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DEVELOPMENT OF A DIGITAL TWIN OF THE
TECHNOLOGICAL PROCESS OF CONSUMABLE PATTERN
CASTING USING PRODUCTION DATA

The construction of a digital twin of a real physical object is described. It can be a virtual counterpart of a part, product, equip-
ment, technological process, production sites, workshops or even factories. In fact, it is a set of mathematical models describing
the state of an object and all its elements. The possibility of constructing a digital twin of an industrial facility is shown using the

example of a consumable pattern casting workshop.
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Introduction

In the continuous blank casting process, the quality
of the section is important for the entire metallur-
gical works. Improving quality without significant
material costs is an important part of the produc-
tion cycle of all metallurgical enterprises.

Casters, especially in industries with frequent
readjustments to quickly change the range of listed
products, in their activities are faced with the need
to perform complex scientific and technical cal-
culations, solving problems of modelling and op-
timizing metallurgical processes in order to make
effective decisions to achieve the desired result.

In such conditions, it is important for the enter-
prise to develope a software product containing a
database of metals and alloys, their chemical and
mechanical properties in accordance with nation-
al standards. The ability to process the results of
express tests, analyze and select the necessary
components to obtain a high-quality final product,
establish operating mode of the casting plant is also
important.

Manufacturing, provided with a modern soft-
ware product that accompanies the casting pro-
cess, is able to increase the scientific, technical and
production capabilities of the enterprise and, as a
result, increase its efficiency. The development of
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digitalization in the modern world is largely deter-
mined by the effective work with rapidly growing
large amounts of data.

The construction of a forecasting model as a
digital twin [1], which is one of the factors in the
digital transformation of enterprises, has become a
considerable task. This builds up the nearest future
and gives a possibility to increase productivity by
analyzing the condition of the equipment using the
created digital twin in the software development
environment.

In order to build such a digital twin, it is ne-
cessary to review the existing software for computer
modelling of foundry processes, and then to deter-
mine their advantages and disadvantages, assess
the possibilities of using such means in domestic
production, and also to formulate requirements for
suitable for use computer technologies that would
be developed according to the requirements of lo-
cal foundries, and would be aimed at working with
the domestic base of metals and alloys.

The Role of Building a Double Twin of a
Technological Object

It should be noted that the central place in the
economy is rightfully occupied by material pro-
duction. It is a high-tech industry that meets, first
of all, the requirements of high labour productivity,
economic efficiency and global competitiveness.

At the same time, digital twins have recently
contributed to the rapid development of modern
industries, especially considering that the digital
twin is a real reflection of all components in the
product life cycle using physical data, virtual data
and data of the interaction of processes between
them. With the help of digital twins, the support of
technical and technological systems is simplified,
the efficiency of managing the risks of errors and
failures increases, and the stability of work increas-
es. The digital twin makes it possible to predict the
key parameters of the object using the input data of
the equipment.

A digital twin is a virtual reproduction of the
operating state of a real physical object, process,
system, or entire service. It can be a virtual coun-
terpart of a part, product, equipment, technologi-

cal process, production sites, workshops or even
factories.

In fact, it is a set of mathematical models de-
scribing the state of an object and all its elements.
In general, the digital twin includes: a geometric
model of the object; a set of design data, parts, as-
semblies and the object as a whole (mathematical
models that describe the physical processes taking
place in the object under study). It contains infor-
mation on the technological processes of manufac-
turing and assembly of individual elements; some
data on the tests of the object, for example, the
readings of the sensors, by which the design data
can be confirmed; product lifecycle management
system. Such a control system links all above-listed
objects into a single structure. Thus, the digital twin
allows in virtual space to simulate the change in the
state and characteristics of the entire product when
changing the parameters of any of its elements.

A further goal of the authors' developments is to
study the existing software for computer modelling
of foundry processes, to assess the possibilities of
using these tools in domestic production [2]. It is
also supposed to formulate requirements for com-
puter technologies that would be developed ac-
cording to the requirements of domestic foundries,
would be aimed at working with a corresponding
base of metals and alloys and are suitable for use in
production.

