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Abstract. Optimization of the target indicators of the technological process is a key factor
in increasing the efficiency of the product manufacturing process. The efficiency of the
optimization process directly depends on the degree of detail of the control object. The purpose
of the study is to increase the efficiency of the process of forming individual geometric elements
of a part through multi-criteria optimization of the technological process parameters. The paper
presents a structural hierarchical model of optimizing the parameters of the process of forming
a geometric element. This model is a structural decomposition of the goals to be achieved within
the identified control level. Based on the structural decomposition, four levels of process control
are identified. This hierarchy of goals allows increasing the efficiency of the geometric element
formation process through detailed analysis and optimization of target indicators at each stage
of the process. The paper considers an example of optimization of the process parameters for
machining a group of threaded holes M27x2-6H in a product made of dispersion-hardened
composite alloy SAS-50. Optimum values of the process parameters for each forming stage are
determined for the investigated group of holes according to the structural model of the process.
As a result of optimizing the process parameters, the accuracy of manufacturing a group of
threaded holes increased by 22.2%, while the labor intensity increased by 13.69%.
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Annoramusa. OnTuMuU3aLus 1eJIeBbIX IMoKa3aTeleil TEXHOJOIMYeCKOro mpoiecca siBJIsieTCst
KJII0YeBbIM (haKTOPOM MOBBILIEHUST 3((HEKTUBHOCTU MpPOLecca M3roTOBACHUS usaenusi. Dd-
(GEeKTUBHOCTH Mpoliecca ONTUMHU3ALNHY HATIPSIMYIO 3aBUCUT OT CTETIEHM JcTaln3allii 00beKTa
yrpasieHus. Lleabro ncciemoBaHUS SBISIETCS MOBHIIIeHNE 3(P(PEeKTUBHOCTH poiecca popMo-
00pa30BaHuUsl OTACIbHBIX FEOMETPUUECKUX DJIEMEHTOB JAE€TalIM 32 CYET MHOTOKPUTEPUAIbHOM
ONTUMM3ALUYU ITapaMeTPOB TEXHOJIOTMYECKOTO Ipolecca. B pabore mpeacTaBiieHa CTPYKTYp-
Hasl Mepapxuyeckas MoJe/ib ONTUMM3allMU MapaMeTpoB Iipoliecca ¢opMOOOpa3oBaHUs Ieo-
METPUYECKOTO djeMeHTa. JlaHHast Moeb MPeACTaBIsIET COO0M CTPYKTYPHYIO 1€KOMITO3ULIMIO
LeJiei, KOTOpbIe TOJIKHBI OBITH JOCTUTHYTHI B paMKax BBIICJICHHBIX YPOBHEM yIipaBiieHns. Ha
OCHOBE CTPYKTYPHOU TeKOMIIO3UIINY BBIIECICHO YeThIPE YPOBHSI YIIpaBJIeHUS ITporieccoM. daH-
Hasl Mepapxus LieJieil MO3BOJISIET MOBLICUTh 2(GEKTUBHOCTD Ipolecca GopmMooOpa3oBaHUs
reOMETPUUYECKOro 3JIEMEHTA 3a CUeT NeTaJbHOIO aHaIu3a U ONTHUMU3ALUM LEJeBbIX MOoKa3a-
TeJieil Ha KaxXIoM dTale mpoiiecca. B pabore paccMOTpeH IpuMep ONTUMHU3ALMK ITapaMeTPOB
npoiiecca 00pabOTKM IPYMIThl Pe3b0OBBIX OTBepCcTHii M27x2-6H B m3mennu, n3roraBiniBacMoM
U3 JUCTEePCHO-YIIPOUHEHHOTO KoMmno3umoHHoro criaaBa CAC-50. [las ucciienyeMoii rpyTmbl
OTBEPCTHUI ONpeaeaeHBI ONITUMAaIbHbIC 3HAUCHMS TEXHOJIOTHICCKUX ITapaMeTPOB I KaXKIOTO
arana ¢opMooOpa30BaHUs COMIACHO CTPYKTYPHOI MoJeau mpolecca. B pesyiabrate onTuMu-
3alMU [TapaMeTPOB IIPoliecca TOUHOCTb M3TOTOBIEHUS TPYIIIBI pe3bOOBBIX OTBEPCTUI ITOBbI-
cunack Ha 22,2%, pu 3TOM TPyIOEMKOCTh yBeandunach Ha 13,69%.

KimoueBble cjioBa: MHOTOKpHUTEpHATbHAS ONTUMM3AIMSI, TEOMETPUUECKHI 3JIEMEHT, MapIIpyT 00-
pabOTKM, CTPYKTYPHAs MepapXudecKass MOAC/Ib, YPOBEHD YIIPABICHUS

®uHancupoBanue: VccienoBaHue BBIIIOJHEHO 3a cueT rpaHTa Poccuiickoro HaydyHoro ¢oHmga B
paMKax peaiM3aiy IpoeKTa «MeToIbI U alTOPUTMBI ITOCTPOCHUS MHTEIIICKTYaIbHBIX KHOep-hu-
3UYECKUX CHUCTeM s obecrieueHus ceMaHTUYecKoll uHTeponepadeabHocTH» (CornaineHue
Ne 23-29-00551, https://rscf.ru/project/23-29-00551/).
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Introduction

Each product in mechanical engineering, supplied in conditions of fierce competition to the domestic
and foreign markets, must have a new level of properties and meet the requirements imposed on poten-
tial consumers for the functional properties of the product. Therefore, one of the main goals for ma-
chine-building enterprises is the constant improvement of the parameters of both the product itself and the
manufacturing process [1].

