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Abstract

Currently the relation of input variables and output response is investigated through the
computer simulated experiments (CSE). Such experiments are usually time-consuming and
computationally expensive to run. Therefore, a selection of settings of input variables to run
CSE is crucially critical. The space filling designs such as Latin hypercube designs
(LHD) are normally  practiced in the context of GSE. The best design for a given dimensional
problem is obtained by using a search algorithm under a pre-spocified  optimality
criterion. Normally these search processes take a long time to terminate, especially when
the dimension of the problem is large and somefimes the process is terminated before the
best design is achieved. The aim of this research is to propose the modified evolutionary
search algorithm to construct the optimal LHD. The performance of the proposed method will
be compared to the popular search algorithm like Columnwise-pairwise algorithm {CP) and
Simulated annealing algorithm (SA). The comparalive studies will be made based on the rate

of convergence and the design property of lhe best searched design.
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2. Hammersley Sequence Sampling (HSS)
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Response Surfaces Methodology (RSM)
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lsznaudpdutlsnanasdrlasanizmissnuuulneauuy  Polynomial Response Surface
A L 1 2 - a - L2 r Ad L
Models ﬂg}n'l'nazmuﬂi:amﬁmwmmuaswﬂumaﬂszmm.m afsdelunannang wanonu

ﬂi:qnﬁnﬂiaantLqummmmu Second-Order Polynomial Response Surface Models ﬁEﬂLLUU

o &
aIn
A k
P Ll ﬁ.x.+22ﬂ..,
=1 i i<y
A = & ] L ol o e Ly =
swniees  f.8.0 mmm‘lﬂmnn’nnmnamﬁmmﬂmuaﬂﬂaﬂ (Least Squares

Fay
. ' . XY o |
Regression) &%y ({insmmnsaienarmsisiinnaunsaaasdigitiaisesiasfiga
A3 y(x) fs anwasnudseantasldauns

,Bz[x'xTX'y

-

Tas x fia tnSndmanauauimibaadintng X' da nsualuauas X uas y dslntaad
e o J (] £ 1 . o
V\ﬂn‘mh:nauﬁ"]Llﬂ'mauaua{l'ﬂﬂ\mﬂﬂ:’\lﬂmaﬂ’m Polynomial Response Surface Models #3713

g nsl [ [ 5] as [
T¥auazazaniiasnniilunsndniaglfisasiumariiues RSM

Kriging Model

Kriging Model Lﬂ%lﬂﬂﬁﬂﬁ1ﬂ1ﬁ&ﬁﬂﬁﬂu’llﬁﬂﬂ‘izqnﬂ“lﬁuﬂuﬁ”mﬁ‘iEﬁ.ﬁﬁﬁ
(Geostatistics) mM3as1y Kriging Model linanuwafiada edauthanas (y) mmimﬁuuaﬂ'lu
'sﬂuuuﬂan'ﬁuTwaTumua (Polynomial Functlon) yasgaaalsitn imnummﬂmmﬂaaumnﬂ
mnm.,mumnwuﬁu (Stochastic Process) FIunuds 203 arusanalnieuitisuadowiny
0 wszanuunluiumEwin . Zewse  zevgla 9 'lunnumnﬁmuﬂuuﬂ'lm'mu
Vuw) =0 R(uv) Wa o7 unuananlIUIuuaITsuune:  Riu.v) fovariTuandunug
(Correlation Function)  USs@NIDUNUATIIRURUTRILT ULV 9 'ﬁogﬂuuumam"aﬁ'ﬁ’u
ﬂﬂﬁ'uﬁ'uﬁmﬁnﬁmmmg‘lﬁmn Koehler and Owen (1996) lagialuudadamlsasn y &ani

= r= 4 ar A‘
donluziiuinie Badaa T lanad

y= Zﬂjr(xwzm

=1

las Z(x) gnﬁuuﬁ'lﬁ'tﬂuﬁﬁwmn‘szmun'mfud"amhnmaﬂuﬁuazﬂqﬁ‘ﬁummﬁ’uﬁuﬁtﬁa

JeeENn1y (Spatial Correlation Function) @ u&uNT3

CoviZ(x,). Z(x)1= O R(x,.x,)
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lag o fa eanulsdsivuasnisuiuwms Winguanaduiusamansadanlsldwnanmasis
st lafiauiSadluiifiny fa Gaussian Correlation (Sacks, et al, 1989) Muaztdnan1iasie

Kriging Mode! ldaunelitwumd 3

aanasfian1sRUABLALIN T NITIRa nAAIBaTaa

msaanuuun’rmﬂaaaﬁﬁ%:a‘mua'lﬁ"lﬂ‘Tmﬂﬂihaaqﬁ’ﬁmnuuaiuz‘mmzﬁﬂi:ﬁn‘ﬁmw'lu
nswensol miaanuuun'ﬁnﬂaaufm"ﬁqﬁﬂﬁ'dm‘i’nmu@ﬁuﬂmaui‘i"nmum"fﬂumﬁ'u WL
miﬁ'm'li-rmﬂao‘luuﬂa*ﬁmw"l'mmuﬂmmﬂummumn rmaanuuum'mﬂaammnam,m
R’ nmaanmomanmmm“ deaziFunh manhauumswdimnzay (Optimization)

'lmmwuiﬂmmaﬂnamummmum'l'ﬁ’lumimanunumsnﬂaammnﬁﬂ INTIZIUIN
uwsmimasasfiduwlilaismvamena vl lldfiesihmn g waumsnasesininnsmaaas
939 uHuMINAseI ldnsanasAuniu mtﬂmmumﬁﬂﬂaammm:ﬂunqﬂ talFidu
MunuIaIuEuM InaaaInanualilaa é‘ana"'s‘ﬁumsﬁuﬁuﬁﬁuuﬁu’luﬂ‘%qﬁ'uﬁguﬁumuuun
(M Simulated Annealing: SA, Genetic Algorithm: GA, Tabu Search: TA tilueiu lanaanasfiu
msfuauzdaaiammug hdvinasimsiBenuuumnasasfitmansay (Optimality ~ Criteria)
lufiflesndniesasdanasfunsiudu do PANaTANIAUGAN (Genelic Algorithm: GA) uaz
sanaiiuduaninauanilady (Simulated Annealing :SA)

danassunstuanuuvalnuaadnized yant

é’ana‘%ﬁumiﬁuﬁuuumﬂnu.ﬂaﬁm-’ﬁ’ﬁ'i'euﬁﬁtﬂuﬁumu‘lumﬁﬁ'ﬂﬂi'faff g mivaha
LHUTN TNARBITIRUA L /Sl 'ﬁmanmﬁummun”ﬁaﬂnuuumﬁnmaaomu’lnmmmumaumi
ﬂ'N‘mll'u‘lJ']wﬁ’l snatatu Taboo Search uay Simulated annealing tuein

