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Abstract

Currently computer simulated experiments (CSE) have been extensively used in sciences and
engineering applications. Selecting a proper design to run CSE is very critical in terms of both
efficiency and reliability. Normally the best design is generated by using a search aigorithm
along with pre-specified optimality criteria. In the previous study, we compared the sfficiency
between using two popular search algorithms, namely Simulated annealing algorithm (SA) and
Genetic algorithm (GA), in searching for the best design for CSE. The results of the study
indicated that SA performed much better than GA in terms of both simplicity of setting
parameters and rate of convergence. We, therefore, want to further investigate on the
improvement of SA to obtain better performance and efficiency on CSE. It is expected that this

modified SA will employ an economical search algorithm for use in the context of CSE.
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ARFVDINTITINIUH W {Class of Design)

gﬁtmmmmi’ammumsm&aaﬁm%’u Space Filing 2a9N3$1889MINARDIAIL
Y & A A e ‘§‘ [ i & 24 R
aanfaasiwivaoiuy Teslunuidsiiazandiadvanninae 3 wuufa Latin Hypercubes
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Design (LHD) Hammersley Sequence Sampling (HSS) llaz Uniform Design %ﬂtﬂmmuﬁ'ﬁsmw
lunsnaununimanadluliagiu
1. Latin Hypercubes Design (LHD)

dasausnlan MoKay, et al. u 1979 lwamdng (x) §86 nxd Tasfl n fa 1w
$u uae d Ao Sudaudadh Saudasndn o dssnaudeiuasid {1,2.. ...} Gueduidfowiu
uazmanInfisunuatsdsuaandazdudsle laldmsusitaasusasdan sluAinims
nanuUL (Design Space) udr erldifluendtludiuluusaznosun Tunsutistsdayaniy
sUuuuvad Latin Hypercubes sl uldazg 19w ldan azfiaudasliogluig [0,1] e
geaan T lunsdwnusrmansaifinunudisieldieg HD sansnstldlasuwda
mmgmmumﬁ”’ugﬁ (Stratified Sampling) (McKay, .Beckman and.Conover, 1979) ¥nl# .
ﬁ‘u‘tﬂmaﬁf}qmuz&amm Design Space wusdudaidnlussaufiing fu Senadnidldivig
fin MIlBanaatnIun Latin Hypercubes 1111

; ’ SRR
Taoh 7z, \iludrugennning nxd fdsnevdinsausd 7,(=12..0) lasusdasaausd
w0 =12,..d) ssguisnsadunfoulasdaszdan 12,0 uaz U, Aad1 nxd §miL

Li.d.uniform U[0,7] guenlaudarzuey 7,

X, X, X, /A
1 2 4 3
2 4 i 4
3 5 G 1
4 3 2 2
5 1 5 5

2. Hammersley Sequence Sampling (HSS)

Hammersley Sequence Samp'lir')g. L@ﬁ&lmm'ﬁaaﬂLLUUﬂ’%‘Sﬂ@!&aéﬁﬁﬂmﬂLﬂf&ﬂ%(ﬁ%ﬁ
ﬁﬂ%%’ﬂﬂ’]iﬁﬂ%u@ﬂg@l n Wi& k ¥p9 hypercube (Kalagnanam and Diwekar, 1997) @3t
Qmm&ﬂﬁmwLﬂ%é’%ﬁﬁaé’utﬁﬁﬂﬁﬁndmu k 8% annd Latin Hypercubes aanainRoudnd
ﬂ’nmmmd’;ﬁmmL?}uﬁmﬁqé’mﬁmﬁ’maamsmmwmmqﬂlu Design Space

3. Uniform Design (UD)

Uniform Design m’%fw'egﬂﬁaam.l.uunﬁnmwa;z;s.mL@%mﬁﬂﬂmmmmmwmm

Uniform Design gﬂugﬁuuwﬁwaa Fractional Factorial Design %aaﬁnqmﬁuﬂ@mﬁmﬂmmu
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Ao SovldTuedrounimanosiudll 1980 (Fang, 1980) Mlaunzadminasaddidne
Uniform Besign azinilaw Latin Hypercubes Lﬁai@mwmmsmaaq@imﬁaa ‘Iﬁﬁnﬁtmﬂ@mmm
myosnuuufelu Latin Hypercubes azldmisguud Uniform Design AL RANNMATINAN
wananil Latin Hypercubes ﬁ’aamimﬂmmmﬁaﬁ@ﬁm%’mmwé’waaé’huﬂ's We  Uniform
Design @aamsmwmmwmﬁ@mmmmmwaamuﬂmmmmaamimmtﬂwmmmfm
lu n 28 muum'saammmwmmauﬂulmmmmwmLmnmanummumammnw M3
8519 Uniform Design ¥ lennaiusslifadiniaannnii LHD

Toglnauwitadl Pfazfanid AAIEUBINTIUNILLIL Latin Hypercubes Design
(LHD) madufifioulwnudn CSE uazlamabantn Hatmuedidilam nxd lag

nRDIA1 W3 a Black Box
Simulation Routine W38 Naaden (Black Box) fia  Aszuauwmsiwmiim ldeanem
5 ] = n&’ ¢:§ ] Q [ dl o
ygasinuazenaitfaaslstumely  Fenuaunlundesdt lunssiaumsiinaiiem
o/ o o [ [ 1 H d
fudon  legunazdnsssmainuuazuumanudsdnngmsaledndlaetimie u
iﬂttu:u‘uasﬁssmmm@aﬁm@ssmmwaﬁusﬁauummn@amsaﬁmmaﬂwwmsmm% l%uuuaa
maapﬂ’ﬁ ndgdnfermataunalniin ainmuld Wednwnalndanan ‘Luﬂam'semuﬂ‘m
fmna X elden v asnin Fensdwinlafiesulsiuanuszauan s g maaﬁ%ﬁmnm@;m
x) filamdld naasmawm@mnwL“zszrrmmmsmu‘L@mwmmmﬂmawwmmw 1% NEpd
mmammimmumaeﬂgmmﬂimm naaIEIaRIMTRIaINTTRRaN Lave 1w da
Lﬁmmuwmammasﬂﬁﬂgmsmﬂmmmua’lam@nl,t.ﬂmrﬂﬁ mrdsznanansasfluudas
& o & A w e a & \ ™
a59azeavlfiulseunaasiigninn matﬁumq’lmmam'm%mwumsmaaﬂuwﬂaunawm
asendaannl i muasan  wasfioiradwising  Audwasd  dhangHadulues
(] :.‘1 24 & s o o as ] o _ =i
Useanmdn e ltnansaiddaeu laslddasludszuisnadundasddn

Tuaalszarman (Approximation Modeis)
Tutaatszanmuen (Approximation Models) fantsihnguduilsd (input) uazFHAAWT
y k) ] 3 9 i< A t al kT ] o = d’
(©Output) Aildnnassd e uduliaaoyssunme Waldwennsoldrdraay imafiafildin
9 o e o a o a \ o alq e o 4
msadelueaddeiunanodn luiiflazondrathanafiafldiumily 2 uuy fa Response

Surfaces Methodology 1&g Kriging Model
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Response Surfaces Methodology (RSM)

Response Surfaces Wuinafietfiudifonly  leslududuiamndmismybnned
FMSUNTIUNUATINARBIMIMEBMA (Box and Wilson, 1951) lumTaISiAumMINanasin
asdsrnaudsimudmasdilasanizmisanuuuluieauuy  Polynomial Response Surface
" Models .'ﬁgﬂ‘L?z’{asmﬁﬂss%n%nﬁwi%m’%’ﬁﬁ%"}d‘_[u'%,@aﬂizudmh Adidtlunannans wa1BIIH
ﬁizqnefmmammﬂwmaaz.uu Second-Order Polynomial Response Surface Models ﬁgﬂuw
a5l

y B, -I-Zﬂfx,-l—Zﬂhx +Z Zﬂ”x‘xj

i l<,l

¥
Qs =1

B S o - .

Fivniiiaed ,8 ﬁ,, B, mmmvl,ﬂmﬂminmamﬁﬂ'z yresiashiga  (Least Squares
Regression) &% y Lﬂumwmmmﬁmﬁaumiﬂasftamnﬁum‘mﬂmaﬁmsJ piah saaauasmﬁﬂ
INARTY y(x) Ao da3masdautlsaanlasldsuns

~

Tmm X @a Lﬁmiﬂsﬁﬂ’iﬂ'}&LLN%&’M?U%@W}’JE]Eﬂ% X' &8 nmalwauos X ez y Annees
%an‘nﬂiwnaumsmmauauawam@a“wmama Polynomial Response Surface Models ﬁi’}a
"Lm’]mmwawmnLuaamﬂsﬂ‘ﬂ':f,mmmmgﬂmmmm‘smmwae RSM

Kriging Model

Kriging Model Lfﬁnmﬂﬁﬂﬁluﬂu’uﬁuﬁwmﬁaﬂs:qnm‘iﬁuaﬁuﬁnuﬁizﬁﬁﬁ@
(Geostatistics) nMI&$19 Kriging Model ldwanuwifafie dauseny () mansafionedlu
suuuHaiTulwalules (Polynomial Function) yaygadauysid sufuanuaaanasufitia
nnszuawn gy (Stochastic Process) iy Z() anuamaledeuiitidadsyinty
0 wAzAMNLUTUTINITINTERIN  Z(u) HAY v)@ﬂ.@l ! ’Lumwmumnﬂ%awmmmu
Viu) =0 Ruyv) Wa o Lm%mwmﬁ‘mmmaaswummw Rluy) Rovlarsuamauius
(Correlation Function) LLa:“ma;’rmzmuﬂ'nnﬁmﬁuﬁﬁ’wgmuums g mgmmmmﬂsn*’ﬁ’u
-ﬂ%ﬁﬁﬁ%ﬁL%éﬂﬁﬁ?Mfﬂ@"l,@’f%’m Koehler and Owen (1996) lanvialuudaeudseon v saisa
L*‘flt_ml%gﬂamumamﬁmma@ﬂﬁﬁaﬁ

y= Btz

lag z(0) gnauu@iiidusiovosnsuisnigudindnasgudiasianduanuiuiuif
HEN (Spatial Correlation Function) a1ugUN1T

Cov[Z(x ). Z(x ]*ain X))
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Tog o A8 emuudsdsuyeanseunwns Wenauenusuiutaanafenlg ldnamuaneds
aehelsfanuiifiduiiteon @a Gaussian Correlation (Sacks, et al, 1989) MuazldsaniIaine
Kriging Model ldafunsliluund 3

o A e [y & At ¢ o
AAanasNNAITRUARLAZIALINNILAENATNRNIZEN
msaammﬁmimaaeﬁﬁa}:mmﬂﬂ@%maﬁwaaﬁﬁmmLaadm‘mmﬁﬂ‘szﬁn%mwlu
mswsnntel  MIsanuuLAINaassIRezinas s nuT Ml TLerSuasIlwnIT e
s 3 & % A o i P |
mavnmsnasaduudazasieslfiasuasdwmiudaminann  mssaniuumMIMaRsINangaszan
=3 H :Z td ) o 1 .
110 “mstRenmalanfidfiige” Seaziiend mMahnuiuunImemazes (Optimization)
Turwdsaitlainsanasfunsfudwinldlumsfanunmummasedfdfge  iwmzdiwan
n:ll & ed o [ 1 M:i o o
winnsnaaasfiiwlldduwmnumens Hwllildfazimng ununsmassaniimimenes
A A% w o o A A w & = - A o
B urunmaaasiidandaneifunsiudy anduununrmesssimanzasnge el iin
Funupadanmsnesasnaraalildd  danadfunsiuduiifisuiululiaiuiwivansuwuy
1B Simulated Annealing: SA, Genetic Algorithm: GA, Tabu Search: TA uein Togdanaiia
E g y a 3 Qo & P cl' % . . "
msa‘uﬂmmasmammugﬂﬁﬂummssammammumimﬂammm:au (Optimality ~ Criteria)
'J 4 @ “~ 45 24 had = = v ry
Tuiitendnisrasdanasfunsdudn fa danodfaanén (Genetic Algorithm: GA) uas
daneSfiuduyiaainauauitafs (Simulated Annealing :SA)