Modern growth rates of the global economy require machine-building production to produce com-
petitive products with minimal time costs and high performance characteristics. In modern economic
conditions, increasing the efficiency of the production process by optimizing technological parameters is
a priority for industrial enterprises. Increasing the efficiency of processing is possible by improving existing
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and creating new methods for assigning processing modes, which will improve the quality of products,
ensure high performance and reduce the complexity of processing. The efficiency of the technological
operation is determined by the quality of the surface, accuracy and productivity. A large number of works
related to the development of methods and models for optimizing production processes are devoted to
solving this scientific problem [2—9].

One of the main management tasks in the process preparation of production is the optimization of
process parameters. The paper discusses the issues of multi-criteria optimization of the process of forming
geometric elements based on a structural hierarchical process model. In this case, the task is to form the
best — optimal — management strategy within a multi-level hierarchical system. The general target state
of the control object is characterized by a balanced system of targets that determine the overall efficiency
of the system.

A large number of scientific papers [10—15] are devoted to the problems of optimizing the parameters
of the technological process and the introduction of digital technologies. Today's digital technologies, such
as IoT, cloud computing, big data analytics and Al, can dramatically improve the efficiency of the manu-
facturing process [16].

The optimization of production processes is based on big data analytics, which includes data collec-
tion, processing and analysis based on developed methods and algorithms [17—19].

Currently, knowledge graphs are widely used to solve optimization problems [20]. A knowledge graph
is a semantic network that contains information about the structural elements of a research object and the
relationships between them. The use of knowledge graphs for solving practical production problems is
presented in [20—22].

The purpose of the study is to increase the efficiency of the product manufacturing process by optimiz-
ing the parameters of the process of manufacturing its individual elements.

The objectives of the study are to analyze the factors affecting the efficiency of the formation process of
individual geometric elements; to develop a structural hierarchical model of geometric elements shaping
process.

The object of the study is the process of forming geometric elements that form the structure of mechan-
ical engineering products.

Structural model of the control object

Investigation of geometric element shaping process and determination of optimal values of processing
parameters is based on structural decomposition of investigated process. The structural model of the pro-
cess contains the following set of structural elements forming the corresponding control levels (Fig. 1):

« The first process control level: the technological processing route.

» The second process control level: the processing stage.

» The third process control level: the technological transition.

* The fourth process control level: the working stroke, the auxiliary transition.

The control object, which graph is shown in Fig. 1, reflects the sequence of intermediate states of the
geometric element (vertex of the graph) and the conditions for the transition of the control object from
the i-th state to the (i + 1)-th (arcs of the graph). Table 1 presents a list of tasks to be solved within each
process control level.

At the first level, the control object has two states Swp and Sg@ (Fig. 2). The condition for changing the
properties of the object within the first process control level can be described by the following expression:

S,.=f(S,,.U,), U eD, (1)

where Swp is the state of the control object corresponding to the stock properties; Sge is the condition of
the control object corresponding to properties of a finished product which parameters are regulated by
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Fig. 1. The structural model of the control object

Process control levels
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‘ Technological Processing route (TechPrR) ‘

Fig. 2. Object state graph at the first process control level

design documentation; U , is the set of the control parameters corresponding to the first process control
level; D is the set of the optimization model control parameters.
The U , set has the following structure (2):

PrSt PrSt TechPrR TechPrR TechPrR
Ul ={N > (TypeShM )n ° ’ B > O ’

bas aux ct

(2)
TechPrR TechPrR TechPrR TechPrR TechPrR TechPrR
o , & o b (x’rep ’ (x‘el.en. ’ adzf }

w qwq 4 am

where N™% is the number of processing stages within the geometric element technological processing

route, pcs; (T ype;:f;) are the types of shaping methods used to implement the respective processing
n

TechPrR §s the share of time aimed at implementation of a set of basic actions in the total labor

TechPrR .

steps; Py,
intensity of the technological processing route; BW is the share of time aimed at implementation
TechPrR

of a set of auxiliary actions in the total labor intensity of the technological processing route; o, is

the share of cutting tool costs in the total amount of operating costs for the implementation of the tech-

nological processin te: of«hrR
gical p g route; oL,

workers in the total amount of operating costs for the implementation of the technological processing

route; OLZ;C: PR is the share of quick-wear equipment costs in the total amount of operating costs for the

. . . . TechPrR . .. .
implementation of the technological processing route; Otafnch " is the share of depreciation expenses in

the total amount of operating costs for the implementation of the technological processing route;

o "R is the share of costs intended for maintenance and repair of technological equipment in the to-

rep
tal amount of operating costs for the implementation of the technological processing route; (xeTf'ce]er i

the share of electricity costs in the total amount of operating costs for the implementation of the

is the share of costs intended for payment of wages to production
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Table 1
The list of tasks to be solved within process control level

Process control level Tasks solved within the process control level

1. Optimization of technological route processing structure of a geometric element, which
consists of determining the optimal number of processing stages and shaping methods used to
change the properties of the control object.

