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ZEHMREREBRALER

Tt AEFHF

(EBRY R T RS Ao, %8 &M 230000)

i B AR RS RERE AR AR RS Y TOUT 480k A e B T —A AT
Kriging B A 4 % B AR IZKALF 2 ——MOAK, % F ik @k A 7T 473K & £ W A= TCF-SMOTE & 1 75
PR B AN 8 I AT IRAR & W) 52 I AR T AT A 64 A A PR R i dn A A 4 #7 ik it 69 TCF-
SMOTE & ) #) 3% % Pareto 3175 , SIS 45 /£ Pareto LML KM, E P TCF-SMOTE & 1) 3 iF 4,
B 25 R 4 (TCF) 47 %) Kriging A2 7 My 5 WP 69 M 5% 35 29 A, P38 ¥T 47 3030 RAE R % A R B, & A
SMOTE 3% & & A A A & 38 n Pareto R4 (PS) 4% , 32 71 Pareto 7% (PF) T &M, £ 3 AMFf
MK T A9 RIS P MOAK Fik BRI T RFMAB R E T F AR KA & F PS #H5n PF
%) 8 R A AR, KSR TR R A T AR M R R TR R AL MOAK E 42 #MEREAL mA
Fod@ SHHLRE T 4T 7 MARAE T SRR R 7 B R R R E R, £, R KA AR
HHERAAZ AR T, KT AR 35.4% , A TEI 80.2% , #+ S K 25 8, 84.91 %09 4263 &

*x #
R E 525 TN821.8 M ERARERD A

TN RMRIG LU f " S B An DL B S Ak
MERE B S IUE B 22—,
R K W T2 AR o 7 T8 R RE R, FL A5 A AU
S HL P BB S Y AN O B, T L1 29 36 F PR R 1Y
P Rl A R H AR B B bR L2 B R
AR B R e S B B DL B PR YK H g5 4 s, T
IR R TH B KL R R s, REHAUEN
FARS BRI, TR L ILWEE B RTS8 2454
PEREFE I T P 2R, DURA AR 3 A 78 R 4 M B Ak
TRaE TAER ) NI, KRB RGNS H
XA BT R G A ERE . BT E 2R
LIV 4 B A B BHE B8 25 # 1 2Rk 17
B R Ry , R A RS AR IE 45 4 K
JE AR AR R LA, 23 ok R G0 a1 K Al
A 3ok v A I R
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BE A BB SRR BN W7 U, B T RE G
T BB 12 W WU T o 2 2R e i A AL ise it
MERIL, SR, X 207 vk o A SR PR TS A |
FAEMACRCRAR T B TR, O it AR BRI O Ak J7
BT 4R 8 A ) AR AR A DL A B S 5 B
BUETTEL, IR TR R AR IR A = Ay
5 22 19 3 37 AR R | Kriging #5841 42 7] 2k pRi K00
R SR A AR 20T Hodh | Kriging 15 8 BERS
(i) b i (AT ek 5 1 000 R ot 2 2, )
T TR, JEHAE S AR AL BT
A, Kriging £ O30 B & M E AR/ S T2
SHIPE

SR, 52 bR TR A ) 805 3 9 S 22 A L o
REVPLAL HR , JF 32 28 2R R F R BRI, I,
UKt Kriging A58 HE ) 21 22 H A5 U0 AL 1A] A ( multi-
objective optimization problems, MOPs) 1, i1 4F- & 5|
BT ARz T E A, AR LA
AR DI, A DS EN BT 20, B
RZFHEERT MOPs 4 11— FR 9% F I s 5w
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Emmerich 25 B T8 (hyper volume , HV ) Jifi £
FEPREE T 1 2 AR B L (expected hypervolume
improvement , EHI) i W] | fi# Pt T MOPs £t 4630 R A
T, EEXF LSRRI, MartiNez %502 5] A
T 17 ME 2R (probability of feasibility, PoF) , #2 i
T AT A7l R B 2 F (expected  feasible
hypervolume improvement, EFT) #E N | ik g e 211
454 EFL AT TR R e N, 50t 1 208 hn s )
$eH T GCMOA B3k, SR, BLAT 0 s £ DU 75 b 2
MOPs T3 38 A2 76 L R R : PoF 1A AN TERf 3 2%
IG5 (design of experiments, DoE ) Hi 8™ 511 [
ZIRIIEDLL, 51 & Kriging B8 1 4 Jm) 2% HL; o] 9
LANERE SR Pareto fift 840 B3 AL , T BT 2] A
SR

BEXF BRI A SR T —Fh BT Kriging #52
)2 HEr BRI E——MOAK B3k, %5k
T AF R T A 0 a5 DU S B SRS B Pareto £
DERRAER AR . 25 NS e 3 2 AR PR . AT AT
AR MEN R TCF-SMOTE #E0 . MOAK 3% 1 %
SR P AT AT SR ZR ) 42 Jm i 57 1B 14 ] o B A 471X
1, 4R J5 I TCF-SMOTE ¥ U], 44 7 5% %% Pareto

IV
1 Kriging #3845 H i &= 6 A

1.1 MOPs ##4id

MOPs J& 46875 1 MA@ 65 m Ak

HFRFT n DR, HE LATLAFRIR N

min: y(x) = (5,(x),5,(x) -, 5,(x))

sit.; g(x) <0,i=1,2,---,n (1)
A y(x) FRon HARRE0 & e SRR BT i
gi(x) FoRH i NARRME,

TE MOPs Hr i T4 HAReRECZ (8] 19 ih 28 M | 3
WAAETE S — 0 4 R e DU, 2 77 1 4
Pareto S f# 4L 4E & ( Pareto solutions, PS) , iX
B Pareto f LML H A5 RECIL S 2 H A5 2S [H 5,
SR T FTIB Y Pareto Rij¥H (Pareto front, PF) '™
1.2 Kriging %!