The field of application of these studies is con-
tinuous production, where the forecast of equip-
ment failure should be available [3]. In the future,
it is planned to expand the functionality of the pro-
gram, develop algorithms for automated prediction
of equipment failure. It is also possible to prepare
the data more thoroughly for analysis, which will
make them more qualitative for creating predictive
models.

Development of the Process of Society
Informatization

At the beginning of this century, almost all coun-
tries are replacing the main information environ-
ment. The specific volume of information received
by the society through traditional channels (ra-
dio, television, mail, communications) is steadily
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decreasing, and through computer networks —
growing. By 2030, the share of information recei-
ved via computer networks will increase to 0,90 ...
... 0,95 [4].

The global process of informatization of society,
which, in turn, is a manifestation of the general
pattern of civilization development, initiated the
emergence and development of such a scientific
discipline as informatics. From a technical disci-
pline on methods and means of data processing
using computer technology, informatics is turning
into the science of information processes not only
in technical systems, but also in nature and soci-
ety. Among the regularities of scientific and tech-
nological progress on the path of the evolutionary
development of production technologies, experts
in the field of technical sciences and, in particular,
foundry production, see the replacement of hu-
man functions by machines. Such a human func-
tions as energy, transport, the function of techno-
logical change of the processed material, control
and measurement and, finally, the most important
and complex function — logical function can be re-
placed based on the use of modern computer tech-
nologies [5].

From this point of view, the depth of penetration
of informatics tools into the technological proces-
ses of industrial enterprises and workshops can be
divided into three levels: monitoring, management
and automation.

Monitoring (level T), in which in real time the
operator on a computer can see and control the
numerical values of the parameters of the equip-
ment, individual or all stages of the technological
process.

Management (level I1), when the information
system in the monitoring process compares the
specified values of the current parameters with
specially created simulation models of production
processes [6, 7]. Then the information system rec-
ommends the adjustment (adaptation) of produc-
tion conditions in order to achieve the indicators
chosen by the operator (product quality, cost, re-
source intensity, etc.),

Automation (level 111), when the information
system not only reads performance indicators from
the equipment in the workshop in general, but

compares these indicators with optimal indicators
and partially corrects them.

It is advisable to build digital twins at produc-
tion or research foundries with the possibility of
their further modernization into automatic control
systems, taking into account modern trends with
the involvement of digitalization means. In par-
ticular, Lean technologies (lean manufacturing)
are known. It is a logistics management concept
focused on optimizing technological and business
processes with maximum market orientation and
taking into account the motivation of each em-
ployee. Lean technologies rely on a production
organization system modelled on the automobile
giant Toyota, which is highly regarded for its level
of lean manufacturing [§].

Designing Digital Twins in Production

The concept of using digital twins of industrial
projects will be considered using the example of
a consumable pattern casting (CPC) workshop
(gasified casting workshop). The foundry process
was considered in the form of five technological
streams, namely:

= Production of one-time models;

» Turnover and regeneration of foundry sand;

» Melting and pouring metal into moulds;

= Embossing of castings and their finishing;

= Evacuation of gases by a vacuum pump, their
cleaning and sterilization.

At the first stage of designing digital twins for
digital processing of these five streams, which make
up the production process of the (CPC) workshop
as a whole, an almost minimal list of indicators was
chosen. Their measurement in real time can cre-
ate a numerical information basis for entry-level
digital twins. The specified technological streams
and associated transport streams coincide with the
traditional division of the (CPC) workshop into
production areas.

The indicators to be processed by digital twins
can be divided into the following areas by topic:

» Technological and technical;

= Control of compliance with labour protection
standards, production ecology and fire safety;
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Fig. 1. Visual image of the workshop vacuum system on
the operator's computer

= Economic, taking into account the resources
used.

Economic analysis includes such data as the
production of castings by cost, weight and nomen-
clature for control or reporting periods of time. An
important aspect-oriented direction of the deve-
lopment of the system of digital twins is to provide
research on the effect of gas-hydrodynamic and
thermophysical processes taking place in a cas-
ting mould during metal pouring, solidification
and cooling of a casting, on the quality of castings
as manufactured products during a long period of
time

It should be noted that at the start-up and com-
missioning stage of digital twins for the moulding
and casting line of the foundry, they were consi-
dered according to individual physical and tech-
nological parameters, in particular, to the vacuum
system of the workshop. The display of this system
on the operator's monitor is shown in Fig. 1 [9].

