHHS BHMOT TEXHOJIOTIYHOTO mHporecy. Po3pobieHo aBToMaTH30BaHe poboUe Miclie oneparopa, B SKOMY
pealti3oBaHO CEHCOpPHE YIpaBiHHS Ha 6a3i aTlUTHBHOTO Kibep-au3aiiHy. Po3poOiieHa ciuctemMa KepyBaHHs 3a0e3mneuye: 30ip Ta aHami3
BUPOOHUYNX JaHUX, Ha 0a3i IKUX MOXKHA BIOCKOHAJITH TEXHOJIOTII0 BUPOOHUITBA 1 3a0€3MeUUTH NPOTHO3yBaHH: JocsTHEeHHS "Lean
Manufacturing”.

KuarouoBi caoBa: Industry 4.0; Smart Manufacturing; kiGep-¢i3uuHi BHpOOHHYI CHUCTEMH; aAWTHUBHUN KiOep-an3aiiH;
MOJICpHi3allis.

BCTyl'I JIOCUTh BEJIUKOL yBaru, sKa HpI/II[iJ'Iﬂ€TBC$[ TaKUM pO6OTaM

Ha BUPOOHHMIITBI .

OnHi€l0 3 OCHOBHMX YMOB, IO 3a0e3nedyye BHCOKI
AHaJIi3 0CTaHHIX J0CTiTKeHb i myOJikauin

TeMIM  3pPOCTaHHS  NPOLYKTHBHOCTI  mpami B

NPOMHCIIOBOCT], € TIOCTIHHE BIOCKOHAJICHHS IApKy

TEXHOJIOTIYHOTO 0o0JaTHaAHHS. Ie JIOCATAETHCS Haii0inpm epexTrBHAa KOMIUIEKCHA MOZCPHi3allis, B
HacaMIlepe]] 3aMiHOI0 3acTapilioro OOlafHAaHHA HOBHM,  pe3yinbTaTi  AKOi  BCi TEXHIKO-€KOHOMIYHI Ta
cydacHuM. OpHak He 3aBKIM Taka 3aMiHa OyJe  eKCIUTyaTalliifHi TOKa3HUKH MOJEpPHI30BaHOT MaIIWHH
€KOHOMIYHO  BHIpaBAaHOW. Hepinko, 3acTapimoMmy  HaOIMKAIOTHCS IO CyYacHOTO piBHA [3].

oONajiHaHHI0O MOXYTb OyTH 3abe3ledeHi MiJBUIIEHI OpHak, KOJMM  JJIsl  BUPIMICHHS  KOHKPETHHX
TEXHIKO-eKCIUTyaTaliiHi SIKOCTI, UIISIXOM ~ BUPOOHMYMX 3aBAaHb IOTPIOHO MOJINIICHHS JIMIIE

KOHCTPYKTHUBHHX 3MiH OKPEMHUX CHCTeM 1 arperartis [1] un
JI0JIaBaHHSI JESIKMX CHUCTEM, LI0 He IOTPeOye BEIHKHX
BUTpaT, IO JIO3BOJISIE BUKOPHCTOBYBaTH #HOTro 3 He
MEHIIMM BUPOOHMYMM e(deKToM HiX HoBe. Takoro pony
YIOCKOHAJIEHHS 00JIaJHaHHS, 3BaHEe MOJAEpHi3alieio [2], B
KIHIIEBOMY PaxyHKY HEpeCIigye Ty K METY, IO i pEMOHT,
— 30UThIIUTH TepMiH e(EeKTUBHOTO BHKOPHCTAHHS,
r040T0 00JIaJHAHHSA.

VY mopiBHAHHI 3 OOJIAAHAHHSAM, SKE BHUITYCKAIOCS
paHimie, cydacHi MoOJedi MaroTh, SK TPaBHIO, OUIBIIT
BHCOKY HPOIYKTHBHICT 1 TOUHICTB, OUIBITY HAIIHICTD i
JIOBTOBIYHICTb, ix 00cCITyroByBaHHS € MEHUI
TPYIOMICTKUM 1 OinmbIn Oe3MeYHrMM, BUMAra€ MEHIIHX
eKCIUTyaTalliiHuX BUTpaT. Taki X pe3yJpTaTd MOBHHHI
nocsiratucst 1 MonepHizaiiero. Ile Bu3Hadae HacTymHi i
OCHOBHI  HANpPsSMKH: IiJBHIICHHS  IIBHAIKOXIJTHOCTI,
MOTYXHOCTI, KOPCTKOCTI, BiOpOCTIMKOCTI 1 TOYHOCTI,
CKOPOYEHHS JOOMIDKHOTO 4acy, aBToMaru3alii poobo4oro
LUKy, KOHILIEHTpaLil orepariiy, TIOJIIIIIEHHS
eKCIUTyaTalifHnX sSKOocTeHd. MOXKIUBICTh 3a0e3MeYeHHS
3HAQYHOTO IIJBHIICHHS €(EeKTHUBHOCTI YMHHOIO IApKy
oOnajiHaHHs, 3 HEBEJIMKMMH BUTpaTaMH 1 LIBHIKOIO
OKYNHICTIO, 3a paxyHOK MOJepHi3alii, € NpUINHAMH

OKpeMHX MapameTpiB 00JIaJHAHHS, YacTO OOMEXKYIOThCS
9aCTKOBOI HOT'0 MOJIEpHI3aIli€t0.

MopepHizyroun  3actapiie  oOmamHaHHA IS
BUKOHAHHS KOHKPETHMX (YHKIIH 32 MOJIYJbHUM
MPUHIUIIOM, 3aMIHIOIOYH OKpeMi CHCTEMH 1 arperatu
oOyasHaHHS, MOXHA IPUBECTH BHUPOOHHITBO IO
Cy4acHMX CTaHJapTiB 0e3 BENMUYE3HHX KalliTaJbHUX
BUTpaT [4-6]. o poOiT 3 MoaepHi3amii BiTHOCATh TaKOXK
KOHCTPYKTUBHI TepepoOkHu 0OJagHaHHS, IO MamTh Ha
MeTi PpO3IIUPEHHS TEXHOJIOTIYHHX MOXXJIHMBOCTEH abo
3MiHy TEXHOJIOTIYHOTO TMpHU3HAYEHHS oOmamHaHHs [7-9].
i KOHCTPYKTHBHI 3MiHH TaKOX JJO3BOJISIFOTH MIPOJIOBXHUTH
TepMiH e()EeKTHBHOTO BHKOPUCTaHHS OONaJHAHHA, a B
JIeIKUX BWIaJKaX, HaBITh 3HAYHO 30UIBIIUTH HOTO
MPOAYKTHBHICTS.

TakuM  4YMHOM, aKTyaJbHMM CTa€  3aBJaHHS
MOJIEpHi3alil NMpu MiHIMAJIBHUX (PIHAHCOBHMX 1 YacCOBHX
BUTparax. MOXIUBUM T1i pIIICHHSAM € MOJepHi3amis
obyasiHaHHA 3a Jonomororo cuHtedy TexHoiyorii IloT i
Cy4acHMX OJHOIUIATHHX KOMIT'IOTEpPIB 1 CydYacHHX
CEHCOPIB.

Jlanuit  cum06io3 103BOJIIE  3MIMCHUTH YaCTKOBY
MOJIEPHI3AI[I0 3acTapijioro OOJIagHAHHSA, NPU [HOMY
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3a0€3MeYnuTH  KOHTPOJh  TapaMeTpiB  BHUPOOHHYIOTO
TIpOIIeCy, JJIS MOAANBIIOro aHamizy. OgHUM i3 CydacHUX
MIXOIB bi o) aBTOMAaTH3aIil BHPOOHUIITBA, [3
BIPOBADKEHHS  KiOep-(Qi3MYHUX BHUPOOHHYUX CHUCTEM
(CPPS) [10, 11], ToOTO iHTerparii B OJHIH €KOCHCTEMI
¢bisnyHux Ta iHpopMariiHuX TOTOKIB HaHux [12, 13].

Meta podoTH. Po3pobka  kibep-¢hiznuHOi
BUPOOHMUYOI CUCTEMU KEPYBaHHS, JJIs1 MOJICpHI3allii mpeca
rigpasmiunoro JIA22385.

1. Amnaxis mnapamerpiB mpeca riapaBiaidyHOro
JA2238b

SaranpHuM BUTIA peca JJA2238b mo MomepHizarii
npencraBiaeHuii Ha puc. 1. Ilpec € yHiBepcaJlbHHM
oOnagHaHHSAM, OCHOBHE  IPH3HAYEHHA  SKOTO  —
MpEeCyBaHHA BHUPOOIB 3 IJacTMAac B 3aKpUTHX TIpec-
¢dopmax. Moxe OyTH BHUKOPHCTaHWUM MJIsI BUKOHAHHS
oreparliii HerJMOOKOi BUTSIKKH, THYTTS 1 PHUXTYBaHHS
MeTaneBuX BHPOOiB. TeXHIUHI XapaKTEpUCTUKU Mpeca
rinpasniynoro JJA2238b HaBeneHo B Tad. 1.

Cuctema  ynpaBiiHHS ~ IIpeca  TiAPaBIiYHOTO
J1A2238b npencrasieHa Ha puc. 2. SIk MoxkHa 0a4uTH 3
pucyHKiB 1 1 2 mpec KepyBaBCS TUIBKH B PYYHOMY
peXHuMi, KOHTPOJIb 3a TEXHOJIOTIYHUMH IapaMeTpaMu
BHTOTOBJICHHSI BHpPOOIB TPOBOJUTHUCS OIEPATOPOM Yy
Bi3yaJJbHOMY pE&XKHMi. BIiIMmoBiZHO Iie HE JJ03BOJISE
KOHTPOJIIOBaTH IapaMeTpy Ta PEKUMH poOOTH Ipeca
rigpaBmigaoro JIA2238b, skuii B 3aJI€KHOCTI Bifg

nepexoy BiJ OJHOTO THILy JeTalieil Ha iHIIWi, BUMarae
HACTPOIOBAHH,

TPpUBAJIOTO i o] MMpU3BOAUTH a0

Puc. 1. 3aranbuuii Burisin npeca JJA2238B no moaepHizariii

Tomy pns BUpIlIEHHS TOCTABJICHOTO 3aBIAaHHS
MoepHi3arii mpeca riapasiaianoro J{A2238b, BianoBiaHO
10 3anpornonoBanux y [10, 14] meToxis i momenei, OyJio
MIPOBEAICHO JCKOMITO3HIIIF0O METH Ha HACTYITHI ITiJITiJIi:

- JOCHINTH  CXEMY TiJpaBlliYyHy I[PHUHIUIOBY
(pparmenT npexacraBnenuii Ha puc. 3);

30UTBIIICHHAS] 9acy MPOCTOI0 OOJaTHAHHS, a OTXKE 3HUKYE
PUTMIYHICTE BHPOOHHUITBA 1 301NBIIyE BapTiCTh BHPOOIB
[14].

