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Abstract

In computer simulation models the output from the computer code is often deterministic, i.e., running the

code twice with the same values for the input variables would give the same output. It is discussed why the

response surface method with polynomial approximation for the true response function is a good approximation

to the computer experiments model. A sequential strategy to find the proper reduced quadratic polynomial model

is illustrated with a case study in the military war game computer simulation model.

1.4 &

HEF R & (metamodel) o] 2t &2 ‘518 H2 0
g} Folxl s HAbsheE Eyolztal Aodd
tHKleijnen¥} Sargent(2000)). wlatAd wElLEH S
o= dl= od 5P FasHA HY, &
upel 23kek Whgo] ARgEojoF dr) 1Eal
FE HARHE AlEdlold 2ol EAlsE 4, o]

WAIA A} yblim@ewha.ac.kr
BodAFE 20119 ST AF-g9ol o3
TR A=

23 Al B ol 2EL Fato] Fad dolHE 24
A BSsto] A=E ARES nfgo g Fojzl s
BAshE Bgs FEeH e, ol| @ A9 AlE

dlo] A el 8 (simulation metamodel)©]2al gt}
ol g Algglol A wEt L E-e Bty 38 53 =
Tl ATelA] Wol 8= 9t} olE &9 Sacks
% (1989)2 3}e=4 & (chemometrics)ol A1 9] 581t
WS, 283 Welch 5(1996)2 AAF3| 29| 3-8 47
AtelE AAEITE g = I ARl A =, thket
HFEo] gt AL WFEe] grellA] HA]
-lg

A}
e
WSS o) ol $AE ANS PR &




| A7"% Kriging 3=

kel
B S

A
it

Kleijnen(2009), 18] van Beers

L

fu

2] AR, ofol Wt oy
o7

2~
T

pud

gt 29 A2 dA=

bt 410]

o B F W

EE

A A

of
TR

=0

AR A (war game) AE#H o)A

p
T

S

o}J
TR

N
<
i
B
2a]

olo

(modeling and simulation)ol|A]

djo
o
X
3
K

rvael

X

o

e

b AE ]

3
<

R RSE

Adgre] S

i

ko)
T

#olt},

o]\

e of w

o714 =T el Fastaiatsl=

N

o

o

T
B T
2
=
w E
EcH
—_— _XU
S X
o
Y M
s
=i
=)
LIS
T
™
m X
m M
O
wA
o T
L
T
X
QxS
X
g%
¥
T
| W
)
z:
= 9D
3
mhg =
=
L
= m
o
op ok
B -
ol
<

[z
B
T
ofp
olm

o
xr
g

H HERYE S AlE

=
=

A ARE v

2. WEE el of

urow

s}
e

2.1)

A ¢HGaussian)

o

5

22 7}

IRl y(z) & A4 (deterministic)©]
=

)7h o

=94

g HE9

1

0|

al

o A4

=

=

R CEREE

0]

A Hl8-S e

1
.

A2 A B o) R A A8

" (artificial neural network: ANN) ¥4, 18]
(response surface methodology: RSM) HH 59|

o] A0



(2.3)
(2.4)
(2.5)
g
W0l Xe32, Xc33, X34, Xc35, Xc377F Agsg oz

H40HHM15/51

1<)

i<

1

k

13

o F& 7%, 2 F 579

1
1

k

By + E@:xt + E Eﬁi.f T,T;te

k

y(z) =06, + Zﬁﬂl + Zﬁui? + Z Z_ﬂv‘,j Tw;te

i
i

By + 81wy + By o+ By e

y(z)

y(z)
o ¢l olssl 7] uptch

exp
kol

BA7E 190 7PH9IA AL o]

Folxe , 2(2.1)9 2ol thet F4A = BLUP(best

b))

z

0

linear unbiased predictor)$] y(z) =Y ,¢

i

3to| Oo]j_ 7

T

a

ol z

.

<
T

3}
=

5

(1989) #5378 A8 A57} 50

o

:——qu:ﬂ— n7H§l] ﬁ%E1 }\E]z‘é X]__]E_‘_ (w17y1)’---7(xn’yn)o]

A7 G fz) = o
Abo] gPola RMAIS FTt R(Az), A

E£3] Sacks

wo] AlEdelA

v53, y500]

T
on

]

] gtel

i+

2tel

¢

0dll 717+ ArA)

A

]

e
At 1y A Egold FSEE 13] A8

o 2~
'6‘%"[‘

ks

S-E7F A s 27)9)

sk el

<]

il Lim 5(2002)->
!