Sanasfiulemw@n (Genetic Algorithm: GA)

Tuaauinidediugnssn (Genetic Algorithm) naiiadnudnuinsiaad (Solutions)
vaadmaaulagdszanaweslym  lesodanannisnnngedidanmnnding e 3
FaldanamuTIsuT@ (Natural Selection) #udle fifiafmunzaufigadsezatson nsEUIuNTs
ar o o el o dda a A & R v !
faidenlauRunuasieiiialAinansaubaiu FeaIU JUANIINIWUEN TN (Genatic
Operator) (8% MIRUWUE (Inheritance %38 Reproduction), nInaeWug (Mutation), n3
uanidsniu  (Recombination) w@amﬁmwuﬁmmLﬁ%msmaaam'ﬁmmmwﬂaummas

1

LWﬂttﬂﬂmﬁﬁﬂ’ﬁ%?ﬂ’}méﬂwﬁu‘ﬂE‘T@(Optlmat Solution) I@]ﬁﬂ’]i‘ttﬂ%ﬂﬂﬂﬂﬂﬂﬂdaﬁl‘lﬁﬂﬂl%ﬂﬂ‘lﬂmw

K]

Taslalaw (Chromosomes) udatfudzedmeuudazta (Sunth Individual) seABM3ia 9 &9
BedastumyiTawinns (Evolutionary Operation) mitRsuyasBunuuga dadnlfidans
o A vy o et ds o W
ynaWugniss  (Evolutionary Operator) wielildaaaundvn  laomldszunudinavdas
[Y o e -3 . P ) o P
WUMEE (EEENTEIaad 0 waz 1) M3t (Evolution) iNemdhaaufitwanzauhiga (The
Fithess Solution) 12 ﬁmmr@ﬂsmwmm@?ﬁnnmmﬁ'\immawwﬁmﬂuéu 9 lundaziudnoy
%mﬁ“ﬁmmmamaanmmmaﬁuaﬂﬁe Seanaz ﬂﬂmﬂ@mmamwuﬁ ysadulSeuinming
i %u“lﬂﬂsmmmgulm fnenanamanzay (Fitness) annim mmmuummvl,ﬂmﬂ 9

AUATEINLARaLANMmeMRINERNEINABINTT  (Wikipedia, 2007) GA Aazuaaailuns
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Uszgndd GA huaualay Liefvendel Uax Stocki (2006) iHeRuUAWMUAUNNINAaBITILAINZEN
figauuanienisoenuuy LHD 9:§ui39iEnsashemienm (Generating Offsprings) uaziinns
NAIEWUS (Generating Mutation) GA azi3udusramssinsdsesnisudulsznoudis m LHD
dwiuaning nxo  fulndezgnainalasms Crossover ussiszpndmsnmous  madn
Ca R A Al L e B . a et & v - a .
fudwesrhomllGeny  svgaleasaiuinmel - TussulanasiBoalasdelull esld m &a
wwevaslszmnanae, m s dwwrssnoufisfuludacin  (m =10xm), @ @a

ARIINTINANYWUT

- DANIMNNTUNIAMNAUDWIARI (Simulated Annealing :SA)

U Morris T WS Mitchell  RealiUa S anaINURUAY T Simulated  Anniealing LR@WIMARIAT

ndlddl 24 &t P a‘ ¥ Ly =~ s = A =
nasasfifinga loglfinmsiaftmnzauniganiug ludndie innel ¢ uwifiauesdansiiiu sa
n“jmé’nm'saﬁu@hﬂ@aﬁé@httﬁuﬂﬁﬁ@ﬁaﬂﬂﬁmsaﬁm (Perturbation) mada}‘ﬂmaaﬁuuwums
naRad (Morris and Mitchell, 1995) atdlsAanuludanaifia SA Allnsaauaazuenidlaing
Koo AL EENNT o TR N e e N e o ML W
PuvSoutas dasldinoet ¢ luduesniudududaten Tuaoutsidanehu SA fasil

3 ]

ARAAUN 1

o ¢ el o % = LY 9 a & a I
dwuadtu 1 @wmedinigavasmsaduudinliudseain), « (@unglanandy

o w s o o o 9 v qu f @ 9
Sudw), ¢ (@uszneulfan ¢ Wemduudrlidulunaninoet ¢) ¢ eufudiniugu
L £ L2 a4 1 L2 -:IJ o = { 2 (7=
anahaziiulumasduud ladlduSudpdiun. nszwwmifududniunslufes  dliling

o vt & . [y v P p w
tiudpslidaufezangmunnil Tangm ¢, daw ¢ lapthen ¢ Sdge azllemaldununmasas
LIRS I [y ° v 9 ' A o 9 2 < \ e '
fladfudsaduwldldss Mldindesaadgunnilasmsgmuidie ¢ S ¢, wxiludrtaniney
AUTHIADRUNUAITNAR D
& r
AUNBWN 2

=Dt =

best

guaie LHD 2u@ nxd udld D
2 d
Juaaui 3
e | =1Label =0
& o
TURDUN 4
~ thwua D, =D guilennan (/) vesaving o uadumasdtlunan () udadudn
MW D, €> D, 1881w

O
3
4
2
1

— 0 B D

AN REASATIHAUAT 2 A1 IURANN 2 229 5%4 LHD
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mnaunsgusduanlunandl 2 wss 4 vasunaf 2
2 o
Auaaunil 5
» o 8 —[, (D, ;- 00 q e . _
iy ¢p(Dt?)<¢p(D) wiaanuhaniy e 1% =D, usz Label =1
[ ]
AnAaui 6
& ¢,0,)<4,0,,) wwua /=1 usz D, =0, Tl W =141
24
& =
Anaanii 7
& 1< dndulufituaoun 4
2 r
Anaoun 8
#1 Label =1 Wrimua +=txC, uimaulufvuaani 3
& 4
Auaanil 9
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I ANSIRaNANNLrANEEN

nnsanesfiufetine il dhsduiundnmsiuaassanesfunsiududasinnu
Pufuinusinisdandfivanzay (Optimality Criteria) L@ua TumssumiewmInesasfiain
_ g}ﬁ%’umwﬁm‘lﬁmuamm&‘ﬁﬂmﬁaﬂvl’i’%mummsﬁ V% Maximin Distance Criterion, Entropy

R BN i e L g e T
Criterion L8z Centered L. Discrepancy Criterion laglumsidufiazifanis Maximin Distance

Criterion uaz ¢, Criterion arufhunmuef vailimsefnumsnmesansdilfiquauiaidn fo T
fudoluiaa (Model Independent) ¥nldazaanlunisroukummeass o luldfunimenss
e Tl

ufindiin (Maximin)

— Teananmisoanmdimafendnfimanesy - wouudnglin - (Maximin) — %uazApIn
TLHANIANARDIURUNUNIINAR DI O ﬂﬁmsmzﬁwmaoﬁ;@aﬁfwﬂﬁaamuuﬁa Rectangular

Distance W8e Euclidean Distance R9&sn1s

i i 2
. d(x_,,x,)mZ‘xsi.—.—xﬂ e a’(xs,x,);[Z.(xﬂ.exﬁ)?:’ (R PU e T T

i=1
AR IGESNE Euclidean Distance  TeHfLMWITSTIAaE W IR fxd lBiawITzaed
'=gm::"!,ﬁu“jmm%ﬂsfﬁw:maﬁgwmh nxn \dwarinduuusnmesidunugsyaazdidniu 0
':‘zaz‘té'wﬁﬁfaﬂﬁfgmsauw’%nsgim:ﬁwﬁ azthaniududSondeuiuny  wndnduasunuwns
nanesEug e @iwﬁﬁ?awﬁ&;waaLm‘%ﬂ%imzmwaaazwumimaad’l@ﬁmmﬂﬁ'jﬁﬁu {Maximin
Design) QELADNUARNITNASEITH §28ENILTH RHUNIINORDITUNR 9%2
[0.375 0875 ]
0125  0.375
0625 0.125
0,250 0

1 0.250
1 0875 0625
0.500  0.500
0 075
075 1

t ] @ k2 n:&’
~warszuzinelaniianld Euclidean Distance b6iaa%
d, = ((0.375— 0.375)° +{0.875—0.875)" ) =0
d, = ((0.3?5 —0.125) +(0.876 —0.375)° ) = 0.5590

1

d,, =((0.125—0.375)" +(0.375—0.875)" } = 0.5590
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d, = ((0.75—0)2 +(1—0.75)’ ) =0.7906

dyy =((0.78=0.78 +(1=1") =0
Soldfwanindszoeng il
0 05500 07906 08839 08839 05590 03953 0.39%3 0.3953 |
0550 0 05590 03953 08839 07906 03953 03953 08839
07906 05590 0 03953 03953 05590 03953 08839 08839
08830 03953 03953 O 07906 08839 05500 0796 1.1180
06830 08839 03953 07906 O 03953 05500 11180 0.7906
05500 07906 08590 08833 03953 O 03953 08339 03953
03953 03953 03953 05500 05500 03953 0 05500 05690
03953 03953 08839 07906 11180 08839 05690 O 07906

0.3953 0.8839 0.8839 1.1180 07906 03963 05580 0.7906 0

a T o | e o o Vo & @p e = as
PINEVNGIzEze fasndnuannge nnalesiaae 0.3953 arfiasuaadSaunsuny
] 1] 'v | i =Y 3 ] ) u t:‘
m'sm:maﬁuaﬁﬁq@mﬂaummimaaaﬁm Tagazfasaninarannn ezl biErnIINaaaah
RATEFNNIN

=l
vhai (¢,)

@ & A | Y @ metsd L.
TasnanniIasAyinN I aand Nnunesy LUy %umﬂmﬁﬂwwmﬁnn Maximin

Distance Criterion #hiualay Morris 4az Mitchell (1993) ssmiAn lainngas

o Wp
. —p
¢p - Jf'df
J=3

oy d 8o Saduasszuzving uaz J, Ao Ardwasaail b‘fiaaﬂuaﬁﬂmza@;maaq@maaaﬁgmmm‘i’w
TWHY d UaT p Hardinaniauin asdaedaannne mnawisenauntien p flanwadie
5 NI BN INARaITNNAY Lﬁ'amixﬁ:vi'wg@"Lélﬂmm‘%nﬁf‘s:mmwm@ nxn @
©Ox9) ud1 devhunFseddunndesllinn udrauszFsddy anfu i TlwarEngaldi
SarBndauanas (Symmetric Matrix) Sazdwionamziudiuunvenfunuss ianaLam
Tumsdimam Imﬂﬁﬂaﬁugﬂﬁaammﬁmauﬁamﬁauﬁ'u (Morris and Mitchell, 1995) FItwan

= &

IndfszRasan dua st
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[0 05590 07906 0.8839 0.8839 0.5590 0.3953 0.3953 0.3953 |
0 0 05590 0.3953 0.8839 07906 0.3953 0.3953 0.8839
0o 0 0 03953 0.3953 05590 0.3953 0.8839 0.8839
e o o 0 07906 0.8839 0.5590 0.7906 1..1.18_0_
o 0 0 0 0 03953 05590 11180 0.7906
0 o0 0 0 0 0 03953 0.8839 0.3953
0o 0 0 0 0 0 0 05590 0.5590
0o 0 0 0 0 0 0 0 07906
O S O v e M S NN

t 2 : b ] A b 124
danGosszssinadesldumeldfaduessusin  0,0,...¢,)  Tadluamssanunandu

