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Sequential Feasible Domain Sampling of Kriging Metamodel
by Using Penalty Function
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Abstract

Metamodel, model of model, has been widely used to improve an efficiency of optimization process in
engineering fields. However, global metamodels of constraints in a constrained optimization problem are
required good accuracy around neighborhood of optimum point. To satisfy this requirement, more sampling
points must be located around the boundary and inside of feasible region. Therefore, a new sampling strategy
that is capable of identifying feasible domain should be applied to select sampling points for metamodels of

constraints. In this research, we suggeste sequential feasible domain sampling that can locate sampling points
likely within feasible domain by using penalty function method. To validate the excellence of feasible domain
sampling, we compare the optimum results from the proposed method with those form conventional global
space-filling sampling for a variety of optimization problems. The advantages of the feasible domain

sampling are discussed further.

7EMy
P(x) =R ARRC)
X, : 719 S E 9
X, P A2E HME AE

u(x) : G AT
1. M2

A FEEokIM AHEHE B2 ABHAERE
AR BEeAm, & sdsted 2 sy
279t %A AFE Y5FPI=
o]lglgt AjEHolAd Rdd A 5]24}3
g A4ste Ae @A Aok deky B

Ao gt
2o
]:1

2 Me > g

T AdAA, g4, FFUFEL 7 AR
E-mail : thlee@hanyang.ac.kr
TEL : (02)2220-0449 FAX : (02)2298-4634
* ggoiste sk 7lAAA S

gEokd A e AlEYgeld EdE giAE £ s
o B} 2 @ (metamodel)} 722 F5AA 7|HE g
AgEt s Qo0 detnde Fg g4 7Hed
e M B4 & A 2AIREE 743
AGAG B3 dFoltt. AFAH B
ATEE 2AYYE 48Pz n=2A F3 3
Z YA & (space-filling design)?? a3 o
2 Ad3AE Frste ¢34 YA E(sequential
sampling) Y] Aot 9T},

AR AF7A AGE FALEAL TG £A3
AgAE L dd3gol dstd AA HAGGE
124 A st= AEE AHEsHgYh e A
Ao HAZ A shite] §7o] ofd te
SHETFE T Az, HAH AFHE B
a7l AaiA e AA dAdYRgEs HEHY F
o] AL FastA aeisoor kS mg
5“—1143} B 9] &89 9 (feasible domain)o] HAA| 3

Aol vz F& oy, ALgsrt wg vAdYgH
01 735 UﬂE} a° o] &3lef Fak HA3 Arte

rr

¢

fr



692 ole 3 - 4

Helzdo Hygtgdoz s AtzAL e
T A7 WA FE&F9e A vy Fe38
Al 3e solof k. A% 7E FALEAY
T EAAHAEALL K499 Uy 2 FHo
B 24PAL dgsta 28 4 BT F
e AF=AL ARHoz ZAE & F Q)

meia 2 dpdMe HH&Y AgAe
A7IEA AgAge 52gS Fussly] g8 &
499 FAY UPd o gL dd4L Hdsie
AR 899 2% A B (sequential feasible domain
sampling) & A|¢dct. o] Y& ¥ H S (penalty
function)E ©] &3 A3} FAE Hsto] Ak
2785 UESe 4gHES A48

Agd e2H F8499 A¥AP $5:4L
A9 E7] 938 g +39 dFzE 7Y FF
SEAe FEEA AL HH3 AAE vt
go2 &£ f499 AgAES £44 Ja
A dist Bz vxs] 23, Add ud
537 $5A0 tis =g,

2.1 =X F8I9 MEAE

B AFqAE &30z 499 U A
AL d9a] st Best pe Mz
S ALt Adsts AEYIIHL AF 2HF
FE ADETE o143 AL ALz

max| D~ wiu(max(&, 81, &n) )}] M

4714 DE 0 % 1 Atel2 Fatshe J1E A

B A2 F71E A Alole HaAHR Aot 72

o] el :
D=minfx-x], x,eX, )

A MM Foid AFAAIEAY AdzA
& QY Aol WA FolAm, RE A
FzAE BET ALl BAZ TAHA @
Fo2H F899 ZAAY Ui A2 AEH
°of #71 Hth. wE WAROEZ 03 1 Alol2 H
TaE AN Ao AR & A5gs
FA B3I w(max(e, g, 8,)) = THASGT
T (unit step function)E = 2 3}F A9 A kg4t
AAY 2 FHz EdE o Adzd Auz
o] ¢ 2t o™ oo Hi, HuiFo] £ rTh A
@ 1o] Bk 2 £RAA 243 dtg g
3t £=0001% A8stgith M2 HEHEL &
gals] sl A48 A3 BEe AR

L

1l
ok

=9 - ZAE

MY A5y LRSS A
9l
54

EER DR EEFEIE R CERECE
A Fe A%, AL WHe & B
g e ANE A2 BE F7k 2R

g¢ wold,

22 32|24

B =AM AU AFAES HET 24
gz vAYPE F FdY F= adyrd
< ol&3t3th. AYPRAL Adrnd f(x)"8 9
Azl z(x) 9 Tdog I}

y(x) = £(x)" B+ z(x) €)]