The requirements specification for complex
software control of the casting processes to one-
time models is being considered at the same time
with the creation of systems of digital twins for the
(CPC) process. This research belongs to the scope
of activity of the Physics and Technology Institute
of Metals and Alloys of the National Academy of
Sciences of Ukraine. Their developments are based
on thermophysical, hydrodynamic, regressive
mathematical models and are subject to adaptation

to automated control systems for technological
processes. The previously developed methods for
determining and identifying the main parameters
of shaping and obtaining castings using one-time
models are currently being prepared for adapta-
tion for computer systems of the twin double in or-
der to predict the quality of cast structures. These
methods are reflected in physical and mathemati-
cal models.

Simulation of Thermodynamik
Processes

The analysis of regression and inductive models
for casting processes was carried out in [10 —13],
where regression analysis was used to build fore-
casting systems. The analysis of regression and
inductive models as applied to foundry processes
gives a possibility to determine the relationship be-
tween the output variable and a variety of external
factors (regressors). Regression coefficients can be
determined using least squares or maximum plau-
sibility methods. Linear regression models simplify
the design of monitoring systems in comparison
with other models, and the availability for analysis
of all calculations gives transparency of modelling;
disadvantages include low adaptability and lack of
ability to model nonlinear processes.

The main disadvantage of nonlinear regression
models is the complexity of determining the type of
functional dependence, as well as the complexity of
determining the parameters of the model.

Turning to mathematical models close to rea-
lity at the stages of developing foundry technology
or modelling certain physical processes, we should
note that inductive modelling is currently associ-
ated with the study, description and implementa-
tion of cause-and-effect processes of study, pat-
tern recognition and prediction of processes and
phenomena, and knowledge processing based on
the use of the history and regularities of the corre-
sponding problem area, in our case it is the field of
heat transfer of materials of casting processes.

An inductive approach to modelling and forecas-
ting, in particular, for this task, is based on building a
model of the transition from individual data to their
generalization in the form of appropriate models.
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The embodiment of the inductive approach is the
Group Method of Data Handling (GMDH) [14].

The models of optimal complexity obtained by
this method reproduce the unknown regularity
of the functioning of the object (process) under
study. Information about this regularity is impli-
citly contained in the sample of experimental data.
The origins of the idea of inductive modelling lie in
the problem of synthesis of an optimal nonlinear
predictive filter, first formulated by Academician
A.N. Kolmogorov.

Later, in [15], a universal predictive filter with
self-tuning during operation was proposed. It im-
plements an algorithm for predicting the future
value of the stationary time function from its his-
tory by finding the optimal coefficients of the ex-
tended prediction operator. In our study it is the
function of temperature field.

Furthermore, a number of problems of identi-
fication, forecasting, pattern recognition and op-
timal control are associated with the problem of
prediction based on a single inductive principle of
modelling, that is, to study causes and consequen-
ces, namely from particular to general, in order to
create and accumulate the necessary knowledge
bases.

The considered problems can be solved on the
basis of inductive modelling, that is, at the level of
teaching a deterministic or probabilistic physical
model, or at the level of adaptation of the investi-
gated connections in the studied thermal process.

From the standpoint of the theory of artificial
intelligence, this generalization consists in the in-
ductive process of synthesis of a purposeful know-
ledge base using the laws inherent in the field of
heat transfer and knowledge models of the selected
class of thermal processes:

Z(t)=a o+ ia iXi () + i i a; ;XX ; (1) +
i-1 i=1 j=1

s S S
+2 2 2 9 i X (DX (DX (D +....

i=1 j=1k=1
So, for example, to predict the future value of
the stationary function of the temperature of the
thermal field using an operator, a knowledge base
is built in the form of some polynomial, induc-
tively, with the help of GMDH. This polynomial

describes the general functional expression of the
history of the temporal function, as a model for
representing knowledge about prediction in the
thermal process.