"
N
o}J
NIl

)

S 37}

S

W] HAETL 7hs

=

A
il

_"

al
=

}

o]
el

o
<A 3>, ©HA 13 B 29] A

(2.2)

o A% A

Ria=s
Ha, 2)(2.1)9

=

S}
=

tja

]

ol9] glo] H=% A4 d, o] AgHrk. uehy A5

Wase] A% k glol whebd 2
d,?

o % nel A% d,—19

o~
T

J

A
=

o

=}

n

1

dl, =k

o Aot 7

o~
T

L

ylz)= B flz)+e

&9
5]
35

1
=

oj

E3] 2(2.2)9] B&NA 2

W59l 57 ke

3]
L

Design Expert 8.0& &&

2(24) B9, 183

sk 21(2.5)¢] 22k By o s 7HA

s

£

} 744

[e]

275

P
T

el

v
b

B
g

te]
a3

—

Nfo

i
0




[e)]
N
A
o
>
12
3
0lo
=]
s
A
1x
o
om
rot
=
[
w
=
m
H
o
-
4
2
e
;
>.
o
Q2
4

2

7V 2l o

ok
N
O
il
o

i
1o,
>,
<
o
S
o
>
!rﬂ‘i g
it
oA

I
il
ML r2 -
fohoglo 0% Mz B i

e o

=~
=2
o)
M
ol

&

B4 rE R A o
o
it
1o
=
=2

m o
A
o
bl £
ol
ﬂ?
N
AN
9,
ful

g
(A
oo ol

ol
¥
e
e o
Q‘L
L
e o2 =2

o o>
o,
%0
rlr
oﬁJ\ZIi
o —
La

rlo
% o
Of
Olrﬁ
L=
F 1,
= i
T2
N
=
~ et

A

o
o
iy
=
o
2,
-
I,
2
(]
frtl
r2 oox MN o

o
=2
>
>,
op
o
=
o
=l
fru
re
2
=

2

o
B
2 rlo =Y
1 oy, o

-
e

Fahe e ARAY A

=) o¥r -y
Ol
=
¢
Sl
ol
'

Y
q >
Ly

L

‘oo g
)

=
ool
X
o}
D
3
oo
o
i
el
ofo
ol
ol
8
fuj

esig

m

2

A8l (Central Comp051te Des1gns CCD)4 4
CCD RS olslol F7HA%l vl A9
Fole S S0 AdAES ugsith FuE
Design Expert 8.0 oA+ g *1 Ad4 150
5 A3 g Default AEolct,
o7l Fu AW LE AA A 7)ol WA
TR FAH A8 AAES ASHAE viLehe

it ot oft

& oox

(

i oo oy b
Cotlo Y o> Hd

5]
n

dA=E
o o g+ FDS(fraction of design space plot) Yz
235t} FDS 1|2 Fold A# Ao Hrs

F o =329 E2H(scaled prediction variance)?] E3
HEY ZAY X‘ﬁ AYHER A 452 Ay
Zhl gk £3(52 379 H|&S AlZHHo s Y
W o),

w2ZhA] o & 8o] £ ufEH s A3 HdA= e
2 HHY3 FDS 2 & zhe Ay AAlolgt & 4 3l
b 2 AFeAE 2719 HA 7
T IV-HA7E, 279 TH A4
P $R Asd O] 4] 23 dzbel disiA,
184 aFolA A2 AdES diAske 4
$Hpoints exchange) B¥S Design Expert 8.0
olw FDS :Lﬂ}»l% ettt T1g]al o2 A

ol:o rlot HP‘

i 1-11
o,
HU
r01
_ﬂ,

M&S S&2Fel U F34
ety B

4.1 (A 1o 253 an
Az By

AAY A%}

=3 vhe} o] M&S &8 239 7 A
S0 rH 203 ARAAH G AAEA, 167]2] 4
HAEL <FE 1>9 EZ(block) 1oﬂ Al A HPQ} é‘:ﬂ,
ZF A M&SEES £8&
v53, y500] sk J&rﬁ%k% <E >oﬂ A 10}‘213}. g
i HJ%‘?*;