=
o 'y 3 Al g & & ' & fi wn 6 oot
'YIE,EU\?E:‘I&FT ASLUTINDITLULW  eddIwIn m uaneae 1 69 (?J LL@QL@]Q@W“.U AT

= a- d; | g ] 1=(l 8
Gpdyrerd,) Iow o Resfnasinih  Sudwimauguesganasssfignuondinme: o, m

fresda e reuszaznaily
(0.3953,0.5590,0.7906,0.8839, 1.1180)

REAUBIATH (V.S .. ) 1%

1 Rl m
(128682)

wihen o, uaz v andwimeugaIainanllui lagdn ¢ Sddaousasiumunts
narosunursIINaaashd

ghafMAzTa

oAl Taenuaingnluniswensal #a Root Mean Square Erfor: RMSE 9:13ndn
aryuiuilfuRunIMansIiinensanssiy SA i LHN1INaassfleen DACE MATLAB
Toolboox B4l Kriging Model dnwamtldauges -

RMSE =

lapfi y! e wadwsfifinoinnadasd, v fa dwennsolfildain Kriging Model, e
a‘hmu«g‘mm}aau
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A8ALHWAISIDY

lunﬂﬁmzﬂmaﬁqqﬁﬂ'sniﬁ,s,a:m’%mﬁa'Lunﬁ@'é'nﬁ%mﬁ%' y Tagfhitawniszneudae
qﬂmrﬁﬁlﬁ’i’lumﬁ%’ﬁ
wiasdefldlunseanuuy
Kriging Approximation Model
DACE (A MATLAB Kriging Toolbox Version 2.0)

& oy o = a
qﬂmmﬁ‘l%‘l%mimm%m%%ﬂ

Usznaudisaiasnaufianeasdinan 1w drudsenauiddnyfe

CPU Intel Core 2 Duo T5500 1.66GHz
RAM 1GB DDR2

HDD 160GB SATAZ

as Microsoft Windows XP SP2
Software MATLAB 7.4,0.287 {R2007a)

DACE (A MATLAB Kriging Toolbox version 2.0)

wsasiiafldlunsasnuuy

lumsdiudpedaneifvsosruidbluwecldnmdsudanulasisinlumsefuone
Az dram I uDesoRnE S ANM TRUAL

f991wlas98519 (Structured Flowchart)

anflutadosiia(Tools) Al TN e TR A TYINITWATITRA ATV (Algorithm)
paavzuuaula g Tagld Fydnwal (Symbol) wnudngs, 14Fanu (Statement) lusydnwolunu
fulls uazddiiunmememsdwiasemaiFouiey Smydmueliifluvinesysles
FONUHINATTIUUAITIRNINY (The American National Institute, ANSI) Uaz BIRMNITERIN
UszinaiidemINesg% (International Standard Organization, 1SO) (Chapin, 1997) K391%
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Tansgfsutsnaniilu 2 Uszian fe Weauseuy (System Flowchart) Wasiaanuluunsy
{Programming Flowchart)
1. H99MUIEVY (System Flowchart)
TN UIZALNTY  URAITURAUNITINUNIRNATEITEIY  (@mdwg  Afeadeaniua
fanae) NIEgaUnsal wnsaslle iatesnenfiuned yaany Liudu ssusasduaouasudizudu
1 A‘ t 1 el 1 = e A E
PEvndlerasrruunu  dullidmihgnule  fRanssueslve Ssvnedumnsiu
d’ 4 9 1) I e ﬁg Qs €47 =9
yprasnuas uazluuegudiuitns AdasldaouRueaslumsUs=uians
2. fsamlilsunsa (Programming Flowchart)
& o . 4:: = o ar A a0 e &
BRESTHABUM IRt IRsane (Twenaninulysunsy thaldslamilugwaounsudle
-fudpldunsulunioni .
Uyelomivasianulasaging ‘l‘ﬁtmmmﬁmﬁ@’lﬁl,ﬁmﬁugﬂmw ettt ladeunns
o w o g i < o 0 = o o A )

#au wRzAMUFURBTIzRITuean nlvmndowllsunturinldazenn waldiduwianatalu
/= 13 “= L] A H 13 1] o 1
miAedotszauanufaszwivgiisades igu 3:%1@0%@%mu‘[ﬂ‘zammﬂuﬂ‘lﬂﬂmnm 3a8lu
. & o - s & & &
AINAFBURIANLNIRTURBUM IV NarITaRanas - VistudunInasauldsunsy  uazd
thyinmlibunsudialfldng - Wewtvenudesmmels  domlassshioduan
ATWRNAUTIEIMINRe g adaluddudunanlasaninsnuidneneese s
Wugduundvg ddurd nsduuuuliddy (Sequence) msriiauuuliiBantn (Selection)

BRENSYINI UL UG (Jteration)

Kriging Approximation Model

yinfilana Budluund - 2 dnsuismsdssnasslunisitassmmasasds
aovfneefin  luudsriuinesldinmenmuinnilasenssunfigamsdnnianududay
win wananimslEsinlWludiefuned  (Finite Element Code) eowdilly  dadians
RaNRILADS (Computer Simulation) UeRzASIEM ﬂz@"famﬁym’l,ﬁ’ahugmn Bagsnaldmavinms
nasosdisnaufuee fumal fofsunmmldnmeldimauiuisnainin delu dneiads
WeN IR N TN NS B sRAAT w19 Lﬁamgmmumwé’mﬁuﬁmaaﬁmﬂm}ﬁ
(Input Variable) unzsiaidsaan (Output Response) maldsnuimiuiiéa Lﬁaﬁﬂgmmuﬁﬁ%"\a

J’ ) 3 - i L Fg’ { L7 = 2 o
Pl lumsweansoldeld dauuunasw pinsoifignifanniusifaldnuidodumsdeaims

v P sl a | L 4 A
nasssgItnauAessd 15e5unh Kriging Model BiRNaaauallulUY% Ao Sacks, ef al. (1989)

=3

mas¥s Kriging Model liwanuwidiafie saudsanu (v) sasadouegluguuuuileidulnglu
pe] . . ar 9 a A | & Y
tipga (Polynomial Function) ?Jaﬂ“]g@]@run}‘it"ﬁ’] TALANNAFALAROUALARINNTZUIUA IS Y
1 . A ;tl A’ ] A 3 a4

§u (Stochastic Process) Tsunudin  z(x)anuamandsulildnaiorviiy 0 wazanw

[ ] 1, &

wssuinseniv Zwuss 2 dla 9 lunsuaunsfluguiidniniy viey) = oRuwy)

9
[

Weo of unuwenuudsdniuuesszutuee Rluy) Perantuansunus (Correlation Function)
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o Iy Q4 | A [ At o ] - o
wazananTaunuaNNFNRRId LU 9 mgmmumasﬁaﬁmwmwuﬁ"mmﬁmmm@‘lﬂ
40 Koehler and Owen (1996) lawthllufadudsean y  swsndisulugiuuums

. vo ¥
AMAMERS LA

y=> P+ (1)

nsumsf (1) ::v‘?‘iaﬂum‘iﬂ%’ugﬂLmnﬂ’nuﬁuﬁufmaoﬁmﬂﬂﬁéﬁfﬁu uazyh dsann
dyzananiwafidinedy lumwlszonddude 9 ald drasiiunuiarFulndludoa lu
ﬁ?'r'mmﬂmasammﬁ‘; (1) (Sacks, et al., 1989, Welch, et al., 1992, Morris and Mitchell, 1995,
Bates, et al., 1996) satiuaumisit (1) sansodoulnale

y=p+Z(x) 2

E?’W -y r 1 2 2] - d’ 1 1
wananiindsssnlngldusadliimslfaunsi @) elifnanmndla 9 luwdvesnna
windiluniswennsol  (Sacks, ef al, 1989, Welch, et af., 1992) lagvaluudaguuyieridu

w e g | P A o = O - & o
snduiufuns ) lugudl 2 mernflevassunshi (1) gnfinsaniadlugiuoyuasierisu
srauwuflm &G (Gaussian Correlation Function) (Sacks, et al., 1989, Weich et al., 1992,

A sas o
Allen, et al., 2003) Geanansoidanunulanait

ROX, X, )= Id—[exp{mﬁj Ix, -, ]pf ) 3)

=1

We 0<p, S2uaz §,>0

=y b3 3 ] A’ [ 1 =Y
Tagndugranuningrlumwensofusslies Kriging ﬁ):muagﬂum‘iﬁizmmmwwsmL@aa*‘f
sne 9 uguusnzessamsd (1) Teslfwnfeaitms massaniasiigamll (Generalized
A S @ t a l:il a ar {
least  Squares)  adldwdnmamendsanamamnniieeiiiilienusaeaiennnni
o o b= ] L 44 1 3 =Y ] ar @ Rer t
drzanawniisseslddatasiga sauddssanamnnilinosens 9 Tuiandnanauiusludim
fasdnundavassunmsi (1) 321435 Maximum Likelihood Estimation (MLE) (Sacks, et al.,
cé a4 el i =
1989, Welch, ef al., 1992) &9 Welch, et al. (1992) Idanadimemaidszan o iniiead
& o [P o =g, ) & T o
waswarTnanaunutly TasGudnanmamafonuaafendy fikelihood aoh

KB.0°.0.p)= —l[nsno" +nlR|+ =18 Ry =18y 0" | (@)
2

1 o 24 a:‘ 0’-1 ey ;:1
mﬂizmmzmummamuammgwﬂﬂmaawqimma‘? B luaumsh (1) fe

B=0rRT TRy (5)
wazelszanos MLE 283 o’ @a
On'2=1fn(y—1B)TR~1(y~—1IB) (6)
Saunuen fuaz &2l luiendu Likelihood Tuaums? @) Wawddszinmaes duas p
%zﬁﬂfnuﬁuﬁ’uﬁ'ﬁuwﬁm@hg@q@L“‘imé‘s"amwaeaumw&avtﬂﬁ
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~Lain6* +1n|R]) @)
2

RN 7) Fntadmmalssinanenniess duas pﬁaz%uag:ﬁ'nﬁagﬂﬁvlﬁmn
_m‘m@1aaalﬁﬁgumumﬁnma&ﬁagaﬁfmaa ﬁé’amnﬁiﬁmﬂnmm&;aem'ﬂﬁmai‘_ﬁg\mmué’a
| '%gmamfi_a‘lﬂﬁa é%ﬁ#jﬁawﬁiﬂmij(x_)'_ fﬂéd y(x) Lﬁaif}ué‘uzmﬁgﬂ_u;_uué}fi'}nﬁyﬁuﬁ'ﬂmﬁmi}s
L’fﬁii_ﬂ:ﬁ?%_ﬂ‘iﬂﬂ_ﬁ..‘.‘%ﬂ. Sacks, ef al. (1989) uaz Welch, et al. (1992) Idiaualiddseanande
Lﬁ%hha%ﬁﬁﬂﬁﬁﬁﬁﬁ;ﬂ (Best Linear Unbiased Predictor: BLUP) towsnnsnid1y m suasea
wlnidnla g Alildvimmesas (Untried Input) fa
SRR iy -~ (& ﬁ-l—r (IR (y-1ﬁ =) i, R ) A