Kriging BRI —Ff L T4 i IS MG (AR,
F A 1 T8 3 AT — A 2 78 2L A

y(x)=f(x)B + Z(x) (2)
L fx) FoRZIRNH REL Z (x) 1CRAE N

T Ir2EN o MBEHL 1R 2 8 Fo I REL
[T R KB T 22 0 45(3) ~ (4) RAATHE
B=(XR'X)'XRy (3)

7=y -XB)R G -XB) (4)

A, X = [f(x) f(x,) o f(x,) 17y FREEARR
T[] 32 3 R MAEAR 15 2 (R AH DGR
Kriging FEAUZE AR S 2™ AT DL K Fi
J5 22 R AR A
px)=f(x)B +r'(x")R'(y -XB) (5)
S (x)=o,(1 -r'R'r +u"(X'R™'X) 'u) (6)
AP u=XR'r(x") —f(x"),r(x") TR &H
FIREAS S5 2Z [RIAH DG ]
AR S U FH B 155 0 R BV S R G R, Y
EATEN(SIGVEL BTN
1.3 Bi& Rz hn AN
35 17 0 s o DU AR B R A v g — 0
Pk AR A, 3 2 A i A Tl RE R 2 |3 8L PR
(R AR AT, B0 M B 52 B PR, FE 4 A3 T
Kriging #7422 HARFC LA L3 h | H 38 I in a5,
HEN 223 2 Fif,
1) EHI #EN]
YR SCER[ 1], EHI #ENI R K

Bu(x.Pyr)=| H(5(x) P e (9)d (T)

H(y(x,) ,Py,r) =
HV(P, Uy(x,),r),y(x,) <P, -—HV(P,,r)
{0, HoAth
(8)
A x, WHRINAR £;C C R BHSHEir #
FERYAE S I @, (9) A2 H b ek £ B 5 A 3R %
JE o Ey BUEBOR  BEHTHTREA SO A 2L PF(H]
P FR) Wi,
2) EFT #EN]
X E 2R 2 Hbn Ak 5, SCik[ 12 ] 42
EFT AEN, 4 EHL 5AEA G T AT AT SRR P (x)

e
EFI(x’PFsr>=P(x) XEHI(x’PF9r> (9)
P(x) = [T Pr(g(x) <0)= H@(;gi((;))j (10)

Ao Pr R E L 8,(x) Mo, (x) 5SS 4
LR B TN B2 (L R AR ME 225 D 2 b o R 30T 0 A
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i B R AL By BRI R 2 REOR
SRR F BT Py AREA S VR R — i fe
RHERL

2 MOAK Ei%

JUE B NS N IR A e A S0 % 22 B AR
LAk )&, 0 72 Lb B 2% MOPs B, 758K 77 76 A
PoF Tl () ANFeE M B A SRR EE , 330 PS B A
JE LA R P Z0 A 3 O %) 1) R, SR I, A SCHR Hh —
Pl & v AT R R N 5 TCF-SMOTE 7 ] 4 2 &
TN AEN, LASC B RS B PR B A, 1R I
3 3 AT A TSR 2 I ) 4 SR 7 LA s ) A R
X35, 25 & TCF-SMOTE #E W ) TCF HL i 3 i i1 5
FEASE FFH I SMOTE HLHI G E D 8 PS
B, PR IE A ) o] 450k, [R] I i 35 32 T Pareto
HIHT P WCSORG B 5 e ek
2.1 WITIEERZE AN

AR A ] R AT AT 88 BN ROBE R AR, b
ZANEVE T I B2l R B EFT e 0 4T 40
I Wz B A R s L b B, S BURA R SRS
BE T, NI, AR SCR A AT SRR Ak
EH TR T A A % 38 v AT X

TR R AEN s Ak

x = argmax(Cp,(x)) (11)

€)= (D(0) [T, (x) - Pr(g(x) <0)

(12)

D(x)=min, (|x - x]|) (13)

K, €, HATAT R R RS X, TR A AT 17id
855 = 0 RFHUARHFIRREEH M SEL,

it (13) R FHRBEEA I x, BB RS HASHE
MR B BT TEAE AT AT X3, A R T A s A
SER S AR MERE B R Al PR A 25 4 R A ]
2.2 TCF-SMOTE #|

FET] AT 36k P8 2R o I JE Rk B, AR SCHR Y TCF-
SMOTE #EN] | 3#F— 20 Az pl B 211 PS, #4 E T 58 B 11y
PF, TCF-SMOTE #fEN] =2 fy 2 M HLHI AL .