W <y 1>, <y 2>9)F 2}
ZE s HFES A=Xc32, B=X
D=Xc35, E=Xc37, F=Xy4, G=Xs2 O]E}.
olg]g WA & IdoA 7P 2 8% a9 1
IHE AFFEIA A4S Auke Ao "oy ol &
ol ZiEo] A aQl = AEET webs <ad
1>o] Foi7l y539] Wkt g5 1o R E, vhgH
4 y53oll FFS F= FEIE Xc33, Xcd4, Xs20]aL,
W3 AEo A 5] A @=th AxEd oz Ao 1
¥ 6700 ARRJAAE FollA 2719 A<l Xe33,
Xc343% apite] /\MFHPL Wl Xs27F 5T y53

Lo
=
Ed
2




X 40HHM15/53

Half-Normal % Probability

Half-Normal % Probability

Xc32o|t}, mebA] AgolA g 67H 7l
Zo| A 3709 A=l Xe32, Xed4, Xe35
Al L %#ﬂ Xs27F AEEdm, Az

Tl Xc32+Cx347) &84 y
2 AEE A

& °F°
4>

Half-Normal Plot

a0 —

70

50

30

10

035 e

Hhgg

0.000 0.004 0.008 0.012 0.016 0.020

IStandardized Effectl

<@ 1> y530]| Ofst =53} SHAEEST

<1

A

CE0oREE g

Half-Normal Plot

B D

= AC
oc

o

>

|Standardized Effect|

2> y500] i3t ¥ &0 HEYIEEL

A3 AARe) B 23, Holx o}UrA
o] o
PA—

HHFEEL 4719 AEAS Xe32, Xe33, Xe34, Xc35
S} Alue] @ WaE0) Xs2o|th, mg]ar s XC37L
T8 UFRE 1 qlvke A b ZE
F7Fetodeh.
TP AHSEe gk oy v Bgoez 4
At BES 7} J

4.3 A4 HY A3EA

A Design Expert 8.0& H&s}a <& 1>9 E=
1o sgsls <Al 1>9] 23 AFAAIH ] Aextg
16705 E&fu}. gl Awke] vlgoll A Design Tools
2 Z¥8la Augment Designg A€t} Augment
2 AesH <a2¥ 3>3 728 Candidate Points#2
golst 4= gl

.77} 7}24 2o 3t ARE Alwetr] SleiA
Edit model &S 83t B3| 2rE XA
3} Order ZHS 22289l Quadratico. 2 A E%E &

=

¢

<¥ 3>9] Search 7t Point Exchange® 4l
a1, A A 71Es 2178871 184 Optimality
IV 52 DE st & $1 AP 158 AEs|
934 Edit candidate points HEg &g 3t}

FRAFEH 5SS CCDE 3] feliMe 444,
WAy $obd 8 olu]3l= Vertices, Constraint plane
centroids, Overall centroid® A gAY g3 &
HARA 180 517] YaME BE Fe o A=A
& B AEslE Default® FolEtt aeja F7F 4
de] 717} 14¢] Aol oA E o 45 Fdst
] == Runs boxtol] Model pointsZ 142 &3}

, 1 O]ﬂ’] ZHll 08 et} ojef e T2 W

.O_E 147he] A4l 4 AAES A

aejar 27K¢] HA AA 71 D-FHA7]E 3 V-
HA7)E, 209 $R APH 2520 CCD oF &g+
TH ARH 5 Aol daid AEx w3k (Points
Exchange) WS 2834 A 4709 FA44<] A
2 A% AASo| a4 Design Expert 8.0 283}
o] 8 FDS 1327} <18 4>0 Folxr) <1¥