2. Optimization of values of the components of the process cost parameter within the
implementation of the technological processing route.

3. Optimization of labor intensity of the complex of basic and auxiliary actions within the
technological processing route.

4. Optimization of accuracy values of geometrical parameters of the control object generated
during implementation of the corresponding processing stage.

Process control
level No. 1

1. Optimization of processing stages structure, consisting in determining the optimal number of
technological transitions necessary to change the properties of the control object.

2. Optimization of values of process cost parameter components within implementation of n-th
Process control processing stage.

level No. 2 3. Optimization of labor intensity of main and auxiliary actions within n-th processing stage.

4. Optimization of accuracy values of geometric parameters of the control object formed as a
result of implementation of the m-th technological transition performed within the the n-th
processing stage.

1. Optimization of the structure of technological transitions, which consists in determining the
optimal number of working strokes used to change the properties of the control object within the
m-th technological transition.

2. Optimization of values of the components of the process cost parameter as part of the
implementation of the m-th technological transition.

3. Optimization of labor intensity of basic and auxiliary actions as part of the implementation of
the m-th technological transition.

4. Optimization of tolerance fields for each geometric parameter, within the p-th working stroke
of the m-th technological transition.

Process control
level No. 3

1. Optimization of values of the components of the process cost parameter within the

implementation of the p-th working stroke.

Process control 2. Optimization of labor intensity of p-th working stroke implemented within m-th technological
level No. 4 transition.

3. Optimization of the accuracy of a feature's geometric parameters within a specified tolerance

field.

. . .~ TechPrR
technological processing route; o dif

for the implementation of the technological processing route.
Three sets of targets are defined for the first process control level:

is the share of other costs in the total amount of operating costs

b
n

Tyl :{(E}/iPrSz)l’n.’ (ErlPrSz) (E’:'Pr&)l""’ (EriPrSt)n}’ Tyl CTrl, 3)

where Tr! is the set of the targets for the first process control level; 7r'! is the subset of target indicators
characterizing the accuracy of the parameters of the geometric element after the implementation of the

corresponding processing stage; (EI’IPrSt )1 N (ErlPrS’) , (Erl.PrS' )1 yenns (Erl.PrSt) is the accuracy of
n

n

the 1...i-th parameter of the geometric element formed during the implementation of the 1...n-th pro-
cessing stage, pm.

12 TechPrR TechPrR TechPrR TechPrR TechPrR TechPrR TechPrR 12 1
Tr' = [ It Cletr® Gl CletPr® R Clpent ™ Clet™™ | T < T, (4)

where Tr'? is a subset of target indicators characterizing the cost values for the corresponding calculation
items that arise during the implementation of the technological processing route, rubles; CZ;eChPrR is the
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amount of cutting tool costs used in the process of the implementation of the technological processing
TechPrR . . .
route, rubles; C, is the amount of expenses required for payment of wages to production workers
involved in the implementation of the technological processing route, rubles; CqTfo]hPrR is the amount of
the quick-wear equipment costs used in the process of the implementation of the technological proces-
sing route, rubles; CZ;C”PFR is the amount of depreciation expenses as part of the implementation of the
amount of the quick-wear equipment costs used in the process of the implementation of the technologi-
. TechPrR . . . .
cal processing route, rubles; Crep is the amount of expenses intended for maintenance and repair
of equipment used in the implementation of the technological processing route, rubles; CeT]ffl'é’R is the
amount of energy costs required to the implementation of the technological processing route, rubles;
C;;‘jhm is the amount of other costs required to the implementation of the technological processing

route, rubles.

>

T3 = {niichPrR’Twa]L";chPrR}’ T3 — Trl, (5)
where 7" is the subset of target indicators characterizing the labor intensity of performing complexes of
basic and auxiliary actions in the process of the implementation of the technological processing route;
YLZiChP’R is the amount of time spent on performing a set of basic actions in the process of the implemen-
tation of the technological processing route, min.; ];iffhm is the amount of time spent on performing a
set of auxiliary actions in the process of the implementation of the technological processing route, min.

At the second process control level, parameters are analyzed and optimized within the processing
stage (Fig. 3).

The change of object properties within the second process control level is described by the following
sequence of intermediate states corresponding to the properties of the control object after the implemen-
tation of the corresponding processing step:

S,y 28y > Sz(n_l) —8,, > S, (6)

The condition for changing the properties of the control object within the n-th processing stage can
be described by the following expression:

Sy, :f(SZ(nfl)’UZ)’ U,eD, (7)

where SZn is the state of the control object corresponding to the properties of the geometric element after
the implementation of the n-th processing stage; Sz(n _1 is the state of the control object corresponding
to the properties of the geometric element after the implementation of the (7 — 1)-th processing stage;
U2 is the set of control parameters corresponding to the second process control level.