1) TCF AL . i oF £ % 8% W 29 0 oK 2K
(truncated constraint function, TCF) ™! BRI Kriging
B DoE o H B B 3 S A A1 L, LAYS S PoF
AR A R R

2) SMOTE #Lifil ; 7£ 3K A% L) PF # BRI, R

SMOTE ( synthetic minority oversampling technique ) 54
AT IR BN PS B IR e PF,
2.2.1 TCF #u#]

TCF HL#E L 5] A PoF FFR(P,) #E4 Kriging
RO AT 8 AR B, TCF AL TAE SRR
HAEBOE P, IR (14) KB N EEALE Q85
W P, AT EIBTE Q(x:P(x) > P,), LM
(15) SRHAHRRA S T AL E N, U,
BEHBRHEAE W(x™ [P,

x = argmax(E,(x,P,,r) ,P(x)) (14)
x" =argmax, o (Ey(x,Pp,r) x P(x)) (15)
N T E AR P, E LT Kriging BASTE AT

T80 B0 O FR PR AL
Index(x™ |P
M(P,) = z ej\;x”) (16)

K. MZTELRE P, T 1 Kriging £ K L3 ; Index
RGN BREL, 2 LA (17) R,
Index(x” ‘Pu) = L glx’ e W) <g
1, HoAth
(17)
X g WARREUE g, WA DR RETHZ
MR, sl i/ME M S P, 1n(18) R,
min; M(P,) (18)
TE P W, 3K OH AR
W,(x" ‘Pu-best) o
2.2.2 SMOTE #L%]

SMOTE fE R —Fh 2 BLAY & Bl FlRE 3303 Sd o
FEESREAR [ RRAE 23 (8] v A ST RE AR, fif e vl 5
PEOLAL H B AS S ) S2 UL &, AR S
fEif It TCF ML 58 iUFEA TS Bl PF B 1Y
FEAR SE SUR DB 1 B SR AR X FL A7
HEY 7.

SMOTE SRHE53R 2 2, e AR EREA AR
K PF LMREAR S IC X, i e (1,2, M} ;i
E ] EREERRREN N X F A4 x, , W PFAEARZEK
AR EBENLERFEAR S £, j e 11,2, N} ;&
(19) LAEBHIIREAR x (i,7)

x,.(i,)) =x, + rand(0,1) - (£, —x;) (19)

W X T A A (9) U5 EFT A,
ZAR PR AL T I T RFEATE AL Tk, Bl
J& A TR AR EFT (8 & SR T HE T | %
WCHE P SERT I N, DREAS K5 LA A DoE Hh, M
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SEAEAS R BB S Ak
2.3 MOAK &%

Bl T & THRERAATHMENS TCF-
SMOTE #EJf MOAK 3k i Fe 5], HLAAR S 25 B
wr .

1) & X MOAK 535 4] 46 250 91 4R 1 B0 B
AREE N PS SRR N, FIBS N, SRR
itk N, LA SMOTE A= iUFEARCR N %5

2) FEETAS b T S T R TR E,
XA HEA T 07 AT 21 152 W 7 AL, A 0T 4 R
A ST R Kriging R

3) ki PS BB IE T KT Ny, IR R, F
FH AT AT IR 28 0 )36 ORI 10 a1 5 R A 2 A )
GRIEL PR, HE AT —20 %,

4) FIWr N, BT KT Ny, R AT R TCF
WEN R BOHR 90 0, 4T3 PR 40 56 Z1 i Wi
s, FIH SMOTE HEWIHEFT I & LASE 3538 8L PF,

5) WA R AR PF,

F-—-

| MOAK 5354 ik

F T L T AR

U B4 2 L0 AR

AL I Kriging 00

TCF-SMOTE |

1
I
H AT IR AR A |
I
1
I
I

BIUGIE AL PF

AFHERZE AT S
HERCHTAR A

w

SRR K DA R A TCF )
Kriging f7 ORISR A
L N,=N,+1 l =z
SERTIAI HE A
Kriging #7!

FH SMOTE ksl ||

I PF

Fl1 MOAK BiimieK

3 EHIIEE

31 FRENLKEE

R T VAL MOAK B3 1A 0k AR e v, A1y
PR 3 5 48 B 4% 5 i A o 003X ok A5 AT S0 B
IBAALSE 5 GCMOA Bk gE Tt EE
1) Makerigl 1
min: f,(x) = (x, - 10)> + (x, — 15)> + 10

min; f,(x) = (x, +5)> + x5 + 10

5 5 :
g(x) = (xz ‘Qxf T 6) +

1
10(1 - 8’”) cos(x,) +7=<0

(20)
AH.x, e [-5,10];x, € [0,15],
2) I PR 2

min; f,(x) = ;x? + sin(in) +

i=1

7

Jl + i(xi - 1)* +In(1 + Zx)

i=

(% = 1)) +

1
7
=1

min; f,(x) = 21 (v, - 1)° + cos(

;

exp(g(xi - 1)) +tanh(;(xi - 1))

[ i

7 7

max: fi(x) = 2 (v, +1)° +tanh(2 (x;, + 1)) +

i=1 i=1

J1+i<xi+1)2+1n(1+i(xi+l))

7
g (x)= Y xr - 100 <0

i=1

&(x)= Y (x, - 1)*-90 <0

g (x)= X (v, +1)* ~80<0

&u>=i<%—2f—7oso

(21)
ﬁq:” xlixza'nyx7 € [197]0
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3) MieR %L 3
min: fi(x) == (25(x, = 2)° + (x, - 2)> +
<x3 - 1)2 + <x4 - 4)2 + (xs - 1)2

2 2 2 2 2
L tay tay tay ol

min: f,(x) =x
g(x)=2-%-2,<0
g (x)=x, +x,-6<0
g (x)=x,-x,-2=<0
g(x)=x, -3x,-2<0
gs(x)=(x; -3) +x, -4<0

gﬁ(x)=4—(x5—3)2—x(,$0

(22)

A %, x,, v € [ - 5,10];5 %, x5 € [1,5];
x, €[0,6],
32 EMERESEIRE

LA NSGA-IU53% (Ria e 200, A RECH
100) o JEHE  F5 HORTR AL PF HI PS 43 5I1E RS
% PF(H Py 30R) % PS 4R (I Py KR . i
B PS #am ACEUHE 2 ( generational distance , GD) LA
NS AR R (relative hyper-volume , RHV ) 1 4
iR

GD JHI T JEE i Kriging #5214 s i 3 WL PS 4
(M Py ") 5 Py ZBIIEES, GD {8,
WSS, GD H AR

Jy 2 minyre‘epsl.efd<y Yeet) ?