Simulated annealing (SA) Wiaualay Kirkpatrick, ef al. (1983) Wludanastufisiaasn
mnni:mumwaaﬂanﬂﬂmﬁ'umnqmnqﬁﬁgo unzanamnniasadieg g auldlonzd
anzay wamanvaddamfasniuzveslans drwesnasanilioyindoudivaswoidu
Taguszmdfidnldninuanss SA anihanlilunisdumiiummenssgniu CSE as
wsnlag Morris and Mitchell (1995) dfituaaumsrnanudsimnlumiigety dsaunsnaiing

o X
MU
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Initializatlon
X=X, Xoew =X
And set t, in G,

3

i=1

k.

Jlog = FALSE

Construct X, by

| ot

element exchange

L. S

Decide accept new Yes
design ?
fiXiy) 2 KX)
Yes

Accept with probability
B A f{Xury - fiXJHE

No

Replace current design
with new deslgn
(X =Xy
flag = TRUE

i=i+1 |4

Reach max
tires for this

New design is
improving ?

JiXey) < ¥best)

Replace best design

temperature
(i <im)

Decrease
temperature
t=t* G

No Check stopplng rule

flag = FALSE ?

Yes

C Stopping

Simulated annealing flowchart
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fuaaud 1 ahuHwMINaasIS IR X, uazassnwiniltaasiuenldun aomnd t

[
s o

MUFNNIIA lﬂﬂ ﬂﬂﬂdﬁ:ﬂ:‘.ﬂ']d‘i:ﬁ?’ﬂ?ﬂﬂnﬂﬂ IUHWATINAA S XO NIU

B | =

= 3 D =] /()

=1 1i=i+1 k=1

FIUMIBLVBINIATRUHUNTNGRDY I, sandmdmitaagungll G, uazld X = X, uas
Xbest - X
wumaun 2 mmwmmmmmwmsmamaun'rmumamm flag =FALSEwaz [ = 1
Iuaoud 3 sirouniminasadtul Xy, Tanmsuanulfgumndnlunaging
Xak © Xp (@hingathiazidnaluuni 3)
Suaani 4 dmas A LD f uﬂ:unun'ﬁmamﬂ.%qu“u X Windadulataasy
usmnnanadlnaidudulianadonty ,( Xt,.y) < Py (X) wiasauibmuanutinaziiiu
AUFUNIT (6)

i [@p (Xt*ryt) ~Pp (X )]
e

\ila © ﬁaqmmnﬁmwﬁu wazh X, gnoauit W X = X,y Wasli flag = TRUE
II

e e
Inaanil 5 m’mﬂaum.mumiﬂum'lu‘sauuwntmummmaaon"lﬂﬂmauu anadu
A =
niolilamFauifinuununitsnaasslnai Xy TUULHUNITNARBINANIFA X,y 61
P ( Xery) <2, (Xyep) Wrnnsunudi x,,,,. = %,,.,
o ‘! a :‘ as & H 1 o o h o Q
naaui 6 ivmnuinauldiuaoud 3 wnhesasuamimausay i, uf3evms

RN NURIMURNT £ = % C,
& < o i, & ’ 4 [
guaawn 7 inuwiwdmaulutuaau 2 wmw:Lﬂu'lﬂmm‘ﬁau'lmm-mqm JuAuAa

flag = FALSE \iluads

Stochastic Evolutionary (SE) sltgualas Sabb and Rao (1991) leuseviuenalesin
Fammsvasiiitia Tﬂﬂm”a’.iﬁ'i'@ummm"ﬁduﬁﬁ'mé’nmm:ﬁ'laiﬁlm’mm uasldanuoei
aniluiudaly mivauiunaasulnivas se aﬂuuwummlaawwmmasmuau (Threshold:
Ty ) @9 SE sunTamasasgastyw TSP ldlumanii sa usitlgywinas SE anﬂmsmm
T, dwsudgmididwean’ly ua: se nnwmm'lummmummﬂammmumsaanuuumi
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naapIgasnaNRaailan Jin, et al. (2005) wuaslWdedanaitulnaiin Enhanced stochastic
evolutionary (ESE) 91 £SE ldudatniduuas SE Tasmsnulszaunraindinanvasdanaiby
nlingu T, mldan T, snsasusadldidalWidriudgwmsadaulafidweentl ESE
fimyinamuLuIugn (Loop) Saurii 2 aul (Fondg/lu uszguuan) aaugaslae 2 nmnaaluil
Tassunsnafinsuaeuwmavhawlaail

( startinner loop

b

Initialization
F=0, Ngpy = 0, imp = 0

'

Construct set of X, by
randomly pick / distinct
element-exchange in
column (i mod d}

+

Choose best design X,
from set of new design

New design better Yes

than current design

ft¥wa) < f(X) 7

b

Replace current design
with new design
(X = X))
Pocpy 7 Moepe # 1

fXuy) - 10X} =
Ty*Random(0, 1}

New design is
improving 7

S < f¥ps)

No

Replace best design
with new design
{Xperr= xn-y)

Rnp = Nimp + 1

No

Check stopping
f<M?

