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Introduction/purpose: The newly developed probability-based multi — objective optimization (MOO) has introduced a novel

concept of preferable probability to represent a preferability degree of a candidate in optimization in order to overcome the

inherent shortcomings of subjective and “additive” factors in the previous MOO methods. In this paper, the new method is

extended to include robust optimization for material engineering. Furthermore, energy consumption in a melting process with

orthogonal array design and the robust optimization of four different process schemes in machining an electric globe valve body

are taken as examples.

Methods: The arithmetic mean value of each performance utility indicator of the candidate contributes to one part of the partial

preferable probability, while the deviation of each performance utility indicator from its arithmetic mean value of the candidate

contributes to the other part of the partial preferable probability quantitatively. Furthermore, following the procedures of the
newly developed probability-based multi-objective optimization (PMOO), the total preferable probability of a candidate is

obtained, which thus transfers a multi—objective optimization problem into a single—objective optimization problem.
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Results: The optimal control factors of lower electric energy consumption with robustness are bundled steel, loose steel, and
uncleaned steel of 12.5%, 50% and 37.5% by weight, respectively, in this steel melting process. This case is closely followed by the
scenario of 50 wt% bundled steel, 50 wt% loose steel, and 0 wt% uncleaned steel. The robust optimization of four different process
schemes for machining an electric globe valve body is scheme No. 1.

Conclusion: The extension of probability-based multi-objective optimization while considering robustness is successful, which
can be easily used to deal with the optimal problem with dispersion of data to get objectively an optimal result with robustness
in material engineering. The extension of probability-based multi-objective optimization while considering robustness will be
beneficial to relevant research and process optimization.

KEYWORDS: multi-objective optimization, probability theory, preferable probability, material engineering, robustness.

Pe swowMme

Beeaenue/ueas: HeaaBHO paspaGoTaHHBIA OAXOA MHOTOKPUTCPUAABHON OIITUMH3ALIMH, OCHOBAHHOI Ha BEPOSITHOCTH (MOO)
BBCA HOByIO KOHLCIIIHUIO HPeAHO‘ITI/ITCAbHOI‘;I BePOXTHOCTI/I AN HPeACTaBACHI/IH CTCIICHU HPeAHO‘ITI/ITCABHOCTI/I KaHAHUAAQTOB B
OITHMH3ALIUH, C LIEABIO IPCOAOACHHS CYLICCTBYIOINX B IpeAbaymux Metoaax MOO HeAOCTATKOB, KAacalOIUXCst CyObEKTHBHBIX
u “apAnTUBHBIX GaKTOPOB. B AAHHOI CTaThE IPEACTABACH HOBBLH PACIIMPEHHBIA METOA, BKAIOYAIOIINI POGACTHYIO ONITHMH3ALIHIO
IPUMEHSIEMYI0 B 00AACTH MaTepuaroBeAcHHs. Kpome TOro, mpuBeACHDB IPUMEpPBI SHEPIONOTPEOACHUS B IPOLIECCE MAABKH C
OPTOFOHaAbHOI;i KOHCTPyKI_H/Ieﬁ PCH_[CTKI/I u PO6aCTHOI>i OINITHUMH3ALIUU ‘ICTI)IPCX PaSAI/I‘IHbIX CXeEM HPI/I MAIIIMHHOM U3TOTOBACHUU
KOPITyCa 9IACKTPHIECKOTO IIAPOBOroO KPaHa.

