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Abstract:

Introduction/purpose: New robust design by means of probability-based
multi-objective optimization takes the arithmetic mean value of the
performance indicator and its deviation as twin independent responses of
the performance indicator. The aim of this article is to check the
applicability of new robust design in optimizing machining process
parameters. To conduct the examination in detail, the robust design for
optimal cutting parameters to minimize energy consumption during the
turning of AISI 1018 steel at a constant material removal rate is applied as
well as the concurrent optimization of the machining process parameters
and the tolerance allocation of a spheroidal graphite cast iron piston.

Methods: In the spirit of the probability-based method for multi-objective
optimization, the arithmetic mean value of the performance indicator and
its deviation are taken as two independent responses of the performance
indicator to implement robust design. Each of the above twin responses
contributes one part of the partial preferable probabilities to the
performance indicator of the alternatives in the treatment. The arithmetic
mean value of the performance indicator should be assessed as a
representative of the performance indicator according to the function or
the preference of the performance indicator, and the deviation is the other
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index of the performance indicator, which has the characteristic of the
smaller-the-better in general. Furthermore, the square root of the product
of the above two parts of the partial preferable probability forms the actual
preferable probability of the performance indicator. Moreover, the product
of partial preferable probabilities gives the total preferable probability of
each alternative, which is the overall and unique index of each alternative
in the robust optimum.

Results: The paper gives the rational optimum cutting parameters for
minimizing energy consumption during the turning of AISI 1018 steel at a
constant material removal rate and the concurrent optimization of the
machining process parameters and the tolerance allocation of a
spheroidal graphite cast iron piston.

Conclusion: The application study indicates its rationality and convenience
of new robust optimization in the optimization of machining process
parameters.

Key words: preferable probability; probability-based method; multi-
objective optimization; robust design; simultaneous optimization.

Introduction

The importance of quality improvement through reducing the effect of
noise on response was recognized early in 1950s by Taguchi - Taguchi’s
method (Roy, 2010; Mori & Tsai, 2011). Designed experiments could be
performed to study the effects of both controllable and uncontrollable
factors on product or process response. Uncontrollable factors are called
noise factors by Taguchi (Roy, 2010; Mori & Tsai, 2011). The idea of
robust design corresponds to a design of a set of controllable factors
which make the quality of a product insensitive to so-called noise factors
or sensitive as little as possible i.e. with a minimum effect of noise (Roy,
2010; Mori & Tsai, 2011).

In Taguchi’s method (Roy, 2010; Mori & Tsai, 2011), it was further
assumed that controllable factors include factors that can be easily
controlled by an experimenter or a product designer, such as design of a
prescription or a melting temperature in an alloy melting process, while
uncontrollable factors (noise factors) are those impossible or not
easily possible to control. So, robust design is a concept seeking a set of
controllable factors which make product and processes with minimum
sensitivity to the variations of uncontrollable factors without removing
uncontrollable factors.

Moreover, signal-to-noise ratio (SNR) was introduced by Taguchi as a
specific term to characterize robust design (Roy, 2010; Mori & Tsai,
2011). Optimum factors correspond to a set of controllable factors which
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guarantee an appropriate SNR maximum. There are three types of
standard types of SNRs which were suggested by Taguchi:
e Nominal-the-best

—2
SNR, =10 Iog[ yzj,
O

1)
o Smaller-the-better
|
SNR, = —10log GZ yizj, and )
i=1
« Larger-the-better
1- 1
SNR, =-10log TZ_Z . 3)
i=1 Y;

In the above Egs. (1) - (3), | stands for the number of each
experimental test, y is the arithmetic mean value of the | data of

experimental tests, and o'is the standard deviation.
The mean value y of the tests and the standard error o are inherently

independent responses for a set of actual experiments or processes in
general, which was pointed out by many statisticians - scientists (Box,
1988; Box & Meyer, 1986; Welch et al, 1990; Welch et al, 1992; Nair et
al, 1992).