Tabauus 1. Texniuni xapaxmepucmuxu npeca 2iopasniuHo2o
HA22386

Po3mip cromy, MM

3I1iBa HAIpPaBo 1400
crepeny Haszaj 1250
Xin nmos3yHa, MM 800
HowminaneHe 3ycumst npeca, kKH 6300
Howminansue 3yCHILIA HIDKHBOTO 1000
nopuuHs, kH

Xix HIKHBOTO TOPIIHS, MM 450
IlIBuAKICTE XOJOCTOTO XOIy MOB3YHA, 125
MM/C

IlIBuakicte pobodoro Xxoay NOB3yHA, 3,5
MM/C

LIBuAKiCTH TOBOPOTHOTO XOIy IHOB3YyHA, 65
MM/C

[IBuakicTe po0OYOro X0y HHKHBOTO 15
TIOPIIHS, MM/C

Bifcranb Mik CTOJIOM 1 TOB3yHOM, MM 1600
IToTyXHICTh JBUTYHa TOJIOBHOTO PYXY, 30,75
kBT

T'abapurtu Bepcrata AX1IXB, Mmm 4100%2330%5580
Cucrema ynpaBiHHS oreparop
Maca, Kr 33500
Pik BHITyCKY: 1982

Puc. 2. PyyHa cucrema ynpasiiHHs Ipeca TiApaBIidyHOro
JIA2238b

- PO3pOOHTH TAOJHUIIO BKIIOYEHD EIEKTpoarnapariB B
HaIiBaBTOMaTHYHOMY pexumi i rnapameTpiB
TipoycTaTKyBaHHS Ha eTamax poOotu "BumrToBxysau",
"[IpecyBanns", "[lignpecoBka";

- peamisyBatu 3 pexuMum  poboTm  mpeca:
"ABromatnuHuit", "HamiBapromatnunuii" 1 "Pyanuii";
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- peamizyBatd 3 peXUMH POOOTH 3a IIBUIKICTIO:
"[IBunkwii pexkum”, "TloBinpHMIA" 1 "Pexum 3axucty";

- peamizyBaTH CCEHCOpPHE VIIPABJIIHHA IPECOM 3
KOHTPOJIEeM  HACTYIHHX  [apaMeTpiB:  MHEMOcCXema
(mpu3HayeHa ais BimoOpaxkeHHs iHpopMallii mpo podoTy
mpeca, HACTPOMKHU 1 HAJaro/PKEHHs) 1 MaHelIbh omeparopa

(mpu3HadeHa s BiMOOpaKEHHS: THUCKY IPECYBaHHS,
TEMIlepaTypy  Macjia, [OTOYHHA Yac, IOJIOKESHHS
BEPXHHOTO TOB3YHA IO JATYUKY HEPEMIIICHHS, BUXIIHY
MO3WIIII0 TIOB3YHA, IIBHUIKICTh OIyCKAaHHS, HOMEp IeTalli
31 30epexernMu HacTpoiikamu TII).

=
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Puc. 3. Cxema rigpasiigna npuaIunosa npeca JA2238b
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BiamoBigHO 10 TOCTaBICHHMX MiAIIEH peami3arlil

TiIpoycTaTKyBaHHS Ha eTamax poOotu "BumroBxysady",

aBToMaTm3anii ynpaBmiaHA mpeca JIA2238b meoOximHo  "[IpecyBammsa', "IlimmpecoBku". ®parmeHT TaOMUI
pPO3pOOUTH TAONHITI0 BKJIIOUEHb EJCKTPOANapaTiB B INPEACTABICHUH Ha puc. 4.
HaIiBaBTOMATHIHOMY pexumi i mapamMeTpiB
Hamerabane nexmporgesumelY Al Inlbuzamenl  Kowowdoanapamy | fabaesue
OnepLyLY 12314\ 5)6|7 glmlm|w| B u| 5| |13t cemog |Fovey onepou| /72
HrxooHoe Roaoxese X SQT SQ2
Ombod gukcamopol X X Ay SQLSAT 25
Srkaperoe CHKIHYE ADeCCa X X X X SUeSQIESPIl s@2z 25
3@@; O okl T | X X X ojxx X S@22 SP11 am
vt dabesus e iMin| X X X X X X sPI7 SPI3 i
2 Bk X X X SPI3 KTT 61
@_ [lodnumka X X X X Y Y X P12 SPI3 iy
<= | [Goac dabneHus X X K77 SP3 7
FLAMBIKTHLE 30MEOTEHHIE X X X Y X X SF7 SHZ23 26
DBiEDNKE DAOMKHYITRGZ0 MDECCa X X SWZ23 K12 26
75?”; fﬁﬁggﬁﬁﬁﬁ; g,(f X X X XX X X K2R _ 5P7 '7 . ol
LUK OIS PoAsie Y X X X Y X X SPIT |t 02
Obidepxna X SP1S K73 ani?
/IoaumKa X X X X Y X X SPI4 SPIs ani?
flpecc T |dpor dafaerus X X K73 P 7
y Lopor dadneHus XX K77 SPI3 qoid
= Y X P | oam b1
&\/ecc? - -
= /lodnumxa X X X Y X X SFIZ SPI7 o
Lopor dadneHus X K74 SF3 7
FUAMBIKTHLE 30MELTEHHOP X X SFF K718 26
FUSMBIKTHUE LK ODBHHOE X X X X KTg SHZ27T 26
Puc. 4. ®parMeHT TabHIli BKIIOYCHB SICKTPOANApaTiB B HAMNIBABTOMATHYHOMY PEXHMI 1 MapaMeTpiB TiIpoyCTaTKyBaHHs mmpeca
JIA2238B
2. Po3pooka APM omepatopa mpeca ympasiiaHs npeca JJA2238Bb, sika npencTaBiieHa Ha puc. 5
rinpaBiaiunoro /IA2238b [14].
3a  pO3pOOJEHUMH  CXEMOK  TIIPaBJIiYHOIO APM omneparopa ynpasninas mpeca J{A2238b
NPUHIUIIOBO  (puc. 3) 1 TaONWIEI0 BKIIOYEHb  CKIANAEThCS 3 YOTHPHOX OCHOBHHX  KOMITOHEHTIB:

€JIEKTPOanapariB B HaliBaBTOMAaTUYHOMY pEXuMI 1
napameTpiB rigpoycratkyBanus npeca J1A223856 (puc. 4),
OyJ0  3ampoONOHOBAHO  HACTYyNHE  KOMIIOHYBaHHS
aBTOMAaTH30BaHOTO pobodoro Micisd (APM) omeparopa

Puc. 5. APM oneparopa kepyBanus npeca JJA2238b

1 — manomeTp; 2 — aucmiIed IHAMKALIl Ta MHEMOCXEMH
npeca; 3 — CEHCOpHa MaHeNb oneparopa; 4 — nepeMuKadi
Ta KHOIKH YIPaBIiHHSL.
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Manometp 1 (puc. 5) BimoOpaxae poOOYHI THCK
VIpaBJIiHHA TigpokianaHamu. Jlucruied iHamkarii Ta
MHEMOCXEMH TIpeca 2 BijoOpakae ysSBHY CXeMy Tipeca,
IHAWKAII0O POOOTH  ENEeKTPOPO3NOAUILHAX — KJIAIaHiB,
KIHI[EBUX BUMHUKAYiB, IOTOYHHI CTaH BEPXHHOI'O MMOB3yHA
1 TOpWIHS, KIHIEBUKIB JABEped, IpelcTaBIeHUHd Ha
pucynky 6. CeHCOpHa MaHedb omeparopa 3 MpuU3HAYCHA
Uis  BimoOpaxkeHHs iH(opMmarii mpo poboTy mpeca,
HACTPOWKHM 1 HAaJaro/DKEHHS SKOi pPO3pOOSSUIUCH 3
BUKOPUCTAHHSAM THporpaMHoro 3abesneucHHs "Cucrema
PO3pOOKH KiOEpPHETHIHOI CKJIAMOBOi IS aBTOMATH3AIlil
MIPOIIECiB KypyBaHHs oprasi3aiifHo-TeXHIYHUM
BHpOOHNYIHMM 00'ekTOM", 4 TIaHENb TIEPEMUKAUIB i KHOTIOK
yopaBmiaEa mpecom  JJA22385 B "Pyunomy" i
"HamiBaBTroMaTnaHOMY" pekxnMax.

TIPECC

2406 7810111214

BNEXEOMATHHTY

ONEPALAR [ T90® e ®
OTBON GUKCATOPOR } ;
BNCTPD.  |(0 )
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Puc. 6. Muemocxema npeca J1A2238b

BigmoBigHo [0 IMOCTaBIeHMX MIANIJIEH 1 3aBIaHb
MoxepHizamii mpeca JIA2238b, Oymo 3ampornoHOBaHO
peanizyBaTH CEHCOpPHE BIKHO omepatopa y Buriai 4

| | .

nporpamuux dopm (Formge™, Formg st Form 2o i
|

Formzd?ﬁ;mem ), TIPYHTYIOUHCh Ha  3alpOIOHOBAHOMY

3acTocyBaHHi iH(opmarii 3 CHUTHAJIbHO-KOJIOBOIO

KOHCTpyKuieto [ 14].