Meroasr: Cpeanee apudmerndeckoe moxasateas 3$PEKTHBHOCTH KAHAMAATA CIIOCOOCTBYET OAHOM CTOPOHE YaCTUYHOM
HPEAIIOYTUTCABHOM BEPOSITHOCTH, B TO BPEMsI KAK OTKAOHCHHSI MOKa3aTeAs! 3PPEKTUBHOCTH KaXKAOTO KAHAMAATA OT CPEAHETO
apUPMETHIECKOTO KOAMYECTBEHHO CIIOCOOCTBYET APYTOH CTOPOHE YaCTUYHOM IPEAIOYTHTCABHON BEPOSITHOCTH. TaKKe CACAYET
OTMETUTD, YTO HPI/I HPI/IMCHCHI/II/I HOBOP&SPaGOTaHHOﬁ MHOFOKPHTCPHaAbHoﬁ OIITUMH3ALIUH, OCHOBaHHOI‘;I Ha BepOHTHOCTI/I
(MOO) BBIYMCASIETCS CyMMapHas IPEANOYTUTEABHAS BEPOATHOCTb KAHAUAATA, YTO IEPEBOAUT 3aAa4y MHOTOKPUTEPUAABHOM
OINITHUMM3AIINH B SaAa‘Iy OAHOKPI/ITCPI/IaAbHOI:I OINITHUMM3ALINH.

PCSyAbTaTbI: OHTI/IMaAbeIMI/I KOHTPOAI)HI)IMI/I @aKTOpaMI/I CHUJ>KCHUA HOTPC6ACHI/IH 3A€KTp03HeprI/II/I 3a CYET POGaCTHOCTI/I
SIBASIIOTCSI: UMIIOPTHASL CTaAb, cBOOOAHAS cTaab M cTaab ¢ mpumecsimu 12,5, 50 u 37,5 BeCOBBIX IPOLICHTOB B COOTBETCTBUH C
AQHHBIM ITIPOLIECCOM TIAABKM CTaAu. 3ateMm caepyer cueHapuit 50, S0 u 0 BecoBix mpouenToB. V3 dersipex cxeM pasAHYHBIX
IPOLIECCOB MAIIMHHOIO HM3TOTOBACHHS KOPIYCa JACKTPUICCKOTO MIAPOBOIO KpaHa pobacTHasl ONTHMHU3ALUS SBASICTCS CXCMOH
HOMEp OAUH.

Bs1BoAbI: MHOTOKpHUTEpHAABHAS ONITHMH3ALHS, OCHOBAHHASI HA BEPOSITHOCTH, AOIIOAHCHHAS! PaKTOPOM pOGACTHOCTH, OKA3aAACh
60oACE YCIEIHOM, CACAOBATEABHO ¢ 6E3yCAOBHO MOXKHO HCIIOAB30BATH IIPU PCIICHUM 3aAaY OITHMAABHOCTH C AMCIEPCHCH
AQHHBIX AASL IIOAYYECHHSI OOBCKTHBHO OITHMAABHOTO PE3YABTATa C POGACTHOCTBIO B 06AACTH MaTepHaAOBeAcHHUs. Pacmmpenue
MHOTOKPUTEPHAABHOH ONTHMH3ALIMM, OCHOBAHHOH HA BEPOSTHOCTH, YYUTBIBas POOACTHOCTb CYLICCTBEHHO IIOMOXET B
PCACBaHTHbIX HCCACAOBAHUAX U OIITUMU3AITHH HPOL[CCCOB.

KnwouyeBH e CJ OB a: MHOTOKPHUTCPHAAbHAS ONTUMM3ANMsI, TCOPHUA BCPOATHOCTH, MNPCANOYTHTCABPHASL
BCPOATHOCTD, MATCPHAAOBCACHHC, pOGaCTHOCTb.

ABSTRACT:

VBoa/1us: HoBopassujeHn MeTOA BHIIEKPUTEPHjYMCKE ONTUMHU3ALIMjE 3aCHOBAH Ha BCPOBaTHOhI/I (MOO) YBEO je KOHIIENT
MOXerHE BepOBaTHohe Ad TIPEACTAaBH CTEIEH IIOXXEAHOCTH KAaHAMAATA IPH ONTHMH3AIMjH Kao ITOKYIIaj Ad Ce npeBasHby
HMHXEPEHTHH HEAOCTAITH Cy6jCKTI/IBHI/IX u aauTuBHUX dakTopa y nperxopHuM Meropama MOO. Y oBom paasy HOBa MeTopa ce
HpOIIUPYje U YKmydyje po6ycn—1y OINTUMHU3ALU]y IPUAUKOM IIPHMEHE Y obaacTu TeXHOAOTHje MaTepujasa. HaBeaenu cy npumepu
YTpOIIIKa EAEKTPUYHE CHEPIHUje Y MPOLECY TONMMDEHA €A AM33jHOM OPTOTOHAAHOT HM33, KA0 U po6yCTHe ONTHUMHU3ALUjE YETHPH
Pa3AHYMTE IIEME MPOIIeca MAIIMHCKE U3PAAC TEAA EACKTPUYHOT AONITACTOT BEHTHAA.

Metope: ApUTMETHYKA CPEARBA BPEAHOCT ITOKasaTedad MEPPOPMAHCH KOPUCHOCTH KAHAMAATA AOIPHHOCH jEAHO] CTpaHU
ACAMMUYHE TIOXKEHSHE BCPOBaTHohe, AOK ACBHjallMja CBAKOT ITOKA3aTenra NEPPOPMAHCH KOPUCHOCTU KAHAUAATA OA aPUTMETHUKE
CPEAE BPEAHOCTH AONPHHOCH KBAaHTUTATHBHO APYrOj CTPaHU ACAMMHYHE HOXEMAHE BCPOBaTHOhC. Taxobe, HPUMEHOM
HOCTYIKA HOBOPa3BHjeHe BUIIEKPUTEPHjyMCKE ONITUMHU3AIU]j€, 3ACHOBAHE HA BaPOBaTHohH (MOO), AOOHja ce YKYIIHA ITOXKeApHA
BcpmsaTHoha KaHAMAATA, YUME ce HPO6ACM BHIIECKPUTEPUjYMCKE ONTUMHU3ALUjE IIPEBOAU Y npoGAeM jEAHOKPHUTEPHjyMCKE
ONITHMHUS3ALIH]eE.

Pesyararu: OnTuMasHH KOHTPOAHH (PAaKTOPH CMAaHbEHE HMOTPOLIEBE CACKTPHYHE CHEPIHUje nomohy po6ycr1—10c*m jecy yBesaHH
YeAUK, CAOOOAHM YEAUK M YEAUK ¢ HeuncTohama op 12,5, 50 1 37,5 TexxuHcKux IPOIIEHATA, PECIIEKTUBHO, Y OBOM IIPOIIECY TOMAEHA
geanka. Oamax saTuM caeaut crieHapuo oa 50, S0 1 0 TeXMHCKHX IpolieHaTa, pecrekTHBHO. Op cXeMa 4eTHPH PaTAMYMTA IIPOLieca
MaIlTMHCKE H3PAAE TEAQ EACKTPUYHOT AOITACTOT BEHTHAR, po6yCTHa ONTHMHM3AIIH]ja je cXeMa 6p0j jeAaH.
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3akaydak:. Bumexpurepujymcka ontumusanyja 3acHoBaHa Ha BepoBarHohu mpoummpena je momohy pobyctHoctH, mwTo ce
II0KA3aA0 YCIICUIHUM, TAKO A2 CE MOXKE AAKO KOPHCTUTH IIPU PelIaBaby IPpobAcMa ONTHMAAHOCTH €2 AUCTIEP3H]jOM ITOAATAKA KAKO
61 ce A06HO 06jeKTHBHO ONTHMAAHH pesyATar ca pobycrHomhy y rexnororuju matepujasa. [Tpomupusarme BUlIeKpUTEpUjyMCKe
ONTHUMHUSaLUje 3aCHOBaHe Ha BepoBaTHOhu ysumajyhu y o6sup pobycraoct 6uhe op xopucTn 3a peacBaHTHA UCTpaXkMBama U
OIITMMH3ALIHj€e MpOIleca.