However, the SNR in Eq. (1) unites the two factors y and o into one

factor SNRt unreasonably - the optimization of the maximum of the SNRt
is not equivalent to the simultaneous optimizations of the both minima of
o and y closing to the target. More problematically, the expressions of
Eq. (2) and Eq. (3) for "smaller-the-better" and "larger-the-better" imply
more serious cases, i.e., these formulae even exclude the factor of the
standard deviation o. This point was frequently criticized by statisticians
(Box, 1988; Box & Meyer, 1986; Welch et al, 1990; Welch et al, 1992;
Nair et al, 1992). A kind advice from statisticians was to consider both
responses of the mean and the variance by using two individual models.
Therefore, the optimization of the both minima of o and y closing to

the target should be treated with two individual models at the same time
so as to perform rational robust optimization.

In recent years, a probability-based method for multi-objective
optimization (PMOO) was developed to solve the inherent problems of
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the “additive algorithm” with personal and subjective factors in previous
multi—objective optimizations (Zheng et al, 2022a; Zheng et al, 2022b;
Zheng et al, 2023). A new concept of preferable probability was
introduced to represent the preference degree of performance utility
indicator of candidates in optimization. In this new methodology, all
performance utility indicators of alternatives could be preliminarily divided
into two types, i.e., beneficial or unbeneficial types according to their
functions or pre-required preference in the optimization; every
performance utility indicator of the alternative could quantitatively
contribute to a partial preferable probability. Moreover, the product of all
partial preferable probabilities leads to the total preferable probability of
an alternative by means of the probability theory, which is the uniquely
decisive index of a candidate in the optimization process, thus transfering
a multi—objective optimization problem into a single—objective one.

This paper shows the application of new robust design by means of
the probability theory with taking the arithmetic mean values of the
performance indicators of the alternatives and their deviations as two
independent factors rationally in order to deal with the problem of robust
optimization of machining process parameters. Two examples - turning of
AISI 1018 steel at a constant material removal rate and a concurrent
optimization of the machining process parameters and the tolerance
allocation of a spheroidal graphite cast iron piston - are given to show the
rationality of robust design in manufacturing.

Rational process of robust design by means of
probability-based multi-objective optimization

1) Fundamental principle of probability-based multi-
objective optimization

In the methodology of the probability-based method for multi—
objective optimization [8-10], a new concept of preferable probability was
introduced to represent a preference degree of a performance utility
indicator in optimization. All performance utility indicators of alternatives
could be preliminarily divided into two types, i.e., beneficial or
unbeneficial types according to their functions or pre-required preference
in the optimization; every performance utility indicator of an alternative
contributes to a partial preferable probability quantitatively; moreover, the
product of all partial preferable probabilities leads to the total preferable
probability of an alternative in the viewpoint of probability theory to reflect
the essence of their simultaneous optimization, which is the unique
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decisive index in the optimization process, thus transfering a multi—
objective optimization problem into a single—objective one (Zheng et al,
2022a; Zheng et al, 2022b; Zheng et al, 2023).

The formation of total preferable probability of an alternative by
multiplying all partial preferable probabilities of their performance utility
indicators reveals the spirit of simultaneous optimization of each
performance utility indicator in the spirit of the probability theory explicitly,
which undoubtedly solves the intrinsic problems of “additive algorithms”
of subjective factors in previous multi—objective optimizations.

2) Process of new robust design by means of probability-
based multi-objective optimization

In the light of the suggestion from statisticians that both responses of
the mean and the variance could be taken into account by using two
individual models, the process of rational robust design by means of
probability-based multi-objective optimization is as follows.

A) The arithmetic mean value of the performance indicator of the
alternatives and its deviation are taken as twin independent responses of
the performance indicator to conduct robust design. Each of the above
two responses contributes one part of the partial preferable probabilities
to the performance indicator of the alternatives in the treatment of robust
design.