I=7+1

End Inner loop

ESE (Inner loop) flowchart iz Jin, et al. (2005)
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iSlOE&ﬂ;{

nalanosguls (nner loop)

MIMNUTDN ﬂﬂ'lul.ﬂumvmumimm’mm ua M ‘SE]UYI']'Hu'Iﬂﬂ‘i'NﬂﬁN'H [A}] I.I.Fnlﬂ’%ii'

HUNNDTHA
naaaatna X,,., laomsguuanudowandn (X, o Xpj) was ﬂﬂau'lwammmumi |
naaadina

o N N 27 AA. 255
PHABUN 1 TUUHUNINGIBITNEU X, anguuan uaslien { = 0,Mqcpe = O uaz
0
nacpt - 0
dueaui 2 FINNRUIBILHUNIINARD Kery T0m [ woniilidiulasms Na
Ltamﬂauuﬁuwn‘luﬂaauuﬂ imodd (mmumuﬂs'luﬂsnumimﬂaa) D35
Inaani 3 mmmmﬂon'ﬁmmnﬂiumﬂ ¢, mﬁmmaonammumimam Kery AN
I.Lﬂ..lﬂ'e]ﬂllﬂun'ﬁ'nﬂﬂﬂd o, nﬂﬂaﬂmn'lunau 0"557-
Twaanil 4 ﬂﬂﬂu'lwamuunun'nnﬂaao Kppy I 4’1,( Xt_ry) < @, (X) win
pauivdra e iuavaunis
qbp(Xm,) ~$,(X) = Ty xrandom(0,1)
| Y oee o L . %) a a o
(ila random (0,1) = warf'ﬁummuqummmmmmnnﬁmimzmu
wvutanzy (Uniform) 3smi3 (0, 1)
- 1 L1 5
URELAUAN Mgy = Mgy + 1 WBUHUMINGRE X, anueusi
“: A =3 - ar kg
ANaaNuN 5 WSsAsUUN RN IINO8 DY Xy DUUHUNTIINGREDY X, 07
o A
#,(x ) < (X,,m) Wimaunui x,,,., = X,,., waz 1R Ry = Ty + 1

SuAau 6 m’:wamwu"lmn'lmumm i <M iiwase laonl M = 2 (n) dff ue

laiiin 100

nalnaasgiuan (Outer Ioop)

mainuassguen mnwmmuaunamumsﬂumuummna:u(Global search) lag
malfuswiniiaeinivan T, Sudunisinwauasdanaiiue Ty szgnadlilidh  (az
nm’mq‘lumwﬂaamumaummfmu) nmmnuumnnﬂmm‘lﬂmum TR P IRPRT AT RN 01
w2 nydt Ao mLmumimaaon'lﬂvmamnaumsmmwmaﬂ'lumum'lﬁ‘ﬁ'mi NSAUN
uunl3y  (Improving  process) mam‘lmmumsmﬂaan'lmuﬂmﬂuumawu HAZHIHUMT
mﬂam‘lﬂ‘nmmnwmimmwuaamJ'lu"laJmuwmauu'lﬂ'l-n AIAUMUULETTI9 (Exploration
process) tRandnwiieinurwmanaaasfinazanuyuamea
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6art outer Io@

i J .

Initialization

| K=Xg, Xpen =X
T;. = Tm

| E— —
_J Track best design

!

=TT

Xotd best = Xpest

Y

Inner loop

No

Decide way to update T,
SXota pest) - [(Xperd > Lo}

Set improving
parameter

flogimp= 1

Set improving
parameter

fatim,=0

F

Update Ty,
base on search
process

Stopping criterion is
satisfied ?

kEnd outer loop)

-
ESE {Outer loop) flowchart naln: Jin, et al. (2005)
Fraaui 1 ahaununinanasanen X, bissudu X = X,, Xpess = Xusz Ty

aAUFUNTI

Ty = Tpo = 0.005* &,( Xy)

Twmani 2 Jufl X — X
Fuaani 2 uAnuaun1IMases X g pecr = Xbast
& A e .

InaDwn 3 Lmqm'm'mu'l,umwn aogﬂ'lu
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2 [
Tuaanil 4 \fannszumtumnt @, (Xo!d_bgst) — Py Kpose) > tol I

fl.agmp =1 m‘lu‘l'ﬁ'ln flagim, =0
mumaun 5 1hud1 Ty mudnracnszuawmasum @hnsludmdali)

] 4 v s o & 4
Tuwaoud 6 anegaungmsngaiudu drbidullowdenty Waunsuludiduaaud

a & o f o 9 -
nmalsusi Ty, lwiuaaufl 5 vasguuonuiisld 2 nydide mssumuuuysi (Improving

4 . . ) 4
process) W8 flag,,, = 1 uazmqumiuuuss19 (Exploration process) tila

f lagimp =0
C Sla:tj

No

(nnrpl/M}) 10%

No

(Pung /M) < (000 /M) (s / M ) = (Rracpt /M)

[ncrease
Tw=T/a,

Current
=T

Decrease
Tp, = T;. N o

improving process flowchart

MIAWWILLNTY (Improving process) ¢ T, a}:gnﬂ%“mﬁa'ﬁ':u'lﬁ'é‘ana‘%ﬁummm
ﬁ’umunumimaaoﬁﬁamauﬁ"ﬁﬁiﬁ (2 CHER) ﬁﬁumuuu Nagpe /M (é'm’m":mmaon'ri
H23/57) Xt_,.y numuflmaun'rm'muﬂﬂ'lu) UAE iy /M (ﬂﬂi’]ﬂ?u‘ﬂmﬂ'ﬁ\lﬂ Xy il
ﬂmﬂuummu nudwansaumsinamgiiiy) aadanly (mn 7) @9ii

1. T 8aNauNI T, =T, ¥ @y Moo M > 10% UNE Ny /M < Tgepe /M

2. T, TUROUMIAI Py /M > 10% URE My /M = Mgy /M

3. waninitenn 2 Bewluwsnlivimsifiy T, awsums T, = T, /a, laoimuald
; = 08uaz 0 < ay <1 (Jin, et al., 2005)
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/ Start '
A

|

10% < (Rocpe /M ) <
80% and flag.. = 0

10% < (Nocpe / M}
0% and flagn: =

Yeas Decrease
Th=Tataz
flagia: = -1

(Moepi / M} > 80%

A r

Current Increase
=T Ta=Ty/t; 4
g =0 flag.. =1

Y

L

Exploration process flowchart

MIFRAULUE529 (Exploration process) ¢ T}, gnﬂ%’mﬁa‘ﬁaulﬁ'ﬁ'ﬂna’%ﬁuﬁﬁmn
< A P E
wumInasasfimuzaulawzAlagRiswnan 1, /M audanls (1w 8)
1. T, WRUGNEUNT T, = Ty/@s 0 Aagpe /M < 10% IUNTENI g e /M = 80%
2. T, SARIGWAUMT Ty = T, ¥ @y 0 Ragpe /M > 80% JUNTEV Ny /M < 10%
o A’ v
Taoiwnald @, = 0.9,a; =0.7 us: 0 < @, < @z <1 uasnizuaumsitazaudn  (Repeat) .