?'i?d r(x) @atnlaoTunafanTuagnaunus 'swm'wmﬂ'nmﬂaﬁ@nﬁé'ej_ii;'__f:”(_'Z'_(X)”_)__' ﬁ_ﬁjﬁjﬁmééd
mmm n S%LLN”@]’JLL?J?E’!J’W%VLEJLQE}“{EWQE}\? x 1o 9 duies \
FuuuwenInieuy  Kriging vL@]'ifUﬂ'TmET%I%LLﬂuﬂﬂW}&ﬂl?IE]ﬂﬁﬂﬂ')’]ﬂ‘l]’)’]dl%ﬂ']uﬂ’mﬂ'ﬁmﬂE’]\‘l
nIneaadFuaaNiess (Sacks, et al., 1989, Welch, ef al., 1992, Morris and Mitchell, 1995,

Ye, Li and Sudjianto, 2000, Simpson, et al., 2001) 4% Simpson, ef al. (2001) lemeaulide
o = “ ) ' A 5 & o o as  g'al A v oa
wiy Kriging Senadenguanluwdvssmmfenldyluuudaidusndiuiinannamy Soded
wazdatdpysemsldliduiuandreny lagniduauelilunuidbues Koenler and Owen (1996)
S A em o V] vo o e W o A . &
Twudsuidisuidhduuy Kriging hanlfifiafinmanusunsnlumwenialide
T 3 R AJ A . ! § o “a b 5 a9 o B
’lmmmimamvzmm“m&ﬁaﬂ fladamnaanaifunisfududanynmsiiasenneasssng
naufleas eﬁwamw‘lﬁlummﬂﬁm‘lmmmaﬂmwnm&maaa (Simulation) MeladALyW
Auandnatiwaanlyl ﬂmmmimaanmmumaul«ﬁmﬁmﬂswmummmmm’tuﬂnwmnmx,
PBIAWVULILLANGS 9 mﬂmmmmuﬂsmaﬂﬂma Sandudsand 2 9 8 5 dousng
Tue9719

24



arsvndasiigwinagay

Problem Function aUNNOYA
F(x,,x.)=0.5(x, —x, )—x -5 '
RM2 12 ( 1 2 1 4 - 5 JUL
1S x,,x, S100 20?7
Prablem  £(x,,x,) = sin(x, +x,)+ (x, = x,)" —1.5x, +2.5x, +1
5 ~155x,£4,—83<x, 53
Problem  f(x,,x,)=100(x, mxf - o ke )
15 T X X ok
7 [T 1
flx, %} =] x, =861 — +——6| +10i 1—— icos(x,) T 10
Branin 27 T 87
~5<x, $10,05x, S15
£, %,) = 2+ 0.01(x, = x) 2 +(1— x.) 4202 x,)* +7sin(0.5x,)sin(0.7x,%,)
Mystery
QS sl
- 4 Foxe 0k )= 0.03x2x3_1 +0.01x, +0.005x x,
1S %%, %, S 100
Problem  £(x,.x,.x,) = (x,— x,)" +(x, = x,)’
26 —10S5x,,x,.%, <10
" ! f(x1,,>(2,x3.x4.x5):(xl--~-1)2-I-(x1—><2)2~+-(x2—-x3}3-l—{xsmxd)a—i—(x4~-~x5)4
—55x £6/=12...5
-6 ) ¥2 116
Cyclone* [x1 ]( d Joss 1—2.62 1—0.36(x4/x2) } (xd/x2)
y =174.42| ~ i —2—| X
XZ x2_x1 Xﬁx?’
Borehole

RR

Yy m{zETu(Hu “Hr)}/{'”(r/fw)'i'[?“**%-i-%}}

* aaztdperasardudsrasilgm Cyclone afunuluasng

= noasiBoataidudiesilym Borehole adunuluansn
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©msandassgazd sagreaainlsasifynn Cyclone (Palmer and Tsui, 2001)

input Variable Description Lower Limit  Upper Limit
- Wariable
©x,  Diameter of the cyclone part 1 (m) 009 041
%, Diameter of the cyclone part 2 (m) 027 0.33
X, Diameter of the cyclone part 3 (m) 0.09 0.11
X, Diameter of the cycione part 4 (m) 0.09 0.11
Xs Physical coefficient 1.35 1.65
X " Velodity of the gas (misec) 144 76
X, * Height of the 6ycloné {m 0875 0 0.825

M3VUAAIBAzLD aas 391021 5209041 Borehole (Ye, et al, 2000)

. dnput - Variable Description  Lower  Upper
Variable . _ o kmit  Limit
8, | Radius of borehole (m) 0.05 0.156
7 Radius of influence 100 50000
fi Transmissivity of upper aquifer (m2 fyr) 63070 115600
H, Potentiometric head of upper aquifer 900 1110
(m” 1 yn)
7 Transmissivity of lower aquifer (m2 1 yr) 63.1 116
H, Potentiometric head of lower aquifer 700 820
(m*/ yr)
I .Length of borehole (m) . . 1120... ... 1680
K, Hydraulic conductivity of borehole 9855 12045

(miyr)

DACE (A MATLAB Kriging Toolbox Version 2.0)

amnfinsaludnodu 'ﬁ'zg’ﬁsm‘lﬂﬁnmmma’z'u'lm‘l%nﬁwmnjmimaaﬁmuu Kriging
Famaiszfiuenuy Kriging dvlfyaueslusunsuneuRiaimed DACE (Design and Analysis of
Computer Experiments) ﬁﬁ'@nmiﬂa (Lophaven, Nielsen, Sendergaard, 2002) %&Lﬁmﬂ‘%aaﬁah
Tsunsy MATLAB esfsdauuudmiunisyszanm (Approximation Model) lwiadafiex
nafismaazidsauaznisldgaldsunsunanfiamef DACE Falsznoudipdunaundn g 2
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Tuaaute misfeduuulasmslmnudsmmieaian 9 AfgTosdefitatont Warftu
Dace W@ (Dacefit Funtion) wazinfiaasdamminduuufiafeldlFlunawennselinlddonns
dainauusudaaseRwmInesadafeidunensol (Predictor Function)

Dacefit Function

SudsiTurndnuuimiunstsano Tasasdaclondnene 9 Widielilysunsy
i G?iMS:ﬂauvl.ﬂ@?’ammum'smamﬁmm:ﬁuﬁq@l Arvpaaiuliaan wezIULLULVBIRIMNT
Twalwfloa amauns 1 uszmsimuagtuouilaridusmduiug (Correlation Model) mssanls
FHartan snansavinleeil

[dmodel, perf] = dacefit(S, Y, regr, corr, theta0, [lob, upb]})

v 1 o o 3| F) ¢ P 94 e o
fene 9 Anmuaduwniiiaad ludddnedu Sanamunadsdelyd

s fa qﬂﬁ'zxuﬂiféa‘sw’%aLmum'smaaoﬂmm:mﬁﬁ@
Y A8 daauildnnnaaddivaaunITNesas S naagausasn
=} =’ |
reqr fa gmmwamumﬂwﬂmma
2 & as o g
corr ah) gajl,mﬁaﬂmaﬁmwuﬁ
2  fgd 9 L & oA A el s Ay
theta0 da eiiasdunag @ AmuaduielillsunsuGudnaunian

= A e w A
wanzgufigafivin Ihaums (7) Sangege
lob, upb Ao gasrasd 6 wlld Seimualuaeuiue ddige -
AVFIHG
& 8

P ", & e “ & P o € e
Lﬁﬂiﬂitkﬂiuﬂ'}ﬂqiﬂSZ&mﬂNaLﬁiﬂﬂ%LLﬂQﬂﬁlzﬂiqﬂcﬂNﬂﬂWﬁﬂ']@'N 9 INBRRINWELRRIUNAIIURINE
B 4 :&’

aafa b

v +
ol el

« e ‘d L : 3 :-‘?
dmodel @8 JUwuunangaued Krging Model Fadszneveasdiany ¢ %
regr 3ﬁuwmammmﬂwﬁimﬁﬂa
& L. P
cor  FUMUUWIRTUSHENAUD
theta  etszanmaaswnfieeTuledtuanauiug
beta  ehulszanmuunidssesipafiganaluranniieet 4 lu
RUNTY (5)
sigma2 fuszanmmIudlruwsesmaduisna o* lusuniaf (6)
A (s | o ' a A ol A =
perf @8 @m!a;gat.ﬁz;’mum:mumsﬂ‘s:mmmwwmLma%mm:amq@ iKY
1 s A’
gandsznavai
o e at

v Fwnafdismsdruanaiamdwmiiaeshange vas 6

q
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Predictor Function
Jludsrdwieiduuy Kriging lulflumswensal o gala o lusSianaulafinm
=] L & 9 L3 3 & b é’
msSenisWenisw Usznaulddadidng g aell

[y, mse] = predictor(X, dmodel)

_
3 ]

a9 Arnmiadunsfiees ‘lummméw Saravanaeaeolui
X 39918 (Grid Point) Twreumauastudsdhfiswlasswennsirussshulsean 90
¥ o % q a v . .
tofiaaninaieldanilaridu gidsamp lagldndnnisairagaanday (Grid Point)
ad % & as R o
mysSanloWeniaw gridsamp @95t

- X = gridsamp(range; q)

fene 9 V;m%um‘lum&’mﬁ”mﬁu ﬁmwmmﬂﬂwavlﬁ%
range mammmﬁuvl,ﬂ_lvtmmmLtﬁmmmawm (mmﬁ@ 959
q mmmmmmzfmmﬂmaanﬁmﬁamnmauw@mamm}E;al.m
avduyy
@ E‘A o o/
NARWET laasilsznaudiy

¥ 309N YUIAB TS nxd

=t el

dmodel gﬂLLMUﬂ@mﬁﬂ"uad Kriging Model
v gl pog
NARWET L9 A5t
Qs 5 5 A . ‘r‘ .
y HEAWTINMANTNEINTW 09 v(i) = y(x(/,))}
el 1 o ¥ ﬁ‘é‘} 1 n; d:
LL&xﬂﬂi’m'ﬂ’J’]wLLN%U’ﬂJB{lﬂWiWEl’]ﬂ‘.;‘f}ﬂ@lﬂl"ﬂ FTTATIRDNY DI HARUYIAIUARTIALARDU (Root

P N ) \ g
Mean Square Error: RMSE) Svmanandwinildangasdaluil

©)

s o o . . — e W % 8 ol ., §; ey s . A

e k unwinwIneanasail (Test Points) imfaningaantnonavaa y, unudidudsesnd
v o o e ¢ e ) \ : at ' £l g

wisdaf ldannsunuendaudaid o geenzizeis 9 uas 7 wnudwensoii lddauoy

Kngmg mmm&mm& G] . o . :

FueriTutu e MAudestumsaedanuy Kiging i mﬂﬂmﬂm DACE VL@mms
wisnu U waremdendadaluil
sluusamsTwalufsauuusd 9 @naumsi 1) dszneuds

regpoly0 ﬁwmﬂwﬁiuiﬁﬂaﬁ’lﬁ’aﬂ%ﬁ (Zero Order Polynomial)

=3 £ s o =:§
regpoly gunsiwa lwiluarmaanile (First Order Polynomial)
regpoly?2 aunsiwa lulisamaimns (Second Order Polynomial)

yuuuuisiTusmduiusuuusng 9 tsznoudhe
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correxp ﬂaﬁ%’uwﬁuﬁ’uﬁtmuLﬁnsﬂﬁmm‘ﬁﬂa (Exponential)

correxpg Hantuamaunuiuuuindlumumduanily (Generalized
exponential)
& 9 s e g & ol N
corrgauss Wal T uRBRUWBTLLLIN@E8Y (Gaussian)
corrlin WerlFuanduiusuuLEadu (Linear)

corrspherical Wt TuanduWRiLLY Spherical
corrspline Warltuamauuiuuy Cubic Spline

mnqﬁmzﬁua:m‘%mﬁa‘LumivﬁaLﬁﬁmﬁfﬁ,’ﬂﬂnénmué’aﬁ’mm ;ﬁé’m‘mﬁumﬁﬁﬂwﬁﬁ?ﬂ Lay

imsiensideyswnuiigwinasaumuenssiagldllsunsy MATLAB Version 7.4.0.287
=Y o - 2 o a
uafildannndefagidienaluundaly
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HanN133928