B) The arithmetic mean value of the performance indicator should be
assessed as a representative of the performance indicator according to
its function and preference, and the deviation is the other index of the
performance indicator which has the characteristic of the smaller-the-
better in general.

C) The square root of the product of both parts of partial preferable
probability of the performance indicator forms the actual preferable
probability of the performance indicator.

D) The product of all partial preferable probabilities forms the total
preferable probability of each alternative, which is the overall and unique
index of each alternative in the robust optimum.

E) The total preferable probability of the alternatives is the unique
index which is used as the decisive indicator of every alternative to

complete the robust optimum.
G



Applications of robust design by means of probability-
based multi-objective optimization

The application examples of new robust design by means of
probability-based multi-objective optimization in robust design of products
are given here to illustrate the new approach in detail.

1) Optimization of cutting parameters to minimize energy
consumption during the turning of AlSI 1018 steel at a
constant material removal rate

Camposeco-Negrete et al. conducted an optimization of cutting
parameters to minimize energy consumption during the turning of AlSI
1018 steel at a constant material removal rate. There are three control
factors: the cutting speed (Factor A), the feed rate (Factor B), and the cut
depth (Factor C) with three levels for each factor, as shown in Table 1 by
means of the Taguchi Lo(3%) design with four test results (Camposeco-
Negrete et al, 2016). The aim of this experimental design is to apply
robust design for the optimization of energy consumption. The values of
the cutting parameters shown in Table 1 were calculated in order to
obtain a constant material removal rate of 1333.33 mm?/s (Camposeco-
Negrete et al, 2016).

Table 1 — Values and levels of the cutting parameters of AlISI 1018 steel at a constant
material removal rate by means of Lo(3%)
Tabnuya 1 — 3Ha4yeHus u yposHu napamempos pe3ku cmanu AISI 1018 npu
rocmosiHHoU ckopocmu cbema Mamepuarsna ¢ nomMouibro Le(3%)
Tabena 1 — BpeGHocmu u HU8oU napamemapa cedyera dyesuka AVUICU 1018 npu
KOHCcmaHmHoj 6p3UHU yKnararba Mamepujana nomohy Lo(3%)

Exp. | Factor values Energy consumed (kJ)

no A (m/min) | B (mm/rev) C(mm) |1 2 3 4

1 350 0.10 2.29 71.47 74.2 121.04 133.14
2 350 0.15 1.52 51.64 54.28 88.85 97.22
3 350 0.20 1.14 42.93 43.63 73.07 80.75
4 375 0.10 2.13 68.97 71.10 123.99 135.69
5 375 0.15 1.42 51.67 52.49 91.19 100.17
6 375 0.20 1.07 42.00 43.04 76.29 82.66
7 400 0.10 2.00 67.94 69.47 130.63 141.77
8 400 0.15 1.33 50.41 52.17 97.35 105.91
9 400 0.20 1.00 41.08 42.05 81.44 86.75
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Table 2 shows the assessed results of the preferable probability and
the ranks of this problem.

The mean value of energy consumption is shown by y, and the
standard deviation is represented by s.

According to the requirement of robust optimization, the
performances of y and s have the characteristic of the unbeneficial
indexes in Table 2.

Table 2 — Assessed results of the preferable probability and the rank of AISI 1018 steel at
a constant material removal rate by means of Lo(3%)

Tabnuvua 2 — Pe3synibmambl OUeHKU rnpednoYymumerbHolU 8eposSimHOCMU U paHaa cmarnu
AISI 1078 npu nocmosiHHOU ckopocmu cbema Mamepuasna ¢ moMowibro Lo(34)

Tabena 2 — AHanu3upaHu pe3ynmamu roxesbHe eeposamHohe u paHea Yenuka AICU
1018 npu KoHcmaHmMHoj 6p3uHU yKnamara Mamepujana rnomohy Le(34)