. o 4 0
FUNTINTTUIUNITAURITTHUURUNTINAR amﬁqmﬁuu‘ﬁﬁ'ﬂu

nouiAnufudanlunnsAIm
= - a1 1 4 = % a o & = = } X
nsdiaszinaANTLEauinuean (Time complexity) dAmiudanainun lilums

uﬁﬂn;m'lmﬂn.;wmﬁ'q diatinnsinan (Execute) uum‘%ﬂqﬂﬂuﬁotma?usia::m%ﬁLtmnﬁhqﬁ'umm
Mdazunnsnaiusnlidon Lﬁ'ﬂuﬁnL‘é‘mﬂfzmumnsi'mlufimi{ &yanenile v (Big O) gnumn b
UANHNTa1IY (Upper bound) galaiumadnlmmane i i lunisinamasdandioy
Tnenlszanas Wunsdifiueifiga (Worst case) Faufupudiniugssninananiingl sy
mazasilsdin FaiudnnsRansanie ) O( g (n)) dla annsamenaddit ¢ € I

il F(n) < cg(m) dlan = n,
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i m e nafivanzas

nnganeinufatinglily  Shaduiimdnmsiauaassanasiiuntsiusudasringm
winamsinsdandfitainsaa (Optimality Criteria) 1qua  TUnIsRUWILEUN TNARDITIGITH
ditmasviuldianainueinaianlimanoinaesd 1w Maximin Distance Criterion, Entropy
Criterion U8z Centered L, Discrepancy Criterion Iﬂulumi’ﬁ'ﬂi{ﬂ:lﬁan'lf Maximin Distance
Criterion Uas ¢, Criterion yniluinme mmwﬂ~am:}m.mmmmammuuﬂmﬂuummu fia lai
fusialutaa (Model Independent) m'l.na-mn'lumﬂ'munumimaao ek WlEiumsmases
v lle

ua.lnfh;ﬁu {Maximin)

lasmanmsvaanaminindandifimnzsy  unuudnd i (Maximin)  Wuadaom
FHIHIINARBIVUUHUNTINARB SN rmm'i:u:vhwaaqﬂfum‘lﬂ"aaauuuﬁa Rectangular

Distance Waz Euclidean Distance 3q3n13

52

k 172
x,,l uas d(x,,x,) [Z(xs,—xﬂ.)z] RHER T
i=l

muﬁﬁ'uﬁ‘lﬁlﬁan’l'ﬁ’ Euclidean Distance l@DaInNUNUANINARSITMa nxd IH0MMATRITEHHA
ﬂﬂil:'ld’tﬁumﬂ?n-fi“ﬂxmwmmnﬂ nxp Lﬂummn‘mmuﬂummmunuummmmLﬂu 0 &
's~um1anuaunamaomn‘mm,u.mou wibhadusSomAsunuiy  wnSnduaaununs
nanaddug e mﬂuaunqmmmmnmsxuzmwaaunum'mﬂam'lﬂummnm"lﬁ‘u (Maximin
Design) R:1R0NUARMINAIAINY GI0H19TU WHUNTTNARAITIIG 92
[0.375 0.875]
0.125 0375
0.625 0.125
0250 0

1 0250
0.875 0625
0.500 0.500
0 075

075 1
|

' 3 = L . . ve g
wiaszozvinalamdanly Euclidean Distance laaail
= ((0.3?5 —0.375)° +(0.875—0.875)° ) =
— ( (0.375—0.125)° + (0.875 —0.375)"’) = 0.5590

= ((0.125 —0.375)2 +(0.375—0.875)° ) =0.5590

29




dy = ((0.75 ~0)* +(1—0.75)" ) =0.7906

=((0.75—0.75)" +(1—9’ )=
dldimamsndszuzing avil
[ 0 05590 07906 08839 08839 0559 03953 03953 03953
05500 O 05500 03953 08839 07906 03953 03953 08339
07006 05500 0 03953 03953 05500 03953 08839 0.8839
08839 03953 03953 O 07906 08839 0550 07906 1.1180
08830 08839 03953 07906 0 08953 05590 11180 0.7906
05500 07906 0550 08839 03953 0 0393 08839 03953
03953 03953 03953 05500 05590 03953 0 D550 0550

03953 03953 0.8839 07906 1.1180 08839 0.5590 0 0.7906

03953 08839 08839 1.1180 0.7906 03953 056590 0.7906 0

DMLUTINTIE W maommnuaunﬁﬂ Nnemateaedn 0.3953 frieziiiudatSamdsunuy
ms~u-"mmua:mﬂmmuwumimamaus] Tagasfivnanhsnannniezduusunmesasii
WRUNZEUNT
~
vhaw (4)
N Y . A | add E .
Tasnannistesnmeinasidanaiftinunzay  uwuy ¢Puutﬂmﬁnwmmmn Maximin

Distance Criterion %i@ualag Morris Was Mitchell (1993) Q:Hﬂﬁﬂ1@7ﬂ1ﬂt§ﬂi

¢P = [Zm:‘jfdl_p ]"P

lat d, fia fduaszuziy usz J Ao Arapasatil ‘ﬁaLﬂummuﬂmmwmammnuunmu
U d URE p s awsiaun ddasdidnunwa mmawisariauniady p fnnwafia
5  ndmsthaHumMInasastidy awsze -*moﬂﬂ‘lﬂtﬂummn‘mv SHWNTWG  nxn AD
9%9) wd2 savhunGeedaunniarlin wddauazIssdal a~mm’uﬂummn=nnl‘lﬂuu
wnanindauanas (Symmetric Matrix) drzdnmanarsiud s dunues 1ieaam
Tunssnuwan Tﬂuﬁmmgnﬁ'ﬂwmﬁmauu"amﬁauﬁu (Morris and Mitchell, 1995) aaiuam

