E50E H4W H 3 th 2% & Vol. 50, No. 4
2024 4F 4 H ACTA AUTOMATICA SINICA April, 2024

BT % BHHF PSO E SRV E IR S BY

EFAA oa @ EZET OFRT

W E CZRTRMEARMER. S a5 25 SRS R B, AR 2 500 RO A R AR AR AR R D AR S AT
1 55 1) A, PR 2T B IR AR R Kz A R X BL B R, $R R T 2 H sk T B R AL (Multi-objective
particle swarm optimization, MOPSO) B &AL BB HIFEA A i (Virtual sample generation, VSG) 7%, B, Wil 4
B 5 DR T R AL SR (R R B RAE AL, R Re 8 [FIN 4B ) THELL R B SRR &; AR5, € LARHLZHERL Birfitmn
LR SDRL T RO A SRk I L R B, S HG A 08 E A R AT 2 AL PR B 11 R I i A R SUVRE AR BB s i, 2 L T 1 R DL RE AR
A 2 B AR IR A AT 55 DAk ZR-6 2 ST BRI AL SR, 5 L AR 06 0 I 2 U A 010 1 o R 1 A8 4 A 2 O 42 v Wi Sk
FE. TR, T 0GR B TR T VP R AOURE A 0T B IR 255 VA F A AN S A AR BA R . ) P R RO R R S T B
SRUUE T R 7 vE A U A AR

XHBEIE  MEAREME, BRSEARA R, IRARL, £ Bish R AL, A AR

IR TS, B, 28, SR 3T 2 B PSO IRAMALIEIEE AL . B354k, 2024, 50(4): 790-811

DOI 10.16383/j.aas.¢211091

Virtual Sample Generation Method Based on Hybrid Optimization With
Multi-objective PSO
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Abstract Due to the difficulty of detection technology, and high time and economic cost, the modeling samples of
soft-sensing model with difficult parameters have some problems, such as small numbers, sparse distribution, and
imbalance, which seriously restrict the generalization performance of data-driven models. To solve the above prob-
lems, a virtual sample generation (VSG) method based on multi-objective particle swarm optimization (MOPSO)
hybrid optimization is proposed. First, the population representation mechanism of the integrated learning particle
swarm optimization algorithm is designed, so that it can simultaneously encode the continuous and the discrete
variables. Then, the fitness function of the integrated learning particle swarm optimization algorithm with multi-
stage and multi-objective characteristics is defined to minimize the number of virtual samples while ensuring the
generalization performance of the model. Finally, a multi-objective hybrid optimization task is generated for virtual
samples to improve the integrated learning particle swarm optimization algorithm, so that it can adapt to the vari-
able dimension characteristics of the virtual sample optimization process and improve the convergence speed. At the
same time, the comprehensive evaluation index and distribution similarity index are proposed for evaluating the
quality of virtual samples by referring to metric learning for the first time. In this paper, two benchmark datasets
and an actual industrial dataset are used to verify the effectiveness and superiority of the proposed method.

Key words Small sample modeling, virtual sample generation (VSG), hybrid optimization, multi-objective particle
swarm optimization (MOPSO), distribution similarity
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Table 1 The meaning of the symbols used in this article (continued table)
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44 Yave Yurain FIBIHE

45 Yhighs Ylow X TRT /T yave BHHIES

46 Ymaxs Ymin Yorain PEKME B/ME

47 YHave; YL-ave Yhigh> Yiow TIIIH

48 N> Noana I BRI . BENLIR S5
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J&, AR B A L [E I AR e N 5 4 Zha
S SRR 2 A T BUOR AR R R A
N, FHE I NFEA B R A Bt He 552 MR
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Fig.1 Relationship between virtual samples and

real samples
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H BRI B PPAN i R FH TREZEATL .
1.2.3 [EYIEER VSG

[ 7] TV R [l A VSG i) JE L 73 2 40
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TR TRy ) 4P X 4y bR AN R
10% BF, AT H T A i f0 5 . B A a8 I e AR AR
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M. SEAN, N R BT A R FURE AR R AR 7R 1 U AR
P, B @S R PSO Sikxt B UREA BT T 1
IR FE. el i o i FORE A E AP o & 16
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timization problem, MOP) #% 4k 7 & /MEAR AL 7]
AT TE, HA IR A

mlnF(z) = (fl(z)v f2(z)7 ) fm(z))
s.t. z € (2)