PN
T
e
34 g Fap] AT B HEE A7) A
2]
h
7t




54/ERIN HISEH M2 S8 MaS MEtRE TH0| 23 AR A7 2nel-Ysn - Ygul-E7|s - PHe
= < S %
4>5 B CCD $H AdA 157, IV HA7|FolA A ltem 22 2% FDS Graph
=5 = =]
8 EA449 A4 AA7} FDS 137} 71 s, . ‘
=3x10] T=H = o & |
2 oM Ha d=x9 xFHae HAdg= 7 g — CCD, V-opt i
- 5 AA= Adslei || CCD, D-opt !
O [e] d A >
= 7]—Z]_T1 )\21\01}‘1 Z:];XE?} A9 ﬁ]i A7 0]’ ‘4 o | - Default, IV-aopt
L Defauit, D-opt
r - - 1
Candidate Points M 2 o
- . @ 24
Runs %
Search: Pont Exchange | optimaity: [ - Wodel poits: 14 5
Reduced Quadratic To estimate lackof fi: 0 TR
T < 7
Replicates: 0 7]
Put runs into Block Additional center points: 0
] Force categoric balance Additonalruns: 14 o
Point Exchange searches a set of candidates for the best design points. The candidates can be generated by the
program, or read in from a file. o |
o
T I T I T I
0.0 02 04 06 08 10
v-optimal designs provide lower average prediction variance across your region of expermentation. IV-optimaity
is desirable for response surface methods (RSH) where prediction is important. The algorthm picks points that Fraction of Design Space
minimize the integral of the prediction variance across the design space. gn op
- = -
<38 4> Bkl xS FDS
=23 o] AlS =)
4.4 R4 PR BA
It o = = = = =
ol A Adrd g W os HapHel A dAR F4
2l i i X 5 = [<Te)
<38 3> Candidate Points & = 14709 AEAET} 2 AP M&S BHS &
=] = ) 2=
|3to] S8y WS vh3, vh0 #ES <3 DY 2
- - -
AL, <EHA 1> A3 Amw= EF(block) 10]aL FA1H4
= A
Q<) 2> A AmE B 20 AN ik
<E 1> M&S 2& Z¥2| Hxjxel AYFL AYAR
Run order Block Foint type He3Z Hc33 Hc34 Mc35 Hc3F Xyd Xs2 ¥53 ¥50
1 1 Lnkricwm o] 2] [ 15 10 ] Ke2l 0,942032 0.82547
2 1 Lnkmnown 20 Q& & o] p) [4] X2l .92815 | 0.81145
3 1 Lnkmnown 20 a a 1] 10 [} Xs20 (.97 406 0.85006
< 1 Unknowmn 2] [+ a [+ 10 [+ HsZL 095409 3.81343
S5 1 Linkmnown 20 o =] 15 2] o] Ks2l L5005 .79653
& i Uinknown ] o a 15 0 4] ®=20 0.95059 | (.84964
7 1 Unknown 20 (o] ] 15 10 07 Xs20 93900 0.84748
8 1 LUnknowmn 20 a ] 15 [+ [} =20 2.95062 3.84436
g9 1 Linkrcswm 20 4] =] 1] 1] Loir) K520 LAG075 .84355
10 1 Linkniownn 20 a a i5 i0 o7 *s21 0.96484 | 0.83157
11 1 Unknown 1] a & 15 4] (1) Xs20 196147 3.849903
1z 1 nkriown 20 a8 [ [ [ o7 ptal .94219 7G2G
13 1 Linknown 4] a a3 & & 1] Hs 2l 95962 | 0.77239
14 1 Linknown [+ [} [} 15 Q (40 Wa 2l 091959 079024
15 1 Unknown 4] a [ 4] 10 (i) Hs20 1.95517 3.84089
16 1 Linkriowm (1] o [ [ [ [ 20 .923163 .22878
i7 2 Wertex 1] 1] [ 4] 10 [} Hs21 0924771 | 0.B11968
18 2 PlanaCent 4] 4 4 7.5 5 0.25 XKs20 0961009 | Q24768
19 2 Wertex 4] a 4] 15 10 (4] X520 0.952959 | 0.B46865
20 2 Wertex o 4] o 15 0 4] Hs20 0920172 | 0.844608
21 2 Wertex [+] a8 & 15 [+ o7 Hs2L 0.962366 | 0.B2E572
22 2 Wertex 4] 8 (] o] 2] o7 XKs20 Q95529 | 0.B40703
23 2 PlaneCent a0 4 4 7.5 & 0.35 Xs20 0.945341 | 0.B4TEDS
24 2 PlaneCent i0 ] 4 4] 5 0.35 X2l 0.932066 | Q80843
25 2z Wertex 20 a ] 15 [+ [} Hs2L 0.943781 | 0.B22355
26 2 et 4] 2] 1] 1] 1] 2] Hs2l 0.939096 | 0.765915
27 2z PlaneCent an 8 4 7.5 5 0.35 ®=20 0964036 | 0.B4E233
28 2 PlanaCent i0 ] ] T.5 5 0.35 Hs2l 0.928307 08146
9 z Wertex 20 a8 [ 15 10 1) K2l 0.945541 | D.EZ6521
30 2 WErTEK 20 4] 1] 15 1] LAy Hs20 0.932151 | 0.B46884