~ s‘nl = [ A”
SnadnvzR T iuadis
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[0 05500 0.7906 0.8839 0.8839 0.5590 0.3953 0.3953 0.3953 |
0 0 0.5590 0.3953 0.8839 0.7906 0.3953 0.3953 (1.8839
0 0 0 0.3953 0.3953 05590 0.3953 0.8839 0.8839
0 0 0 0 0.7906 0.8839 0.5590 0.7906 1.1180
0 0 0 0 0 0.3953 0.5590 1.1180 0.7906
0 6 0 0 0 0 0.3953 0.8839 0.3953
0 0 0 0 0 0 0 0.5590 0.5590
0 0 0 0 0 0 0 0 0.7906
0 0 0 0 0 0 0 0 0 J

a ) L3 ] A i
wanGasszusiatagllinne:dfaduasszusving (d,.d,.....d ) Fuiwawzdmuuseidu

Ly

[ il
NURNNTBIANINTIzs i wxfiian  m udaiug 1 B (J wazladaduaazil

a e~ o 4 o : i @
(yodyoe o ) et J, Aroiuavenil ‘nalﬂummugﬂmqﬂﬂﬂﬂaaﬁgnuﬂnmmzu: d, n
dadwezld fadwasszazvinaddu

(0.3953,0.5590,0.7906,0.8839,1.1180)

&

Revaynrih (/,,J,,...J ) iilu
(12.8682)

s d; uee J, andnueagasaananlluds lagd ¢, Sidnlatuansinunis

nananuiutaunITMans 6

O IGE R T

inmueifilsianauaiuglunswennsat 88 Root Mean Square Error: RMSE 3:liadn
anuuind iisumnaassiinandanasin SA M ununImassitlean DACE MATLAR
Toolboox Hatiln Kriging Model f'i'lmm'ld’muqm

RMSE =

4=l = bt A = ] L3 - = ) SI v .
lagfl y; fla wadwiflianinnaasd, 7' fo smenaoiiildan Kriging Model,  &e

ﬂ"'m'mqmmaau
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uni 3

o= |

ASANBWBNITIVY

‘luunﬁﬂ"ﬁm:ndﬂﬁﬁl’?"miw"mu'lé’ana‘%ﬁn nsRusuwuvaElnuasdniBadtent Taols

‘ﬂ 9 :1 = s *s =1 = k2 F=3%
N R salsznauarsmsuantldsnayiin m'sﬂiuﬂgaannaiﬁumiﬁmu nydszdin
i1 2, uuyln uazmFeMzingnMingefusiianzau

4 =
nIIanSLnaa%n (Element exchange operation)

MIaFNLERNITNaaadlng ¥ ﬂ'lné'tﬁmﬁ'uuuummﬂﬂmﬂmu"u X lagldumiéa

try
mnﬂgumn’mmﬂaﬂuu (Column - wise operallons) Witaualan Li and Wu (1997) 5y ﬂﬂﬁu
uﬂntﬂauuﬁmﬁn'luﬂaﬂuuﬂ k ua.,umn ausz b ‘ﬂommanLﬂaﬂuﬂu'}'ﬁnm-n'{lmmunﬁ
R Xy, Sinsnmanifives LHD uazidadferdeansaldsisadiuen &, uyrln

fmitmaumases X, ldadwiilss@ninm (Jin, et al., 2005) mamommamﬂauu

try
sundnuaadlunw
-0 0.1251 -0 0.1251
0.25 0.25 0.25 0.25
0.375 O=75 0.375 0%
0.5 0.625 0.5 0.625
0625 0 |:> 0.625 0
0.75 0% 0.75 08%Z5
0.875 0.875 0.875 0.875
1 0.75 1 0.75
.0.125 1 J L0.125 1

AITUANI RUUFNIBNYDIUHBATIIVIANDILUY LHD %A 9 x 2

nanmrgmmsuaniousudnlasi k = 2,a = 3,h = 6 1inussniinasad
Suan (dusheile) sanBnlunoudiniii 2 woaft 3 8 0.375 mnnaaunnuamﬁn‘luﬂamuuﬂ 2
umii 6 Aa 05 wWaswhiiurunimasastng (@uundio)
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nstianlsEndnmdanassunidudn
mm'mqwgnuaalmﬂm'lmwatwuﬂsvﬁﬂﬁmw'ﬂaaaana'iﬁum‘sﬁuﬂu viunIU iy
‘Jﬁm‘mumuummnamwa'lnm‘iﬂumunum'm@laaomm'u CSE filszansmmanniu
1. Modified simulated annealing (Thamma, et al., 2008)
miwansanasty Modified simulated annealing (MSA) dulagldeawlanmm R
Waldlumssunusuniinasasdniu CSE Mmwamansnafnstineuniiemuas

ad & ' ) § o L 2 w
ADMINIAMWITILADILTUAUAIU

g X

* -0 0.1257

£ : - . 075\ DJE
N\ | 0.375 0.375
R g x 0.5//—~0.625

a \f l::> 0625 0

1l NI @\ ‘ 875 \ Of%
T P == . 0.875 0.875

s |01 o | b GEN 1 0.75
000 uzls o.t';o 0.':'5 1;.0 1(),125 1 A

ﬂ'l‘iﬁ%”]ﬂltﬂ%ﬂ'l‘iﬂﬂaﬂﬁllﬂﬂ LHD l%&ﬁ?%‘ﬂ%’lﬂ 9x2

SWABWA 1 ATURUNTINARBNTUTH XOTﬂﬂn'ﬁq"m‘%'uaa”mﬂﬁ'uumﬁtﬂu'lﬂ'ld’waqéﬁ
wsluuRRAIINAaaINUNANNI3U8Y LHD 93w 10 'lﬁfhﬁ'uunun'ﬁmﬂaaﬂ.%qﬁ'u X waz vin’
mituiinueunianaasy X 'I.ﬁ’tﬂuununﬁmaaqﬁﬁﬁqﬂ (Best so far) Xpose = X WWalddmiy
nfomAsunuurumanasssing Xh‘y uazasmmdiaaiisadwlei gl F‘itﬂmaﬁ'au
W“l‘i’lall@lﬂ‘iﬂ’)ﬂﬂllﬂ’]llﬁuﬂ‘ﬁﬂ’lmﬂﬂ‘ﬂEl\'l7..EI..YI’N‘S"W]"N%ﬂﬂnﬂ‘ﬂadlmuﬂ’l‘i'ﬂﬂﬂﬂ{l X, aait