FYARDL EAH AEde 8 then 2o
FEHTEO

$(x)=£(x)"B+r(x)"R™(Y - FB) )
g7 f(x) £ o3 H(prediction point)?] S%,
rx) E dS5¥3 M H S Aade, RS 4

L :‘1‘]'
ARAETLY AHBAE Y= Agggo)t)
3. o A

2 A ALY ¢4 4899 294
g9 $542 ARy g4 GFe 5 423
2A% 2A 35 oAo) Hgs) uh e
A48 A2ADHUS PEAO AL PEe
S8 78 WHRYL o gt IAAZH EA
g E3, 4139 29 slas oo

3.1 £ oM

T3 HAg dAze HH3 ndsy AF
g2 25 AMeEHE EAEL A on®
8390 AA HAFGHd v A EA F
2AGro NG NAHE Dokl oot
T FLol sl NASHHEE Table 6 LX)
Schittkowski &A19] Z-¢ ZAQ W3, F44], 3
A3 N2y 2elm AAREES W9 5 IA
g3, olele] Aol dsiME EHTs A
B4 % HRH] 2 g B Agsio]
Bt

27 AEH Nee 2] AEY] 9L =
oli, A¢td HAEAHY EAHL HUF wrgs}y)
Asl 274 B_?lﬂﬂﬂ‘ﬁ(Z" factorial design)& ©]-&3}
Ao HF WEYL HAHPY AAR 493
4E& EHE7 A8 30 AAA sFoy g ¥
37t 98 A% B =FdEr Aty dxue A

At



A GF 7w e de] £33 499 4EAY 693

A5 <Luz5L  SQP(Sequential Quadratic
Programming)E ©]&3tAtt. ZAIREDE o] &F
HAd o AGAHL HHglo] Hjoate} HH A
A BEAgge ddeig o&sly oin e
Falog Hrhgt

Exopt =& —x )
f(iopt)_{(xopt) if f( xopt);,:o
E o = f&x%) (6)

G - Fa it £(x)=0

Figs. 1~5% F7FA €3 /‘a‘@l?ﬂﬂﬂ] 9% 2
X

AP S o] &3t fE9n EZ‘!“%}T—J A
& YEhiT %%‘B"’:"—n_ F899E BoyErh A
g}f& AgH A% gz}ulrﬂ_ﬁ- 71Z08 Ak

rork

z7] 493 472ty Ho= #4322 FJtd
AL AEAe2 JeldY. =8 AAgg
oA *= A HAA] AAE vebdh
Fig. 1(b)%} Fig.2(0)9] #8949 43492 4
49 YEY O FHo) fRE9] PR A
o 98 (o) ALAZ A YHE FEL£99
Yo 249 AFPHo] MEAHYLL AU &
At wEa HAA gt T oPHY K8
Huge of Atet wEe FEgd SadE By
FE dd 71E e A GEsE A gs] 2AkE
A Fatn ot o] AE FEE9E neEd)
A &3 AA HAYGA nE2A AFAE A
T 3¢ 4848 A&} A1y A
Aol 4% 7§—°r HA&g axoz ZAg &
Ro= A& BAdEg. 23, 7 A F
Ae u% A4l qult} Fig. 19} (b)°l
g HPAdLe 84990 EAFA e A
Adg Ao o] AT 27 4¥HE
BYE FAHsHA E&) @ 49
£498 22 A% ¢ F Ik
3= Rosenbrock §T-=E AAZE
walyt A5, HAs FH0l
Had J@Ho] EAEY] o ZAs o] &

Aol aFdY. 7|& PHE A F4
o] BEAL 3] A3t 6}11 EE}“ Wiy B
‘_fﬂ U HA FHE A3 2

= AL 98 4 Ak

Fig. 4= Zﬂ‘?ﬁh—ﬂ vl A3 o] 73l Branin ¥
2 32 89 F899e A AgE ¥
Heol AL Ashre 75 ujdy Pz B3

3 Heddel YA 2R dAAE Ao

]

oy

=

e
aQ

% fo % 4

-l> J}“q

=

o jo & X 30 4
o

|
N

[
S
Z_I

9)

-
o ©

2o oo o
Ao
2
>
.—i

o
gu
Ir
\l

P oo] e 5]7%}]2 AAE W Ageoin

x2

S S TR - S VIR Y- 3

(a) True function
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(b) Feasible domain (c) Maximin
Fig.1 10 sampling points and contour plots of kriging
model for function 228 (NS=10)

(b) Feasible domain (c) Maximin
Fig. 2 10 sampling points and contour plots of kriging
model for function 230 (NS=10)
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(b) Feasible domain
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Fig. 3 29 sampling points and contour plots of kriging
model for function 231 (NS=29)
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(b) Feasible domain