Exp. | Meanvalueof | o 5 energy | Preferable probability
no energy consumption s
consumption y (KJ) P, P P=(P,-Ps) 05 Rank
(kJ)
1 99.9625 31.7308 0.0831 0.0946 0.0887 7
2 72.9975 23.4131 0.1189 0.1291 0.1239 4
3 60.0950 19.6699 0.1360 0.1447 0.1403 1
4 99.9375 34.8681 0.0831 0.0816 0.0823 8
5 73.8800 25.4402 0.1177 0.1207 0.1192 5
6 60.9975 21.4981 0.1348 0.1371 0.1359 2
7 102.4525 39.2377 0.0798 0.0635 0.0712 9
8 76.4600 29.2820 0.1143 0.1048 0.1094 6
9 62.8300 24.6534 0.1324 0.1240 0.1281 3

The assessed results in Table 2 indicate that test No. 3 has the
highest value of the total preferable probability P: at the first glance.
Therefore, the robust configuration is around tests No. 3.

Moreover, Table 3 shows the results of the range analysis for the
total preferable probability shown in Table 2, which shows that the
optimum configuration is A1B3C1, which is test No. 3 exactly.
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Table 3 — Range analysis of the total preferable probability of AISI 1018 steel at a
constant material removal rate by means of Lg(3%)

Tabnuua 3 — AHanu3s paHxupogaHusi obujeli npednoymumerbHOU 8eposimHoCcmMu cmarnu
AISI 1018 npu nocmosiHHOU ckopocmu cbema Mamepuarsna ¢ nomMouibro Lo(3%)

Tabena 3 — AHanu3a paHauparba yKyrnHe rioxesbHe eeposamHohe yenuka AICU 1018
npu KOHCMaHMHOj 6P3UHU YKNaraka Mamepujana nomohy Lo(3%)

Level A B C

1 0.1176 0.0807 0.1348
2 0.1125 0.1175 0.1175
3 0.1029 0.1348 0.0807
Range 0.0147 0.0540 0.0540
Order 3 1 2
confguration | A1 &3 o1

2) Concurrent optimization of the machining process
parameters and the tolerance allocation of a spheroidal
graphite cast iron piston

Janakiraman & Saravanan conducted a concurrent optimization of the
machining process parameters and the tolerance allocation of a
spheroidal graphite cast iron piston (2010) as an example of conducting
a restudy with robust design of probability-based multi-objective
optimization.

There are 3 control factors: cutting speed (A), feed rate (B), and
depth of cut (C) with five levels in the experiments with response surface
methodology design and the test results, as shown in Table 4.

The mean value of energy consumption is shown by y, and the
standard deviation is represented by s. As the target value is the input
diameter (Janakiraman & Saravanan, 2010), a factor ¢ is introduced to
present the deviation of the mean value from the target value of the input
diameter, i.e., ¢= |u— input diameter|.

Furthermore, according to the requirement of robust design, the
performance of ¢ and s has the characteristic of unbeneficial indexes. All
the assessed results are shown in Table 5 together with their preferable
probability values and ranks.
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Table 4 — Response surface central composite rotatable design matrix and the test
results

Tabnuua 4 — lNosepxHOCMb OMKAUKa Mampuubl YeHmparnbHOU KOMIO3UumHoU
s8pawjarowielicss KOHCmMPYKUUU U pe3ybmamel ucrsimaHull

Tabena 4 — NospwuHa o02080pa Mampuue ueHmpasHo2 KOMIo3umHo2 pomauyuoHo2
OusajHa u pesynmamu ucnumusar-a
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Expt. no. Cutting Feed rate | Depth of
speed (A) | (B) cut (C)
(m/min) (mm/rev) (mm)
1 24.05 2.01 0.014
2 35.95 2.05 0.014
3 24.05 4.99 0.014
4 35.95 4.99 0.014
5 24.05 2.01 0.041
6 35.95 2.01 0.041
7 24.05 4.99 0.041
8 35.95 4.99 0.041
9 20 35 0.028
10 40 35 0.028
11 30 1 0.028
12 30 6 0.028
13 30 35 0.005
14 30 35 0.05
15 30 3.5 0.028
16 30 35 0.028
17 30 35 0.028
18 30 3.5 0.028
19 30 35 0.028
20 30 35 0.028
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Continued