Ha nacrymHoMy erami po3poOKu CEHCOpPHOI maHesi
orepatopa ympasiiHHS npecoM JIA2238b HeoOXxinHO
Bu3Hauntu posMminmieHHs GUI enementiB. s moBHOTO
VSABIGHHS TpPO OO0CSTH HEoOXiMHOI 1 JIOCTAaTHBOT

master

iHpopMamii omeparopy, Ha rosoBHi# ¢opmi FormiZ™ ,
Oyno TPUHHATO  pillICHHS
TEXHOJIOTIYHY 1H(pOpMAITiIO:

- TUCK TPECYBaHHS,

- TeMIeparypa macia;

- MOTOYHUIT Yac i 1aTa;

- TOJOKEHHS BEPXHBOTO TOB3YHA IO JaTYHKY
MPEMIIICHHS,;

- BUXI1JIHY TIO3MIIifO MTOB3YHA;

- NIBU/KICTh OMYCKAHHS MOB3yHAa;

- Ne neramni;

- KHOIIKY MIEPEeX0/y B HACTPOUKH.

BiTOOpa3WTH HACTYIHY

3. Po3pooka HMI nanei oneparopa

Po3pobka HMI maneni omeparopa NIpoBOAMIACH
BIAMOBITHO po3pobieHnx Mozenei i meronis B [10, 14].
Bapro 3ayBakuTH, L0 CHCTeMa YNPAaBIiHHS IIPECOM
J1A22385  peamizoBana Ha  0a3l  OJHOILIATHOTO
komm'rorepa LattePanda 4 GB /64 GB, skuii migtpumye
Arduino-cymicuuii cmiBnpomnecop ATmega32ud4, GPIO
koHTakTH st unny Intel X-Z8300 i ATmega32u4,
MeTonu Tepenadi iHdopmanii, sk mposigHi 100 Mbps
Ethernet Tak 1 ©Oe3mporoBi Wi-Fi, Bluetooth 4.0.
CrpykTrypa MopaepHizoBaHoro mpeca JIA2238b Ha 6asi
LattePanda 4/64 Gb nipencrapiieHa Ha pUCYHKY 7.

Sk MoxHa OauuTH 3 pHUCYHKa 7 JUIS MOJEpHi3allii
cuctemMu ympaeiinHs npecom J[A2238b, HeoOXigHO
3a0e3MeYnTH  KOHTPOJb TaKUX  IapaMeTpiB:  THCK
npecyBaHHs (6ap); uyac mpecyBaHHS (c); Temmeparypa
Macia (0C); BuXigHa TO3WIis MOB3yHa (MM); Yac
3aTpuMkn  (ikcarii MOB3yHa (MKC); THCK MEpPEXOay
NnoB3yHa Ha poOoumid Xix (0ap); MakCUMalbHHA THCK
noB3yHa (0ap); KpalHE TIOJIOXKEHHs IIOB3yHa IIpH
npoOuBaHHI (MM); 9ac BHUTPHMKH yTPUMaHHS (C); THCK
mianpecoBky (6ap); Yac MiANPECOBKH (C); 4aC BUTPUMKH
MOPIIHS Bropi (c); MiHIMaIbHUHA THCK IigIpecoBKH (Oap);
KOHTPOJIb PO3KPUTTS MOB3yHa (MM); 9ac pPO3MHKAHHA
moB3yHa (Mkc). Jlns 3abesmedeHHs poboTm Tmpeca
JIA2238b BHKOPHCTOBYIOThCS 14  eJIeKTpOMarHiTHHX
KJIallaHM, CXeMa MiJIKJIIOYeHHs, SIKMX IpeJCcTaBlIeHa Ha
puc. 3, a TabJIUI BKIIIOYEHHS peXUMIB: "BumroBxysau",
"IpecyBanns”, "IlignpecoBka" mpeacrapieHa Ha puc. 4.

Jlist  KOHTPOJIIO  TEXHOJIOTIYHUX —TMapameTpiB, B
JTAHOMY IOCIIPKEHb Oy BUKOPHCTaHI JaTIUKH:

- nmatuuk temreparypu TERS, sxuii Bigmosimae
CyBOPHM  BHMOTaM TiTi€HIYHUX  CTaHAApTiB,  BCi
KOHTakTyroui 4actuHH 3axumeHi PEEK-konycowm.
Tounicte natuankiB TER8 na pieni <0,25 °C. Kommakthe
BUKOHAHHS KOPITyCy i/l BY3bKi TpyOH;

- matauk TUcky MBS 3207, saxuit miarpumye
intepdeiic CAN open, cepeZOBHI 3 TeMIIEPaTypoOrO Bij
0°C mo 125°C, mio MOBHICTIO BIAMOBIiZAa€ BUMOraM 0
TEeMIEepaTypHUX pexuMmiB pobotu mpeca [1A2238b, 3
JIOTTYCTUMOIO TEMIIepaTypHOI KOMIICHCAIIEI0 B Jiana3oHi
Bix 0 mo 100 °C i gianazon BumiproBanb Big 0 1o 600 Gap;

- JiHifiHUA paTduk nosnoxenHs WDS-MP/MPW.
Cepist MPW (BonoHenpoHHKHa) nepeioadyeHa clieriaabHo
JUIl BUKOPHUCTAHHS Yy BaKKMX YMOBax HaBKOJHIIHHOTO
cepenoBuina. Tounicts +\— 0,5 Mm.

Jist po3poOKH KiOEpHETHYHOI CKIJIAJ0BOT CHCTEMH
ynpasiinHs ~ npecom  JIA22385 Oy oOpanwmii
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oxHorutatHui komm'totep LattePanda 4/64Gb na 6a3i OS
Windows 10.  OOrpyHTyBaHHSIM I[bOTO  BHOOpY
nociykuiio Te, mo LattePanda 4/64 Gb peamizoBanuii Ha
4-x snepromy mpomecopi Intel Cherry Trail Z8350 3
gactotoro 1,44 I'Tm. OOG'em omeparuBHOI mam'sati 4 Gb
DDR3L i 3 30BHimHEE0I0 eMMC mam'sattio 64 Gb. Tak

6esaporosuii inTepdeiic Wi-Fi 802.11n 2.4G; Bluetooth
4.0 i Ethernet 100 Mbps. Ha tutati peamnizoBani GPIO
BXOJIN/BUXOH, fAKi miaTpuMyioTh: GPIO mpormecopa Intel
x 6, GPIO xontponepa ATmega32U4 x 20, intepdeticHi
po3'eMu X 6, pu 1IbOMY po3mip Tatu 88 MM X 70 MM i
Bara 55 T.

camo LattePanda 4/64 Gb TOBHICTIO MiATPUMYE:
OpHonnatHuit komn'ioTep LattePanda 4/64Gb 0S Windows10 AN KOS AR,
s e ;
. CKBJ FireBird v
: < > Moqynb_IIqT —> Hucnetyepcbke
: . SpiatatatatncetttntnSutnte e atetat ottt ettt (Lan;Wi-Fi; o KepyBaHHS
: Aai:’;x Moaynk iHTepdericy KopucTyBaya : |Bluetooth 4.0) g .
= 0 $ L
I || TexHomoriuHux . 1 -
z|: B Mogyni 36ip Ta
§ : pexumis CencopHa '\ﬂ:e"a"zgema HaNaLTyBaHHs iHTeneKkTyansHi
el PR sl F:] ecap napamerpis aHania gaHnx
21 KepyBaHHs p npeca
@l
= | \| HakonnuyBanbHa N
g +| 6asa norounnx * ......... ¢ ..... ¢ ..... ¢ ...... ¢ ........... : OpratisaLlis
s | napamerpis ' BUPOBHMLTBA
o g ans AnroputMn yHKLIOHYBaHHSA npeca :
‘ aHanisy :
' + + + + ! KepysaHHs
: GPIO suBoaw: Intel Cherry Trail: 6; Arduino ATmega32u4:20; . BMPOGHULITBOM 1
. Plug and play Gravity sensor connectors: 6. | ____. i [
AUN/UAN
TexHonoriyHMi npouec Buxonasul
P npucTpoi
% Tuck npecyBaHHs (6ap); Tuck ninnpecyBaHHﬂ (6ap);
8 | Yac npecysaHHs (c); Yac nignpecysaHHs (c); )
£ | Tewmnepatypa macna (rpagycu ‘C); Hac BUTPUMKN NOPWHA Bropi (C);
] BuxigHa noauuis nosayHa (Mm); MinimanbHuiA TUCK nianpecysaHHs (6ap);
-] Yac 3atpumku chikcauii noB3yHa (MKc); KoHTponb po3kpuTTs NoB3yHa (MM);
5 Tuck nepexoay nosayHa Ha pobouunit xig (6ap); Yac posmmukaHHsl noBayHa (MKC) ...
2 MaxkcumanbsHuit Tuck nosayHa (6ap); ) )
8 | KpaiiHe nonoxeHHs nosayHa npu npobusaxHi (Mm); 14 eneKkTpOMarHiTHUX Knanais.
] Yac BUTpUMKM yTpUMaHHS (C);

Puc. 7. Crpykrypa mozaepuizoBanoro mpeca JJA2238b na 6a3i LattePanda 4/64 Gb

Po3pobnennit moxyne mepetBopenHs ALTI/IIAIT
O3BOJIMB  IMAKiMouuTh gmatymkd  no wmmHA  GPIO
koHrposiepa ATmega32U4 Ha LattePanda 4/64Gb. Ha OS
Windows 10 Oyno posropuyto cepeep Ha 0a3i CKB]]
FireBird, sikuii micTuth ABi 0a3u maHux: 0a3zy maHHX
TEXHOJIOTTYHUX PEeKHMIB IITaMITyBaHHS i
HaKOMMYYBaJIbHY 0a3y JaHUX MMOTOYHUX MapaMeTpiB JUis
aHami3y, SKa JIO3BOJSE MPOBOJWUTH MOHITOPHHT i
MIPOTHO3YBAHHS 3HOCY IITaMIIA.