The U2 set has the following structure:

Uy ={(V) (B, (B, (07,

PrSt PrSt PrSt PrSt PrSt PrSt
(aw )n ’(aqwq )n ’(a‘am )n ’(arep )n ’(a‘el.en.)n ’(a‘dif )n}’

where (N TechTr ) is the number of technological transitions within the n-th processing stage of geomet-

n
PrSt
bas

®)

ric element, pcs; ( ) is the share of the main time for the implementation of the n-th processing
n

stage in the total labor intensity of performing a set of main actions within the technological processing
route; (Bapgft) is the share of auxiliary time for the implementation of the n-th processing stage in the
n

total labor intensity of performing a set of auxiliary actions within the technological processing route;
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Process control levels
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Fig. 3. Object state graph at the second process control level

(OLPrSt ) is the share of cutting tool costs for 7-th processing stage in the total amount of operating costs
n

ct
for the cutting tools for the implementation of the technological processing route; (ocirS’ ) is the share
n

of costs intended for payment of wages to production workers involved in the implementation of the

n-th processing stage in the total amount of operating costs for wages for the implementation of the

PrSt
qwq

technological processing route; (OL ) is the share of quick-wear equipment costs for z-th processing
n

stage in the total amount of operating costs for the quick-wear equipment for the implementation of the

PrSt
am

technological processing route; (OL ) is the share of costs intended for depreciation within the n-th
n

processing stage in the total amount of operating costs for depreciation expenses within the implemen-

PrSt
rep
of process equipment within the zn-th processing stage in the total cost of maintenance and repair of pro-

Prs ) is the share of
n

tation of the technological processing route; (OL ) is the share of costs for maintenance and repair
n

cess equipment within the implementation of the technological processing route; (OL

el.en.

the cost of electricity spent on the implementation of the 7n-th processing stage in the total cost of electri-

city spent on the implementation of the technological processing route; ((15;,&) is the share of other
n

costs for the implementation of the n-th processing stage in the total amount of other costs required for
the implementation of the technological processing route.
Three sets of targets are defined for the second control level:

T2 = {(ErlTechTr )1 ’.“’(ErlTechTr ),, , (Er;TechTr )1 . (E}/;TechTr) }’ 72— Trz, (9)

n

where 777 is the set of the targets for the second process control level; 77*! is the subset of target in-

dicators characterizing the accuracy parameters of the control object after the implementation of the

corresponding processing stage; (Equ’S' )1 N (Erlp"&) , (EriPrS’ )1 yeens (EI;P’S’) is the accuracy of
n n

the i-th geometric parameter of the control object generated during the implementation of the n-th

technological transition, pm.

(G oo (€)%, enn (), (G0 ) o (),

T2 =3(Co) s (CIF) (CE) s (Co) S(Cn ) ovees (CI2) o1 TP 2T, (10)

rep rep el.en. el.en.
PrSt PrSt
(Ci™), s (CaY), -

where 772 is the subset of the target indicators characterizing the sizes of the expenses under the relevant

articles of accounting arising during the implementation of the n-th processing stages; (C C‘:'St )] yevns
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(C £’S’ ) is the amount of cutting tool costs used in the process of the implementation of the n-th proces-

n

>

sing stages, rubles; (Cf:’S’ )1 yeens (Cf:’&) is the amount of expenses required for the payment of wages
n
to production workers involved in the implementation of the 7n-th processing stages, rubles; (C ;:j’ )] .

ceey (C ;:j’ ) is the amount of quick-wearing equipment costs used in the process of the implementation
n

of the n-th processing stages, rubles; (C f,;S' )1 yevns (C :mr& )n is the amount of expenses allocated for de-
preciation expenses as part of the implementation of the n-th processing stages, rubles; (Crif' )1 yeens

(Cri;&) is the amount of expenses intended for maintenance and repair of equipment used in the im-
n

plementation of n-th processing stage, rubles; (CPrSt )1 yevns (CPVS' ) is the amount of energy costs re-

el.en. el.en.
n

quired to realize n-th processing stage, rubles; (CZ;S’ )1 yeves (Cd};;&) is the amount of other costs re-
“ n

quired for the implementation of the n-th processing stage, rubles.

23 PrSt PrSt PrSt PrSt 23 2
Tr ={(Tb ) oo (TE5) (T2 oo (T )} s T, (11)
where Tr% is the subset of target indicators characterizing the labor intensity of performing complex-
es of basic and auxiliary actions in the process of the implementation of the n-th processing stage;

(Y;JZS’ )1 yevns (T,EZS') is the amount of time spent on performing a set of basic actions during the im-
: s ),

plementation of the n-th processing stage, min.; (];ZS' )1 yevns (];I;;S’ )n is the amount of time spent on
performing a set of auxiliary actions during the implementation of the n-th processing stage, min.

At the third process control level, process parameters are analyzed and optimized as part of the tech-
nological transition (Fig. 4).