=353 ] /0

i=f+1 Lk=1

FmmsauniIrIuaunIaasdin i, 3 e flazdaannisenefiaansarintvaanaity
MSA mmmnmimnamaummm"lﬂ laer i,, nnmmmummwaamuﬂﬂm Tusanums
naaBdae 1000 Amiusmandaliiinnim3atiany 6 uas 500 s mnalsaus 7
drawly sandmdmitangunnd ¢, < 095 LWﬂ1ﬂﬂ1?ﬂﬂqmﬁQN t lunszuaunisaum
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lwlatiei g dmsdnvainsssuiiueummasssing tol = 0.0001 FaninmIAnwiwd

i tol uamnu‘lﬂmm‘lnaanmﬁu MSA ldanlumsmamuwnuduudbivnlwiamanilai,
ﬂumaun 2 asdmsfitaaidmst ATWHNININIARUN flag = FALSE oz i = 1
Iuaanil 3 A urumInasasing Xery Toumsguuanilasuwangnluaasud k

wamuumsmaaa Xca k) © X(b Ky MK 8

=

'ﬂumaun 41J5:mummn'numnﬂi~mﬂ *;P 'uaaunumimaaa Xua: X LW

Ery
ﬂ"ﬂﬁu'lm'm,uamu Accept LHUNTINaan X unummummﬂaao X H‘iﬂ‘lllﬂ’lllﬂuﬂﬂi
P try

@, (X) - Dy (x,,,) = tol

lau tol = 0.0001 wiagensvununmanes Ky owamahzidintuauns

B [‘pp(Xtryg - p(X)]
€

URUNINARas X, ,nnﬂam”umm'&"au"lm'lﬂL‘il'au'lwﬁm"mmﬁ'uufh flag = TRUE uaa
wWisufBunEun Imanas X nmmumimaamﬂnm Kpost T & (Xm) < P, (X))
ua'm.,mmmunmmuminﬂaaa Xy 'lmﬂuuuum'mmaaommﬂ Xbest = X

Suaani 5 wﬂaunﬁn'mumvm‘mnau'lﬂm'uuﬂaun 3 Anaslanasumausay
Wi £, ummmmmﬂamunuaamuaumi t=1t=c,

Saanil 6 wﬂaumimmmnwﬁqnau1ﬂmumaun 2 aundeadwldeanudawloms

ngaYIIUYEIdaNaIty flag = FALSE 1wt
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Initialization
X=X0.XM;| =X
And set t, in C;

R 2

i=1

flog = FALSE
Construct X, by
element exchange

Decide accept new Yes
deslgn ?
X} - ¥ 2 t0d
Yes

Random(0, 1) < e - ey - TEXHA

No

h 4

Replace current design
with new design
x =Xnv)
Jflag = TRUE

Reach max

Tries for this
temperature

New design is
improving ?

Sury) < [Rsen)

Replace best design

(i<in)

Decrease
temperature
t=t*q

No Check stopping rule

flag = FALSE ?

Stopping

with new design
Xpest= Xiry)

Modified simulated annealing algorithm flowchart
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2. Enhancement of enhanced stochastic evolutionary

s = L ¥ A" 4
axnaity Enhancement of enhanced stochastic evolutionary warnulayladan
wlann R @it MsA

Start inner loop

Parameters setting
=0, =0
Rocpt = 0, My = 0

Construct sel of X, by

I_——b enhancement process

discussed in step 2

Decide accept new Yes
dasign ?

JX) - (i) 2 101

Replace current design
with new design
(szlrr,

Pacpe = Maep + 1

fixe)- fix) <
Ty *Random(0, 1)

New design is
improving ?

) < fpecr)

Yes

Replace best design
with new destgn
{xbeu=xu-y}

Mymp = Tlimg + i

Stopping ?
isMorj>C ..

Eqd lnner loop

Enhancement of enhanced stochastic evolutionary flowchart (glﬂ%)

e o e a Y [ a A o
A9 leWann EESE mnmaduntasivassanasiy MSA Miaualas Thamma, et

al. (2008) fia @mvoIdMIFUWIIIAWIEA TuduTeduasanes iy Enhanced stochastic
o o . v oa 2 '
evolulionary (ESE) fikuanalas Jin, et al. (2005) aldasinslluund 2 Indauwas
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NITUIUMIAURITINGY Azmsnliveaes wandannszuamwniauni le naziRadaludm
maomﬁmiﬁ:ﬁﬁau‘hlmwqmﬁwmﬁmmzﬂmﬁﬂﬂ wiarldnsdumununImasasdiniy
n’mi'lamm‘mﬂaaaﬁ’wﬂauﬂ'nﬂa'i‘ﬁﬂs.,ﬁn%mwmnﬁ’u Tanlasigirsvasdanaibu EESE
ihsznaudiontavinau 2 gudauni widuany ESE mimmuaﬂ'lmﬂum,mummumma
AUHUNTINARBI I Xy G3NTW 12 Eﬂlﬂiﬂ'r]’ﬁ‘lJ’lU‘B'tLﬂﬂ“ﬂ’l'iTl’N’lﬂ%lﬂd‘l&

nalnzasgyln (inner loop)

mainuasgule Tdtwandadivesdanalin MsA anszgnalflumasinanamnis
nanedlnl X, nraaaulateniuuHIMINgass Xy, ifmﬁm’i‘aummqﬂmsﬁw\uﬁﬂlu lag
Qﬂ'lm:ﬂnwﬁqmmwﬁwﬁmm M sou u?anqﬂtfiattwunﬂinﬂaaa Xt,‘y'lajﬁﬂ'fumn Xpast
fadann C max 78V