KibepreTnuHa cuctema ympaBiiHHS npecom J(A2238b
peaii3oBaHa y BHIJISII KITI€HT-CEPBEPHOI apXiTEKTypH 3
aIUTUBHUM KiOep-nu3aiiHoM. Ha mynbTi KepyBaHHs
npecom  JIA22385  BuBeneHi: CeHCOpHAa  IaHeNb
YOpaBIiHHSA; MHEMOCXEMa IapaMeTpiB mpeca i MOayIiB
HAJIAIITYBaHHA. BigmaneHuit AOCTyn A0 ympaBiiHHSA i
MOHITOPUHTY 3JIMCHIOETECA 3a JOMOMOTOK0 peatizamii
BimnaneHnoro miakmodeHHs qo LattePanda 4/64 Gb uepes
Wi-Fi mMepexy i3 30BHIMIHIM BUXOJOM B Mepexy Internet.
[Ipu poMy 7S BiZgaqeHOTro YNpaBiiHHS 1 MOHITOPHHTY
napamerpamu  npeca JIA2238Bb  BHKOPUCTOBY€EThCS
aJIUTUBHUN KiOep-au3aiH [15].

Ha 6a3i 3armpornoHoBaHUX JOCIHIIKEHb OyB po3pobieHui
rayukuit HMI, skuii 1n03BONMB peaizyBaTH JOCTYI B
PEKHMI peasbHOr0 4acy JOCTYH JUISL: JTUCIIETYEPCHKOTO

YHOpaBITiHHSA, 300pYy Ta iHTENEKTYadbHOTO aHANI3y HAaHUX,
OpraHizanii BHPOOHHIITBA i YNPaBIiHHSI BHUPOOHUITBOM,
OpU  I[OMY BIJMOBIAHICTE TOTOYHOI TEXHOJOTIYHOT
iHpopMalii He Mae CIOTBOPEHHS 1 JOCTOBIpHA Uil BCiX
3ape3epBOBAaHUX KOPHCTYBauiB. JlaHe pillicHHS 03BOJISIE
aJICKBaTHO  TPEICTaBIATH  iHOpMalil0 TNpo  CTaH
obnajiHaHHs 1 TPOTIKAHHS TEXHOJIOTIYHOI'O TpOLECy,
OIIEpaTHBHOTO BTPYYaHHS 1 KOPUTYBAaHHS BIAXWJICHHS 1
MOXHOOK, PO3PaxXyHOK HPOSYKTHBHOCTI 1 3HOCY IITaMIIa,
IO J1a€ MOXKJIMBICTH 3a0€3IeUUTH MiHIMaJbHHN TPOCTIiH
oOyiasiHaHHS TIpU IUTAaHOBOMY peMoHTi. IpoBiBmm omuc
CTPYKTYypH, Ha 0a3i 3ampOIOHOBAaHOI B 5 poO3Iili MOBH,
Oynu orpuMmaHi HacTymHi iHTepdeiicn omeparopa: Ha
PUCYHKY 8 MpejcTaBieHa KOHCTPYKIIiSI TOJIOBHOTO BiKHA
9 nmpencrasieHa

master )
>

ynpasninasa  ( Formgg Ha pHC.

KOHCTPYKIIis BikHa HacTpoitku ( Form:>* ) [10, 15].

tuning

slave
tuning

Bikno (Form,; ) kepyBanus mpecom JIA2238b

(puc. 9) mnpu3HaueHe U1 HAJAIITYBaHHS OCHOBHHUX
napaMeTpiB npeca. TyT MO)XHa 3MIHIOBaTH 1 3aJaTH TaKi
TEXHOJIOTI4HI MapamMeTpu:

- THCK npecyBaHHs SP1.5, B Gapax;

- BHXiIHy mno3mmito moB3yHa SQ2.1
YOTHUPHOX MOXIIMBUX BapiaHTIB);

(Bubip 3
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(=3 ==
HasneHve Temneparypa lihh'mm'ss Jmmidd
npeccoBaHus Macna — LEbAL
Monoxexue
ronayHa no Aarvmky
nepemeLleHus

0 MM

McxoaHas nosvumA [ CropocTs
nonsyHa nonsyHa  MeanewHo 1
50210 MM Brwa

Pesam seoAa napametpos getani| fleTans Ne I #* HacTpoikm

master )

Puc. 8. Koncrpykiiis ronosHoro BikHa ynpapiinss ( Formpg
npecom JJA2238b

- TIepexija Ha ynmoBuTbHeHUH Xin SQ2.2, B MiiMeTpax
(Ipu IOCSATHEHHI MAHOTO MapaMeTpa MOB3YH IEePEXOIUTh
Ha YIOBUIHHEHE OITyCKaHH);

- BHcoTy mnopmHd SAS5 (3amaeTbcs BHOIp Big
MEpIIOro 70 YETBEPTOr0 KIHIICBOIO BHUMHKAua, IIpHU
CIpaIlbOBYBaHHI KOO BHIITOBXYBAY 3YITHHUATHCS);

- 3aTpUMKY (iKcalii KIHIeBUX BUMUKA4iB MOPLIHS, B
MiTiCeKyHIaX;

- maty i yac;

- BUOIp HOMepa JeTaii;

- PSXUM BBEIICHHS MTApaMETPiB ACTaIi;

- KHONKH ToBepHeHHs a0 "OCHOBHOTO BikHA" i
nepexoay B "HanaromxeHHs".
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param e TIDH3HAUEHA  JUIA
napamerpiB  npeca JIA2238b. Jlng  3axucty  Bifg
HECaHKI[IOHOBAHOTO JOCTYITY 3aMOBHUKY
3alpoNOHOBaHMI MeTox iaeHTH(iKalii KopucTtyBadya 3a
paxyHOK YCT@HOBKM Tapoisi. BKIagkow  MOXYTh
KOPHCTYBATHUCS JIHIIIE CEPBICHI 1HXKCHEPH a00 HaJlaIuyUuKH

3 OOKY 3aMOBHHKA.

HaJ1arooKCHHA
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param_de

Koncrpykmis Bikaa Form (puc. 10) mictuTh

GUI ememeHTH mmsi peami3amii HAacTymHUX (QYHKIIH
YIOpaBIiHHS HapaMeTpaMy HajlaroxeHHs [15]:

- THCK TIepeXxoAy MoB3yHa Ha poboumit xim SP1.1, B
Gapax (IpW JTOCSATHEHHI 3a3HAYEHOI'O THCKY — IOB3YH 3
PEXUMY THCKY IEpEeXOIUTh Ha poOoUmii Xin);

- MaKCUMallbHUN THCK TOB3yHa SP1.6, B Gapax (mpu
JIOCSITHEHH] 3a/laHOTO 3HAYEHHS — 3aJMIIKOBUN THCK
MoB3yHa Oy/ie CKHaTUC);
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MpoBepKa aneKkTPOMarHUTHbIX Knana-Hos
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Hetane Ne

I # JanoMHUTE AeTant:

Pexam BBOAA NEpAMETPOR ASTANN

HacTpoikn Hanagka 2
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param_de

Puc. 10. Koncrpykuis BikHa HanmaromkeHss ( Form

= = = [

INepexoy Ha a
[Fasnenne mpeccosansm |SP..3 s | bar SQJ-Zlm##
VicxoaHasA nosuyua I— BeicoTa
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KOHLIEBbIX BbIknovaTeneli
Hactpoure

BoITankmeaTens

HeTans Ne
I #* 3anomMHUTE geTank

OCHOBHOS OKHO

HacTpotika Jatel 1 Bpema

Pexum EEOAA NapamMeTpoE 4eTanu
Hananka

slave
tuning

Puc. 9. Koncrpykuis BikHa HacTpoiiku ( Form,

- KpaliHE TOJOXCHHS IOB3yHa IIPH TNPOOMBaHHI
SQ2.4, B miiMeTpax;

- KUTBKICTB MANpecoBoK SA4, Bi HyJIS 10 TPHOX;

- BUTpUMKa IIpU TUCKY yTpuMaHHs KT4, B cekyHaax;

- yac npecyBaHHsa KT3, B cexyHaax;

- IepeBipka eNeKTPOMAarHiTHUX KiamaHiB (z1ae
MOXIIMBICTh TEPEBIPUTH TiJPOPO3NOIUIBHUK KOXKHOTO
KJamaHa okpemo. [Ipu HaTHCKaHHI KJamaH CHpalnboBYE,
NPY MIOBTOPHOMY HATHCKAHHI — BUMHUKAETHCS);

- BUOIp merauti;

- PEKUM BBEJICHHS MTapaMeTPiB AeTAali;

- kHomka "HanamryBaHHs" nAn TOBEPHEHHS B
TIOTIEPeTHE BIiKHO.

Formslave

adjustment IIpU3HAYCHA IJIs.

HACTpONKHU

TEXHOJIOTIYHHX TMapaMeTpiB MiIINPECOBKH 1
YIpaBIiHHSA HACTYITHUMHU MTapaMeTpaMu:

- THcK minnpecyBanns SP1.3, B Oapax;

- yac mignpecyBanus KT1, B cekyHzax;

- yac nay3u nignpecyBanss KT2, B cekyHax;

- yac BuTpuMKH nopuiss Bropi KT5, B cexyHnax;

- npuckopenui xix nopuras KT6, B cexyHaax;

- MiHIMaJILHUH TUCK mmianpecyBanHs SP1.2, B Gapax;

- MiHIMaITLHUH THCK TipecyBaHHS SP1.4, B 6apax;

- KOHTPOJb po3kpuTTs SQ2.3, B MimiMeTpax;

- OIlyCKaHHs BHU3 NOpIIHSA SAG;

- NIBUAKICTH PO3MHUKAHHSI.