KEYWORDS: BI/ILLICKPI/ITCpI/ijMCKa OHTI/IMI/IsaLH/Ija, Teopnja BepOBaTﬂohe, IOXErHA BePOBaTl-xoha TCXHOAOFI/Ija MaTCPI/IjaAa,
pobycrHoCT.

INTRODUCTION

Recently, the probability-based multi—objective optimization (PMOO) method was developed (Zheng et
al, 2021) in an attempt to solve the inherent problems of personal and subjective factors in previous multi—
objective optimizations (MOOs). The new concept of preferable probability was introduced to represent a
preferable degree of a candidate in optimization. In PMOO, all performance utility indicators of candidates
are divided into two types, i.c., beneficial or unbeneficial types according to their functions in the selection;
each performance utility indicator of the candidate makes its contribution to a partial preferable probability
quantitatively, and furthermore, the product of all partial preferable probabilities makes the total preferable
probability of a candidate in the viewpoint of probability theory, which is the unique decisive index in
the selection process and thus transfers the multi — objective optimization problem into single—objective
optimization. PMOO was also extended to the application of the multi-objective orthogonal test design
method (OTDM) and the uniform design method (UDM) as well, where appropriate achievements have
been obtained (Zheng et al, 2021; Zheng, 2022).

In general, quality improvement of products and optimization of processes are continuously demanded by
manufacturers. In 1980s, Taguchi once contributed a discipline and structure to the design and assessment
of experiments so as to raise the quality of products by means of design optimization with efficient cost
(Roy, 2010). In Taguchi’s method, a formal way is incorporated to include noise factors in the experiment
layout, which aims to make products and processes insensitive to the influence of uncontrollable (noise)
factors. He created an orthogonal experiment design to study the effects of noise factors with smaller size of
experiments, which results in a favorable performance with the mean close to the target and reduced variation
around the mean (Roy, 2010). The main point is to focus on the prechosen target for the output response
with great extent and less variability. The controllable factors are called control factors. It is assumed that
the majority of variability around the target is due to the existence of a second set of factors called noise
factors or variables. Noise factors are uncontrollable in the product design or process operation (Myers et
al, 2016). As a result, the term robust parameter design entails designing the system so as to get robustness
(insensitivity) to inevitable changes in the noise variables. Taguchi suggested using a factor called “signal - to
- noise ratio” (SNR) to characterize robustness. Taguchi suggested some primary SNRs. The three specific
commonly used goals are: 1). the smaller the better; 2). the larger the better; 3). the target is the best.

Taguchi suggested a SNR for cases in which the response standard deviation is related to the mean linearly.
For this case, Taguchi’s SNR for “the target is the best” condition is given by

SNR = - 10log(y*/ §°) "

where the SNR is to be maximized; 7 is the mean value of the test points, and s is the standard error.
In fact, for a set of actual experiments or processes, the mean value of the test points 7 and the standard
error s are independent factors in general.
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While, in Eq. (1), the SNR condenses the two factors into one factor, the optimization of the maximum of
the SNR is not equivalent to the optimizations of the both minima of s and 7 closing to the target at the same
time. What is worse is that in the cases of “the smaller the better” and “the larger the better’, the expressions
of SNRs suggested by Taguchi even excluded the factor of the standard error. This point was criticized by
many statisticians (Box, 1988; Box & & Meyer, 1986; Welch et al, 1990, 1992; Nair et al, 1992) though the
essence of the SNR in Taguchi’s approach to robust parameter design is to propose an easy-touse performance
criterion which takes the process mean and variance into consideration. Statisticians further suggested taking
both response mean and variance into account by using separate models. Therefore, for robust optimization,
the optimization of the both minima of s and 7 closing to the target should be conducted with individual
models at the same time.

In this paper, the new PMOO method is extended to include robust optimization of dispersion of data
in material engineering due to the advantage of impersonality of the PMOO method, where both the
response meany and the variance s are taken into account by using separate models. Furthermore, energy
consumption in the melting process with orthogonal array design and robust optimization of four different
process schemes in the machining process of the electric globe valve body are studied as examples.