€ Pgeq

YGD(P seat s P Sref) =

(23)
X d(y,y.0) BN Py Hy FPg y  ZHEIERK
XBEES N, FoR Py, BT PS B,
RHV N H F £ /5 Kriging #& &Y A4 p% 49 3T {2
PF(H P, #m) AHXTF Py iR BN 22, B
HV(Py.,)
T HV(P,,)
RHV W] [f] i F TP A S5 s Sk 5 2 e
{E B/ NRIA SRR PERE B . MOAK Sk B4
x1,

YRH\(PFest> =1 (24)

*1 MOAK E#E5#

WIARE Nos g Neg & Nw N,
1 o 1 7 5 10 20
2 4 1 200 5 50 70
3 o 1 250 5 50 60

30 I 45 R P FE bR I E AR 22 Nk 2
Jizs, ot GCMOA W &5 SR8 F SCik [ 13], ATLLE
Y MOAK B4 1) PS %t £ T GCMOA Bk,
W] MOAK %l im PF fig J7 B 5% ; MOAK 59449 GD
{H/NTF GCMOA 33, W] MOAK Bk g5 B
I P, WSSO B4 RHV (0 R 30 T AR LAY
LA, MOAK B35 HV B 423T NSGA-TI 375 45 1
Z7% HV, AL, 3 APEREFE AR bR i 25 25 Rt 3=
W] MOAK FAMERER RS E , 25 1, 78 3 N hndE Ik
SRR XS HE IR MOAK B30 B3 T 35 3
JEH X T2 22 M R % 2 3, HERE AR A R
LT

&2 MOAK x5 GCMOA ExitEER

PEREFE PRI (FRifE2E )

HRENEEE S G VR LA S RFS

PS %t GD RHV
31 0.2757  0.008 18
GCMOA
(3.9949) (0.0504) (0.0032)
1
34 0.260 1 0.007 70
MOAK
(3.8209) (0.0455) (0.003 1)
72 6.2697  0.058 76
GCMOA
(3.346 6) (1.179 1) (0.013 2)
2
118 3.9009  0.025 24
MOAK
(1.8330) (0.7739) (0.009 4)
8 6.0629  0.097 9
GCMOA
(0.9428) (2.2902) (0.025 56)
3
35 1.9988  0.049 5
MOAK

(0.7453) (1.0257) (0.0227)

B2 43504 T 3 Al R AL PSS RE
Al DLW 2 B, X I pR %L 1, MOAK Bk 5
GCMOA B3 R B By m A Ak v RE , H A= iy
Ll PF 52% PF mE—3, SR, Rl [ B At
JE R0 (IR R gL 2 F13) , GCMOA BT 4R 3
PS SR AN R (PF 480 20 AN 58 5% 1 [R) R 40 L 2
T, MOAK Bkt T 2 88 50 1 PS 4, Zimi 45
HSEEEN PF 42 E . ILAk, 7€ MOAK 535 5 NAGA-
&) PF REEXT L, ] UE & B PF
REILTFE2W G, XiE—LRP T MOAK Bk
A RUGE T H AR AL AL Bk P PS gk L PF

Z| W AN SEBE [ )L
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260 . « GCMOA 260 . « MOAK 20l e « MOAK
N .. ., * NSGA-III
220 ., . 220 = ‘e \\..
®ee o ®ee o 200 :9,
180 180
S . ~ . 160 Y
140 . 140 . .
120
100 . 100 .
o *eee o . 60 hadd 20 . 80 ) \
20 160 200 740 20 160 200 740 140 180 220
A ; ;
a) WK% 1
% .o‘
L]
0« gemoa e g 1000 « MOAK %%

* NSGA-III N

80
o
60
40
15
60
0% 20 h
b) PR B 2
12
% * GCMOA o « MOAK toor—— SMOAE
* NSGA-
s 3 s 3
80 . '
* 60F H 60
40r ) 40 {
40 . \
. . 20t °® e e, 20 \.
o . . . o ® %eee o \:'..'g.“.
260 230 180 140 100 _ =300 200 =100 0 T T =T 9
4 5 4
o) JiReE%L 3
B2 3 AR B PF 40 5R
e L o 4 £l AL
4 BIEZRMLIT

AT BN HE A5 AR AR P R AR i T —
A BTV T B AR T it | B AP B A T Ay 8 55 1k
2 B iRl A A SCHE T Y MOAK 53,
TEI R SRV AS T A I ) 203 b4 TR Sk
Wit
4.1 BIBREHWSHRER

RIE A AR R EE M, Bl R I RESE G A Al
ML, N 3 iR, oA T TR AR, DL
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T, 5 MOAK : —Ff i ) AR FE R AL & 09 2 HARCERBE AL (L5 0% - 345 -