MINIUHUNNITNAREY (Experimental Design) Hamnudanadisbedamsailuaaill
=3 = di L4 A B =2 a ci. 0 o 1
dszhndaw tieldiuddusuuniodudawennial (Predictor) vedszuufiinnsdnenldading
ko ] a ] g Qs ;:1 o
gndasuiudn (Montgomery, 1992) Alddszndasud ez filglunimasasnusziy
50 madengadudsBanviedudsdn  (nput Variable) dwmSumsdiasinisnanasde
FY - cd’ 44 L2 5 1 g
aasfiumafiuwdTmenaununInessuuurie  fanmsiRenaulyBsTzuuaUIAYR A TIAL
: A A 4 p o oo w X W An
dwg wesfadufitiuados (Design Space) Denfitlululdumnansumenstiviuauiavasla
| -3 2 2 A A:J [ b - L gj
flymitnawlafinm mlimsdumusmnsmenssinuzsufigadmivfiadywue 9 Jwl)
(7 L g 24 A = 24 [t A
lotn @enun Sedaslinslddanasfiumafiudu (Search Algorithm) arugriuinmsinanssufiga
s A = o4 /A JRET P o9 '
dsfunsdumununinesgsfiiuzauiige FnduihusunInanadn latillandndn lul
asaad asasrlwiddmadniuadaudsans (Output Response) 2ntwiLawININA8aInlE
s A :; k7 o as b 1 J 1
Aurad T idumgdunuanudius lasmssfisluesysznmdun ALHUNTNAR BN
& = P ' oA e & & e
Tilunmsnasastiumdulaunmmesasivranzauiiga flazaeun i buaanadesdnan i duan
EJ 0 k3 1 W ] o J 1 s A
wnufinasszunuasaansoi iwensalldesngndasuaiudr - luunilazndntedanaiiiuns
a4 GJ o 2 ) ) a e =Y ttd e =
Tﬁmwgnmmlmammwwmﬂmw‘mmiaamswmmmaee’hﬂﬂaumma% Faganashams
A o ods 94 4 . . | EL v A 3 =
Fuduifonldinfa SA (Simulated Annealing) waztfiasanmsrAnwddunauwntiniinudy SA &
UseanEmmwdnit GA valushuenuFshslumsiiuuarnlwaiasdn (Simplicity) 33
& owe s '3 & el A = !
Seanugansnlumsgihginasinmfandfimansansantiondt (Rungrattanaubol and Na-
3 26 o e L2 1 B4 2/ B ﬁ? i P
udom, 2007) MeRlwuItadnasiny sA IdstlumsBudumuannmlalfdywmlvwe
n’ :3’ o 3 4n 9 2 A a.; o os e =1 P} o Qg =)
AN @auuawmau@mmu‘tamxwmmﬂwﬂ;eaaﬂasmmsmm sA MifidszdnTnwann
o X o4 & & o ;A A W e a w A
faiin Totiamnsnuafinznandluunidsnevludeitedsdali
MSHIRIEY SA kazmIinsas I Niteaiaidudg g
0 : < A . . T
MIANWITBRIANNRNLANZTUNER (Optimality Criteria)
nasaulszEninmwaasununisnasasfivianzanfigalasls DACE (A MATLAB Kriging
Tooclbox)
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MeaziBgansUTuLTadsneTin SA uasmsdwammien Optimality Criteria (Modified
Simulated Annealing: MSA)

WaBL R URRaWET lean MSAT L MSA2

AR SA BRENISTIBWAATNISIRADIASA A 9

a ] I3 e o & e
FINUNYN 2 Qﬂﬂﬂﬁﬁﬂﬂﬁﬁﬂﬂﬂiﬂqﬁﬁuﬁﬂ{i SA HRD LLﬁ'@Ex‘le(ﬂ@h‘iﬂ'!W

(__wﬁaJﬁl'u B
“.“1. L

v
TRBUIEANRS (o) ! PR, %,
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L OCr (v

TR e o VRO .
wandien 1 wANBAE 2 un mﬁuﬁu iR oy

o

T A ff% o WWW}\
| L

RS TY .ur;‘:;-‘..‘.‘ Ay et 03 '«41 B
4’ T e
C i Yon I

_.--*“

e, ¢,.D,’,.e\¢',p%, h‘”’-—“——'*-—"—Nﬂ

Qs ) o diy
MURARIAIIINNIITIINTES SA BUUAiug Y
= ) & L] t o & 3 < i
MINMTNUNIKITTIMNI TN peuml shldgnisimuanimiiieafesdudmiv
s o P [ A '
danaifunsfiudu sa dadeluil | |
e mm%mmmﬂauuﬂmﬂmmwaﬂumm%min@aaawmunaumwmmm@
Qm’mm Lﬂammmaamnwamwmlmﬂnw8& SA ‘mmaanmﬂmmmﬂlmw@unam (tocal

minimum) IMNNUITLBD (Morris and Mitchell, 1995) sz (Na-udom, 2007) sm‘lmwzmumi
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o a8

fmuadnaes /1 dedulunudduifeimueld 1 =1000 dwi o <euar 7 =500
fwmiy a7

t, o gamplaudududu

c, fa davlumsagampll lasdmualdivindy 0.95 \iavhmiangamglatath 9
SHansummstudulimanmadunusunmenasiiadn
fmmfjuﬁ’amuqmmw%L';'«J:L?JuﬁLqumm@aaaﬁG‘faﬂm"z azgn

het F-y 5.4 Y g.’l 1 P = 24 o ' o g
panfunszifiamsunufiununtsnaassf idlutuaeuriounth lasdndudimainuadn ¢ 71

wmdulddin o
3 ] A 1t =T A" gl =
dann 9 rdsnaldlemazsswuminassdflifidssininwanniu axgnesuivussiionts
I " qyr— . oy dad <
wiwAigeu dadudlanszuaumiiududuiivmaldBGen 9 dlanwuuwwummessshitidu SA f

'
sl

3 F=) o kol ] P o i =t b *
ﬁ]xmm‘mmqmwnum I@Tﬁﬂ?ﬁ’ﬁ@m to AN C: Gﬁﬂﬂzﬂﬁlﬁﬂ’l to U LL&&%;‘:ENN&ISR%‘?‘H

= 1 ]

a ﬁ' 1 i r:lnlg as
s S ULRWIes 097 lm U fauadaelunmenddu Jdtaeasanudnay

mw‘hmmmdqtnmﬁﬁmmmuﬁqm (Optimality Criteria)

lumseanuuLANINeaasiBILMTaaMINARBITIBnaN Anaa T 9rdasling
ﬁmsmmm’iﬂsaam?’immmmﬁq@ WauBsuiguuaumnessdlefindiu Geunung
nesasifisalflunishasinimeasssdiisaaufianef wdasliminzainsenasadiinsauagy
vatnaafduwllldamuauasmimesas (Design Space) ’Lﬁmnﬁq@ dounmminesosdnuoei
fldadanil wHunInasaILLULGNLANTaUIY (Space Filling Design) LEwAN TN TN
gavhanlfaduwinany Lﬁasmnﬁmmmmzﬁ'ﬁgﬂuwﬁmﬁa (Deterministic) 1a9dulsaaf
TgrndnnasmInasasdanaaufineed  aanamiflfdenuaummenaiflinanzausi an
dauelinaness aofinan ludaluund 2 l%em‘fié'ﬂﬁ;ﬁ%'mﬁaﬂlﬁ st @, (Phi-p) oo
Tas Morris W&z Mitchell (Morris and Mitcheli, 1995) iflalflumsuunifisuunumimasash
Lmumsmaaa'lmﬂmmum'm@1aaaﬁmmmuﬁqﬂﬁﬁm%’;sl,wi&:ﬁé‘xﬂtym TagnsRansandd
wHumInanasfiafigaasdaslidn ¢ fidhflgn (Minimization of ¢,) wihflafulylld winms
fuwanmidn ¢ wn Suwfedail

Amuald X dWhwarindunsmmasatlag Tamedlu nxd T n fa Swansulu
LHUMITNAAET WAL 0 Re SwududTdvs LN TNases e X manTodauunudas

Xﬂ x12 Xm
X21 x22 x?d
X = . .
xm an‘ nd
i wad 10F

) A ] kg o ] 1 ]
mmmmn*ﬁ X{nXd) AR AT 'ﬂ’]ﬂ'}'iﬂ’]%?m%ﬂﬁzﬂ&ﬁﬂdiﬁﬂﬁﬂﬁ'ﬂgﬂ X, Wb X‘, PN

Luﬂ‘%nsﬁm'smaaﬂﬂﬂ%’gmﬂﬁﬁﬂmm:st‘vi']aLquu Euclidean Distance 91nge3
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nXn mu

W2

o
Jx,x,) =] D 0, =)’ (10)

WRITIN ﬂ"t%'l M‘i"’}‘}“"ﬁ'}dﬂi‘u ﬂﬂ"il@%’i’](ﬂﬁ] IR "i]mvl,@ \yisndszs JL%']GSINLZJ%EBJY]SH“E% (ﬂ‘iﬁ‘ﬂ%’]ﬂ

e d \fudhszesiszwiige. AU jo amgesmimassEsdsswieauuy
Euclidean Distance 9:¥n1le lun3nduuuauanas (Symmetric Matrix) lossandnluiuiidu
ey (Diagonal) HAndugudnsnue ussmaIndnfagdunisasaiunagimuunuazdudg

2/ 3 Qurt = g g - ) h S 2
vasidunussyuazdianmuanasiu luwnddsifisedenldmninamssmduunoandunue

o @ o 3 i I3 L o 4 o k2 J
guhimnnmsiwandr - ¢, leswandaldnsmsdmonen ¢ swmalaiediu- ez
] & o g Gy = v A s o 1 = [ ¢
fnaldldnaanindinsguentfifisuivihnunslsmninnndwenandndszosvisluns
fwamk ¢, (Jin, Chen and Sudjlanto 2005) B /4

%Wﬂ"lﬁﬂNaﬂ'}‘swﬁw“ﬂ"lx‘l“ﬁ\‘]‘lﬁwﬂﬂﬂSJEW’J%U%TQGLLWJT’ILLU{]NN HanTasay mnuaﬂﬂmmv
lefadvasiznsing (d,d,,....d,) Ltaz"l,@aamamm (Uyidyreennd ) Lot J, ilwdwauguas
a;ﬂmaaaﬁgmmnﬁwswz djmmfuﬁwéﬂﬁaﬁmm‘szﬁ:ﬁwLtazﬁaﬁmmé’mﬁmﬁﬂmmmm 4,
IMNGHT

Up
_ -p
¢, 2 Jd, (11)
mngmcﬁ’?mﬁm;mm‘:ﬁﬁmm ?, fazdasldmndniinndBadueszasinoasiaduasduil az
Lﬁuﬂﬁdnﬁau%aa:damﬂ URTUTDY UeY mﬂmnfumzae {(Jin, Chen and Sudjianto, 2003) uag
(Ne-udom, 2007) melvxmm'nmmmmﬂ'm'am ¢ VL@mammmmmﬂmﬁmmmaammﬁnmw
wanesufiingy leoldmninludsduaszyzing (d, 2,...,dm)1,mm1um‘mmm Favin
gasadwialunndwime ¢, fa o

o

g.=| > wa,) (12)
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ﬁjﬁﬁ’ﬁl'ﬂﬂ\‘iﬁ%%ﬁﬂwuﬁﬂﬂ%@iﬂﬂlzﬂuiuwﬁﬂﬂdd?ﬂﬂ&lﬂﬂ‘i%ﬂu'ﬂ‘ﬂ%m%?’ﬂEl“lEEl-& Jin, Chen &z
" o &