K, 2= (21, 22, -+, 20) NIRARR, QFRIRAT
MR, F(z):Q— S ZH m A SEAH R EH B
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Wa, be QN (2) & XK MOP [ 2 NAlAT
iR, 4 EACS TR i e {1, 2, -, m}, #H fi(a) <
filb) HEAF —Aje{1,2, -, m}, i1 fi(a) <
fi(b) B, a ZHeb, iiffa<b. WMEAHFEacQ,
{18 F(a) XA F(a*), M2 a* 2 (2) 8 LW
MOP #J—A> Pareto s fLf#, F(a*) N Pareto &
it (B#5) K&, B, Pareto ALl H LM — "N H
Ptk RE A2 T+ L AR T B A /b — A HoAth H AR PERE ) T
W, 1@%, I Pareto SRR EFEA Pareto i
flLfif4E (Pareto optimal solution set, POS), Fif
Pareto st H A R EHIEE G TR Pareto I AT

KA 2 H bR e 8 i) 5 P kA0 SRk L i A
k. 243tk (Differential evolution, DE) &2
A PSO &, GA Hykimid k£, &8 XA 5 5 4F
FEAHT AR, 18T B B AR A ) R, s AT I (]
BEFREE R T B K. DE BykBENLER: 3 M5
H S AS [RS8 S g B X T AT
BT R, OB SHOS BRI BN, sk
PERE LT, (HEXTR & itk DE BEMEE AR > 5
#E PSO FEk 2 B S Bl S AT N A& e A 502,
P B 1o A A ] R EL PR AN B =
FEAAE, ok IR A R RS MR AL E
AT ), BRI R A ANESL, A W] SR ARRHIEIE
PEEEBUAE. bR PSO HIER 5 BN R AL
filt, H 24 RS A s A JE I 238 B 70 i)
IR,

1.3.2  £R&EF3] PSO ik

AT FAriE PSO Bk, CLPSO SHiExd ki 1if
5 ) BEE SR R AT T sk, R m AR AR K A
1, Hobi ¥ I8 P 5078 2P M EHT AR T

Vb (t + 1) = Winertia(t) - v} (1) +
c-ry - (ER() — 25(1)) (3)
2ZP(t+1)=22(t)+vE(t+1) (4)
H, Winertia AR R P KIRERE, ¢

AT, e RA[0, 1) TRIKIA S A, ER kLT
p 5 n 4EIR) 2 SRR,

A1 20 (3) R, L S5 1Y) SR AN 2 AR B
RSN NIk s A N 1= N SR AR 1 A
PR, A WE:

' 2P(t+1), 2P(t+1)<dP(t)
dr(t+1) = {dp(t), - (5)

X, dP = (&, db, -, db) RoshiF p AR AR.

CLPSO N&AKLF 4 — ARG, R+
NG B 2 O] A BRI RE] . AR, %R IR BE S IR
FERhIEZ AR, A MR bR AE PSO $E AT ]
. 5T AR AMIEAR Nyeresn K5 A5 A B8 BE BT,
O 5 L 2 ST R S N 1A L % o S A
STREGI T HT R A Pr, SEHTI, B AT R R R
R 2 KT, ARG XTEE 2 ANRLT AR AR, 3
Grifs BRI I MR B ARAE R 5 ST RE, R KRN

Eﬁ = {dgr)l/ ‘ H;I,n(f(dp,))v p/ = Prand1, prand?} (6)

PP KLY p 5 IR, TR T:
10(rankP —1)
—~-1  —1

el0 _ 1 (7)
KA, rank? R kL5 MR ERACKIIE N EHE4 , Bl
FERLT HET rank? 34638, F 3% S MEZEBE 2 19K,
HI 25 S B ) BE TR R N 5% 1B K E 50%.

2 ETF MOPSO E&LILH) VSG R

g5 b, ASSCHR R R SO A A Bl e B 1
A7 2 HARIRA AL 72, #R8 MoHo-VSG. B G,
XA IR 2 HOHAT AR AL LASR B 8 A S8,
G AT AR B LR S R U A, 2T 2
H el 7 B4 (Multi-objective particle swarm
optimization, MOPSO) J& & LAk i S FURE AR 2F B
HBE AN 2 Frs. %07l AR A DA R T 1
THEEHL, TH M) VSG I IE 37 2 R H00 VA5 H R T ()
VSG 2 HiRR &AL BRA . B 2, 27 FoR
etk i Ar &, B PSO Hoki 1A B, LGS
BT 28, MREAESE R R 28 R train M
R vaia 77 327~ B R AR/ NFEAR KI5 45 2 (1) 2R A6 0
WUELE; @l max A @Y, 5, 28RS 20 MTD
JPEXIE AT AR Bl N R I B R AT IR,
Yhegmax A Yhy i /I AH LS 3 € 3 L BR AN
B, X%, FonfEd BB £/ TR, il RS
BRI BTN RY,, A RE,,, 709013
/MBI RF A RWNN WG SR 15 (0 R SO AR SR
R)  NRY MR, BEJE, WA I