Iwaani 1 riaurﬁ"l;ﬁnﬁr‘i’m’mgﬂlué’aaﬁmsﬁwm'lmhmnaqgﬂuanfﬂoﬂmmqnag

do mssPauksmImasaaiuen Xo ua:n}’wqmiﬁ'mumaagﬂﬁasﬁmﬁ:uﬁmaoms'\ﬁma{
i=0 Magpt = 0 My = 0 UAZ Conax

dnaawd 2 sinusmmsnasas i X, laolsiSmivasdanaitn MSA Fafiuar
Tl salumssfsnammnasantasas wastrunanasasftidnassumainugiiv
Wannuaslldinn uaasnansilSoufinuludusasnamside) la BEDRABUNTIWAIKIUAS
miﬁg%ﬁmmm:ummmsﬁflmm'lﬁ’ei‘ai{

maRamAEm It lasmalsiiimssanguussusumnaaasini X, 90t
mmsmounumimaam‘lumnummu j sy tasaoulFitnsadiausmnInaassenau
2BIDANDITY MSA mwm"iaummanujauuﬁnw'ﬁntﬂuaanmanu w13 fbdanunasas

g irdie] ﬂ'ﬂuﬂ'ﬁfﬁ'l\‘!I.LNuﬂ'ﬁﬂﬂﬂﬂ{i‘ﬂd Qylg! U‘lﬂ mv.

Construct set of Xy, by

randomly pick f distinct
element-exchange in Enhancement

column {i mod d} ::

Choose best design X,
from set of new design

!

COnStruct Xyy remp by
element exchange
X in column {f mod d}

[ ¥ V| b2 L q‘f ‘:l
msHam Eaounnnsnaassnailudnaann 2 vasguin
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nMsguTaysduIY j waunlidawtuiiduaaunisinnuadnfusanatiunsi 3o
TOYA (Sorting) 201U MISHIGWULLLUNIN (Insertion sort) uarmnsesdMULLLLAaN
. ] - ¥ ‘ﬂ v oA o TP Vs 2 o e g
(Selection sort) nd1IRe MsiTuatays saavinIkITayaauddIaLfl 1 Iuiidaun n
e - YR R Y % 1 VIR - .
ulipuisunudayaln aistniidaya n daya mmwmumau’lumsmmm (Computation
complexity) 1y O(n?) 'lumv.aommnv. nnmwaammu ﬂammsmwﬂamﬁaumiau
uu‘lﬂwauaﬂuauumhmnu (Array) n3a'lieaii
msqumm 1 avessunuiayaly ensd 0 a3
' & 4 [ &
MIguAIIn 2 avvsaunudayalu oust 1 adg

n'ﬁﬁllﬂ'ioﬂ J = 1 avasaunudeyatu ausd j — 2 n3d
mmumm J avnmsunudoyaln awsd j — 1 a3y
LS LEREET n'lﬂnmdmn'l'lnumwmumau lunisdrurmviany
O(n+(n- 1)) = 0(n?) Falfamnwdouaummassmisdmumsiufiuannds ud
SMIUIBTNIIATIRHUNITNARD 3B MSA I8 museviReshounumnansdlasnis
uanulasuauEniman j 5o udazseudanudassdani muﬁ‘ld’aﬁmﬂ'lm"luﬁ'mmw'guﬂau
mimﬂwaaaanaiﬁu MSA 99 farmdudau lumsémnauriy O(n) wimin
Juaand 3 nTdafulasauTLLHUNITIRRD Xery
NIRRT THBNTURARNITNAREY Xiry mnmunuamuunummﬂaaa Xpry
p(Xm,) < &, (%) w30 gausudisanuiezduarnsrnis (13) laonsds 45805
mmm'la)uaumunumsmaawaa MSA  devilitaunislunissausiuasnsnaans Xipy, 8

mmmmmﬂuanmﬂm
%,(x) -,(x,,) = tol
a g [
Wi uamumummma:t'ﬂumuﬂumi (13)

¢, (Xe) ~ 8, (X) < T, *random(0,1)

\ils random(0,1) mﬁ"uﬁ’mfmju@ﬁLﬂm"'lmuﬁaﬁﬁmsm:mﬂuumangﬂ(Uniform)

=NIN (0, 1) wasfineil 7y, = ., + 1 iaURMINGRES X iy QNUBNTY
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fwnani 4 WSsuisuweumanasay X,,,, fuusumimassanaige Xpae wazi

try
P ] = o w2 [) .

Xiry O Kpoge  Norvimstiuiindn Xpoq = Koy W85 Ny = Nppp + 1

FuaaNN 5 mmﬂﬂﬁamﬁau'lmm'mqmﬁwm

- ad o & o - ' ]

MIRAUITMsEaNT LB INaaad I uaanfl 3 W FINTNFIVIAIIWINTALMT
ﬁwoﬂugﬂluiﬂuﬁ’aaﬁﬂﬂmuﬂﬁ'umitﬁutfiau'lmmmqmnﬁ‘lﬂ'lungm‘mqﬂﬁuﬁ'mmﬁﬂ'lu
& | A e ] A A - . ! P aw o 5
Tuaoun 5 dethassnuiaulyladenlaniobingamstivu fe § > M Feluniisuaiaitlv
1 - (=] -3 a - s .;‘,’ A’ @
M M=2 (’;) d/j waiialitfin 100 n3a j > Cprpy lum3inaisitlidn

A 2w a . - .

Conare = 10d + 10 Gamslgeanszvinniiassne (Logical operator) W38 (or) fauTEA
ti‘ll -‘J’ lfi ni t I v [ g a ]
Nau‘l'ummqﬂmaanmamau‘lmﬂnafrﬂﬂ mMmm'imm'lﬁl'lﬂ’nmumsmmwumgﬂ'lm:'lu

P A’ b ad =3 ] (]
WaUIINaana’Itd ESE lauasauiuai

Start outer loop

Initialization
X =X0, Xbest=X
Th = ThD, My

i

Track best deslgn
» Xosg bt = Kpert
Kprnad pe = Xpest

Declde way to updale
threshoeld
t tat) * S{aeudd >

3

flattap =1 flogm,=0
Update Tyon Update T,on
Improving exploration
Prodess process

i

Eétdeslgn

improving 7
(Xoere} < f{Xqtrket acs

Replace global best
deslgn with new best
design

(X iotat_ber = Xperd)