MR X, MIREJELRE X, A SZHEMRE X, SR
JEEE X, JRARIEEE X, WAL X it AR i ik
(e 0l a Y A
KL HIC T ARSI N 750 MHz, [ 1 2% ] 88
(7152 10 D T v = A o S E R S
AR RN BATEN, R RITFER, Mgk 32
JyN 2 BT, @ T 1, IE W TAEXGE A KT
25 m/s; QT 2, AR RGHE A KTF 65 m/s, Kz
B FERT B 2R S AR b, Fe B A T 00 e KR
AT, KR Ak (25) ~ (26) X
J7R
W, =B, xu, xp, x Wy xHXW (25)
W, =0.5xrxV/g (26)
K B, AR R BRI 1.2) s, AR R AL
(U 1.3) s, MR FE R BB 1.1) W, Ry
A 3 VR IG5 o S EE TN 5 r 2SR B (b
HERSET 0.012 25 kN/m?) .
4.2 ZBmRRLIZITHER
Hﬁﬁﬁ’%%ﬁﬂﬂﬁérﬁuﬁiﬁﬁﬂﬁ% X,
F AL A B
—[XI,XZ,X3,X4,X5,X6,X7]T (27)
B UL B 25 R bR S LA Ty A PR RE S B WL 3R
3, %M o HIBIRMEE p NERE,G NI &, P
J i
R3 MEAENEESY

pmey, 7 P e
MPa  (kg-m™) (5 - ke™)
5A05 145 2 700 69 49
7075 455 2 810 71.7 21
2A12 310 2 780 73 15
Cf/Al 600 2 500 220 600
SiCw/ Al 500 2 750 200 500
2578 Y BUEE R 4 Fios
x4 BUHEERELE
5 i S ZNIEN S INI:]
X,/mm 0.5 3
X,/mm 0.5 4.5
X;/mm 0.5 6
X,/mm 0.5 4.5
Xs/mm 0.5 4.5
X¢/mm 45 87

X; 1 5

BRI E R B M, AR C, VUK T2 F B3
Kkt 6, e R ks Bas,

M (X)=p - ;Ak<X)hk(X>
min: C(X)=P,-p- ZA/F(XVM(X) (28)

- G(X)
2o, A, R b, 48R 4 TR T BURIRLRE . R
2% G, T TGy 1A B AR, S8y 16 B i (29) ik
Fritat
E(£,0) =f(£,0) X Lexp(ith,) exp(ik,r, « 1)

(29)
X E(E,0) NAENRAN A & FO7 006 ¢ Abrim X3
SR F(E,0) NEETTINBE T MK 1, Fly, ﬁﬁ'ﬂlﬂ\j%
A BTG R Tl L S e (L RUAR AL 5y B0 r, 53 500 M 56
SEEICHE n ST B Rk, AR
Py o R
g(x)=d,,, -[d]=<0
g, (x)=0,,, — (o] <0 (30)
X, <X<X,
K, dy,. AL d, ] 500000 T80 1 FEcRAEIE M e
I, A d, ] = 1.5 mm;o,,, Flo] HEKENL
N TR BHF R ) A o] = 0/2,
4.3 R
TE Ansys HEAT 75 0 B A0 A, SR IBCHT B 42
KA S KGN ) A e 8 R, A
SCHE T # AR T SR ELRL R Ansys 5
Matlab BXS7 A9 20" R A pay £ A ik 4 QB Ak u 7
Bl
HE 224 FROCHS AL QN & 4 FT 7, G AR [ 5 &R 067
(A, ~A,) RECEFE L, T8 A% 53 i BT A
B0 SHELL181 *ﬁ?ﬂ%%ﬁ%ﬁﬁf; PR AR ZE A2 v U 4

Bl 4 s A FROCH R
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odt T ok K

¥

5 44 35

VA BT BT MASS21 BEADL XU Ay i I 7 S
U L VR

Wit Ansys #1520 8T, 3RS 8x8 FEFI &R~
LTI B R v, AUA(30) 3, 2RI 51 K 26
Jria A g, 1B 5 O B S R E T A

30r

20

W%k /dB

=30 20 60
A /(7))

K5 HARMEST A

K FH MOAK Sk i A7 il
AL BRSO E AN

1) SRHINLT ML 5 W AT ) i il e A A
KR WA IREAEA N, =300,

2) il it Ansys 5 Matlab 867 (19 77 23R4S r %
M WA, 28 57 B T A7 A% RN 240 SR A ) ) B AR A AR

3) FHAAT SRR AEI IS IR AR 8, Horp g B
ER 1, AR I, PF IS Ny R 155

4) FIH TCF-SMOTE # WS kA 05, g, =
0.2 mm, g,=10 MPa, ¥IBiZ%L N, =800, SMOTE

REsk e, Bk se

IHIEAS R N, =200,

5) HUETAS A, RIS IE L PF,
44 MMUER

AT R FH MOAK B30 X A 428 o O 28 iy B 2 b
Trefe et , I 54 MR BEA AL 51 GCMOA 47
X LA AT, 2R 10 2, 3598 0 s 26 0k S5 R 3
KGE 1000 K, 2S5 HHT 2 MEEITHRLER,
M5 AT LIA H, #%F GCMOA , MOAK Bk B A
PR FAR E M | O HLRE M FR AL TE 2 10
RITE,

R5 MOAK Eik5 GCMOA Ei%itEER
PEREFRAR I (FRifE2E )

A RS :
PS %t GD RHV
28 5.142 7 0.0810
GCMOA
(5.8284)  (3.0932)  (0.039 4)
96 2.318 7 0.066 8
MOAK
(4.5355)  (1.0084)  (0.0337)