EXTENSION OF THE PROBABILITY-BASED MULTI-OBJECTIVE OPTIMIZATION METHOD TO
INCLUDE ROBUSTNESS

In PMOO, all performance utility indicators of candidates are divided into beneficial or unbeneficial types
according to their functions in the selection where each performance utility indicator of the candidate
makes its contribution to a partial preferable probability quantitatively, and furthermore, the product of
all partial preferable probabilities makes the total preferable probability of a candidate in the viewpoint of
the probability theory, which is the unique decisive index in the selection process and transfers the multi-
objective optimization problem into a single—objective optimization problem (Zheng et al, 2021; Zheng,
2022).

In traditional MOO, the performance indexes of candidates are assumed to be well determined without
any uncertainty. However, this is not always the case; for example, if we perform one experiment for ten times,
we could get ten experimental data in general and both the arithmetic mean value of the ten data and the
mean deviation can be taken as representatives for these experiments; In some other cases, the performance
indexes and attributes are often vague, which results in un-exact numerical values instead of well determined
data. In order to assess such problems containing uncertain elements, a proper approach is still needed.
Taguchi created a formal way to include noise factors (Roy, 2010), but it is puzzling. Here we propose an
extension for the newly developed PMOO to include the dispersion of data so as to establish probability-
based multi—objective robust optimization.

In general, an uncertain element Xj; has the form of Eq. (2),

X”. :X:;r'i(SXU' o

In Eq. (2), v represents the arithmetic mean value of the uncertain element Xij, and &x; is the mean
deviation of the performance index Xij.

The arithmetic mean value ¥, represents the main function of the performance of a candidate, which
quantitatively contributes one part of partial preferable probability according to its type of being either
beneficial or unbeneficial relating to their functions in the selection.
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For the beneficial type of performance, it contributes one part of partial preferable probability linearly in
a positive manner; as to the unbeneficial type of performance, it contributes one part of partial preferable
probability linearly in a negative manner (Zheng et al, 2021; Zheng, 2022).

Under condition of the uncertain element Xj, the beneficial type of the arithmetic mean value , of the
uncertain element Xj; makes one part of the performance index according to

Pfl = "3‘-’;1)_{'

i Ij ?

i=12...nj=12 .,m 5

In Eq. (3), Py represents one part of the partial preferable probability of the beneficial utility index
7,; n is the total number of candidates in the candidate group involved; m is the total number of the
performance utility indices of each candidate in the group; @ is the normalized factor of the j-th utility
index of the candidate performance indicator, «,- 1) is the arithmetic mean value of the utility index of
the performance indicator in the candidate group involved,

— 1
X,r :_ZXU :
= (4)

For the unbeneficial type of performance, ¥, makes one part of its partial preferable probability of the
performance according to

P:'_,f'l = )B_,f]{Xjnnx + X_,fnin _Xf_,r) L "; = 1!‘27"'! nr‘j = 1:' 21 e m. (5)
In Eq. (5), feona i and represent the maximum and minimum values of the performance utility indices ¥,
of the candidate performance indicator in the group, respectively, and 4 is the normalized factor of the j-th
utility indices of the candidate performance indicator, s-1..+7.-4)..
The mean deviation ax; is the unbeneficial type of the performance index in assessment in general, which
has the characteristic of “the lower the better”. The mean deviation sx; contributes the other part of the

uncertain element Xj;, Py, which is assessed according to Eq. (6),

R}E = ﬂj}_’(rijf_,rnnx +dk’

Jmin

_CSX'U),J;=1,2,..., nj=12 ...,m ©)
In Eq. (6), e and &m, represent the maximum and minimum values of the performance utility indices sx,
of the candidate performance indicator in the group, respectively, and £ is the normalized factor of the j-th
utility indices of candidate performance indicator, .-, <o, -1,
The entire partial preferable probability of the uncertain element Xj; is the arithmetic mean of both parts,
or square root of their product, i.c.,

Py = (P + Py2)/2, or Py = {'P{,'?'XP,IQJQ'E_

287



VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2022, voL. 70, NUM. 2, ABRIL-JUNIO, ISSN: 0042-84...