PP = 0.05+ 0.45-
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Table 3 Parameter setting of VSG based on hybrid optimization with multi-objective PSO for benchmark data
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Table 4  Optimal virtual samples obtained based on multi-objective PSO hybrid optimization for benchmark data
LeES X.. s

396.50 117.40 0 176.40 11.42 876.70 796.90 60.23 58.83

200.50 16.35 115.80 161.60 8.27 1071.70 809.90 17.23 29.23

Al 240.90 0 100.30 183.50 5.87 977.30 852.40 14.00 18.25
272.40 56.58 0 199.00 0 965.00 786.90 37.38 12.62

347.40 0 0 190.80 0 1116.40 718.20 15.08 3.42

5.69 95.64 60.78 69.89 36.85 1.48 1.41 182.20 26.79

4.08 77.39 51.82 60.19 35.09 1.22 1.27 121.40 95.32

B1 4.00 76.44 50.35 59.37 34.71 1.20 1.29 121.30 80.12
4.46 82.72 56.99 64.52 36.03 1.30 1.09 131.20 51.89

3.54 83.97 60.06 66.37 43.11 1.07 0.97 99.90 6.38

® 5 HEEHEE IR AGREA N /v
Table 5 Input/output range of original samples for benchmark data

A% A it
R/MHE 102.0 0 0 121.8 0 801.0 594.0 1.0 2.3
Al R 540.0 359.4 200.1 247.0 32.2 1145.0 992.6 365.0 82.6

Bl R/AMHE 1.0 6.9 6.4 5.3 2.0 0 0 0 0
SN 9.0 209.0 209.0 209.0 209.0 2.0 2.0 208.0 185.0

F 6 HEAEHUEET Z Hix PSO WAL &R RN ST 5 R
Table 6  Statistical results of global optimal solution based on hybrid optimization with
multi-objective PSO for benchmark data
X S H ) Eranis i 4 o
IEITE S JE SRR A REHA
Yextend Lr Olear SFHRMST P o SFHIRMS] P o

Al 0.6033 3 9 18 82 10.36 0.026 11.59 0.012 0.2354
A2 0.6245 6 5 19 128 10.03 0.012 10.73 0.003 0.2099
A3 0.6528 6 9 20 150 10.40 0.006 10.28 0.002 0.2002
B1 0.3951 5 5 16 20 16.44 0.300 19.07 0.169 0.2407
B2 0.4892 8 6 14 69 20.14 0.019 17.86 0.051 0.2118
B3 0.6775 19 [§ 15 70 19.57 0 18.05 0.023 0.2076
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IRPALZ ST ). BT LA P A Niger (875 46 7 42 SRS
PEREA VSG B #EAT i E . 2) I FEGI 5] 35 R
TR T A A, BB ) SR BE Nicresn
P T 2E IR B SO R, A1 kg HE R
BE JI AL . 5T 2 R RS Noesresn IRARZE,
i 2L SR SRR 513 R Bk A A A A
1 Nyetrest 19 RI, R34 17 1H 27 ST B BEAT 7 2]
RFEE R R T 2 Moo /DI,
WL AN [ 37 2 SRR REAT 52 ) 2 T SRR A Sk

A2 7. FITLA Nieesn 16 ARG SE 7 % 1E VSG Hdle (1

I 25 G IRARIREL Nier 1H. F35F, B8 2vmp ~ 2R
2hp ~ zrwan L /TR BROCE B R R AT, R

PRI R BCR M SR, Bl AT R, AR
RO N HRAT IR/, AT e 2 B R 4 R A
Pef. bk, AT U B 7 ARG VSG Hdi dr
fiE, FEE L1 E .

4.3 T EHEIGUE
4.3.1 ZIEFEHBGE IR

[y MSWI 2 T Z A2 E W& 9 pros. B9
th, B MSWI S FE T A2 1) DXN 73531 55 72 K



4 1

ESHHE: BT 2 H R PSO IRAMAL I REAURE AR A A

DIESORY
— B DER
—— T R AR

0 10 20 30 40 50 60 70 &0 90 100
MR RE AR =
(a) A1
80 e
! . —— T R
ol M —— FUR L R AR

2350 |14
ﬁ40 | II.