PLH B AL B NSGA-TI (I EAFTE A 200, 1%
RRHH 100) S %Lk, B 6 45 H T MOAK 5
1 (GCMOA B3:H1 NSGA- B2 1Y PF %8 B Xt 1 45
B MK 6 iTLLE 1, GCMOA B kA2 PF
FIREGE R, (BT PS EHURE /D, X PF A Z imj
AN 58 B T MOAK B3k Fr i & ikl PF 5
NSGA-MF L PF 52 £ W) &, H R4t | — 4k
NSGA- A2 K B S B I 2

. / « MOAK 4
25.612 N 4 256120 * NSGA-II
g ° g 256115 / g 4
3 N 2 2 25610
§ 25.611 <o § : 4 § l.. ~
. 256105 . 25.608 /
-~
L J
25.610 25.609 5 / 25.606 .
8 . 8 8
L]
3 .80 120 3 120 3 » 120
4 . 80 4
10 * 10
A /107 58 0740 itk /kg HRA /107 76 0720 il /ke A /107 5 0720 JFHE kg
a) GCMOA 53 b) MOAK %% ¢) NSGA-II§3:

E 6 MOAK & GCMOA B iEH1 NSGA- I & y:45 2 (3 PF 48R

6 4 T MOAK 7k . GCMOA Bk k5%
B NSGA- TR BB X e 2 5, Hoh i3
AP R 7 B R AR B, AR 6 Hhm]
LI NSGA- 17 20 000 ¥k (35 FEARED A

FRITHT L, AT ik 86.66 h; 1 MOAK 5 GCMOA
FRIATT 1000 K (BB &R0 AR &,
AR K90 14.91 h F113.08 h, % NSGA-III 43
ST 82.79% 1 84.91% ., H1 T s i AN —



%24

T, 5 MOAK : —Ff i ) AR FE R AL & 09 2 HARCERBE AL (L5 0%

. 347 -

B MOAK F 3k TR ISR T GCMOA B33k, 1t
WRBCERT . AT, B T RS R 52 2 v 4 i (B

YA FLAERT B ), MOAK B H AR AR 3t o
IR

% 6 MOAK HEit5 GCMOA EXITERKS R
ERCR TR /D SRR/ (FERE SR ERERS /s (FEESR/h BERARI/ %
NSGA-I (%) 86.66 3.33 20 000 15 83.33
GCMOA 14.91 10.74 1 000 15 4.17 82.79
MOAK 13.08 8.91 1 000 15 4.17 84.91

7 JER T N MOAK LA Y PS 4R ik
W 4 Mk tife %, b b g 12 4
Pefb Bos bR, BRI T 35.4% , AR
KT 80.2%, IMid 25 JLT- oA fb, mififbir 4 2 Ml
PeAbTr e 4 WHRHE T B4 H bR, SC80 T Jo o Bk 25 1%

NG SRS SR T . AL % 3 SEBl T B TRk 4%
45.8% , WA FRAIG 83.4% , 34 25 BE ARG, XL R
bR TR T AR PR PR ms | LA 2 R R 15
THRK .

x7 BIBESABRELEITHEESTE
fefb % X/mm  X,/mm  X,/mm  X,/mm  X/mm  X,/mm X, My/kg  C/JE  G/dB
¥tk 3.0 45 6.0 4.50 450 4500  5A05 12560 6 153.8 25.6103
1 3.0 0.5 0.5 3.12 3.76 85.58  2AI12 81.10  1216.6 25.6104
2 2.63 1.84 0.53 0.50 0.50 5247  CI/Al 4356 261389 25.6112
3 3.0 0.5 0.5 1.28 2.79 8230  2AI12 68.05 10207 25.609 9
4 3.0 4.50 6.0 4.50 450 4500  Cf/Al 11628 69 771.0 25.6118

ST % 1 4T T Ansys 5 EL 00T, &1 7 &
AT TH L TR, WE 7 aTLUE L, Rk
iR R 1.26 mm, & A AR R o0 K, /N T
A 1.5 mm, &8 /R T T2 RN 1=,
Horp e KA F135 5] 126.9 MPa, /N T4 0] i Jy
155 MPa, P, Pk o 00 A B 42 I K EE o,
YyRELR

81 2

44 0.562 487
0.421 866

TH 1 T RR

0.843 731

0.2: 1.124 97
0.140 622 0.703 109 0.984 353

&7

1.2656

NODAL SOLUTION
STEP=1
SUB =1
TIME=1

ANSYS

2020 R2

NOV 14 2024
10:33:11

SEQV (AVG)

DMX =8.556 05
SMX =126.984

SMX

[
112.875

—
56.4373
7 126.984

282186 84.6559
42.328 6

14.109 3 0.546 98.765 2

K8 TA2 TR =K

5 #ig

XA 2 2 HAR A SRR A ) 8, A SCHR T —
FhJEF Kriging #2811 £ H A5 A4 H AL 40 Bk —
MOAK $3k o 208 08 1 BB e T A 415 in s o D)
SCPRERE E Pareto S ARER K AR . 440 S EN 3
BSR4 . AT AT SRR R AT TCF-SMOTE
] B SR FH AT A TSk A 2 o ) SE B BT A AT A TR A A