The entire partial preferable probability P; includes all information of the uncertain element X
comprehensively, which is the overall representative of the uncertain element Xj; in the selection process
competitively.

Moreover, the total / comprehensive preferable probability of the i candidate in a multi-objective
optimization problem is the product of its partial preferable probability Pj of each utility index of the
candidate performance indicator in the overall selection due to the “simultaneous optimization” of multiple
objectives in the viewpoint of probability theory (Zheng et al, 2021), i.c.,

m
‘F; — L 'HE ”'Em :Hﬁj .
J=1 (8)

The total preferable probability of a candidate is the uniquely decisive index in the overall selection process
competitively, which transfers a multi-objective optimization problem (MOOP) into a single — objective
optimization one. The main characteristic of the new probability-based multi—objective optimization is that
the treatment for both beneficial utility index and unbeneficial utility index is equivalent and conformable,
which is without any artificial or subjective scaling factors involved in the process.

APPLICATION OF THE EXTENDED PMOO TO ASSESS AN OPTIMAL PROBLEM WITH DISPERSION
OF DATA IN MATERIAL ENGINEERING

In the following study, the entire partial preferable probability of the uncertain element Xijtakes the
arithmetic mean of both parts of Eq. (7).

1) Robust optimization for saving electric energy consumption of a foundry

Electric furnaces are generally used in foundries widely, including cupola furnaces, rotary furnaces, and
induction furnaces. The induction furnace is usually utilized to melt a massive amount of steel. The electricity
consumed for melting 1 ton of metal is in the range of 600-680 kWh/ton (Deshmukh & Hiremath, 2020).
Deshmukh et al reported an orthogonal array experiment for the optimization of the process parameters in
the melting process in the foundry with a “Signal to Noise Ratio” effect (Deshmukh & Hiremath, 2020).
The study was focused on varying the process parameters so as to reduce consumption of electrical energy
and get an optimization robust property (Deshmukh & Hiremath, 2020). An L9 orthogonal array was used
to conduct the design experiment for control factors: bundled steel, loose steel and uncleaned steel in wt %,
see Table 1.

Nine experiments were performed five times to reflect the variations that might be caused by noise factors.
Table 2 shows the tested data of electric energy consumption from these designed experiments.
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TABLE 1
Control factors in experiment design

Bundled Loose steel
Scheme | stea]l (28 by % by Iééngf?e?ghst;ea
weight) weighit)
1 125 275 50
2 33 33 33
3 375 125 50
4 S0 0 S0
5 125 50 375
=S 50 125 37.5
7 50 50 0
g 32 32 32
3 375 =10 125
TABLE 2

Test data of electric energy consumption from these experiments

Test data (kWh) Fepresentative data
Scherme |1 2 3 4 = Iean Deviation
1 110 |112 [131 | 108 | 104 [113 9 3808
2 109 [111 (120|121 |114 |115 4 7749
3 112 | 120 [115 |118 | 110 |115 3.6878
L a8 102 [106 [112 [104 [ 1044 4 6303
5 117 | 112 [109 112|108 [111.8 21875
=) 121 |116 [109 |107 |113 [113.2 4 9950
7 114 | 118 [108 110|112 [112.4 2.4409
i 116 |[112 [110 | 104 | 109 [1102 39142
9 110 |112 [112 |109 | 107 [111.2 27620

Since the optimization of this problem is intended for saving electric energy consumption, the mean
value of the electric energy consumption in Table 2 belongs to an unbeneficial performance index, thus Eq.
(5) is employed to assess its portial preferable probability. Besides, Eq. (6) is used to assess the deviation
contribution to the partial preferable probability. Finally, the entire partial preferable probability of each
scheme is assessed by Eq. (7). Table 3 shows the results of the assessments. Pnean, and Peyiaion in Table 3
indicate one part of partial preferable probability of the mean value and the deviation value of electric energy
consumption, respectively; Penire is the entire partial preferable probability of electric energy consumption,
which determines the ranking of each scheme in Table 3.