1]

2

il

0
0 10 20 30 40 50 60 70 80 90 100

BB At
(c) A3
120w
—— TR A
100 | —+— T4 JRAREA '
80
H
%‘E 60
10
20

\ [P VR LY |...|I Vs
0 ! VU Ty
0 10 20 30 40 50 60 70 80 90 100
IR AR
(e) B2

8
Fig.8

KORAVEAR 3 FhEE v, A S A I DXN
B T2 Bl 708 DXN PRI RS, G1. DXN
BB IS RS G2 RIS KRS G3 = Fl.
ENLEE ) DXN 7% AR TR HE [ R AN 58 A R
IR S A il 2 2800, @K N RIE DXN 4§
BEA WA R R, 15 RS e b B i <R
FE LI F A/ 850 °C FHHARFE 2 5. A4, AALHE

I

805
80|, VIE T
| N —— G AR
o || —— TR R R
60 .
= 50 H [N
E AOH YY)
= 30
20 |
10}
0
0 10 20 30 40 50 60 70 80 90 100
MREEAIT S
(b) A2
20— mmm
—— T A
100 | —+— T4 i A FEA
[} i I|I 1
80| | -
;@i
& 60}
- 401 (1) !
20 | ) ' Vl/ i |
0 X ) ) ) |!'I.‘ V11 U A )
0 10 20 30 40 50 60 70 80 90 100
RRFEAR S
(d) B1
P —pmmmn
—— T AR
100 | —— Tl H: IR EFEA }

| _ i
, Whinoie v € A
0 10 20 30 40 50 60 70 80 90 100
MAEA 5
(f) B3

S TR AR T i e T B

Comparison of prediction output for benchmark data

TP ) DXIN R, 72 AR BRI BU AR E 1A
N2 %5 A S5 VR A AR A P ¢, BAIRBRY DXIN BUR 3
SEE G JE . EAh, R IR R AL PR B AR K
JIig A 2 A B AN T ) DXN R 1220 th &
T2 DXN HEBOR R . A R B # A8
R LA YA BBl R GURE. B b
b BEIA ORFR 1138 H AH 2= BOE A 8] 9 A €



806 H B s i 50 &
F 7 EHEEIEARE VSG HIERIR G4 R
Table 7 Comparative statistical results of different VSG methods for benchmark data
HIE ik R A K RaFA MR e
i R AOURE A B i S ; N N
7 . b TEEN T e m#t B (a5 (x1 Rk (x10-
N-VSG 219 0.2770 16.47 8.785 14.11 4.09 15.44 4.62
M-VSG 238 0.3018 17.08 8.575 13.65 2.26 19.73 4.55
Al PSO-VSG 55 0.4235 16.35 3.822 12.75 3.76 30.20 5.88
MP-VSG 165 0.2641 14.03 4.525 12.93 6.04 9.93 7.19
MoHo-VSG 82 0.2354 11.59 0.107 9.67 12.46 1.34 14.72
N-VSG 176 0.2945 24.38 10.541 21.96 13.87 17.96 14.25
M-VSG 281 0.3100 25.33 12786 20.12 12.63 56.11 14.12
B1 PSO-VSG 36 0.3317 26.11 17710 20.38 1.69 71.20 8.23
MP-VSG 134 0.2513 20.84 3.452 19.47 17.43 4.37 18.89
MoHo-VSG 20 0.2076 18.05 0.062 17.84 169.26 1.57 178.69
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Table 8 Parameter setting of VSG algorithm based on multi-objective PSO hybrid optimization for DXN data
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Table 9  Optimal virtual samples obtained based on multi-objective PSO hybrid optimization for DXN data
Xos Yvs
4.366 1.54 68.78 27.31 241.4 3.96 334.7 0.0289
4.206 0 68.94 28.15 222.5 3.77 306.8 0.0458
4.449 7.69 72.48 30.23 222.8 3.98 315.8 0.0685
4.432 10.00 71.83 30.00 225.9 3.99 319.5 0.0163
4.461 17.69 74.65 30.77 228.5 3.99 321.8 0.0029

# 10 DXN Hd#fiii i VSG 12 Hir PSO REAL
EEh N

Table 10 DXN data for VSG-oriented multi-objective
PSO hybrid optimization global optimal solution
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FOURE A B A 2B 40 79 4 82 Al 20, @ ALSF- 15 RMSE
3N 11.59 1 18.05, EL/NFEAR AL I $E T+ T
10.50% 1 21.73%, ST AL A5 R 46 s 1 43
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# 11 DXN FIEHFIAF VSG Frikxt b gt 7

Table 11  Comparative statistical results of different VSG methods based on DXN dataset
ok R TR A TR RMS Wt p
R ¥IE J7 % (%10~ AR B (% I % AR (x 1
N-VSG 129 0.0406 0.695 0.0262 0.19 1.94 % 10~ 0.36
M-VSG 116 0.0403 1.331 0.0231 0.26 8.83 x 10~ 0.53
PSO-VSG 27 0.0328 0.519 0.0245 0.56 8.44 x 1u - 1.02
MP-VSG 68 0.0377 1.208 0.0218 1.04 5.16 x 10~ 1.78
MoHo-VSG 40 0.0231 0.691 0.0220 3.18 4.47 x 1v 3.45
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