Posmimennss GUI emementie Ha HMI  dopmi
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OTtpuMaHi KOHCTPYKIii po3poOsieHnx ¢gopm, Ha 0asi

PO3pO0IIEHNX MOJIEeH 1 METOMIB 1 CTAHAAPTHUX MiIXOMiB

"CucteMa po3poOKH KiOepHeTHYHOI CKIamoBoi Jis  (GKCIepUMEHTaJbHa po3po0Ka CHCTEMH  yIPaBIiHHS
aBTOMaTH3alii MpOIeciB KypyBaHHSA OpraHi3allifHO-  MPOBOMWIACH MapajieibHO), OymM OTpHMaHi HACTYIHI
TeXHIYHUM  BUpoOHWYMM  oO'ektoM"  [10], Oymm  pe3ynpTary, MpencTaBlieHi HA PUCYHKY 12.
BIIPOBA/DKCHHI s ympasiminHS mpeca JIA2238B6 i Jlst 3py4HOCTI Bizyanmizamii oTpuManux ganux [10],
MpecTaBicHi Ha puc. 8-11. BECh MPOIEC MOJEpHi3alii  TiApaBIiYHOrO  mpeca
JIA2238b 3rpynoBanuii B 4 eranu:
PesynbTaTn qocainkeHHs Ta iX 06roBopeHHsI - MOCTAHOBKA I[iJIeH 1 3aB/IaHb;
- po3poOKa (i3udHOT CKIIaIOBOT;
IIpoBoasun aHami3 OTpUMaHUX TUMYACOBUX - po3po6ka KibepHeTHYHOI CKIIa0Bof;
TaliMEHIIB BUKOHAHHS IIOCTABICHOIO 3aBJAHHA 3 - BIIPOBAJIKCHHA.
MoJepHizauii rigpasiaiyHoro mpeca JA2238b, na 0a3i
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—
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Puc. 12. I'padix BuTpar yacy Ha MoJiepHizalliro rigpasiiqaoro npeca JJA2238b
3 rpadiky (puc. 12) MOXKHA TOMITHTH, IO BucHoBkn
3aCTOCYBaHHS  PO3POOJCHHMX  METOMIB 1  Mojenei
praBJ’IiHHSI OpFaHi3aHiI>’IHO-TeXHi‘IHHM BI/Ip06HI/I‘H/IM A Z[aHiﬁ CTaTTIL pO3riaaaroThCs IIUTAaHHI
o0'ektom Ha 0a3i KiGep-(i3M4HMX CHCTEM, JO3BOJIMB  MojepHi3amii — 3acTapimoro  obmagHaHs. B xoxi

CKOpPOTHTH BHTpaTH 4acy Ha erami po3poOku (i3ndHOi
CKJIaJIOBOI, Y TIOPIBHSHHI 31 CTAaHTAPTHUM ITiIXOJ0OM, Ha
10,71 % i Ha 17,78 % Ha eTani po3poOkn KiOepHETHIHOT
CKJIaJ0BOI.

Bapro 3ayBakutn, mo pe3yibTaTH KiOEpHETHYHOTO
eTamy i 9acTKOBO (hi3MYHOTO, sKi OynM peanizoBaHi Ha
6a3i "Cucremum po3poOKH KiOEpHETHYHOI CKIAZOBOI
JUIE aBTOMATH3aIlil MpOIECiB KepyBaHHS OpraHi3amiiHo-
TEeXHIYHUM BHPOOHUUYNM 00'ekTOoM", OyJIN BIPOBAIPKEH] ¥

BUPOOHUIITBO, IO  MiATBEPIKYETHCS  BIAMOBITHUM
aktom BrpoBamkeHHs TOB "HBIT YKPIHTEX" Bix
23.10.2019 p.

Pesynbrat BIIPOBAKEHHS JIOBEJIN, 110
3alPOMOHOBAaHI ~ METOAM Ta  MOJENi, JIO3BOJHMIA
YAOCKOHAJIUTU TpOLEeC KEepyBaHHS Ta  JO3BOJWIH

MiABUIUTH MPOAYKTUBHICTD Ha 1,2 % Ta puTMivHICTE 1,8
% 3a MICSAIIb.

Cnucok JiTepatypu

JIOCIIIJPKEHb aBTOPH MPOBEJIM aHai3 MyOJiKaiiid B JaHOMY
HamnpsMKy, SIKHi 0Ka3aB 10 MOJIEPHI3allisl € CKIaJHUM i
TPYIOMICTKHM IIPOLIECOM, IIPU LBOMY OiJIbIII €KOHOMIYHO
BUTIZIHUM Ha BIJIMiHY BiJi IOKYIIKH HOBOT'O O0OJIa/{HAHHS.
Jlns BupinIeHHs TOCTaBIEHWX 3aBIaHb 3 MOAEpHizarii
rigpasiigaoro npeca 1A2238b, Oyno mpuiHATO pillICHHS
BUKOPUCTOBYBATH HOBI METOIOM PO3POOKH iHTepdeiicy
oreparopa Ha 0a3i aAUTUBHOTO KiOep-Iu3aiHy, B paMKax
KiOep-(hi3nyHUX BUPOOHMYMX cucTeM. s TOCATHEHHS
MeTn OyJo 3ampoIlOHOBaHO psiJi pilIEeHb 3 PO3POOKH
CTPYKTYpH CHCTEMH KepyBaHHI Ta  iHTepdeiicy
KopucTyBaua. [IpaBWIBHICTH NPUHHATHX pilleHb 3
MojiepHi3allii o0yagHaHHS JOBEICHO EKCIIEPUMEHTAIBHO.
PesynbTaTi TOKas3ald, 10 BUKOPUCTAHHS PO3pPOOJIEHOT
cUcTeMHU KepyBaHH:I JI03BOJTHIIO ABUIIUTH
npoaykTuBHiCTE Ha 1,2 % Tta purmiunicts 1,8 % 3a
Micsamp. lle migTBepMKYe MIABHIICHHS EKOHOMIYHOT
e(eKTUBHOCTI BUPOOHHIITBA.

1. Jlsamyxk O. JI., T'eeko P. B., d3topa B. O. ta in. CTBOpeHHsS Ta MOJEpHI3allis TPaHCIIOPTHO-TEXHOJIOTIYHUX MEXaHi3MiB
MamuH 1 obnananss [Enexrponnuii pecypce] : monorpadist. Tepronins : THTVY, 2019. 167 c. ISBN 978-617-7331-96-3
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PEHTEHUE BOITPOCA MOJAEPHUM3AIIMU ITPOU3BOJACTBEHHOTI'O
OBOPYJAOBAHMUSA C UCITOJIB3OBAHUEM KHUBEP-OU3UYECKHUX
MMPOU3BOJACTBEHHBIX CUCTEMBI YIIPABJIEHUSA

IMocTostHHOE COBEPIICHCTBOBAaHHE ITAapKa TEXHOJIOTHYECKOro 000pyIOBaHMS, B YCIOBHSX CYIIECTBYIOIIETO IIPOU3BOJICTBA, SBISIETCS
CIIOXKHOM 3amadeil, Mpu peleHud KOTOPOH HeOOXOAUMO YUHTHIBATH MHOTO NapaMeTPOB, TAKUX KaK MEXaHU3aLUs, aBTOMATH3ALHs U
NPUMEHEHHE HOBBIX TEXHOJNOTHWH B pamkax koHuenumu Industry 4.0. OgHuM 13 3(EKTHBHBIX METOIOB IMOBBILICHUS TEXHUKO-
SKOHOMMYECKHX [MOKa3aTeled ¥ HaJeXHOCTH IPOU3BOACTBA SIBIAETCS MOJEPHU3ALUS CYIIECTBYIOMIETO TEXHOJIOTHYECKOTO
OCHAIIEHHsI, KOTOpas OCHOBBIBAECTCA HA HEOOXOJMMOCTH MHCIIOJIb30BAHHS COBPEMEHHBIX METOJOB pPa3pabOTKM U BHEIPEHUS
nH(OpPMAaIMOHHBIX TexHoNormi, Takux kak Industrial Internet of Things, kuGep-(GHU3HIECKUX IPOM3BOJCTBEHHBIX CHCTEM.
IIpenMeToM TaHHOTO MCCIIEOBAHMS SIBISETCS anmpoOaIys METOJ0B pa3pabOTKH aJUTHBHOTO KHOep-An3aifHa I aBTOMaTH3aliH
CJIOXKHOTO IIPOMBIIUIEHHOTO 00opynoBanus. Lleablo maHHON cTaThbu sIBIsieTCs pa3paboTka KHOep-(H3HIecKOl HMPON3BOACTBEHHON
CHCTEMBI YIPABJICHNU, Ul MOJEPHU3AUH IIpecca ruapasiandeckoro JIA2238B. Jlist qOCTIKEHUs TOCTaBICHHON LelT He0O0X0auMO
PEUINTh ClIeAYIONe 3aJa4M: NPOBECTH aHAJIN3 TEXHUYECKUX XapaKTePHCTUK M CHUCTEMBI YIPABICHUS IIpecca THIPABIMYECKOTO
J1A2238b; mpoBecTH WCCICOOBAaHHE CXEMBI THAPABIMYECKON NPUHIMNHAIGHOW Ha 0a3e KOTOPOW BHIOpaTh MJaTIYUKH U
HCTIOTHUTENBHBIE MEXaHM3MBI, a TakKe PEeXHUMBI pPaboThl; pa3paboTaTh CXeMy BKIIOUEHHS THIPO- 0OOpyAOBaHHMS; pa3paboTaTh
aBTOMATH3UPOBAaHHYI0 CHCTEMy YINpaBlIeHHs Ha 0a3e COBPEMEHHOTO OJHOIUIATHOTO KOMIIBIOTEpa M pPa3paboTaTb HWHTYHTHBHO
MOHATHBIM aJUTHBHBIA KHOep-Iu3ailH mHTepdeiica omeparopa; MPOBECTH SKCIEPHMEHTAJbHBIE HCCIeoBaHUSA. BbIBOabI: B
pe3ynbTaTe HCCIeNOBaHUH OblIa pa3paboTaHa CTPYKTypHas CXeMa M peali30BaHa aBTOMATH3WUPOBAHHAs CHCTEMa YIIPABICHUS Ha
6aze LattePanda. BeiOpaHb! JaTYNKY DaBIIEHUS U TEMIIEPATypHI ISl KOHTPOJIS IPOIIECCOB IIPECCOBAHMS, YTO MO3BOJIMIO 00ECTICUUTh
TOYHOE COOTBETCTBHE TPEOOBAHMIM TEXHOJOTHYECKOTO Ipolecca. Pa3paboTaHo aBTOMaTH3MpOBaHHOE pabouee MECTO oleparopa, B
KOTOPOM pealn30BaHO CEHCOPHOE YIIpaBlieHHWEe Ha 0Oa3e aJIWTHBHOTO KuOep-Iu3aitHa. PaspaboraHHas cucTeMa ympaBieHHs
obecnieynBaeT: cOOp M aHaNMM3 MPOU3BOACTBEHHBIX JaHHBIX, Ha 0a3e KOTOPHIX MOJKHO YCOBEPIIEHCTBOBAaTb TEXHOJOTUIO
MPOU3BOJICTBA M 0OECIIEUUTH MPOrHO3MPOBaHue JocTixkeHus "Lean Manufacturing”.