Expt. | Input Output diameter measured (mm)
no. diameter

(mm) 1 2 3 4 5
1 51.003 50.992 50.986 50.99 50.993 50.982
2 51.24 51.222 51.221 51.224 51.225 51.225
3 51.24 51.221 51.221 51.222 51.221 51.22
4 51.237 51.21 51.219 51.211 51.215 51.218
5 51.22 51.17 51.175 51.18 51.173 51.171
6 51.17 51.129 51.13 51.129 51.128 51.13
7 51.235 51.198 51.199 51.195 51.196 51.2
8 51.1 51.059 51.066 51.05 51.056 51.054
9 51.23 51.205 51.2 51.205 51.203 51.202
10 51.2 51.176 51.172 51.174 51.171 51.172
11 51.245 51.205 51.21 51.208 51.205 51.203
12 51.215 51.181 51.188 51.186 51.187 51.179
13 51.245 51.244 51.24 51.245 51.240 51.242
14 51.22 51.18 51.185 51.178 51.18 51.18
15 51.235 51.21 51.215 51.21 51.212 51.218
16 51.24 51.212 51.22 51.219 51.218 51.215
17 51.21 51.17 51.168 51.165 51.164 51.162
18 51.23 51.19 51.195 51.185 51.188 51.19
19 51.17 51.135 51.141 51.141 51.142 51.136
20 51.21 51.185 51.18 51.18 51.182 51.173

The assessed results in

by test No. 3.

Therefore, the robust configuration is around tests No. 13, while test
No. 13 clearly shows simultaneous smaller values of both ¢ and s from

Table 5.
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Table 5 indicate that test No. 13 has the
highest value of the total preferable probability P; that is closely followed
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Table 5 — Assessed results together with the preferable probabilities and ranks
Tabnuya 5 — Pe3ynbmamsl aHanusa ¢ npednoYymumeribHbIMU 8ePOSIMHOCMAMU U
paHXXuposaHuem
Tabena 5 — AHanu3upaHu pe3ynmamu ca roxesbHUM gepogsamHo-hama u paHauparem