Sudjianto (2005) @i

e
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as Qs

s gj =3 n? 7 ] 1 a t
dniulwndded idufenldgasatahslumsdwamen ¢, Tunssiaumsfudulu sa

ﬂmaanLm%ms‘nmmﬁmmmuﬁagmmn sA Taa1% DACE (A MATLAB Kriging
Toolbox)

A w wim P o B e 2 o
Wadunsnesevquantiveununnanasivmnzaufigafldanmsdumlasld sa
k3 ] 1 L 94 b A.d 1 o A’ =) 1
muldinmad ¢, Mazdama i mosfuduuuifenuwindlunm pnsolgatnnialal
b L A ol o Py s o R A w as Al
gfmmamLawum‘m@aawmm::mmqw"l,@mnaanm"'nwmimmu‘lﬂmaamm;wiﬂmnmm
A . . > . A4 o« { i
#8931 DACE (Design and Analysis of Computer Experiments) ‘ﬁatﬂum’%aeﬁaﬁgnﬁﬂ%ﬂ%
. A o
Tusunsnamwn MATLAB 1as (Lophaven, Nielsen and Sgndergaard, 2002) ifiaainadanuy
[ ar A d A Y ] - e ad @
fwsumsiszanas (Approximation Model) GefiTaiiunin Kriging Model Gafindnn1ivinnm
s i &jj
fada L
& - b, - W 5
suaawfi 1 Huneilgwilfluntmesay (Test Problem) uazaSaununsnanadlii
gaaasasnuidnasdywinasay
4 ] ]
duasuil 2 seddudimunniiammasaufirmuamalddiig g sasunums
d o
naaINaIsUu
ﬂg A g A 1 ar 3 A o
Fwaanil 3 INLERMIMessdluiuaauil 1 wardvesindimuluruaaui 2 ¥
sheduunvasmInansailaslfyaieiasila DACE
‘?: 1 g t = s 94 CI K
dugauil 4 gFuganagay (Test Point) nngamdigvesnadudsdinailalasld
guuanudiuintmuemsifgwmesey esxlddmedulmu o szausd 9 1899a0m
vl
2
7] - e f o4 s
Fwaani 5 wenioidrdanlinu o anamoud g loumslEauuuniswansal
Nniunani 3 uasnauaTINNgaURaNIIY
3 ‘1‘ o ' ) A g‘: o ] L as
duaann 6 Murnd RMSE mndaiutienusnauasuhl 4 LasaTWenIalyedan
wdsaufildanaweani 5
&J‘ ﬁ:z 1 L Sam A P}
nnduaeniinarndisau PIuienuAumInaasn 2 dizinnhs wHuMINaasILLL
a g o : o g &= P a4 e
ardulanlasdniuuugy wazuwumInassskuusdntaweidninwinzaniige  Wahms
£ =) { A g J d; 2N i)
Winufaulsaninmwassmanensaislfununimasssesasdzianit  waldindams
o o4 & . o ¥ [y o . @ & P
e lalwliuneudns 9 findnumamae §idsesusasdiagnslumildyaeiaads DACE
i feed o & ; &
Auilyvmagauffiietn RM2 @manad) astueouda it
auaaun 1 ndyminagay RM2 deliaunmais
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Yaznovludsduaudiulnd 2 dr 8o x, i x, §idulenlfununimasasiylsznay
ludhe o Fu dnuednddalyd

[0.375 0.875] _ _ ~ Jose25 0.750]
{0426 0375 = | 0250 0.2

0625 05 | “lorso oars

0.250 0 | - 0.875  0.500

1.000  0.250 0.500  0.625

0.875  0.525 0 1,000

0.500  0.500 0.125  0.375

OO 7 ., | I | AN, Y, o, Y Ny, W

e e Wy | = T, Ve

(&) (b)

| o i : sAl) N
amugaIlABNINaassuvua1inlaasani (@) wuuga uas (buuuiivazdaange

=V 4 < a4, o = ] o \ , P
wifnldiunummesesfidonumin fdwesdnisirsudacdoglutisaud 0 fis 1 Ty

wdaflugdaariag Au Suad ﬁ}ﬁﬁ},ﬂ}pgﬁ@ (Unit Interval) Luaan&n1sonuuufidani mau
lalasand (LHD) f‘fimé’ﬁmﬂmﬁlﬁ’"ﬁwgﬁﬂﬁtﬁammam'miumiﬁﬂmmn,mz&m@iam‘mﬁm
almiuenfiuiaimasidaslywmessudndag Fonanmasusummessdluasienns
panuuLAiBnd LHD Ieeuaeliudaluund 2
TusousolUinnmhunsmimenssanyusmduysdasudaz lﬁ’ag’lmﬁaa@hﬁaﬁ
fvuasasudseligwimasey Gollgm RM2 fé x Ay xzagl;‘l,wﬁ'mﬁ"mﬁ 1 £y 100

1

(1< x,,%, 100 ) AIBBUABMINGAREINUY LHD TwduazgnudasendudsBaszudazaiulvliag

a

ugasinads fin 1< x,.x, <100 lasdwanldangas

x_ = lowerbound -+ (x“nil X (upper bound ~ lower bound))

aclual

. = I} L) 4 P ] = 2 ol e P A A e .
log x ., 8ade¥s, x, #a dhanyie wndnd, Lower Bound fa 1939nge, Upper

1 Gy L [ ¥ = o c?
bBund &2 19355959 gz lduHumsnaasdludrsdaSaduaad
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" 38125  87.625 ] [ 62875  75.250 |
13375  38.125 26,750  13.378
62876  13.375 75250  87.625
25750 1.000 87.625 50,500
100.000  25.750 50.500  82.875
87625  62.875 1.000 100.080
505000 50.5G0 13.975  38.12%
1000 75250 38125  1.000
75.250  106.000 100000 25.750

(a) (b)
1 1 - 1 Fl Y
ﬂ'l‘WL%ﬂ@\‘lL&ﬁ%ﬂ’!‘iﬂ@!ﬁlﬂﬂ%‘ﬁ')x‘lﬂ’ﬁ)‘i\i {a) tmnqaj waz {b) Lmunmmzamﬁqm
n’: l:l o ﬂi s 1 % [} ) =) &: r.dl o r o
FNaDUN 2 %ﬂiii}duﬂ']i*{]@ﬂﬂﬁﬂﬂiﬂﬂ?1ﬁ8Q‘Lu“ﬁw?ﬂiﬂ%’m‘l}%@a%ﬂ 2 3INFIBI R A1 DIR IS

ko
an

analasnisunsdarrasdudsdnisdanimesey szldardausany (v) eail

19,1253 | szt
O 13,2862
Sl -37.6878
—18.3750 455214
—50.2136 95,3375
—43,9000 -0.5550
—26.3589 | 68318
—0.5731 -24.5625
—37.6800 -50.2136
(a) (b)

~t

M UEASANABIAIN TR TNV BIUABNITNAARD (a) BUUFH Uaz (b) BUUTIRANZANTIEA

fuaawi 3 a‘%’wﬁaLmuwmmzﬂﬂﬁlﬁqmﬂ%aaﬁa DACE sisazidaaiingnaliudalu
unfl 3 T@ﬁﬁma'mmnﬁangmmwmﬁaﬁ{fumﬁ’mﬁ’uﬁ' (Correlation Function) tfiamdn
a%’aiﬁs:%n%a%ﬁwﬁuﬁﬁmmmmﬁqm uazifangduunmasaunialwilud safiasns snduld
fwsiiaedans g luilerfiu dacefit # DACE 3wl il tlaadreduundmiumsdssnm
deldmupuiniumatiznauds Wuiidde dmodel farlfilludhunuussszuniitelflums
wennsolee i

Suaand 4 givgaminediu 2 fdmweununImeasedlidauds 2 a1 laadastmua
ﬁ‘i'm'mag@mwhsllﬁ’mnwasﬁaﬁﬂmmmmmmhmsw snsalldmitiinmmmuayasiiym
NeRay o‘éamsa%’wgﬂmﬂhalmmmﬁﬂ@ﬂmﬁﬂ'ﬁt‘%ﬁﬂl"ﬁ’ﬂaﬁﬁu X = gridsamp({1 1;100 100],10)
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wazld X ilugaadne $rwan 10 x 10 98 Tusas [1,100] eldlummeasoetu RM2 ansmin
x Aldlldluigvineson a21d ¥ Sedie srvasdudsiusmufildnnmsunuevasdia
Lmnﬁ'}ﬁs:ﬁmm g ’uaw@m“ﬂﬂs}aﬂﬂluﬂwmmaauﬁfum
i ?Jumaum 5 'mmLmﬁmﬂ‘mmiwa’m‘smmmma'wn 4 1mmﬂa dmodel mwmmm |
| I%‘Lmﬁsﬂm predictor eﬁmmnlﬁjmumaa preductor(x dmodel) ’i}"‘VLG] ! R mﬂswmm’yaa |
fautlsaaildan Kriging model

SJuaaui 6 e y uaz g, andummanatiudwasmswensollenld dmindi
aawasﬁ’lmﬁﬂmaaﬂ’nuﬂmﬂmﬁau (Root Mean Square Error: RMSE) 37ngas

Z g

RMSE =

Taofi & fl ﬁ‘im’m@@m’i’ﬂw

yngaslumsduinendnldd dduoulumsmsnsalienuminzay sl
yluae y! fidnlndifinaiu Geazvhlien RVMSE fiazfidniouas soiulunmienldauuua
mswennsaffidiiganaoinimdandauuuilisn RVSE Akoufigaiues Twendded §ide
dendymnanesevdadufienlfimiulmfuanumumsnlumsnensolssdnuy
thelnnene g Seifgwimaniysznauludhe Suuduiaaous 2 8 8 ¢ dusadluaing

mnﬂmmmaaﬁﬁmm FalaadluaT {:E‘"if-ﬁ’mﬁaﬂ;mummmm?imm’vﬁwﬁamm
SA (OLHD) URZ UNWMINARIILULF (RLHD) :\mu’&mmawa DACE Uszaiananisnensol
LLavmemmLmeaan'ﬁwmmrﬂmlmw RMSE  (funawilunisiZoudielsamsnm
YosununTINeRewIRassan fwuudnslymnaserldidenunummasssiisedszian
WBg9az 10 uwummesas Retammaindrlumswennsellasiasy uanmﬂif;g%’zﬂé’ﬁn
muloufisy m seaudusmnnlwesluisisuenduiutfuandieis 3 Uil 9 =
0.01, 0.05 L&z 0.10 G9UTINGHANINAIT
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M NLEAIAT RMSE Nlaenilgwmasgauni <