. 348 . iode Tk K

¥ 944 %

ROHER, 1S BRI Bl PF AR, SRS AR Y
TCF-SMOTE #EN , S w146 35U PF 3SR, L 2B
SEHLT) Pareto FHY, 16 3 ANFRiEIR s BT HE IR
K, MOAK Bk R T B 03w 17 # AR
B AR AL Bk f PS B i, PFZI il R 52 25 11
[m)

BJa BT AH AR M LR i A Ak e Tl B, 44
TS TR A RS RR R AR (3 25 ) 1Y
% AR FI ] MOAK B3k e A7 5R i, sS4
SRR MOAK Bk g5 is ik  BAS RN 4R G vk
RES- iy 7 It T 2 e P 2 Tl R AN TRI BT
PRtk . A, 785 NSGA-TIT 53 BUAS AR 24 A 18
FEREFERTEE T, MOAK 350800 T 05 BB 3271 T

SO TREREIALRR . AR SCHTTE A R R L
R DAL BT 4R L 1 3R HLRS 15 R0 I 2K
Jitko

IR MOAK BIEAE S TH 22 H AR LY ALK 1] 2
Pareto Fif{F5¢ B 14 J7 T 2 3Lt 2 00 3, (H 2 AR WF
FENFAELL T Jr BR . B Sl A B2 ¢ TRt B3k it
SRR A R I K R AR L BT, S R A
X 2R b R RS R B B EL TSR A
I T 249 g A TR I AL P 5 R, R o
HAEPALIE R E N PEA R . REFIETIAZL D H
Dt A e AR DL T2 18], A1 ves 4 [R] AR A A2 A 12 5
FEH-E SR A RAGEA, TR E S
st BRI

SE MK

SO, IR, FROSCHT, A, AR R e A S )] R SR, 2023, 51(10) ; 61-67.

ZHANG Shuai, LAI Guoquan, XU Wenli, et al. Design and optimization of cold plate of active phased array antennal[]].
Cryoge-nics & Superconductivity, 2023, 51(10) ; 61-67. (in Chinese)

RAIE, L AT A R AR B[], B8 5XHL, 2021, 41(4) : 44-46.

ZHU Zhiyuan, GUAN Hongshan. Basic module structure design of basic modules of antenna array for phased array radars[J].
Radar & Electronic Countermeasures, 2021, 41(4) : 44-46. (in Chinese)

KA, VROMRE, BRI, SF S04 AR AL SO R (D] HLBCT AR AR, 2023, 59(24) : 177-196.

ZHANG Lei, XU Shuaikang, CHEN Jie, et al. Research progress in lightweight design of train body[ J]. Journal of Mechanical
Engineering, 2023, 59(24): 177-196. (in Chinese)

KEANE F A J. Recent advances in surrogate-based optimization[ J]. Progress in Aerospace Sciences, 2009, 45(1/2/3) .
50-79.

WANG G G, SHAN S. Review of metamodeling techniques in support of engineering design optimization[ J]. Journal of Mechan-
ical Design, 2007, 129(4) . 370-380.

FIkE, %, B, 4. JET Kriging RBRRIAIRET IR B AMEMLALL ], R85 0, 2025, 44(10) : 58-65.

BAI Hua, YE Mao, YANG Guang, et al. Aerodynamic shape optimization of a new box girder based on the Kriging surrogate
model[ J]. Journal of Vibration and Shock, 2025, 44(10) : 58-65. (in Chinese)

WRPHARIE, B, whitl. F3h2% ) WA Rk B8 T Kriging T 7 22 MMA (1], RE RIS SR, 2023, 43
(7): 2154-2165.

OUYANG Linhan, HUANG Lei, HAN Mei. Active learning reliability analysis algorithm: a perspective based on Krigingpredic-
tion variance[ J]. Systems Engineering Theory and Practice, 2023, 43(7); 2154-2165. (in Chinese).

(1]

(2]

(3]

[4]

(5]

[6]

[7]

[8] GONG Y, ZHANG J, XU D, et al. Quantile-based optimization under uncertainties for complex engineering structures using an
active learning basis-adaptive PC-Kriging model[ J ]. Chinese Journal of Aeronautics, 2025, 38(1): 103197.

KSCHR, AUIRE, BARR, . ET Kriging B8 I8 SR T R RR LT[ 1], Bk, 2025(1) ; 14-22.

ZHANG Wendong, SHI Minghui, QIN Dongchen, et al. Optimization design of conical hydrostatic gas bearings based on Kriging
model[ J ]. Bearings, 2025(1) : 14-22. (in Chinese)

Eal, BV, Bk, % AgORT B RARER B SR R AR SO IR T T Oe A st s I [0 ] TSP ) i &
45, 2024, 30(10) ; 3502-3513.

WANG Jintao, XU Ping, TIE Ying, et al. Constrained parallel adaptive surrogate model optimization algorithm and its applica-

(9]

[10]

tion in optimization design of radial gates[ J]. Computer Integrated Manufacturing Systems, 2024, 30(10) ; 3502-3513. (in Chi-



%52 1 T, 55 MOAK : — Rl i ) A% P R LU 5 BT A 2 H AR BB AL AL 30k - 349 -

nese )

[11] EMMERICH M T M, DEUTZ A H, KLINKENBERG J W. Hypervolume-based expected improvement: monotonicity properties
and exact computation[ C] /2011 IEEE Congress on Evolutionary Computation, New Orleans, 2011; 2147-2154.

[ 12] MARTINEZ-FRUTOS J, HERRERO-PEREZ D. Kriging-based infill sampling criterion for constraint handling in multi-objective
optimization[ J]. Journal of Global Optimization, 2016, 64(1) . 97-115.