Monitoring and inductive modelling of thermo-
dynamic processes taking place in castings during
cooling and crystallization provides for the deter-
mination of the temperature field and its dynam-
ics. The dynamics of changes in such a field, fixing
the regions and lines of maximum and minimum
temperature, and building a digital twin will allow
choosing the most adequate theoretical models for
predicting the casting process and controlling cer-
tain parameters in order to achieve certain proper-
ties of the casting.

Based on the data that came to the computer,
basic calculations are made and a digital twin is
built. It gives a possibility to view the parameters
of the casting process both for each casting sepa-
rately and the main parameters for several castings
simultaneously. In the future, according to pre-
selected physical and mathematical models and
computer programs, a probabilistic forecast of the
casting process for each casting can be calculated
with saving the data obtained in the corresponding
database.

Today, digital twins not only of the technologi-
cal process are created, but as a virtual model of
the entire system (for example, a plant, factory or
infrastructure of a district or region). These digi-
tal twins collect huge amounts of operational data
produced by devices, and create new business op-
portunities to optimize all processes. Digital twin
systems are mostly applied in such fields as energy,
especially nuclear, oil, gas and chemical industries,
metallurgy, construction materials industry, etc. A
significant increase in interest from real foundry
and metallurgical production in such systems for
enterprises stimulates and accompanies the entry
of these systems to a new stage of their develop-
ment on the theoretical basis of modern applied
mathematics.

Thus, the emergence of more convenient and
cheap tools for processing and storing large data-
bases in recent years has expanded the possibili-
ties for creating digital twins. Taking into account
these possibilities, a review of monitoring problems
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shows that many industries are collecting data on
the productivity and efficiency of work equip-
ment nowadays. Digital transformation could not
only fully process the collected information with
advanced analytics, but also make valid decisions
to optimize operations in various industries. Like-
wise, new simulation technologies give possibi-
lity manufacturers to use digital twins for product
manufacturing and in manufacturing processes.
New projects can be tested in the virtual world,
saving time, money and resources. Building digi-
tal twins can enable industries to quickly solve
physical problems, identifying them with a much
higher degree of accuracy, design and create better
products, in particular foundries.

Conclusion

The design of digital twins of foundry technologi-
cal processes is described. The use of digital twins
of various objects and processes will increase pro-
ductivity by analyzing the state of the equipment
according to the created twin.

It also gives a possibility to predict the key pa-
rameters of the object using the input data of the
equipment. The digital twin is a reflection of all
components of the product life cycle using data.
Digital twins simplify the support of technical and
technological systems. They increase the efficiency
of managing the risks of errors and failures, and in-
crease operational stability.
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PO3POBKA LIU®POBOTO ABIMHUKA TEXHOJIOTTYHOTO MPOLIECY JIUTTA
3A MOJEJTAMMU, 11O TASUDIKYIOTHCA 3 BUKOPUCTAHHAM
BUPOBHHNYUX JAHUX

Beryn. CtBOpeHHs iHOOpMAIiTHUX CCTEM MOHITOPUHTY JINBAPHO-METAYPTiTHUX MMPOIIECiB € Ha3pioo TeMolo. Po3Bu-
TOK M poBi3alii B cydacHOMy CBiTi 6araTo B YoMy 00yMOBIIeHUI e(heKTUBHOIO POOOTOIO 3i CTPIMKO 3pOCTAIOUMMU BEJIU -
KuMU obcsiraMu gaHux. [TobymoBa Momeni MporHo3sy, K HuGpoBOro ABIMHUKA, 3 METOIO MiABUILIEHHS MPOAYKTUBHOCTI
32 PaxyHOK aHaJji3y cTaHy oOJjalHaHHS 32 CTBOPEHUM LIMMPOBUM ABIMHMKOM B CEPENOBUILI PO3POOKM MPOrpaMHOro
NMponykTy HaOyBae 3Ha4yHOi Baru. LleHTpasbHe Miclle B €KOHOMIli MO MpaBy 3aiiMae MartepiajibHe BUPOOHHUIITBO —
BUCOKOTEXHOJIOTIYHA TIPOMUCIIOBICTb, $Ka Bi[lIOBila€, B MepIly Yepry, BUMOraM BHUCOKOI MPOAYKTUBHOCTI Mpaili,
€KOHOMIUHOi e(eKTUBHOCTI Ta TJI0OATBHOI KOHKYPEHTOCTTPOMOXHOCTI. [Ipn mboMy po3pobka mudbpoBUX IBIHHUKIB
CIIpUsiE€ CTPIMKOMY PO3BUTKY CYJaCHUX KOMITaHii. 3a X BUKOPMCTAHHS CIIPOIIYETHCS MIATPUMKA TEXHIYHUX CHCTEM,
3pocTa€ e(heKTUBHICTh, KEPYBAHHS PU3UKAMU TOMUJIOK Ta 300iB, a 11e MiBUIILYE CTAOiIbHICTh POOOTH.