Py AR
Problem s Hanny  theta RMSE
naany ] )]
d n naaad Mean Min Max SD
RLHD 001 2.1333 0.9198 4.0080 0.8604
OLHD 1.5309 1.4174 2.0122 0.1774
e o o RLHD s 1.8347 1.0422 2.6563 0.5661
OLHD 1.6886 1.3938 2.1373 0.2699
RLHD . 1.9376 1.1663 3.0210 0.6429
OLHD 2.0199 1.6368 2.2752 0.3297
RLHD 0o 8.9786 7.9620 10.2268 0.7330
OLHD 7.8817 7.8771 7.8847 0.0039
Problem . RLHD . 7.7068 6.4255 9.1753 0.9430
5 OLHD 6.8442 6.8138 6.8645 0.0262
RLHD . 6.5031 4.9614 7.9625 1.0627
OLHD 5.8940 5.8397 5.9302 0.0467
RLHD o 68.1076 63.0423 73.8229 3.7315
OLHD 61.0075 60.9737 61.0300 -0.0290
Problem RLHD 66.1398 60.7052 74.2666 4.4514
15 ° . oup 60.3872 603462  60.4146 0.0353
RLHD 64.5274 58,9065 74.8535 5.3669
OLHD & 59.7786 59.7295 59.8113 0.0422
RLHD 560E+05  4.10E+05  6.37E+05  6.84FE+04
OLHD N 503E+05  5.02E+05  5.04E+05  1.25E+03
NI \ RLHD 008 540E+05  3.87E+05  6.14E+05  6.99E+04
OLHD 4.99E+05  4.97E+05  500E+05  1.20E+03
RLHD 527E+05  3.87E+05  6.18E+05  6.84E+04
OLHD e 494E+05  4.93E+05  4.95E+05  1.32E+03
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M5 (dB)

Yy Tha
: WHWANT WH®WAY - theta RMSE
- Problem : L L
- S ARBS o )
d n neas ‘Mean " Min ‘Max SD
RLHD oo 19.8080 5.4960 455576 14.4356
OLHD ' 5.2202 5.1591 5.2608 0.0525
RLHD 15,1565 5.4874 27.7040 8.5213
Mystery 2 9 0.05
' ' -~ OLHD - D.0085 49885 - . 50185 . - 0.0155
OLHD ) 4.8147 4.8008 ' 4.8355 0.0179
RLHD oo 0.3610 0.2319 - 0.6604 0.1570
OLHD ' 0.2239 0.1860 0.2631 0.0223
RLHD 0.9804 0.6032 1.4001 0.2657
rvell - €\ B b 603 _1.409° . 0.26
OLHD 0.7899 0.6688 0.9083 0.0714
RLHD Lrt 17149 0.9753 2.4396 “0.4205
OLHD | 1.4960 1.2191 16827 - -0.4420
RLHD 3.10E+04  1.96E+04  BATE+04  1.02E+04
0.01 _
OLHD 1.85E+04  1.72E+04  2.05E+04  1.00E+03
e \ W (N 005  2OOEW04 17904 300E:04  441E+03
26 OLHD : 185E+04  1.74E+04  1.95E+04  781.7257
RLHD - 230E+04  1.88E+04  2.82E+04  3.16E+03
OLHD ' 1.94E+404  181E+04  2.07E+04  868.8268
RLHD P 6.94E+03  4.00E+03  9.28E+03 1.75E+03
OLHD ) 530E+03  4.37E+03  B.18E+03  567.8364
S _RLHD B.94E+03  4.09E+03  9.28E+03 1.75E+03
MS5 5 51 0.05
- ©OLHD 530E+03  4.37E+03  6.18E+03  567.8364
RLHD 010 6.94E+03  4.00F+03  0.28E+03 1.75E+03
OLHD © . B30E+03 . 4.37E+03 - 6.48E+03  567.8364
RLHD oo 0.002050  0.001514  0.002979 0.000431
OLHD ' 0001532  0.001106  0.001914 0.000246
RLHD 0.004343 0003121  0.005427 0.000718
Cyclone 7 99 0.05
OLHD 0.003326  0.002940  0.003723 0.000237
RLHD oo 0.005786  0.005097  0.006700 0.000418
OLHD ' 0.004522  0.003876  0.004980 0.000361
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a1e (A8)

56 Bite
HEWNTT  BHwA theta RMSE
Problem
naaad 3 (]
d n IR Mean Min Max SDh
RLHD 62608.76805 36730.694 105539.804 18667.933
6 5
0.01
OLHD 49001.0112 26826.864 625389317 11728.928
2
RLHD 2773.0409 19949508  4607.2016 736.407
Borehole 8 128 OLHD 0.05 224504815 1261.3561  2899.4729 521.095
9
RLHD 8094.811527 675.567283  1338.0858 183.195
2
.10
OLHD 605.2006848 425.39648 1013.6736 165.410

1

ninene deldtiywinagen RM2 aniuldin dnelsuas RMSE pa9FILULNEANTEEA
FHINUABNNTNAAEILUY OLHD Jdndind  dauuuwesnnssifisfisnununivmesasuiy
RLHD ifla @ fduriiiu 0.01 uaz 0.05 athslsfonudla 0 TauRuduiiu 0.10 duadzva
RMSE $MutiunensaifgeaInuaunInasesiuy OLHD ﬁ@hgﬁﬂ'ﬁ'}@i’naﬁ'ﬂmas RMSE ¢
HULWIIN T IINUHRMINARLIL RLHD Temsnsaainyldin a6 ﬁqﬁumﬂﬂ
AN EA AL INENN TR INIHRININAS AL OLHD 3nmsfansannadfowilad
wasnadn RMSE Wefinsn/dswlasdunes 6 axfnlddnass RMSE Smuddouulas
fussaneana  ceusmslidiuianusmainsolummensolesduny - Khiging  flenats
(Sensitivity)  desmmitaesluilyidumduding  WaRnsandriansnsrnalagldd
\flasunanass (Standard Deviation: SD) 28461 RMSE olfunumnanasionus 10
wHuTNARad iiwlen  SlUuNEINIoR S HINRARNIINasaLUY OLHD  axlddng
nIzAnYes RMSE fiasndiduuuninsaifiaieninunwnnasasuuy RLHD Sousadliiiu
fmslfunsmenasssiuy  OLHD  wedelfifenmusmansalumangnnsoifideudninsd
15109970 OLHD sansaduwmunwmInanadfimanzaany 9 futiuad

Li‘]aﬁmimNaﬁiﬁaﬂﬂﬁmvmmaau Problem5, Problem15, Branin, My_stery RSP
Borehole  axiiuldin Aadsves RMSE vasdauuuwsnnsasfiaoninusumimassiiiy
OLHD fiendniduunnenioifia i nuuunmassduuy RLHD dniuynszauvase @
nmsRTsannsUEsulamaduads RMSE e 0 fenfiadu wsdinldddnais RMSE
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= o P o v o e o . . o 4
fnTRsuudasfianss Suaasldiindrenusansalum e nsoiuesfauuy Kriging §1sy
3 Qe ) ] A:{'d b ] Qr A .clld L ] o ] 1 ﬁz s
Uywinar w szaud1 8 Aldgs weililddauuuffianugndes uludunnnie ¢ fsedy
dni WeRnsandiansnizaelaslfddndenuuinasgu (SD) vasdn RMSE fildain
CUNUNTINARBITIRNG 10 LHUATINARET a;aﬁu‘lﬁ’h FUULWENIBINRIINLNUNNINARES
“uuy OLHD szlWemisnszanpuey RMSE fidsuniiduuuwennyoiigiamununisnasad
& = 1 Q' ﬂl a4 ) e e
KUY RLHD @sugesldifuimsidduvuneinsaifadisan oLHD azaalffeanusiniol
A o o ¥ 21 2 = : ¢
nswennssindeudeash devulumaienldusunisnasasfiinanzaule § 990 OLHD 2zaIna
WanunsasednuuNemInensmadeynEwd lnandeiuwunyn
Lmawm‘sm'maﬂvlmmnﬂmmmﬁey RM3 U8z Cyclone 9zt lai mm&mjm RMSE

' °1;ammmuwmnmwﬁ*mmnLmumsmaaaLwﬁ OLHD. Sendnndrduuuwennsofaiieen. .

WHRMINAREINUY RLHD fwiynszduvasdn @ ez dsuiasssdiais RMSE
Hofmafounsssziuues @ -‘lﬁ’ﬁmgai‘fu Fougasliiuianuausalunrsnenioives
Fauuy Kriging dhniuilgwimsnitfiszaudr @ *?‘iﬁ@hg‘gu rFannteLuuTanuudus lumsy
wennatiasas gﬁmﬁwﬁvmrﬁﬁm 0 st fawshJamsnszany (SD) wean RMSE #ild
mmmumsmammm@ 10 UWHHNTINAREY ﬁlwmu‘lmw mLumwmn'mm‘mmmmumi
YNRREAUL OLHD 2lddmsnszanswns RMSE filasnindruuunsnnsnifieinssinunmmis
NARBILUL  RLHD s:uammsﬂmllvlmwnw'hmwumw@maat,s;;,,;u OLHD wmsahasauuy
wennsol s ildduuuiiienusansnlumswennsalidsoudnensf 1flesan OLHD swnsn
ﬁumuwum?maaaﬁmm:amgﬂﬂ%ga wnelfusumInanasGuduiuandaiufiony

dafansanwafildaniyminasay Problem26 LAz MS5 auinldin: unuminanns
wuy OLHD sasasihladedauuuiianawensaiiauund wiunnnunuan e e Uy
RLHD (fla991n e RMSE 1aip vasnsdiusniendnninsdings o NATEAYEN & IMMIFILNG
msassudamasdnais RMSE lafimyfouussdn @ ‘Lﬁga%u el gonaliruany
RMSE femiffouudaslisnnin Sousasliiduinnsiouudasdwes ¢ erligonansznusa
aNAUENTTD NN TSI Kriging @it defiermandriamnszang
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USuilyedanaifia SA (Modified Simulated Annealing: MSA)
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iodification on Search Algorithm for Computer Simulated Experiment

> ol Thammarat Thamma1, Jaraisri Rungrattanaubolz and Anamai Na-udom’

Abstract

B Currently computer simulated experiments {CSE) have been extensively used in sciences and engineering
e
ara ppncat;ons Selecting a proper design to run CSE is very critical for reliability of output response. Normal!y the best

n is generated by using a search algorithm atong with a pre-specified optimality criterion. This paper performs

[{=]

oilcie h‘é modification on SA (Simulated Annealing) for CSE to improve the efficiency. From the empirical studies, the

2l sults indicate that the time required for modified SA to reach the same levei of optimal design is significantly lower

n that of the original SA. ) |

Kaywords: computer simulated experiment, search aigorithm, optimality criteria
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1. Introduction

Recently computer simulated experiments (CSEs) have been

extensively used fto Iinvestigaie a sophisticated complex
phenomeng, especially when classic {physical) experiments are
not feasible. For instance, the use of reservolr simulator to predict
ultimaie recovery of oil [3), the use of finite element codes fo
predict behavior of a metal structure under stress [8], and so on.
Typically the process of CSE s considered as a black box and
not known a priorl.  Simpson et al. [9] classified the basic steps
of CSE into 3 parts: the choice of experimentai design, simulation
routine (black box) and developing an approximation model,

respectively. These three steps are visualized in Figure 1.

%

s space /r By ke d
/

/""‘ 0¥

N w\"\f J i
_f,;— s ’z, Wyghand

{a} Experimenta Dasign Y Appradimation Modef

Figure 1 Computer simulated experiment [9]
o

Usually computer simulated experiments are computationally
expensive and time cons;umirlg. Hence many efforts have gone
to developing an accurate approximation model based on handful
of runs. A selection of design {design of experiment) o run CSE
(Figurs 1(a)) is criical for the accuracy of the developed
approximation model (Figure 1(b}). As computer simulated
experiments are determjnistic in nature, the characteristics of
classical xperimentatio;\s such as blocldng, replication and
randomization are irrelevant [8]. Therefore, the key strategy of
designs for CSE is focus!ed on spreading the design points over
the region of interest. Such designs are called space filling
designs, The example of a classical design and a space filling
design is shown in Figure 2. [n a classical design, the design
points are concentrated on the boundary and center whereas in a

space fitling design, design points are uniformly spread.