Kuarouessie ciosa: Industry 4.0; Smart Manufacturing; kuGep-dusrueckiue IpoH3BOJCTBEHHBIE CHCTEMBI; aJIATHBHBINA KHOEp-
JM3aiiH; MOJIEPHU3ALIUSA.

SOLVING THE ISSUE OF MODERNIZATION OF PRODUCTION EQUIPMENT
USING CYBER-PHYSICAL MANUFACTURING CONTROL SYSTEMS

Continuous improvement of the fleet of technological equipment, in the conditions of existing production, is a difficult task, the
solution of which must take into account many parameters, such as mechanization, automation and application of new technologies
within the concept of Industry 4.0. One of the effective methods of improving the technical and economic indicators and reliability of
production is the modernization of existing technological equipment, which is based on the need to use modern methods of
development and implementation of information technology, such as Industrial Internet of Things, cyber-physical production systems.
The subject of this study is the testing of methods for developing additive cyber design for automation of complex industrial
equipment. The goal of this article is to develop a cyber-physical production control system for the modernization of the DA2238B
hydraulic press. To achieve this goal it is necessary to solve the following tasks: to analyze the technical characteristics and control
system of the hydraulic press DA2238B; to carry out research of the scheme of hydraulic basic and, taking it into account, to choose
sensors and executive mechanisms, and also operating modes; to develop the scheme of inclusion of the hydro equipment; to develop
an automated control system based on a modern single-board computer and to develop an intuitive additive cyber-design of the
operator interface; to conduct experimental research. Conclusions: as a result of research, a block diagram was developed and an
automated control system based on LattePanda was implemented. Selected pressure and temperature sensors for control of pressing
processes, which allowed to ensure accurate compliance with the requirements of the technological process. An automated operator's
workplace has been developed, in which touch control based on additive cyber-design has been implemented. The developed control
system provides: collection and analysis of production data on the basis of which it is possible to improve production technology and
to provide forecasting of achievement "Lean Manufacturing".
Keywords: Industry 4.0; Smart Manufacturing; cyber-physical production systems; additive cyber design; modernization.
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CONSTRUCTION OF STABILITY AREAS FOR CONTROLLED SYSTEMS WITH
PARAMETRIC AND DYNAMIC UNCERTAINTY

The subject of research in the article is sigularly perturbed controllable systems of differential equations containing terms with a
small parameters on the right-hand side, which are not completely known, but only satisfy some constraints. The aim of the work is to
expand the study of the behavior of solutions of singularly perturbed systems of differential equations to the case when the system is
influenced not only by dynamic (small factor at the derivative) but also parametric (small factor at the right side of equations)
uncertainties and to determine conditions under which such systems will be asymptotically resistant to any perturbations, estimate the
upper limit of the small parameter, so that for all values of this parameter less than the obtained estimate, the undisturbed solution of
the system was asymptotically stable. The following problems are solved in the article: singularly perturbed systems of differential
equations with regular perturbations in the form of terms with a small parameter in the right-hand sides, which are not fully known,
are investigated; an estimate is made of the areas of asymptotic stability of the unperturbed solution of such systems, that is, the class
of systems that can be investigated for stability is expanded, the formulas obtained that allow one to analyze the asymptotic stability
of solutions to systems even under conditions of incomplete information about the perturbations acting on them. The following
methods are used: mathematical modeling of complex control systems; vector Lyapunov functions investigation of asymptotic
stability of solutions of systems of differential equations. The following results were obtained: an estimate was made for the upper
bound of a small parameter for sigularly perturbed systems of differential equations with fully known parametric (fully known) and
dynamic uncertainties, such that for all values of this parameter less than the obtained estimate, such an unperturbed solution is
asymptotically stable; a theorem is proved in which sufficient conditions for the uniform asymptotic stability of such a system are
formulated. Conclusions: the method of vector Lyapunov functions extends to the class of singularly perturbed systems of differential

equations with a small factor in the right-hand sides, which are not completely known, but only satisfy certain constraints.
Keywords: asymptotic stability; Lyapunov vector functions; parametric uncertainty; small parameter.

Introduction

Most control systems are largely uncertain.
Uncertainties significantly affect the performance of
control systems and can lead to its loss. In this regard, a
very important task in the study of the efficiency of
control systems is the task of studying the stability of their
movement. A control system is called coarse with respect
to some of its properties, if sufficiently small deviations of
parameters in the equations of motion of such a system do
not lead to the loss of this property. In practice, the
uncertainties (possible deviations of the parameters of the
system under study) can be so large that it leads to a loss
of stability.

When studying the properties of solutions of
differential equations describing control systems, one of
the most important tasks is to study different types of
stability. First of all, this is due to the fact that in most
technical problems, stable solutions are the most
interesting. Second, when developing control systems, it is
necessary to be aware of unstable solutions in order to
avoid them. Third, the solutions can be quite sensitive to
errors in the mathematical model of the control system.

In the classic setting of A.M. Lyapunov, problems
with stability of motion are considered only perturbations
of the initial conditions. However, practical problems lead
to the need to study the dynamics of systems in the
presence of perturbation of the right parts.

Most often, perturbations of the right parts
(uncertainty) are formed in the form of a vector of
uncertainty, which contains components due to
uncertainties:

- coefficients of equations of motion,

- initial conditions,

- boundary conditions,

- undesirable for nonlinearity control systems,

- external influences.

In many cases, the influence of these factors
(uncertainties), although they seem insignificant, can
significantly change that information about the process.
To avoid this, you need to develop an extended process
model that takes into account those small factors that were
not represented in the original model, and then explore the
similarity of the solutions obtained from the simplified
and extended models.

Analysis of the problem and existing methods

The problem of studying the stability of singularly
perturbed equations is far from complete. Intensive
development of the theory of singular perturbations began
in the middle of the 20th century, thanks to the work of
A.N. Tikhonov [1], which describes the formulation of the
problem of the theory of singularly perturbed systems of
differential equations. This theory was further developed
in the works of Vasilieva A.B., Butuzova V.F. [2],
Hoppensteadt F. [3], which investigates the behavior of
solutions singularly of such systems. Methods of singular
perturbations are widely studied in our time. In particular,
in the works of Kachalov V.I. [4], [5] the method of
obtaining solutions of singularly perturbed problems in the
form of series that coincide in the usual sense by degrees
of small parameter is presented. Works [6], [7] are
devoted to the construction of an asymptotic schedule of
singularly perturbed equations with singular points.

Singular perturbations are present in many classical
and modern control systems based on low-order systems
and those that ignore parasitic dynamics. This led to the
development of methods of separation of movements.
These methods have been found to be useful for high-gain
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feedback analysis and low-order models. These methods
are used to model and control dynamic systems and
certain classes of large-scale systems. In the works of
Binning H.S., Goodell D.P. [8], Kodra K.; Gajic Z. [9]
and Y. Li, Y.Y. Wang, D. Y. Yao [10] consider singularly
perturbed control systems and investigate the behavior of
their movements. The work of H. S. Liu, Y. Huang [11] is
devoted to the study of the behavior of the trajectories of
the manipulator robot, whose movements are described by
means of singularly perturbed control systems. [12], [13]
study the existing methods of the theory of singular
perturbations extend to the class of controlled systems, on
the right part of which parametric, not completely known
perturbations additionally act.

[14], [15] are devoted to the study of the asymptotic
stability of solutions of singularly perturbed systems of
differential equations. The problems considered in these
works are formulated for a class of singularly perturbed
systems, which do not take into account external
perturbations and uncertainties acting on the system. In
addition, these works use special Lyapunov functions to
study stability, which are suitable for studying the stability
of solutions of equations of a particular class and usually
cannot be applied to other types of equations. Meanwhile,
the practice of automatic control requires the development
of methods for studying the stability of motion for a wide
class of control systems, which are described using
nonlinear singularly perturbed systems of differential
equations with incompletely known right-hand sides. In
[16], [17], the study of the asymptotic stability of
solutions of singularly perturbed systems of differential
equations extends to the class of systems with parametric
uncertainty.

When studying the behavior of control system
solutions, it is important not only to investigate the
stability of these solutions, but also to estimate the size of
their areas of gravity, ie to conduct a large-scale study of
stability. Due to the effects of perturbations on the control
system in many cases it is impossible to ensure asymptotic
stability of program movements. Therefore, the size of the
program traffic around the state space, which is
guaranteed to include solutions, is important.

The aim of this article is to estimate the region of
gravity of solutions of singularly perturbed systems of
differential equations with parametric (small factor in the
right part of equations) and dynamic (small factor in the
derivative) uncertainties, finding the upper limit of a small
parameter such that for all values of this parameter than
the obtained estimate, the undisturbed solution of a
singularly perturbed system of differential equations is
asymptotically stable. This problem is solved using
Lyapunov vector functions. A theorem is proved in which
sufficient conditions for uniform asymptotic stability of
solutions of such a system are formulated.

The practical value is that the class of systems that
can be tested for stability is expanding. Necessary
researches are made and the formulas allowing to analyze
stability of systems even at the conditions of the
incomplete information on disturbances operating on them
are received.

Task solving

Let’s consider a system of differential equations

x =f(xzt) +&f(x21) O

e1=9(xzt) +&£0,(xz,1t) ’
where f and f; — n-measurable vector functions, g and
g; — m-measurable vector functions, & — small
parameter, ¢>0, f; and g; unknown and satisfy only

some of the limitations discussed below. Members
efi(x,z,t) and &gq(x,z,t) make up the parametric

uncertainty of the system, the second equation of the
system (1) contains a small parameter when the derivative
determines the dynamic uncertainty.