Expt. Preferable probability
no. Y £ s Rank
Pe Ps P=(Py-Ps) °5

1 50.9886 0.0144 | 0.0046 | 0.0750 | 0.0293 0.0469 12

2 51.2234 0.0166 | 0.0018 | 0.0715 | 0.0668 0.0691

3 51.2210 0.019 0.0007 | 0.0676 | 0.0820 0.0744

4 51.2146 0.0224 | 0.0040 | 0.0621 | 0.0365 0.0476 11

5 51.1738 0.0462 | 0.0040 | 0.0234 | 0.0375 0.0296 19

6 51.1292 0.0408 | 0.0008 | 0.0322 | 0.0802 0.0508

7 51.1976 0.0374 | 0.0021 | 0.0377 | 0.0633 0.0489

8 51.0570 0.0430 | 0.0060 | 0.0286 | 0.0097 0.0166 20

9 51.2030 0.0270 | 0.0021 | 0.0546 | 0.0627 0.0585

10 51.1730 0.0270 | 0.0020 | 0.0546 | 0.0643 0.0593

11 51.2062 0.0388 | 0.0028 | 0.0354 | 0.0537 0.0436 14

12 51.1842 0.0308 | 0.0040 | 0.0484 | 0.0375 0.0426 15

13 51.2422 0.0028 | 0.0023 | 0.0939 | 0.0605 0.0754 1

14 51.1806 0.0394 | 0.0026 | 0.0344 | 0.0560 0.0439 13

15 51.2130 0.0220 0.0035 0.0627 0.0443 0.0527 7

16 51.2168 0.0232 | 0.0033 | 0.0608 | 0.0470 0.0534

17 51.1658 0.0442 0.0032 0.0266 0.0480 0.0358 18

18 51.1896 0.0404 0.0036 0.0328 0.0418 0.0370 17

19 51.1390 0.0310 | 0.0032 | 0.0481 | 0.0474 0.0477 10

20 51.1800 0.0300 0.0044 0.0497 0.0313 0.0395 16
Conclusion

The above discussion indicates that new robust design by means of
probability-based multi-objective optimization can be reasonably used to
deal with the problem of optimizing machining process parameters. The
arithmetic mean value of the performance indicator and its deviation are
taken as twin independent responses of the performance indicator in the
treatment, which contributes their parts of partial preferable probability of
the performance indicator respectively. The arithmetic mean value of the
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performance indicator is assessed as a representative of the
performance indicator according to its function and preference, and the
deviation is the unbeneficial index in the assessment. The total
preferable probability of each alternative is the uniquely overall index of
each alternative in the robust optimum.
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MHorokpuTepuasnbHas onTMU3aLnsl, OCHOBaHHas Ha BEPOATHOCTU B
KayecTBe OCHOBbI A5 MPYMEHEHUS] HOBOW POGACTHON KOHCTPYKLMK C
napameTpamn MexaHu4eckoi o6paboTku

MaoweHz Yx3H, koppecnoHaeHT, XaiinaH TeH, Mu BoH

CeBepo-3anagHbii MONUTEXHUYECKNA YHUBEPCUTET, dhakynbTeT XMMUYECKON
uHxeHepuw, r. Cuanb, HapogHas Pecnybnvka Kutan

PYBPUKA TPHTW: 27.47.00 MaTemaTnyeckas knbepHeTumka,
27.47.19 WNccneposaHve onepawuin,
81.09.00 MaTepwnanoBseaeHue

BWO CTATbW: opurmHanbHasa Hay4yHas cTatbs

Pe3stome:

Bsederue/uens: Hosasi pobacmHasi KOHCMpPYKUuUsi, paspabomaHHasi ¢
MoOMoOWbK0  MHO20KpuUmMepuasbHol onmumu3ayuu, OCHOBaHHOU Ha
geposimHocmu, ucronb3yem cpedHee apugmemuyeckoe 3HaydeHue
rokazamensi aghekmusHocmu U €20 OMK/IOHeHUe Kak J0se
HesagucuMble peakyuu rnokazamesel aghgpekmusHocmu. Llens amou
cmambu - [Ipo8epuUMb  PUMEeHUMoCmb Hoeolu  pobacmHoul
KOHCmMpyKyuu Ons onmumusayuu rnapamempos rnpu mexaHu4Yeckol
obpabomke. [Ipu OemarnbHbIX UCMbIMaHusix 6blna ucnonb3oeaHa
pobacmHasi  KOHCmMpyKuus  Ons  onpedesieHUss  OnmuMarsbHbIX
rnapamempos pe3ku U MUHUMU3auuu 3HepeornompebreHus npu
mokapHoU obpabomke cmanu AISI 1018, ¢ yyemom rocmosiHHOU
cKopocmu cbema Mamepuana, a makxe  00HO8PeMEeHHOU
onmumu3auyuu napamempos obpabomku u pacrnpedesieHusi 00rnycKoe
MOPWIHS U3 Yy2yHa C Wapos8uOHbIM 2pachbumom.