Meta po60oTH. 3MPONOHOBAHO ie0 Ta JOCHIIXKEHO MOXIIHMBICTh PO3POOKU LIMGMPOBOro ABIHMKA TEXHOJOTIUHOTO
MpoLEeCy Ha MPUKIIAII LIeXy JUTTS 32 MOJEJISIMU, 110 ra3u@iKyloTbCsl.

Metoau. LludpoBuit ABIAHUK TO3BOJISE 32 BXiTHUMU JaHUMH 00JIaTHAHHS MTepe10aYNTH KIIIOUOBI TapaMeTpHu 00’ €KTa.
LwndpoBuii NBiTHUK — 11 BipTyaJabHe BiTBOPEHHS pOO0OYOTO CTaHy peabHOTO (hi3nIHOTO 00’ €KTa, MPOILIECy, CUCTEMU a0
inoi cinyx6u. Moxe OyTy BipTyaJlbHUM ABIMHUK AeTai, BUpoOY, 00alHAHHSI, TEXHOJOTIYHOTO MPOLIECY, BUPOOHUIMX
TUISTHOK, 11eXiB a00 HaBiTh 3aBomiB. MakTUYHO, 11e Habip MaTeMaTMYHMX MOJIEJIeH, 110 OIUCYIOTh CTaH 006’€KTa Ta BCiX
1IOr0 eJIeMEHTIB. Y 3araJlbHOMY BUIAAKY HM(DPOBUIL ABIHHUK BKIIOUAE; TEOMETPUYHY MOZIENIb 00’ €KTa; Habip pO3paxyHKo-
BUX JAHUX J€TaJIeH, By3J1iB 100’ €KTa B LIiJIOMY (MaTeMaTUYHi MOJIEN, SIKi OMUCYIOTh BCi (piznuHi mpouecu, 110 BindyBaloThCst
B 00’eKTi); iH(popMaIIito TTPO TEXHOJOTIUHI MPOLIECH BUTOTOBJIIEHHS Ta 30MpaHHS OKPEeMUX €JIEMEHTIB; JIedKi JaHi IIpo
BUIIPOOYBaHHSI 00’€KTa, HATIPUKJIa[, MOKa3HUKU AATYMKIB, 3a IKUMU MOXYTb OYTH MiATBEPIXKEHI PO3paxyHKOBI AaHi.

Pe3yabratu Ta BUCHOBKHM. TaKuM YMHOM, BUKOPUCTAHHS U(GPOBOTO ABITHUKA JO3BOJUTH Y BipTyaJbHOMY MPOCTOPI
3MOJIEJTIOBATU 3MiHY CTaHY Ta XapaKTePUCTUK BChOTO BUPOOY MPU 3MiHi XapaKTepUCTUK OYIb-SIKOTO 3 MOro eJeMeHTiB.
Po3risiHyTo moclimkeHHsT 3 po3pOOKU CUCTEM KOMIT'IOTEPHOTO MOHITOPMHTIY IapaMeTPiB TEXHOJOrIYHUX TMpoLieciB Ta
CTaHiB 00’ €KTiB Ha ITPUKJIA/ILi LIEXY JIMTTSI 32 MOJEJISIMU, 1110 Ta3U(iKyIOThCSI, 8 TAKOXK METOM 1X pallioOHAJIbHOI'O PO3B'sSI3aHHSI
Ha OCHOBIi Cy4aCHOT MPUKJIATHOT MaTEMaTUKU.