We set the initial conditions:

2(0,6)=12°, )
x(0,6)=x". 3)

Let's explore the solution (x(t,&),z(t,&)) of tasks

(1) - (3) on the interval 0<t<T . Ifweputin(l) ¢=0,
we get the system

X = f(xs,zs,t), (4

0=g(x,2°.t), (5)

which in the terminology of A.N. Tikhonov is called a
degenerate system?

The order of the system (4) - (5) is equal to n, ie is
lower than the order of the original system. For the system
(4) - (5) a smaller number of initial conditions is given,
namely

x*(0)=x". (6)

Let’s solve equation (5) with regard to z5(t), if such
an operation is possible.

° = g(Xt). 7

Due to the nonlinearity of the function g(xs,zs,t),

this operation is ambiguous and the choice of solution
arises.
Substitution (7) in (3) gives

X = f (xs,qﬁ(xs,t),t), (8)
x*(0)=x, 9)

z° :go(xs,t), generally does not satisfy the initial
condition (2) for Z, that is, z°(0)= 2%, and therefore, in

some vicinity of the starting point =0 the solution z°(t)

of the degenerate system will not be close to the solution
2(x,t) of the original system (1).

Let’s enter a new variable
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n=z-¢(xt). (10)

Let the following conditions be met:;
a) Functions f(x,z,t) and g(x,z,t) are continuous

and satisfy the Lipschitz condition by x and z in some
region G of the space of variables (x,z,t), i.e. for some

positive Ny, N5, N3, N4 inequalities are performed

[f(xz0)-f(Rz<Nfx=%], (D)
[z )= f(x2t)]<N,[z=2],  (@2)
lo(xzt)-g(xzt)<Nyx-g. (3
lo(xzt)-g(x 20| <N fz=2], (@4

where | y||= VY2 + Y2 +...y2 - Euclidean norm.

b) Solution (3.6) has in some closed area D such
properties:

1) (p(XS,t)
2) (<ol t)t)ec foranl (x,t)ec D .
3) The root z° =go(xs,t)

- continuous function in D,

is isolated in D, that is,
there is 4>0 such that g(xs,zs,t);to when
“zs —(/)(Xs,t]‘ <A, (xs,t)e D.

c) The system (8), (9) has a single solution xs(t) on
the interval 0<t<T, besides in this interval the point
(Xs,t)eD where D is the set of inner points D . In

addition, suppose that f(xs,¢1(xs,t)t) satisfies the

Lipschitz conditionat x* D .
That is, there is such a constant L >0 that for any
y, and v, , the inequality is performed

[0y t) = F (vt <Ly -yl
Let's now introduce a connected system
dz
= t 15
Foil I CSEA /N (15)
In which x* and t are considered as parameters,

7 =¢&7't (stretched time).
Obviously 7>0. According to condition b) 3,

Z(r)zgo(xs,t) is an isolated resting point of the system
(15) at (xs,t)e D.

Also, let

d) The resting point Z(r):go(xs,t) of the system
(15) is asymptotically stable according to Lyapunov even
in regard to (x°,t)]eD. This means that Vu>0.
35 (#)>0 (common to all (xs,t)e D, such that for all
solutions Z(r) of the equation (15) for which

“f(r)—w(xs,t]‘ <u, (Xs,t)e D.

At >0 i Z(r)—>go(xs,t) when 7 — .
Let’s consider a connected system (15) when
x$=x% t=0:

dz 0 =
— X,Z,t 16
5o =90z (16)
with the initial condition
Z(O) =7° @an

Since the initial value z°, in general, is not close to

the resting point (p(XO,O), the solution Z(z) of the task

(16), (17) may not go to ¢)(x°,0) when 7 =%,
Let
e) The solution Z(z) problems (16) with initial
conditions (17) satisfies the conditions
1. lim f(r):¢(xo,0),
N—o0

2. point (xo,'i(r),t)eG ,when 7>0.

f) Functions f;(x,z,t), g;(x,z,t) are continuous
and satisfy the Lipschitz conditions by variables x and
z, but there are summarized functions M, (t) and

M, (t) with constants M, and M, such that in narea G
there is inequality

[5.(ez0]<m,

lo. (x.z.t)|<M,,  (18)

T T
[M(O)<MT, M, (1) <MiT . (19)
0 0

Theorem. Let
fulfilled:

a) For systems (4) and (16) there are positively
defined Lyapunov functions V(x,t) and W(x,z,t),
accordingly, satisfying estimates that are peculiar to
quadratic forms, such that

N 8V

the following assumptions be

= (x B(x 1), ) —ay*(x),  (20)
‘2’;’9( 1)<, 0% (), 1)

where w(x) and 6(;7) — functions that are zero at point 0

and different from zero for other argument values.
b) Interconnection conditions V(x,t) and W(x,z,t)

satisfy inequalities
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oW 5
E(g(x,z,t)—g(x,z,t))sgkyx(x)@(n), (24)
oV
af (X z,t) <yt (), (25)
w — f . (xz.t) <y’ (x), (26)
ox
oW oW
EJF—Zgl(X-th)SC‘//(X)@(’?)’ (27)
where o, B K r1,72,73 —  positive  constants.
Then for any 0 <d <1 linear combination
U(x,zt)=1-d)V(xt)+dW(x,z1) (28)

dU (x,z,t) :(1—d)(ﬁ v
dt ot

+d(aﬂ+aﬂf( t)+aﬂ5
ot ox OX

Let’s convert an expression to a view that allows to
apply inequalities (20), (27):
From the above inequalities we get
du (x,z,t)

v v .
il L) (Gt — (X 8(x 1), 1)+
v

+&( f(xzt)-f (x5,¢(x5,t),t))+2—\;gf1(x,z,t))+

oW oW

G T (12 )+%—V>\(/gf (x.2.t)+

+§(Z—Vzv(g (x,z,t)-g(x,2,t)+g(x, Z,t))+aa—vzvgl(x1 z,t)).

From the above inequalities we get

Ws-u_d)wqx) 9 0% (n) +dew (x)0 )+
+(1-0) B ()0(n) + dky ()0 () +£(1-0) 7 () + (31
+edyy” (x)+dysp (x)0(n) =
_ (v} [v(0)
{50 )J i (n)J
where
(1-0)e e (1-d)y, ey, ~LIrICKen) -
| @-d)prd(erker) d '
2 g’

For negative certainty U, it is necessary that the
matrix T be positively defined. We will demand
that
—¢edy, >0 (33)

(1-d),—e(1-d)y,
and

detT > 0. (34)

(30)

is a Lyapunov function of the system (1) and exists

¢ (d)- 2 :
d +((1—d)ﬂ+d(c+k+y3))
1-47? 4d(1-d)a,

(29)

nt
such that for all & <& (d) the solution x=x°(t), =0 at
the system (1) is resistant to constant disturbances.

Proof. The complete derivative of the function (28)
in time along the trajectory is

—f (x,z,t)+%g fl(x,z,t)j+

1ow oW
f ’ yt - ’ 1t — ' lt .
(%2 )+g pe g(xz,t)+ pe 9,(xz )j

From the inequality (33) it follows that

e<g(d)= % (35)
7’1+m72
From (35)
£<g,(d)= % ~.(36)
L. d (1-d)p+d(c+k+7,))
AT LL 4d(1-d)a,

Obviously, & <&, =¢ (d). Thus, for all e<¢ (d)
matrix T positively defined, as a result of which the
derivative U(x,z,t) is negatively defined. In addition,

1
a factor =:
&

U(x,z,t) contains a term with

lddﬂ g(x,Z,t), which in force (21) increases unlimitedly
& dz

when &— 0, respectively negative derivative U(x,z,t)
increases in absolute value. Hence the function U(x,z,t),

remaining negative, rapidly decreasing in magnitude and
solving problems (4) and (16) in a short period of time
approaching the origin, remaining in a small
neighborhood of this point. This proves that an undrilled
solution is resistant to perturbations that operate
continuously.

Conclusions

In this work the following has been done:

- A method for studying the asymptotic stability of
solutions of a singularly perturbed system of differential
equations based on the use of Lyapunov vector functions
that satisfy the estimates inherent in quadratic forms is
considered;
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- The above method is extended to the case when the
systems are affected not only by dynamic (small factor in
the derivative), but also parametric (small factor in the
right part of the equations) uncertainties. In addition, the
right parts are not fully defined, but only satisfy some
restrictions. These uncertainties are due to the
uncertainties of the coefficients of the equations of
motion, the uncertainties of the initial and boundary
conditions, undesirable for control systems of
nonlinearities and external influences. Uncertainties are
formed in the uncertainty vector with a small factor in the
right part of the system of singularly perturbed differential
equations.

- An estimate of the upper limit of a small parameter
is made such that for all values of this parameter, smaller
than the obtained estimate, the undisturbed solution of a
singularly perturbed system of differential equations with
dynamic and parametric uncertainties is asymptotically
stable.

- A theorem is proved in which sufficient conditions
for uniform asymptotic stability of solutions of such a
system are formulated.