The change of object properties within the third process control level is described by the following
sequence of intermediate states corresponding to the properties of the control object after the implemen-

tation of the m-th technological transition:

S

z(nil) BN S?,Zl(n—l)—Zn N S}Zz(n—l)72n BTN S;(nfi)—Zn N S?’Z(n—l)—Zn BN Szn. (12)

(m-1) m
The condition for changing the properties of a control object within a technological transition can be
described by the following expression:

Sun =S (SyusUs)s Us €D, (13)

where S3m is the state of the control object corresponding to the geometry properties after the m-th
technological transition; S3 -1 is the state of the control object corresponding to the properties of the
geometric element after the (m — 1)-th technological transition; U, is the set of control parameters cor-
responding to the third process control level.

The U3 set has the following structure:

WSt TechT TechT TechT TechT
(V7)) (7)) e,
mn mn mn mn mn

s
TechTr TechTr TechTr TechTr TechTr
(a’qwq )mn’(aam )mn ’((x‘rep )mn’(a’el‘en )mn ’(adif )mn

where (N WSt) is the number of working strokes within the m-th technological transition of the n-th

mn
TechTr
bas

U, = (14)

processing stage; ( ) is the labor intensity of the complex of main actions within the m-th techno-
mn

logical transition in the total labor intensity of the complex of main actions of the n-th processing stage;
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(BZZihTV) is the labor intensity of the set of auxiliary actions within the m-th technological transition in

mn

the total labor intensity of the set of auxiliary actions of the n-th processing stage; (a:fChTr) is the
mn

share of cutting tool costs for the m-th technological transition in the total amount of operating costs for

TechTr
w

the cutting tools for the implementation of the 7n-th processing stage; (OL ) is the share of costs
mn

intended for payment of wages to production workers involved in the implementation of the m-th tech-

nological transition in the total amount of operating costs for wages to production workers involved in
TechTr
qwq

for the m-th technological transition in the total amount of operating costs for the quick-wear equipment

TechTr
am

the implementation of the n-th processing stage; (OL ) is the share of quick-wear equipment costs
mn

for the implementation of the n-th processing stage; (OL ) is the share of depreciation costs for
mn

the m-th technological transition in the total amount of operating expenses for depreciation for the n-th

TechTr
rep

equipment involved in the implementation of the m-th technological transition in the total amount of
operating costs for maintenance and repair of technological equipment involved in the implementation

TechTr
el.en.

processing stage; (OL ) is the share of costs intended for maintenance and repair of technological
mn

of the n-th stage of processing; (OL ) is the share of the cost of electricity spent on the implemen-
mn

tation of the m-th technological transition in the total operating costs of electricity spent on the imple-

mentation of the 7n-th processing stage; (chf;m ) is the share of other costs for the implementation of
‘ mn

the m-th technological transition in the total amount of other costs for the implementation of the n-th
processing stage.
Three sets of targets are defined for the third process control level:

I ={(E;;WS') s (BR") L (ER™)s (ER )pm} ' T, (15)

lp
where 773 is the set of the targets for the third process control level; 773! is a subset of target indicators
characterizing the accuracy parameters of the i-th geometric parameter of the control object after the

ey

implementation of the p-th working stroke within the m-th technological transition; (EI’]WS’ )1 ,.
P
enes (Ei;WSt ) is the accuracy of the i-th geometric parameter of the control ob-

ErWSt , E}"»WSt
( 1 )pm ( ! )1p pm
ject formed during the implementation of the p-th working stroke within the m-th technological tran-

sition.

32
Tr~ =
TechTr TechTr TechTr TechTr TechTr TechTr
(CR™) s (CH™) (G ) s (M) (Cet™) s (Gt
_ TechTr TechTr TechTr TechTr TechTr TechTr
- (Cam )ln""’ (Cam )mn, (Crep )1n""’ (Crep )mn, (Cel.en. )ln"“’ (Cel.en. )mn’ b (16)

hTr TechTr
ChH™) o (C™)
( dif ]n’ i dif mn,
2
T < T,

where 773 is a subset of target indicators characterizing the cost values for the corresponding calculation
items arising during the implementation of the m-th technological transition within the n-th proces-

sing stage; ( C CTfChTr )

mentation of the m-th technological transition within the n-th processing stage; (C;edm )1 yeres

(Cﬁeehn) is the amount of costs required to pay wages to production workers involved in the imple-

mn

yeres (CCTfChTr) is the amount of cutting tool costs used in the process of the imple-

1n mn
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Fig. 4. Object state graph at the third process control level

mentation of the m-th technological transitions of the n-th processing stage; (C;fvf]”’ )ln e (C qT;fihT’ )mn

is the amount of quick-wear equipment costs used in the process of the implementation of the m-th

TechT .
yeues (Cmff ’) is the amount of ex-

mn

technological transitions of the n-th processing stage; (C TechTr )1
n

penses allocated for depreciation expenses as part of the implementation of the m-th technological tran-

yeees (Cr];jthr ) is the amount of costs intended for main-

mn

sitions of the 7-th processing stage; (C i )1
n

tenance and repair of equipment used as part of the implementation of the m-th technological transition

el.en. el.en.

of the n-th processing stage; (C Techr )1 yeres (C T“}'Tr) is the amount of energy costs required for the
n mn
implementation of the m-th technological transition of the n-th processing stage; (CthTr )1 yevns
n
(C ;;?hTr ) is the amount of other costs required for the implementation of the m-th technological tran-
mn

sition of the n-th processing stage.