Memoodei: NMpudepxusascbs memoda, OCHOBaHHO20 Ha 8epPOSIMHOCMU
MHO20KpumepuarnbHol onmumu3dayuu, cpedHee apugpmemuvecKoe
3HayeHUe rokalamesnsd 3gghekmusHocmuU U €20 OMK/IOHEeHUU
ucrionb3yromcsi 8 Kadyecmee 08yX He3aBUCUMbIX  OMKIIUKO8
rokasamenss ahpekmusHocmu Onss  egoda 8  IKCryamayuro
pobacmHol koHcmpykuuu. Kaxdbill U3 eblweornucaHHbIX O80UHbIX
OMKITUKO8 4YaCMmUYHbIMU  PedrnoYmumerbHbIMU  8epOSIMHOCMSAMU
criocobcmeyem  yrydweHuro  riokasamenel — aghghekmusHocmu
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anbmepHamue 8 rnpouecce ucrnsimaHul. CpedHee apughmemuyeckoe
3Ha4YeHuUe rnokazamersisi aghghekmusHocmu criedyem oueHusamsb, Kak
peripezeHmMamueHoe 3HadyeHue rokazamerns aghgekmusHocmu 8
coomeemcmeuu ¢ yHKyuel unu npeumMyuiecmeom rokasamersisi
aghchekmusHOCMU, @ OMKIIOHEHUE S8/151eMCS 8MOPLIM r1oKasamersem
uHOUKamopa aghghekmusHocmu, Komopsbili 8 uesiom
Xapakmepu3dyemcsi ~ KaKk  «MeHbwe-sy4we».  Kpome  moeo,
keadpamHbili KOpeHb fpouseedeHusi 08yX BbllleyKa3aHHbIX Yacmeu
yacmuyHoU  npednodymumernibHOU — 8eposimHocmu  ¢hopmupyem
hakmuyeckyto npedrnoymumersnibHyl0 8eposImMHOCMb  rloKkasamerisi
agppekmusHocmu.  bonee  moeo, npou3sedeHUe  YaCMUYHbIX
npedrnoymumersibHbIX seposimHocmel daem obwyto
npedrnoymumersnbHyl0 8eposimHOCMb 0 Kaxo0ol anbmepHamuse,
Komopasi sensemcsi obwuM U YHUKarbHbIM UHOEKCOM Kaxdol u3
anbmepHamue 8 pobacmHom onmumyme.

Pesynbmamsi: B cmambe npueedeHbl pauyuoHalbHbIe OnmuMasibHbIe
napamempbl pe3ku Ol MUHUMU3auuUU 3HepaorompebreHusi 80 epemst
mokapHoli obpabomku cmanu AlISI 1018 npu nocmosiHHOM cbeme
Mamepuana, a makxke O00HO8PeMEHHOU onmumusauyuu napamempos
obpabomku u pacripedenieHussi QOMyCcKO8 MOPWHS U3 4Yy2yHa C
wiapo8udHbIM 2paghumom.

Bbigodbi:  MccnedosaHue riokasano, 4mo rnpumMeHeHue Hoeol
pO6aCanOL7 onmumu3ayuu £Aeridemcsda pauuoHasibHbIM U yaO6HbIM
criocobom onmumu3sayuu rnapamempose mexaHu4yeckou o6pa6omKu.

Knroyesnbie crosa: npednoymumernbHasi 8€pOSIMHOCMb;
8ePOSIMHOCMHbIL memoo; MHO20KpumepuaribHasi onmumu3sayusi;
pobacmHasi KOHCMPYKYUsT; OOHOBPEMEHHAs ONMUMU3ayUus.

Buwiekputepujymcka ontummsauuja 3acHoBaHa Ha BepoBaTHohu kao
OCHOBa 3a NpYMeHy HOBOTI pobyCTHOr AM3ajHa Ha napameTpe
mMaLumHcke obpage

MaoweHe LleHr, ayTop 3a npenucky, XaurneHe TeHr, Ju BaHe

YHuBepanuteT CeBeposanaa, PakynteT XeMUjCKOr MHXEHEePCTBA,
CujaH, HapogHa Peny6nuka KnHa

OBJIACT: matemaTtuka, matepujanu
KATEITOPWJA (TWIM) YINAHKA: opyruHanHu Hay4yHu pag

Caxemak:

Yeod/yurs: Hoesu pobycmHu OusajH Hacmao riomohy
suwekpumepujyMcKe onmumu3ayuje 3acHogaHe Ha seposamHohu y3uma
apummemuydky cpedry epedHocm uHOUKamopa nepgopmaHcu, Kao u
HeHy Oesujayujy, 3a 0e0jHe HesasucHe o0dzoeope UHOUKamopa
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nepgopmaHcu. Ljurb osoe pada jecme Oa ce nposepu rnpuUMeH/bU8oCM
Hogoe pobycmHoz du3ajHa Ha onmumu3auujy napaMemapa MaulUuHCKe
obpade. 3a demarbHO ucriumueare KopuwheH je pobycmHu du3ajH 3a
odpehusar-e onmumarHux napamMmemapa cevyera kako bu ce nompouwra
eHepauje moKoM oOKpemarba dernuka AUCU 1018, npu KOHCMaHMHOj
Op3uHU yknamara Mamepujana, ceena Ha HajMawy moayhy mepy.
loped moea, UCmMoBpPEMEHO je rnpuMereHa U onmumusayuja
napamemapa mMauwuHcke obpade u anokauuja mosepaHyuje krurna od
cghepoudHoez epaghumHoe nueeHoe 280xha.

Memode: Y cknaly ¢ memodom 3acHogaHOM Ha eeposamHohu 3a
8ULUEKPUMEPUjYMCKY onmumu3ayujy, apummemuyka cpedra epedHocm
uHOUKamopa nepghopmaHcu. Kao U HeHa desujayuja, y3eme cy 3a dgojHe
He3asucHe 00z2080pe UHOUKamopa rnepghopmMaHcu  npu  MPUMeHU
pobycmHoe du3sajHa. Ceaku 00 osa 08a riomeHyma odzoeopa GorpuHocu
JjeOHum QOernoMm napuujanHux MoxerbHUX eeposamHoha uHOuKamopy
repghopmaHcu anmepHamuea y ucnumusarsy. ApummMemuyka cpedra
8pedHocm uHOukamopa nepgopmaHcu mpeba Oa ce rnpouerbyje Kao
npedcmasHuk UHOUKamopa nepghopmaHcu rnpema hyHKUUjU  uu
npeghepeHuuju uHOuKamopa nepghopmarcu, 00K je desujauuja Opyau
HUX08 roKa3amesb Koea, yornwmeHo 2oeopehu, Kapakakmepuuwie
npuHyun ,mare je bosrbe”.lloped moeza, keaOpamHu KOpeH rpousgoda
Osa nomeHyma Oena napuyujanHe roxerbHe eeposamHohe chopmupa
cmeapHy rnoxesbHy —eepoeamHoRy — uHOukamopa  rnepghopmMaHcu.
Llimasuwe, npou3sod napuyujanHUx noxesbHUX eeposamHoha Odaje
YKYIHY — MOXesbHy  eeposamHofly  ceake  anmepHamuge, WMo
npedcmaerba yKyrnHU U jeOUHCMeeHU UHOEKC ceake arimepHamuee y
pobycmHoM ornmumyMmy.

Pesynmamu: Y pady cy npedcmaerbeHU payuoHariHu onmumMarsHu
napamMempu ceyYera 3a MUHUMU3Upare rnompowre eHepauje MmoKoMm
okpemarba Yeruka AVICU 1018 npu KoHcmaHmHoj 6p3uHu yknarbarba
Mamepujana, Kao U UcmospeMeHa onmumu3auyuja rnapamemapa
MauwuHcke obpade u anokauuja monepaHyuje Krurna o0 cghepoudHoe
epaghumHoe niugeHoez 28oxha.

Sakrbyuak: Cmyduja ykasyje Oa je npumeHa Hoge pobycmHe
ornmumMu3ayuje payuoHarHa u rno2odHa 3a onmumusayujy napamemapa
MalwuHcke obpade.

KrbyuyHe pe4qu:  noxesrbHa eeposamHoha, Memod 3acHoeaH Ha
geposamHohiu, euweKkpumepujymcka onmumu3ayuja, pobycmHu
Au3sajH, ucmospemeHa onmumu3ayuja.
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