From Table 3, it can be seen that scheme 5 is the optimal one, since it consumes lower electric energy with
less deviation, i.e., it is robust. The optimal control factors of bundled steel, loose steel and uncleaned steel
are 12.5%, 50%and 37.5% by weight in this steel melting process, respectively; scheme 7 is No. 2, being close
to scheme S with the control factors of bundled steel, loose steel and uncleaned steel at 50%, 50% and 0 %
by weight, respectively.
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TABLE 3
Results of the assessments for the preferable probability of all schemes and their ranking

scheme |Prpan Paeviation Panrire Rarnlk
1 0.1099 0.0447 00773 9
2 01078 0.1093 0.1085 7
3 01078 0.1245 01161 5
4 01188 01112 0.1150 G
5 01111 0.1315 01213 1
3 0.1097 0.1062 0.1079 2
7 01105 0.1280 0119z 2
a8 01128 01212 01170 4
El 01117 0.1234 01176 2

2) Robust optimization for multi-objective decision making of mechanical processing
plans based on the interval number

Han et al conducted multi-objective robust decision making of a mechanical processing plan based on the
interval number (Han et al, 2020); four different process schemes for machining process of the electric globe
valve body are comparetively studied, which is taken as an example here as well.

Table 4 shows the technical parameters of the four schemes. In this optimization process, only the rate of
the qualified product is the beneficial type of the performance index, others belong to the unbeneficial type.
Table 5 lists the partial preferable probability and the total preferable probability of each plan, as well as the

overall ranking comparatively.

TABLE 4
Technical parameters of the four plans

Tirne Rate of |Total . .
. . Elactric Solid | Waste
oln fcligd . qualified EOSt Igéag:n%l energy waste | liquid
produ AP, consurrp. | F discharge
A products | RME | D yuan) | 5o v oL
i) E %) Y1131
[0.86,
[40, (238, |[826, [18.6,
1 [96, 95] (2.8 3.1]
51] 285] 1145  |21.5] 0.67]
[0.95,
[48, (254, |[92.4, [19.8
2 |59 31,951 | 2031 1233 |23 (2.3, 3.5]
1.22]
[1.07,
50, (258, |[24.2, [20.3,
5 ez 89,921 5107 |126.1] |25.21 [5.1,5.9]
1.28]
[0.92,
[42, (245, |[86.3, [19.1,
4 |5g [92.96] 15951 |1189] |223 sy (2.3, 3.5]
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TABLE 5
Partial preferable probability and the total preferable probability of each plan, as well as their ranking.

Partial preferable probakbilit Total
Flan |4 E c | E F G Pt’lod1 Rank

1 02732 |0.2113 |0.25897 [0.2544 (02778 |0.3344 |0.3080 | 16082 |1
02534 |0.215]1 |0.2469 [0.2473 |0.2545 |0.1997 |0.2232 | 0.2944
0.2376 |0.2572 |0.2369 [0.2405 |0.2026 |0.2317 |0.1782 | 0.23913
02357 |0.2164 |0.2565 [0.2578 |0.265]1 |0.2342 |0.2805 | 0.5875

OV RN
[ | [T

Table 5 shows that scheme No. 1 is the optimal one with a robust property.
CoNCLUSION

The extension of the probability-based multi-objective optimization considering robustness is successful,
which can be easily used to deal with an optimization problem with dispersion of data to get objectively an
optimal result with robustness in material engineering.

Robust optimization design is a very important technology to improve quality of products and
optimize processes for manufacturers. The extension of the probability-based multi-objective optimization
considering robustness will be beneficial to relevant research and process optimization.
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