5 = {(TTechTr ) (TTechTr ) (TTechTr ) (TTechTr ) } [y (17)
- bas w’ " bas mn aux w’ " aux mn ) ’

where Tr* is a subset of targets characterizing the complexity of performing complexes of basic and

auxiliary actions during the implementation of the m-th technological transition of the n-th processing

stage; (TT“hTr )1 yenns (TT“'hTr) is the amount of time spent on performing a set of main actions dur-
n mn

bas bas

ing the implementation of the m-th technological transition of the n-th processing stage; (7;{;’:']’”) R

1n
ey (Taiffm )mn is the amount of time spent on performing a set of auxiliary actions during the imple-
mentation of the m-th technological transition of the n-th processing stage.
At the fourth control level, the process parameters are analyzed and optimized as part of the working
stroke (Fig. 5).
The change of object properties within the fourth process control level is described by the following
sequence of intermediate states corresponding to the properties of the control object after the implemen-

tation of the p-th working stroke:

S,y > S > S s SYE s 5 (18)

The condition for changing the properties of the control object within the work stroke can be described
by the following expression:

Sip =1 (SupapUs)> Uy €D, (19)
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Process control levels
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Fig. 5. Object state graph at the fourth process control level

where S 4 is the state of the control object corresponding to the product properties after the p-th work-
ing stroke; S,(p — 1) is the state of the control object corresponding to the product properties after the
(p — 1)-th working stroke; U , is the set of control parameters corresponding to the fourth process control
level.

The U , set has the following structure:

_ WSt AuxTr WSt WSt AuxTr WSt
U4 - {Bpm s Brm > (a’ct )pm ’(a’w >pm > (a’w )rm 4 (a’qwq )pm s
WSt AuxTr WSt AuxTr WSt AuxTr
(aam )pm ’((x‘am )rm > (arep )pm s (a’rep )rm b (O(‘el.en. )pm > (ael.en. )rm H (20)

((XWSt) (aAuxTr) ( ElDif.)WSt ( Dim.W)WS’ ( ThSt.)WS’

where B;Vf; is the share of the time spent on the implementation of the p-th working stroke in the total

labor intensity of the complex of basic actions within the m-th technological transition; Bfrzﬂr is the

share of the time spent on the implementation of the 7-th auxiliary transition in the total complexity
of performing a set of auxiliary actions within the m-th technological transition; (OLZSt ) is the share
pm

of cutting tool costs for p-th working stroke in the total amount of operating costs for the cutting tools

WSt
w

for the implementation of the m-th technological transition; (OL ) is the share of costs intended for
pm

payment of wages to production workers involved in the implementation of p-th working stroke in the
total amount of operating costs for wages to production workers involved in the implementation of the

AuxTr )

m-th technological transition; (OLW is the share of costs intended for payment of wages to pro-

rm

duction workers involved in the implementation of the »-th auxiliary transition in the total amount of
operating costs for wages to production workers involved in the implementation of the m-th technolo-

Wt ) is the share of quick-wear equipment costs for p-th working stroke in the total
m

gical transition; (OL o),

amount of operating costs for the quick-wear equipment for the implementation of the m-th technolo-
gical transition; (OLZV:) is the share of depreciation expenses incurred during the implementation of
pm

the p-th working stroke in the total amount of operating expenses for depreciation expenses incurred

during the implementation of the m-th technological transition; (OLAMXTV) is the share of depreciation

am rm
expenses incurred during the implementation of the »-th auxiliary transition in the total amount of

operating expenses for depreciation expenses incurred during the implementation of the m-th techno-

WSt

logical transition; (Ocrep

) is the share of costs intended for maintenance and repair of technological
pm
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equipment arising during the implementation of the p-th working stroke in the total amount of operat-

ing costs for maintenance and repair of technological equipment arising within the m-th technological
AuxTr
rep

ment arising during the implementation of the »-th auxiliary transition in the total amount of operating
costs for maintenance and repair of technological equipment arising within the m-th technological tran-

WSt
el.en.

>

transition; (OL ) is the share of costs intended for maintenance and repair of technological equip-
rm

sition; (OL ) is the share of costs intended to pay for electricity required for the implementation of
pm
the p-th working stroke in the total amount of operating costs for electricity for the m-th technological

AuxTr
el.en.

transition; (OL ) is the share of costs intended to pay for electricity required to implement the
rm

r-th auxiliary transition in the total operating costs of electricity for the m-th technological transition;
((XZ?Z) is the share of other costs required to implement the p-th working stroke in the total amount
of other costs arising from the implementation of the m-th technological transition; (Otﬁljﬁx & )rm is the
share of other costs required for the implementation of the »-th auxiliary transition in the total amount

.~ \ WSt
of other costs arising from the implementation of the m-th technological transition; (yf’D’f') is the

pm
share of error caused by elastic deformations of the process system in the total processing error of the

Dim W )WS’

i-th geometric parameter within the implementation of the p-th working stroke; (yi is the share

pm
of the error caused by dimensional wear of the cutting tool in the total error of processing the i-th geo-