H40HHM15/55

<E 2> ukSH4 y530| Of3t Clas|AESe] Sxisel 2

Sequential Model Sum of Squares [Tyvpe 1]

Sum of
Source Squares df
Mean ws Total 2589 1
Slock vs Mean 1 .860E-004 1
Zinear ws Block 4.986E-003 I
2Fl w= Linear 4 525E-004 19
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<E 4> i y532| =F M =Y
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Sequential Model Sum of Squares [Type 1]
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Sum of Mean F p-value
Source Squares df Square Value Prob > F
hean ws Total 20.46 1 20.46
Block ws Mean 1 .996E-004 1 1.9396E-004
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Residual  1.412E-005 2 ¥.O0E1E-005
Total 2048 30 065
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OFI 23S ddrgor 7pgsta 4% 0.1
A1 Stepwise Wl o8] AAH 2y, FaF Xc32,
Xc33, Xc34, Xc35, Xc37, Xs29F ww g gayel Xc32
#Xc34, Xc33#Xc35, Xc35#Xc37, Xc35#Xs2, Xc37#Xs27}
frolgh a2 MeEgivt. aejal o] By AAAG
kol 0.9703°] 3L =4 AA A 4kol 0.95108. = 1 7}

A Ad, 8 A ol AAE 2 Fa
Xc32, Xc33, Xc34, Xe35, Xc37, Xy4, Xs29F w3z 2}
L899l Xc32#Xc33, Xc32%Xc34, Xc32+Xc35, Xc32
#Xy4, Xc32%Xs2, Xc33#Xc3b, Xc33#Xs2, Xc34#Xc3b,
Xc34#Xc37, Xc34#Xyd, Xc34xXs29} &4 o|xaz}
Xc32+¢Xc327F HFA oz Foet Wz HAEE o)
7|4 FEI Xc329 Xyds I AL g el Xe32+
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o] Bge] AAAF S 0.99920]aL FHAAAS
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Ex o Mo x] A RS mEar 917] wiEel
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Stepwise' ol ©]3k y50 2FIZ3 Fr2AYe €3k y50 olAFE Y
Std. Dev 5.773E-003  R-Squared 0.9703 Std. Dev 1.371E-003  R-Squared 0.9992
Mean 0.83 Adj R-Squared 0.9510 Mean 0.83  Adj R-Squared 0.9972
CV.% 0.70  Pred R-Squared 0.9094 CV.% 0.17 Pred R-Squared N/A
PRESS 1.726E-003  Adeq Precisior 22.716 PRESS N/A  Adeq Precisior 72.206
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+0.80079
+0.012089 *Xc33 * Xyd

+1.33198E-003 = Xc32
-4.83619E-003 * Xc33
+1.TBTE0E-003 = Xc34
-7.91748E-005 * Xc3!
+5.954T1E-004 = Xc37

-7 4T249E-003 * Xyd
-1.77400E-004 *Xc32 * Xc33
+9.12281E-005 = Xc32 * Xc34d
+5.04405E-005 * Xc32 * Xc3
-2.45841E-003 * Xc32 * Xyd
+5.13651E-004 * Xc33 * Xc3
-4.25188E-004 * X34 * Xc3
+3.64024E-004 = Xc34 * K37
-4 2309TE-003 * X34 * Xyd
-4.T14T0E-005 * X322
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04405E-005 * Xc32 * Ko

-1.77T400E-004 * Xc32 * Kc33
+9.12281E-005 * Xc32 * Xc34
C13651E-004 * X33 * Ko
+0.01206% *Xc33 * Xyd
-4 2518BE-004 * Xc34 * Kol
+3.64024E-004 * Xc34 * Xc3T
-4 Z309TE-003 * Xc34 * Kyd

-2 45841E-003 * Xc32 * Xyd
-4.T1470E-005 = Xc32?

I3

-8.36133E-003 * Xc33

+2 28307TE-003 * Xc32
+3.55134E-003 * Xc34
-T.917T46E-005 * Xc3!
+6.95471E-004 * Xc37
-T.4T248E-003 * Xyd
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