Karouoei caosa: yugpposuii dsiiinux, mexnonoeiunuil npouec, 8UIUBOK, MOOCAHOBAHHS, NPOCHO3YEAHHS.

48 ISSN 2706-8145, CncreMH KepyBaHHA Ta komn'totrepH, 2020, N° 3



Development of a Digital Twin of the Technological Process

Jlopowenxo B.C., n-p TexH. HayK, CTapIll. HAYYH. COTP., CTAPII. HAyYH. COTP.,
DU3UKO-TEXHOJIOTMYECKII MHCTUTYT MeTaJ1oB U crutaBoB HAH YkpauHsl,
6yn. BepHanckoro, 34/1, 03142, Kues-142, YkpauHa,

doro55v@gmail.com,

Kpaeuenxo B.I1., kaHa. ¢pu3.-MaT. HayK, CTapll. HAyYH. COTP., CTaplil. Hay4yH. COTp.,
DU3UKO-TEXHOJIOTMYECKIIT MHCTUTYT MeTaJu1oB U crutaBoB HAH YkpauHsI,

6yn. BepHanckoro, 34/1, 03142, Kues-142, YkpauHa,

sary942@ukr.net,

Tokoeas E.B., M. Hay4d. COTp., OTIE] MHHOOPMALIMOHHBIX TEXHOJOTUIM MHIYKTHBHOTO MOJCIUPOBaHMSI,
MeXayHapomHbI HaydHO-y4eOHBII [IEHTP MHGOPMAIIMOHHBIX TEXHOJIOTH U CUCTEM

HAH 1 MOH ¥Ykpaunsl, npocn. Iiymkosa, 40, Kues 03187, YkpauHa,

len327@ukr.net

PA3PABOTKA LIM®POBOI'O JIBOMHUKA TEXHOJOTMYECKOIO MPOIIECCA
JINTHA IO TASUOULIMPYEMBIM MOAEJIAM HA OCHOBE MPOU3BOACTBEHHbBIX JAHHbBIX

Beemenne. Cosmanue MHGOPMALMOHHBIX CUCTEM MOHUTOPWHTA JIMTEHHO-METAJLTYPTUUECKUX MPOLIECCOB SIBISIETCS
Ha3zpeBIIei Temoii. Pazsutue undpoBu3anuy B COBpeMEHHOM MUPE BO MHOTOM 00yciioBiieHO 3¢h(eKTUBHO paboTOii CO
CTPEMUTENIBHO PACTYIIIMMU OONbIIMMU 00beMaMU JaHHBIX. [locTpoeHre Moienu npeacka3anusi, Kak HudpoBOro 1Bou-
HMKA, C LIeJIbIO MOBBILIEHNS IPOM3BOAUTEIBHOCTH 32 CYET aHAIM3A COCTOSTHUSI 000PYIOBAHUSI IT0 CO3AaHHOMY LIM(MPOBOMY
IIBOMHHUKY B Cpelie pa3paboTKy MPOTPAMMHOIO MPOLYKTa MPUOOPETAET 3HAYUTEIBHBINA BeC. 3aMETHUM, YTO LIEHTPAJIbHOE
MECTO B BKOHOMUKE MO MPABY 3aHUMAET MATePUATbHOE MPOU3BOJICTBO — BBICOKOTEXHOJOTMYHAS MPOMBIIILIEHHOCTD,
KOTOpasi OTBEYAET, B IMEPBYID OYe€pedb, TPEOOBAHUSIM BBICOKOW MPOU3BOAUTEIBHOCTU TPYAA, SKOHOMUYECKOM
addexkTBHOCTM U TN00ATBHONW KOHKypeHTocrmocoOHocTu. [lpm sToM 1mbpoBBlE MBOWHWKM CIMOCOOCTBYIOT
CTPEMUTEIBHOMY Pa3BUTHUIO COBPEMEHHBIX KOMIIaHM B rocienHee BpeMs. C MOMOIIbIO HUX YIPOINAETCS MOAAEPXKKA
TEXHUYECKUX CUCTEM, pacTeT 3(PGdeKTUBHOCTb, YIIPAaBIEHUE PUCKAMU OLIMOOK M COOEB, MOBBIIIAETCS CTAOMJIBHOCTD
paboTHI.