- The class of systems that can be tested for stability
has been expanded. Necessary researches are made and
the formulas allowing to analyze stability of systems even
at the conditions of the incomplete information on

disturbances operating on them are received.
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MOBYJIOBA OBJACTEM CTIMKOCTI )11 KEPOBAHUX CUCTEM 3
ITAPAMETPUYHOIO TA JTUHAMIYHOIO HEBU3HAYEHOCTAMU

IIpeamerom noCTiPKEHHA B CTATTi € CUTYJISAPHO 30ypeHi KepoBaHI CUCTEMH TU(EpEHIIaTbHUX PiBHSIHbB, IO MICTATh JOTAHKHU 3
MaJIMM MHOYKHMKOM Y IIpaBill YacTHHI, SIKi HE € HOBHICTIO BiIOMHMH, a JIUILE 3aJ0BOJILHIIOTH AEIKUM 0OMexxeHHSIM. MeTa poboTn —
MOLIMPHUTU JOCHIPKEHHSI MOBEIIHKH PO3B’A3KIB CHTYJSIPHO 30ypeHHX cucTeM IudepeHIiadbHUX pPIBHAHb Ha BHIAJOK, KOIH Ha
CHCTEMY BIUIMBAIOTh HE TUIbKM JUHAMIYHI (Majauii MHOXKHHK TIPH TIOXITHIN), a Ie i mapaMeTpudHi (MaJMi MHOXXHHK Y TIpaBiit
YaCTHHI PIBHSIHB) HEBH3HAYCHOCTI Ta BU3HAYHUTH YMOBH, 32 SKHX PO3B’SI3KH TAKUX CHCTEM OyIyTh aCHMITOTHYHO CTIHKUMH J10 Oy 15~
SIKMX 30ypeHb, OI[IHNTH BEPXHIO IPAHUII0 MAJIOTO MapaMeTpy, TAKUM YMHOM IO JUIS BCIX 3HA4€Hb IEOTO MapaMeTpy, MEHIINX HiK
OTpHMaHa OIliHKa, He30ypeHMil pO3B’S30K CHCTEMH € aCHMITOTHYHO CTIHKMM. B cTarTi BHpINIYIOTBECS HACTYNHI 3aBIAHHS:
JOCITIKYIOTBCS. CHHTYJIPHO 30ypeHi cHcTeMH AudepeHUiaibHUX PiBHAHb, 10 MAIOTh PEryJusIpHi 30ypeHHS y BUIJIAI TOJAaHKIB 3
MaJIdM MHOXKHUKOM y TPaBUX YacTHHAX, SKi HE € MOBHICTIO BIOMHMH; POOHTHCS OLiHKA OOJacTel acCHMOTOTHYHOI CTIHKOCTi
He30ypeHOTo po3B’A3KYy TaKHX CHCTEM, TOOTO PO3IIMPIOETHCS KJIAC CHCTEM, SIKi MOXKHA JOCIIIKYBaTH Ha CTiHKICTb, OTPUMYIOTHCS
¢dopmynu, IO IO3BOJAIOTH aHAII3YBaTH ACUMITOTHYHY CTIMKICTh PO3B’SA3KIB CHCTEM HaBiTh 32 YMOB HEMOBHOI iH(popMaliil mpo
30ypeHHs, IO JiI0Th HAa HUX. BUKOPHUCTOBYIOTECS Taki MeTOAW: MaTeMaTHYHE MOJICTIOBAHHS CKIaHUX CHCTEM KepyBaHHs; BEKTOPHI
¢GyHkuii JIAmyHoOBa NOCIIDKEHHS aCHMITOTHYHOI CTIHKOCTI PO3B’SI3KIiB CHCTEM audepeHuiabHUX piBHAHb. OTpHMaHO HACTYyIHI
pe3yJbTaTH: 3po0ieHa OIliHKa BEPXHBOI MPaHUIll MAJOro MapaMeTpa JUlsl CUTYJIIpPHO 30ypeHUX cHCTeM Qu(epeHIiaIbHUX PiBHSIHB
MapaMeTpUYHUMH (HETIOBHICTIO BiJOMHMHM) i AWHAMIYHMMH HEBH3HAUCHOCTSIMU , Taka IIO JUIS BCIX 3HA4€Hb I[OTO Iapamerpy,
MEHIINX HDK OTpUMaHa OILliHKa, He30ypeHHil po3B 30K TaKol € aCHMIITOTHYHO CTIHKUM; JOBEJeHa TeopeMa, B sKiii copmyiboBaHi
JIOCTaTHI YMOBH PiBHOMIPHOi aCHMIITOTHYHOI CTIMKOCTI Takoi cucreMHu. BMCHOBKHM: MeTon BeKTOpHUX (yHKUiK JIamyHOBa MOXKe
OyTH HOIIMPEHNM Ha KJIaC CHHTYJISIPHO 30ypeHHX CHcTeM An(epeHLialbHIX PIBHAHD 3 MaJMM MHOKHHUKOM y MPaBUX YacTHHAX, K1
HE € MOBHICTIO BiIOMUMH, 2 JIMIIIE 3aJOBOJIBHSIOTh JEIKUM OOMEKEHHSIM.
Kuro4oBi c10Ba: aciMOTOTHYHA CTIHKICTh; BeKTOpHI QyHKIIT JIgmyHOBa; mapaMeTpUYHa HEBU3HAYCHICTH; MAIIMI TapaMeTp.

IHOCTPOEHHE OBJIACTE?I YCTOMYUBOCTH AJIA YIIPABJISIEMBIX CUCTEM
C TIAPAMETPUYECKOU U IMHAMUWYECKOU HEOIIPEJAEJIEHHOCT MU

IIpenMeToM ucciieoBaHKs B CTAaThe SIBISETCS CUTYJSIPHO BO3MYIIECHHBIE YIPABIsieMble CHCTEMbI AU(epeHInaIbHBIX YPaBHEHHH,
COJIepKallMX CcllaraeéMble ¢ MalblM MHOXHTENEM B IIPaBOM 4YacTH, KOTOpBIE HE SIBISIOTCA IOJHOCTHIO HM3BECTHBIMM, a JIMIIb
YIIOBJIETBOPSIIOT HEKOTOPHIM orpaHuueHusM. Lleqb paboTBl — pacIIMPHUTH HCCIENOBAaHHWE IOBEACHMS PEIICHUH CHTYJSIPHO
BO3MYILICHHBIX cucTeM MU (epeHInaTbHBIX YPaBHEHHI HA CIIydaif, Korja Ha CHCTEMY BIHSIOT HE TOJIBKO AWHAMHYECKHe (MaJiblit
MHOXXHUTENb IIPU MIPOU3BOJHON), HO M MapaMeTpHIecKue (Majblii MHOXHTETb B MPAaBOH YaCTH yPaBHEHMI) HEOIPENENCHHOCTH U
OTIPENENUTh YCIIOBHS, NMPH KOTOPHIX PEIICHUS TAKHUX CHCTeM OyIyT aCHMOTOTHYECKH YCTOMYMBBIMH K JIOOBIM BO3MYIICHUSM ,
OLIEHNTh BEPXHIOI0 TPAHUIly MaJoro IapamMerpa, TaKUM OOpa3soM 4YTO Ui BCEX 3HAYEHMIl 3TOr0 IapaMeTpa, MEHBIINX YeM
MOJy4eHHas OLICHKA, HEBO3MYIIEHHOE PEIICHUE CUCTEMBI ABJIUIOCHh aCUMITOTHYECKU YCTOMYMBBIM. B cTaThe pemarorcs cieryromme
3aJa4M: UCCIIEAYIOTCS CHHTYJISIPHO BO3MYIIEHHbIE CHCTEMBI AU(GepeHINnaIbHBIX YPaBHEHHH, NMEIOIINX PETYIIsIpHbIe BO3MYILCHUS B
BUJE CJAaraeMbIX C MaJbIM MHOXMTENIEM B IPaBbIX YacTsAX, KOTOpble HE SBISIFOTCSA IOJHOCTBIO M3BECTHBIMHU; NEJIAETCS OLIEHKa
obJacTell aCHMIITOTHYECKOH YCTOHYMBOCTH HEBO3MYIIIGHHOTO PEIIEHHS TAKUX CHCTEM, TO €CTh PACIIMPSETCs KIIACC CHCTEM, KOTOpBIE
MOXXHO HCCIIEIOBaTh Ha YCTOWYMBOCTB, NMOJY4YeHBI (DOPMYJIbI, MO3BOJISIONIME aHAJIM3HMPOBATH ACHMMITOTHYECKOW YCTOHYMBOCTH
peIIeHni CUCTEM Jake B YCIOBHUAX HEMONHOW MH(POPMAIA O BO3MYIICHUs, ISHCTBYIONINE HA HUX. VICTIONB3yIOTCS TaKie MeTObI:
MaTeMaTHIeCKOe MOAEIUPOBAHNE CIOXKHBIX CHCTEM YNPABICHHS; BEKTOpHBIE (yHKIMHK JIAITyHOBa MCCIIEIOBAHNS AaCHMIITOTHYECKOH
YCTOMYMBOCTH peUIeHui cucteM muddepeHaIbHEIX ypaBHeHNH. [lomydeHs! crnenyronie pe3yabTaThl: cAelaHa OIEHKA BepXHEH
TPaHUIBl MaJOTO TapameTpa Ul CHTYJSIPHO BO3MYIIEHHBIX cHUCTeM () (epeHINaTbHbIX YPaBHEHHH € IMapaMeTpuuecKuMu (He
MIOJTHOCTBIO U3BECTHBIMHU) M AUHAMMYECKUMH HEONpPEICICHHOCTAMY, Takasi YTo AJIs BCEX 3HAUEHWH 3TOro napamerpa, MEHbIIUX YeM
MOJIydeHHas OLICHKA, HEBO3MYILEHHOE PELICHUE TAaKOW SBISIETCS AaCUMITOTHYECKH YyCTOMYMBBIM; JOKa3aHa TEOpeMa, B KOTOPOM
chOopMyIMPOBaHbl JOCTATOYHbIC YCIOBUS PABHOMEPHOH aCHMNTOTHYECKOW YCTOWYHMBOCTH TakoW cHUCTEMbL. BBIBOABI: MeToxn
BEKTOPHBIX (GyHKIMI JIamyHOBa MOXKET OBITh PACIIMPEH Ha KJIAacC CHHTYJSIPHO BO3MYIICHHBIX CHCTEM MG (epeHIHaTbHBIX
YPaBHEHUH C MallbiM MHOXKHUTEIEM B IPaBbIX YaCTAX, KOTOPHIE HE SBJAIOTCS MOJHOCTBIO U3BECTHBIMH, a JIUIIb YJOBICTBOPSIOT
HEKOTOPBIM OTPAHUYECHHSM.

KnioueBble cj10Ba: acCHMITOTHYECKAsT YCTOMINBOCTD; BEKTOpHBIE GyHKINH JIAmyHOBa; MapaMeTprudeckasl HeOIpeAeIeHHOCTE;
MaJlblil mapamerp.
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