ThSt. )W St

metric parameter within the implementation of the p-th working stroke; (yi is the share of the

error caused by thermal deformations of the process systems in the total processing error of the i-th ge-
ometric parameter within the implementation of the working stroke.
Four sets of targets are defined for the fourth process control level:

Tl"4l:
. WSt . WSt . WSt WSt WSt WSt
_ EIDif . EIDif . Dim.W Dim. Y ThSt ThSt
{2 ) (]
Y <17t
b

where 77 is the set of the targets for the fourth process control level; 77! is the subset of target indicators

characterizing the accuracy parameters of the i-th geometric parameter of the control object after the
WSt
implementation of the p-th working stroke of the m-th technological transition; (ErElD’f) yenes

Im

(EI;EZD” - )pm is the value of error of the i-th geometric parameter caused by elastic deformations of the
technological system, formed during the implementation of the p-th working stroke of the m-th tech-
nological transition; (Ei;Di’"'W )?:t ,...,(E;;Dim'W )z:t is the value of the i-th geometric parameter error
caused by dimensional wear of the cutting tool, formed during the implementation of the p-th working
stroke of the m-th technological transition; (E;;ThSt )?:t yenns (Erl.ThSt )W: is the value of the i-th geomet-
ric parameter error caused by thermal deformations of the technologfcal system, formed during the im-
plementation of the p-th working stroke of the m-th technological transition.

(€), o(€0) (€)ool €)(€22)onle),
(€)oo €02 (€03 €)ool €2) ), ()

r* T, (22)

0
Tr™ =
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where Tr# is the subset of target indicators characterizing the amount of costs for the corresponding
calculation items arising during the implementation of the p-th working stroke of the m-th technologi-

cal transition; (C Z& )1 ey (CZ&) is the amount of cutting tool costs used in the process of the im-
pm

m

plementation of the p-th working stroke of the m-th technological transition; (CVPVVSt )1 5o .,(CKS’)
m pm
is the amount of costs required to pay wages to production workers involved in the implementation of

qwq qwg
costs required for the purchase of quick-wear equipment used in the process of the implementation of

the p-th working stroke of the m-th technological transition; (C st )1 yeen ,(C WS’) is the amount of
m pm

the p-th working stroke of the m-th technological transition; (C:ft )1 . .,(C:f’) is the amount of
m pm
expenses allocated for depreciation expenses as part of the implementation of the p-th working stroke

of the m-th technological transition; (Cth )1 yeo .,(CZ;’) is the amount of costs intended for main-
m pm

tenance and repair of equipment used in the implementation of the p-th working stroke of the m-th

technological transition; (C Z/‘Z’n )1 yevns (CZS; ) is the amount of energy costs required to implement
en. )y, en ) o

the p-th working stroke of the m-th technological transition; (C Zfs.’ )1 yeus ,(CZ}W) is the amount of
m pm

other costs required for the implementation of the p-th working stroke of the m-th technological tran-
sition.

AuxTr AuxTr AuxTr AuxTr
. (Cre)es(CT) (C™), es(C) .
v =
CchTr CAuxTr CchTr CchTr CAuxTr CchTr > ( )
rep m’ rep m’ elen. )i, > " elen. ). > dif m> dif m
43 4
Tr= cTr”,

where 77 is the subset of target indicators characterizing the cost of the corresponding calculation items
arising during the implementation of the r-th auxiliary transition of the m-th technological transition;

(e

the implementation of the r-th auxiliary transition of the m-th technological transition; (C;,f,“ T’)

yerns (Cvf”m) is the amount of costs required to pay wages to production workers involved in

1m rm

im’

e, (C;,;’m ) is the amount of expenses allocated for depreciation expenses as part of the implementa-

tion of the rrinth auxiliary transition of the m-th technological transition; (Cri;‘m )lm ,...,(Cizm )rm is
the amount of costs intended for maintenance and repair of equipment used in the implementation
of the r-th auxiliary transition of the m-th technological transition; (C:;ﬁffr )lm ,...,(ngfr )rm is the
amount of energy costs required for the implementation of the 7-th auxiliary transition of the m-th tech-
nological transition; (Cd/:}“n )lm yenes (C;;.';XT’ )rm is the amount of other costs required for the implementa-

tion of the 7-th auxiliary transition of the m-th technological transition.

Im 9+ pm ceesd L,

Tr44 _ {TWSt TWSt J;ZuxTr, TAuxTr}, Tr44 - Tr4, (24)

where Tr* is the subset of targets characterizing the labor intensity of working strokes and auxiliary tran-
sitions within the m-th technological transition; ﬂZSt,. T ;;S’ is the amount of time spent on the p-th

working stroke of the m-th technological transition, min.; Tli“m, . ..,Trffm is the amount of time spent

on performing the 7-th auxiliary transition of the m-th technological transition, min.
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Optimization of parameters of manufacturing process of a group of threaded holes

Based on the model described above, the problems of optimizing the technological parameters of the
process of manufacturing a group of threaded holes M27-2-6H (20 pcs) were solved (Fig. 6). The detail
“Plate” is made from dispersed-hardened composite alloy SAS-50.