Normaily the space filling designs can be construcied by
searching for a good design through the search algorithms under

a pre-specified optimality criterion.

In the context of CSE, Latin hypercube designs (LHD), propé'

by Mackay et al. (1979} are widely used since its constructig

very simple in practice.

14 " 10
(1] ne

05 L3

@2 00loe e:o o8 %2 08
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e
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-0 05 60 [E A 85 06 8%

%1

{1} “Classical” Design {b) "Space Filling” Desig

Figure 2 "Classical” and "Space Filling" Designs
i
The CSE are usually complex and consist of'many_
variables to investigate so a large number of runs are requir
estimate all related parameter in the model. For instance,:'

problem of interest consists of d input variables and n numégr

runs, the totat number of all possible LHD is (n’)d; Obw_
this number explodes as values of 1 and d increase. Ther
the fuil space of LHD cannot be explored. In such case
need search algorithm 1o fead us tc a good dasign with res; :'
an optimality criteria;  The key idea of all existing séa
algorithms is to use some kinds of exchange procedures to r

towards bstter a design.

In practice, for a given optimality criterion, the seé
aigorithm will look for a better LHD, untif pre-specified toler
level is achieved. A range of search algorithms and op
criteria have been proposed in the context of CSE. For ex:
Johnson et al. [3] proposed the optimality criteria called minim
and maximin distance criteria to measure the goodness
optimal  LHE. Morris and Mitchell [6] adapted a veré
Simulated annealing algorithm (SA) to search for the optim
by considering ¢P aptimality criteria. Ye et al [10] propeé
canstruction of optimal symmetric Latin hypercube design (8
and modified the columnwise-painvise exchange algorith
to construct the optimal SLHD by considering maximin di
criterion and ¢p optimality criteria. Jin et al. [1] developed.
algorithm called Enhanced Stochastic Evolutionary (ES'
modified the calculation of various optimality criteria (i
¢p criteria}. Rungrattanaubol and Na-udom [7] prese
comparison on the performance of Genetic algorithm (GA)
Simulated annealing algorithm (SA) with respect to ¢}, optim
criteria, The results indicate thai SA performs much betie

GA In terms of the simplicity of parameters setting and rate:0
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Jergence. Though SA has shown high performance in
zching for an optimal LHD, SA stili requires such a long time
earch for the optimal LHD, especially when the dimension of
pmbiems is large. Therefore this paper aims to improve the
arnance of SA by using the idea of sstting the tolerance level
erminate SA and adjusting the calculation of the optimality
erfa, In the next section, we will present the research methaod
uding the design used in this study, defails of SA and the

difications of SA, followed by the results and conclusion.

'Research Method

This paper aims to improve the performance of $A to search
the best LHD under ¢p optimaiity criteria, We first developed
both of original SA (SA) and modified SA (MSA) in MATLAB
des and stimulated them, and then the optimat value of ¢p
aria for specified dimensions of problem are recorded and
compared. The details of design used, LHD, the steps of an
viginat SA, and the modifications of SA based on avaiding of re-

ulating of ¢p criteria are presented as follows.

4 Latin hypercube design (LHD)

LHD has been extensively used in the gontext é)f CSE. It was
riginally preposed by McKay et al, [5]. LHD is a matrix (X, of
rows and ¢ coiumns where n is the number of runs and o
‘the number of input variabies. LHD can be constructed hased
the idea of stratified sampling to ensure that all subregions in
e divided input variable space will beé‘ sampled with equal

robability. A Latin hypercube sampling has

Table 1 The 5X4 random LHD

X, X, X, X,
1 2 5 5
2 5 3 2
3 3 1 4
4 4 2 1
5 1 4 3

As can be seen from Table 1, each column in the design
matrix is referred to each input variable, while each row is
referred to the design run. if an exchange takes place in any two
pairs of runs within randomly selected column, a new design is
oceurred. LHDs are widé%y used in practice since its property still

remains after any exchange procedures.
2.2 Simulated annealing algorithim (SA)

Morris and Mitchell [8] adapted simulated annealing search
algorithm fo find the optimal design with respected to ¢p criteria.
Tha steps of SA are based on the idea of exchanging two
random  peints (Periurbation} of a dimension in the design.
However, in the SA algorithm, an exchange with no improvement
or deterioration in the (ﬁp criteria may be also retained during
search p;ocess. The steps are presented below and its flowchart

is displayed in Figure 3.

Step 1 Set initlal value of | {maximum number of perturbation
lo seek improvement), t, (initial cooling temperature) and C,
(factor by which f is reduced when nc improvement in gby is
attained). The factor f controls the probability of retaining a
perturbation that results in no improvement of g/ﬁp. In particular,
higher vaiue of ! teads to higher probability of retaining a non-
improving periurbation. As search process continues ) Is
changed by a factor C, resulling in tower value of f, and hence
lower probability of retaining non improving perturpation of same
order. Specify the dimension of the problem n and ¢ .
Step 2: Generate a random LHD X of given erder n X d . Let
Ky =X =0
Step 3: Set /=1,Label = 0
Step 41 Let X”y = X
Randomly select a column say j, of malfix X"y and
exchange two randomiy selected elements of column |, say

X, > Xy
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Step 5: Set X = Xw,Labef =g

[;épxw m;ﬁﬂx}n

If ¢PX ~¢5pr > H or with probability e
Step6: If $X, <PX, ,set I=1and X, =X,
ejse | =/+1.
Step7: #f /<11 goto Step 4.

Step 8: i Lable =1,set t =1 X Cf , go to Step 3.

iy

Step 9: Stop and report X, .

Set initial vaiva
Of Ippay, fpand €,

Ganerate random LHD is
D oLel Xpm2 X 1210,

Let Xy 8 X ‘

Random colamn j of Xy, o

and exchangs two random alemant of
coleme | X<z Xy

You Lty md A

Calculate ¢,
by equslion (4}

Figure 3 A flowchart of SA

2.3 The qﬁp criterion

Morris and Mitchell [6] proposed a modification class of

¢
maximin distance criterion in order to search for the optimal
design. For a given design X, the Euclidean intersite

distance between the design peints can be caiculated from

it
d 2
dix;, X)) = | X (g~ Xy)

k=1

(@

By using equation (2) to calculate all intersite distance for every
nairs of design points in the design matrix will resuit in a

symmetric matrix of intersite distance as follows.

Let a Euclidean disiance list (d1,d2,.‘ .,dm}, is the eleme'

from the smallest to the largest. Then define an index

ydyrenend,)),

!
separated by distance ¢ . Thus X is a maximin desi

is the number of pairs of sites in the’

among availabie designs, it maximizes d, while J, is minim

The scalar criterion can be expressed as

¢5p e ZJ.’d;p

gt

Hp

. where p is a positive integer, Jj and dj are specified frof

The design that minimizes (efip is the optimal LHD in the cf:

this study, the adaptive form of ¢ (1] which is simpis

eguation (3) is consideraed.

q 2

n n
4=|3%2
i=1j=l+1d,f

gat n=9Y Imex
T r T

Pty Gy

£.9

e = Phitp) Obost

B85

6.4

B3

52 20 40

a0
leration

for each iteration is displayed as Figure 4.

Figure 4 The pattern of SA process with respect to gﬁp
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4 Modified simulated annealing (MSA)

This paper will modify the calculation of ¢,, criteria by using
5 method that avoids re-calculating ¢p value. As mentioned
fore, SA uses the exchange procedure between two pairs of
ints within the randomly selected column. Hence, after an

ange between rows J and J, within column kK

1
d i, are changed in the distance matrix D [1].

. &> Xl.‘,k) , only elements in rows J and 7, and columns i,

design
nin%;;ﬁ Forany 1S5/ Snand f#1 i et
AENE ' ‘
sli iy K. J} r'xgu T T T %R (8)
. [ F ! s ' %
_ dm‘ ——o‘ﬂ‘ = df.i + 8,1, k) (6)
d fro
> clas ‘ ! p
I O ! A ) t
pler @ radr [dw +8(11.r2.k.1)] (7)
s New gﬁp is computsd by
T . 1 1o
g 2 L= ]+
¢, RSN ES A
i (&)
P P _
Z I:{df?d) ’ m(dlzf) ﬂ:|
AS]Sa,j#

Sof itial value

- Of gy, ty.andt €, CE TR Sy S— o

Generatp random LHD is ey

; LD ket X X tm ,
- i P2 147

T Y| P ]

i =5
Self= 1, Label= & %ﬂu.m.u.mwwwm
- $ % g

Lot X, = x
Random ooty f of Xip
wehange two random element of

solimaj X, <> X, Caleutate &
“I by saustion (53 {(8)

r
é g
p!

i

i

-l

I

3

o

He
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The flowchart displays the process of MSA is presented in
Figure 5. As shown in equation (8) to {8), only some rows ang
columns are updated to calculate giﬁp criterion in MSA. Hence the
complexities or BigO of MSA is much smalier than SA as
presented in Table 2.

Table 2 The complexities to caiculate qﬁp criterion in SA and MSA

BigO(SA) O(dn") +0(n” log, {p))

BIGOMSA} | O(n) -+ Ofnlog, (p})

2.5 Data Quality

The performance of SA and MSA is investigated vig
gﬁp optimality criteria. The comparison is made on the dimension
of the problems as specified in Table 3. For each d, number of

runs (n) is fixed at @ maximum number of unkpown parameters

that are required in the second order polynomial model
: d
(ra-.:2d+4[2)+1).

Table 3 Dimension of the problem

d213 |4 (& |6 |7 (8 8 |10

i

9 ;9 33 [ 61|73 98 120 ! 163 | 201

|
Fp{ each dimension of the problem In Table 3, SA and MSA

are simulated 10 times for a specified tolerance and the
aIgoEithmic parameters with respect to ¢p optimality criterion [63.
The two algorithms are implemented via codes written in
MATLAB to search for an optimal LHD with respect to
¢p %riteria. SA requires input parameter settings for t * fax *
Ct and 1. We use the heuristics presented in [6] and our own
expelrience of using SA to set the initlal vaiues presented beiow.

!
is sel to average Euclidean intersite distance of the

o fo
initiaf LHD X .
1
il n d 2 ; d
fo:Z by Z(X,','—Xﬂ) / 5
=1 e L=t

o Fae 18 the maximum number of exchanges before the
temperature is reduced. The number should be large
enough to aliow SA to move away from lacal minimum.
ey 18 et to 1000 for o £ 6, and /. is set to 500
for d227.
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° Ct is the rate at which the femperature is cocled down. 4. Conclusion

C} is set at 0.95, to lower the temperature slowly as
According to the results presented in Tabie 4, it
the search pragresses. %
. concluded that the modified SA (MSA) performs much bett
° The tolerance level tf s set at 0.0001 as our empirical )
v an original SA (8A) as the fime required for MSA to r
studies indicated that setting smaller folerance levels

. same level of optimal design is significantly smaller than.th
would not result improvement in optimal value but :
SA.  Hence MSA is recommended for the constructio

require longer time to terminate. :
optimal LHD for CSE. Furthermore, other classes of de

3. Result be developed and collaborated with SA to search for

o . design in the class. Other types of search algorithm §i
The values of ¢5‘-D oriteria at the termination step of 8A and
swarm optimization (PSO) or Ant colony can be further i

MSA from each dimension of, prablems stated in Table 3 are
gl in constructing an opfimal LHE for CSE.

|
presented in Table 4. The descriptive slatistics on the ¢p

values obtained from sach search technique (SA and MSA) are
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