Ilems pa6otsl. [IpemroxeHa umess U WcciaeqoBaHA BO3MOXHOCTh ITOCTPOSHUS ITU(POBOTO MBOWHMKA TIpOIecca Ha
TIpUMepe TOCTPOEHMSI IMGPOBOTO IBOWHMKA LIEXa JTUTHSI 110 Ta3U(PUIUPYEMBIM MOJIETSIM.

Mertonpl. LludpoBoit OBOMHMK TO3BOJISIET TIO BXOAHBIM JAHHBIM OOOPYIOBAaHUSI TPELYCMOTPETH KIIOUEBBIE
mapameTpsl 06beKTa. LlndpoBoil ABOWHUK — 3TO BUPTYaJbHOE BOCIPOM3BENECHUSI pabOYEro COCTOSIHMSI PeaTbHOTO
du3nyeckoro o0beKTa, Mpolecca, CUCTEMbl WK LEJION CIyXObl. DTO MOXET OBITh BUPTYaJIbHBI NTBOWHUK NETasu,
u3nenusi, 060pyIoBaHMsI, TEXHOJIOTUIECKOTO MPOLECCca, TPOU3BOICTBEHHBIX YYaCTKOB, LEXOB WM Haxe 3aBopoB. [lo
CYTH 5TO HA0Op MaTEMAaTUYECKUX MOZEIEN, OMMUCHIBAIOIINX COCTOSTHUE OOBEKTA U BCEX €0 SIEMEHTOB. B 0611eM ciryqae
¢ pPOBOI IBOMHIMK BKITIOUAET: TEOMETPUIECKYIO MOJIENIb 00BhEeKTa; HAOOP paCUe THBIX JAHHBIX AETANEH, y3JIOB M 0OBEKTA B
LIEJIOM (MaTeMaTU4YeCKIE MOJIEITH, OTTMCHIBAIOIINE BCE MPOUCXOMSIITNE B 00beKTe (hU3NIECKIE MTPOLIECCHI); MHGOPMAIINIO
0 TEXHOJIOTMYECKUX MPOIIeCcCaX U3TOTOBIEHUS ¥ COOPKHU OTAENIbHBIX 3JIEMEHTOB; HEKOTOPbIE AaHHBIE 00 MCIBITAHUSIX
00beKTa, HampUMep, MOKa3aHUsI JaTYMKOB, 0 KOTOPBIM MOTYT ObITh TOATBEPXKIECHBI PACUETHBIE JaHHBIE.

Pe3yasratsl 1 BbIBOABI. Taknv 00pa3oM, L1 POBOI IBOMHHK ITO3BOJISIET B BUPTYaJIbHOM IIPOCTPAHCTBE CMOAEIMPOBATh
U3MEHEHUE COCTOSIHUSI U XapaKTEPUCTUK BCErO U3MIEAUS NMPU U3MEHEHUU XAPAKTEPUCTUK JIIOOOTr0 U3 €ro 3J1EMEHTOB.
PaccmoTpeHbl uccienoBaHus Mo pa3paboTKe CUCTEM KOMIIBIOTEPHOTO MOHUTOPUHIA MApaMeTPOB TEXHOJIOTUYECKUX
TPOIIECCOB U COCTOSTHUI OOBEKTOB HAa MPUMEpPE 1LIeXa JUThS MO Ta3u(UUIUPYeMBIM MOIENSIM, a TaKXe METOABI WX
pPalMOHATBHOTO PENIEHUST HA TEOPETUYECKOI OCHOBE COBPEMEHHOU MPUKIATHON MAaTEMATUKHU.

Karoueevie caosa: yughposoii dsoiinuk, mexnosocuueckuil npoyecc, OMmiugox, Mooeiuposanue, NPOSHO3UPOEaAHUe.
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