The following optimization task was determined: increasing the accuracy of manufacturing threaded
holes M27x2-6N by at least 20%, while increasing the total labor intensity of the processing route should
not exceed 30%.

The structural model of the process of machining a group of holes is shown in Fig. 7.

As a result of optimization, the structure of the investigated process was determined, containing three
processing stages. The processing stages have the following structure:

» The first processing stage: two technological transitions, each technological transition contains one
working stroke. The processing method is drilling.

» The second processing stage: one technological transition containing 11 working strokes. The ma-
chining method is milling.

» The third processing stage: one technological transition containing four working strokes. The pro-
cessing method is thread milling.

Thus, the technological processing route of the investigated group of threaded holes contains four tech-
nological transitions:

» Technological transition No. 1 — “Centering”.

+ Technological transition No. 2 — “Hole drilling ¢12”.

* Technological transition No. 3 — “Hole milling ¢25”.

+ Technological transition No. 4 — “Thread milling M27x2-6H”.

The technological route for processing a group of threaded holes M27x2-6N is multi-stage. In this re-
gard, individual optimization problems were identified for each technological transition:

+ Technological transition No. 1: reduction of labor intensity of the forming process by at least 20%,
while the increase in the processing error should not exceed 15%.

» Technological transition No. 2: reduction of labor intensity of the forming process by at least 15%,
while the increase in the processing error should not exceed 20%.

» Technological transition No. 3: reduction of the processing error by at least 15%, while the increase
in labor intensity should not exceed 25%.

» Technological transition No. 4: reduction of the processing error by at least 15%, while the increase
in labor intensity should not exceed 30%.

The set of cutting tools used as part of the technological processing route and the corresponding
ranges of cutting modes are presented in Table 2.

Table 2
List of cutting tools and cutting mode ranges
Cutting modes
The type of cutting tools ¥, m/min S, mm/vol t, mm

min max min max min max
Centering ¢8 A1174-8 85 115 0.15 0,25 — -
Drill 12 A3299XPL-12 160 180 0.35 0.45 — —
Mill ¢10 1P251-1000-XA 1630 80 110 0.5 0.75 1.3 0.5
Thread milling cutter
P =2 326R08-B251100VM-TH 1025 425 430 2 0.1 0.5
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Fig. 6. a) solid model of the “Plate”; b) the sketch of threaded hole

The following optimization criteria are defined:
N The first processing stages: (YL‘ZS ' )1 — min; (TbZiCh i )1/1 — min; (TbZiCh i )2/1 — min; 7> — min;
T,," —>min.
» The second processing stages: Ery"™ — min; Er,;"" — min; Er;,”, , — min.

» The third processing stages: Er;"™ — min; Er;"" — min; Er;,", — min.

Tables 3 and 4 present a comparative analysis of target values and processing modes before and after
the optimization process. Fig. 8 shows a comparative analysis of the efficiency of implementing a pro-
cessing route for a group of holes before and after the optimization process.

Table 3
Value of the cut mode settings before and after the optimization process
Processing Technological transition Cutting parameter
stage
Technological transition No. 1 — “Centering” Before optimization After optimization
1 Technological transition V, S, 1, v, S, 1,
No. 2 — “Hole drilling ¢12” m/min | mm/rev | mm | m/min | mm/rev [ mm
Technological transition
2 No. 3 — “Hole milling ¢25” %0 0.17 B 105 0.2 N
160 0.12 — 175 0.19 —
110 0.055 1.0 95 0.06 0.8
3 Technological transition No. 4 — 220 0.4 230 0.4
“Thread milling M27x2-6H” 220 0.4 230 0.3
2 2
215 0.2 230 0.2
215 0.1
Conclusions

The following results were obtained:
1. Technological transition No. 1 “Centering”: increase of center hole processing error by 10.2%,

while reducing labor intensity by 30%.
2. Technological transition No. 2 — “Hole drilling ¢12”: increase of processing error by 18%, while

reducing labor intensity by 23.2%.
3. Technological transition No. 3 — “Hole milling ¢25”: reduction in processing error by 25%, while

increasing labor intensity by 23.9%.
4. Technological transition No. 4 — “Thread milling M27x2-6H”: reduction in processing error by

22.2% while increasing labor intensity by 24.32%.
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Fig. 7. Structural model of the threaded hole machining process
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Fig. 8. Benchmarking targets before and after optimization.
a) comparative analysis of processing errors generated as part of the technological transition;
b) comparative analysis of labor intensity of technological transitions

The total labor intensity of the process of manufacturing a group of threaded holes increased by 13.69%.
The results obtained correspond to the optimization condition, based on which it can be concluded that
the goal of the work has been achieved.

The model of optimization of the parameters of the process of forming threaded holes presented in the
work can be considered as a basic element of a complex model of optimization of the parameters of the
technological process of manufacturing a product. This model can be used to optimize the parameters
of the process of forming geometric elements of various types that form the structure of the product. For
this, it is necessary to clarify the calculation formulas for a group of target indicators characterizing the
accuracy of the parameters describing the configuration of a geometric element.
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