[13] skalfk, AR, Jrefe, 4. JET Kriging B8 19 2 HARCEROL AL 50k B OSSR AG [ 0] THEPLER iUl 1 R 5¢,
2021, 27(7) ; 2035-2044.

ZHANG Jianxia, SONG Mingshun, FANG Xinghua, et al. Kriging-assisted multi-objective optimization algorithm and its conver-
gence assessment[ J ]. Computer Integrated Manufacturing Systems, 2021, 27(7) : 2035-2044. (in Chinese)

[14] LIU L, LIZ, KANG H, et al. Review of surrogate model assisted multi-objective design optimization of electrical machines; new
opportunities and challenges[ J]. Renewable and Sustainable Energy Reviews, 2025, 215 115609.

[15] LEE U. A new adaptive Kriging-based optimization( AKBO) framework for constrained optimization problems: a case study on
shared autonomous electric vehicle system design[ J]. Expert Systems with Applications, 2024, 252, 124147.

[16] Jefdl, Wi, F48E. 5T SMOTE Sk RN M T SEVER AL it [ )], R S@ Ras2a i, 2019, 53(1) : 26-34.
LONG Zhou, CHEN Songkun, WANG Deyu. Reliability-based design optimization of ship structures based on SMOTE algorithm
[J]. Journal of Shanghai Jiao Tong University, 2019, 53(1) ; 26-34. (in Chinese)

[17] YEN G G, HE Z. Performance metric ensemble for multiobjective evolutionary algorithms[ J]. IEEE Trans on Evolutionary Com-
putation, 2014, 18(1) . 131-144.

(18] Je H I, b, sk LR, 4. BT APDL it kS EL @B S5 A FRoTr#r [ 1], HUBRIETH 5l , 2023(10) ; 223-226.
LONG Risheng, ZHAO Chao, ZHANG Yimin, et al. Parametric modeling and finite element analysis of leaf veins based on AP-
DL[J]. Machinery Design & Manufacture, 2023(10) ; 223-226. (in Chinese)

[19] XIGebk, WAL —Fp 30 BT RGN 7 [ C] /et 11242258 14 T2 AR4E 2y JEat, 2008 411-412.

LIU Yinglin, ZHAO Jun. A method for applying wind load[ C] // Proceedings of the 14th Academic Annual Conference of Beijing
Society of Theoretical and Applied Mechanics, Beijing, 2008 411-412. (in Chinese)

[20] WIFES, HEAE. MM R LB A TE X LS ERER R A [T ], BT HLMCT R, 2024, 40(2) : 59-64.

HU Xiangtao, XIE Anxiang. Analysis of effect of bowl-shaped deformation on radiation performance of phased array antennalJ].
Electro-Mechanical Engineering, 2024, 40(2) : 59-64. (in Chinese)

[21] JA/NE, $RIUE. BB R AR A Bt h e A [T ] LR T, 2021, 37(1) : 1-3.

ZHOU Xiaolong, CAO Weizhong. Application of modular design to structure design of a radar antenna array[ J]. Electro-Mecha-
nical Engineering, 2021, 37(1) : 1-3. (in Chinese)

[22] bR#E, Ji4 5. T MATLAB F1 ANSYS P REISEIL BT B R[] MLk, 2018, 35(9) : 68-72.

QIU Shuang, ZHOU Jinyu. Collaborative optimization design and application based on MATLAB and ANSYS[ J]. Journal of
Machine Design, 2018, 35(9) : 68-72. (in Chinese)



-+ 350 - W odb T ok ko E R

B
s
gl

MOAK: a multi-objective surrogate model optimization algorithm for
electromechanical coupling design of phased array antennas

YU Chi, HU Xiangtao

(School of Electrical Engineering and Automation, Anhui University, Hefei 230000, China)

Abstract: To reduce the mass and manufacturing cost of phased array antennas while ensuring stable radiation per-
formance under harsh operating conditions, this paper proposes a multi-objective surrogate optimization algorithm
based on the Kriging model—MOAK. The algorithm integrates a feasible-region exploration criterion with a TCF-
SMOTE ecriterion to form a hybrid infill strategy. The feasible-region exploration criterion enables effective identifica-
tion of the global feasible space, after which the innovative TCF-SMOTE criterion is employed to construct a com-
plete Pareto front, thereby achieving high-accuracy Pareto-optimal solution sets. Specifically, the TCF-SMOTE cri-
terion suppresses extreme constraint violations in Kriging model construction through a truncated constraint function
(TCF) , mitigating model distortion near feasible-domain boundaries. In addition, the SMOTE algorithm is applied
to generate synthetic sample points, increasing the number of Pareto solutions ( PS) and improving the
completeness of the Pareto front ( PF ). Comparative experiments on three standard benchmark functions
demonstrate that the MOAK algorithm significantly outperforms conventional surrogate-model-based optimization al-
gorithms, alleviating the problems of sparse PS distribution and incomplete PF characterization. When applied to
the optimization design of the pre-skeleton of a phased array antenna, MOAK provides diverse solutions for balan-
cing structural lightweighting, cost, and radiation performance, thereby meeting different design preference require-
ments. In a representative optimized design, MOAK achieved a 35.4% reduction in mass, an 80.2% reduction in

cost, and an 84.91% reduction in computation time, while maintaining stable radiation performance.

Keywords: Kriging; surrogate model; infill criterion; multi-objective optimization; phased array antenna
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