- (c) Maximin
Fig. 4 25 sampling points and contour plots of kriging
model for Branin function (NS=25)
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(b) Feasible domain (c) Maximin

Fig. 5 26 sampling points and contour plots of kriging
model for Rastrigin function (NS=26)
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Table 1 Comparison of optimum variables

Functions | NS Sampling x xF E o
Maximin -0.1475 -2.6033 0.4232
228 10 Feasible domain -0.0011 -3.0509 0.0509
True function [ -3.0000
Maximin 0.4782 0.1682 0.2080
230 10 Feasible domain 0.5026 0.3692 0.0064
True function 0.5000 0.3750
Maximin 0.4565 0.2126 0.9568
231 29 Feasible domain 0.9652 0.9305 0.0777
True function 1.0000 1.0000
Maximin 2.3328 1.2644 1.5367
Branin 25 Feasible domain 3.2731 0.0474 0.0015
True function 3.2730 0.0489
Maximin -0.0545 0.1829 0.1909
Rastrigin 26 Feasible domain 0.0017 -0.0005 | 0.0018
True function 0 0

32 ZEWe| YUY
Fig. 113} Zeo] 43I Fve FJoz2 IES
F7H7171 98 AEA] nfA, §8, FI
e ZAIRE S AFHe] A4 F4e AT I3
A A&t o] E(modal)shA E A
H(static)A & A8l 2o spgAtele W=
AA3) FEHEA7 L, 2P FAEd 100 mN 9
e 7Hekgoh 9714 8HF 100 mN & 23X o]
JEE o s Hd dH Fgats Yook
Fretaas|ae] Badt 229 EAXE Table 3
3 2o
AFAFH W FHEA BA= FAY
A dis] HdgHA AR E Aokzd
2 72, AMA 1HIE5FE HdF s
AZ A (1 Zo] B}
Find theta, width
To maximize f
Subject to o, <300(MPa)
Volume <1.1600x 107 (m’)

4

A

Ao [o mx

9

Table 2 Comparison of optimum objective values

Functions | NS Sampling I opt E fopt
Maximin -2.1856 0.2715
228 10 Feasible domain -3.0518 0.0173
True function -3.0000
Maximin 0.0875 0.2875
230 10 Feasible domain 0.3692 0.0058
True function 0.3750
Maximin 0.5501 0.5501
231 29 | Feasible domain 0.0241 0.0241
True function 0
Maximin -247.5435 0.0794
Branin 25 Feasible domain -268.8307 0.0002
True function -268.7885
Maximin -1.6919 0.1541
Rastrigin 26 Feasible domain -2.0087 0.0044
True function 2.0000
AN A

D

Fig. 11 Finit element model and design variables
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Table 3 Material properties of circular vibrating plate

Young’s Poisson’s .
Element Modulus Ratio Density
Shell 63 | 128.0 (GPa) 0.29 8300 (kg/m*)
Table 4 Initial design values
Theta Width Volume Stress Frequency
(degree) (m) (m?) (GPa) | (Hz)
75 8.0000x107 | 1.1593x107 | 2953625 | 248.1423
Table 5 Comparison of optimum values
Model Center | Feasible Domain | Error (%)
Theta(degree 60 60
e, (degree) 0.0128
Width(m ) 9.5550x107* | 9.5510x10™*
Volume(m® ) 1.1600x 107 1.1600x 107 0
Stress(GPa ) 232.9759 233.4946 0.2226
Frequency( Hz ) 335.0250 339.6981 1.3948
Number of Analysis 17 10 -
09";{2\/\~ /
Q06 »4
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xi

Fig. 12 10 sampling points and contour plots of kriging
model for circular vibrating plate (NS=10)
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APPENDIX
Table 6 Test functions
Function Equation
f(x)= ‘xlz +x,
Function g(¥)=x+x,-1<0
228 g,(x)=(x +x)-9<0
[x,,x,]€[-10,6]x[-6,8],x” =[0,0]"
f(x)=x,
Function g,(x)=2x —x/ —x,<0
230 g,(x)=20-~x)"-(1-x)°—x,50
[xx > X, ] € [_3:5] X [_133]7 x® = [O’O]T
7)) =100z, - )" +(1-x,)’
Function g,(x)=—(1/3)x, —x,-0.1<0
231 g2,(x)=(@1/3)x, -x, -0.1<0
[x| ’ xz] € [—3?3] X [_373]7x(0) = [_1'251]T
S(x) = =(x,~10)" ~(x,~15)’
i g.(x) =(x, —ﬂx’+—5-x -—6)’+10(1—L)cosx +5<0
Branin 1 LRI R 8T 1 =
[x,,%,1€[-5,10]x[0,15],x® =[-1.2,1]
f(x)=x}+x] —cosl2x, —cos12x,
Rastrigin g(x)=x +(x,-02)>-02<0

[xl 4 xz] € [_Ll] x [_1,1], x(q) = [01,—01]7