[ e

ESE stopping rule
O Iy > Mg

F 3

£nd outer loop

Enhancement of enhanced stochastic evolutionary flowchart (Qﬂuaﬂ)
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nalnzasgiluen (Outer loop)
n'm‘hﬂmnaamJu,amﬂumﬂi*umﬂ'aﬁmmnﬁﬂ"umu,um"ﬁanﬁu (Global search) ua4
~aana3hy ESE anly va.ann’mwmmmmnrmumiﬂum‘[ﬂnnﬁﬂ'mﬂ'm'mmmasmuﬂu
T,, dluaaududunisvhouessanesiud T, mnnm'lﬁ"l’:m (ﬁ).,nmmo'lumumawuﬂau
n31w) naamnum,nnﬂmm‘lﬂmum munﬁﬂum'ﬂmm‘lmﬂu 2 nyth Ao Fueumy
nﬂﬂaaf‘f'lwawmwn'ﬁmafmmmﬂﬂ’lu'lumuﬂ‘%%ﬁ’uﬁifmﬁaLﬁuun"mauﬁamﬁ'w-’lﬁﬁms
ﬂumttuuﬂmﬂia (Improving process) Lwaﬂmuuumimaaﬂnuﬂmﬂuumm'ﬂu uazin
unumsvmaaaﬁ"lwmmnaum'm'mwumaﬂ'lu'lmauﬂwuu‘lmmmuamuunmaunaunmm
Mmsdumuuudrsne (Exploration process) "ﬁ‘amomﬂmjamm ESE nmmmmumimnu
ugiluan mimnu'luﬂﬂuanumuﬂaumu

Snaaud 1 aiIuAIMINAsa ST X, 'lnﬂ'mmmum'mﬂamﬂimuu X=X,
uunnunum‘mﬂﬂamﬂnﬂﬂ Xoose = X uns mmmaamuﬂimmmmmu Tho Waauusnes
Wilao 9 auauns

Th ~ Thﬂ =0.005 X (Pp(XO)

duaaud 2 uunnunun‘nnﬂamﬁ!ﬁﬁ‘qﬂnammamsmmuaﬂ".u Xotd post = Xpest

Lwa‘lmﬂmumuunmmunwmaaamnammmumimmuﬂﬂ'lu Waldaressudonluns

Laannnmummum uamuﬂmmummﬂammnﬂmﬁonﬂu Kotody ves =1 X0
Fuaanii 3 nnﬂn'rimam'l.umumamﬂ'lumawmsmmua zAUNAY (Return) ¢

Xy ose oldlusinausia )

< P a [y o -
Twaaun 4 maRennEziuMIiulaonia flag,,  mudaulussmms

“bp (x ola'_.be:t) i "Pp (Xpese) = LO!

c."’ P ] = [yaps P ] = 1
BUABUN 5 AvvsRUTIRUMINGaas Xp o Tmautandni Xitobal best nialal
a2, (K. ) < qbp(X‘glaE,a,_'bgst DIANTININSUNHALE LAY
Lout = lout + 1 .
nazuawIliuan Ty naeiwdenny ESE (M 7 uaznw 8) lasswnineiingld
o
AT
(3 o . ] a X
sAUMILLLIISSS (Improving process) (Flagumy = 1) madsuen T, dduguun
& 4 s n d‘ e A‘
BANAM Rgep/M URZAATIHIN 1y, /M autTonlyqiil
1. Tp RRAMAWAUNT Ty = @y * Ty, 8T nggp, /M > 10%  Uas ATIEIN

nl‘-mp/'M < ﬂacpt/'M
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2. Ty 2 TR UMY RITENTVHIN Nggpe /M > 10% WAz AAINEIM Ny /M =
Racpt /M
- 4 ™~ o e X
3. waninitavnaasdanluusnezvinsin T, sausuns T, = T, /a, lagaudivil
AUl ¢, = 0.8 waz 0 < a, < 1 (Jin, et al., 2005)
. s . ] ~t
) MIAURMULEII9 (Exploration process) (f Za.gi,,Ep = () malivdr Ty a:d
AUFUBUUTNUDIDATIEM Ny /M T aardauladsit
1. T, WAUOTUNT Ty, = T /g 0N Ngepe /M < 10% IUNTENI Ny /M > B0%
2. T, AQ@IMUINMT Ty, = T}, * @y 01 Naepe /M > 80% IUNTENI 1tg0pe /M < 10%
Taodmuald @, = 0.9, a; = 0.7 uaz 0 < &, < a, < 1 (Jin, etal., 2005)
ﬂ’J‘ ﬂl ‘:. 1 3
Tunanh 6 asvmauidenlanisngarhauues EESE
& J T VT I T ) oA LY = .:l
swaeuiidplavimaiamlaeonaiundanlanmaarinludn 1 Gawlalungms
wgafuausas ESE iahlidaneitulidesairaununiimasaslinauainsmansaumarhinu
F‘ 3 v o n:i: o [ gl
finalideh , :nmavihaneas Eese Lidiududwunann g seudanu

m‘nﬂﬁlﬂuf‘;%nﬁﬂsztﬁuqmam}aunun'\sﬂﬂaaa (Re - calculate ¢,
mauanuifsusannaasurumInanas X iaainsuminasss KXery Fwifing
luaaudn mwsaldiimalsadui ¢, wwulnideiinarldmansodisaassasaslums
dwao nnduAmstszdivdn P, dosfinszuamnsadil
®, inmsinmsiandunanzrufiiianalas Morris and Mitchell (1995) “'mﬂi"uﬂ‘;am
1 Maximin distance fSMILUHUNTIIMARY X wgrmIEnInNIanesalunlininnasas
Wiugnia (Euclidean distance) aunsomlanldauns

B

d

d(X;, Xi) = Z(in — Xq)”

i=1

A‘-" & ) ) ni [l (= b

adamzazneznivanngluusunmnasasdandouagluguasamindegia

D = [dyluxn Wimsosszosnszwihsaavaanniasllin (d, da, ..., dy)
3 ar o . . Fy . 21 ¢ v 4 &

waz a0 (Index) (Jy,Jz, vy Jmy J; ) A SmansdIgRanWIbOWIZIZNY &) INEINT

RONANNANEEY qf'p FUH0ATWIT EINEUNT

Py

1
m P
- ijdj—p
=i
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'zﬁm'immm'lmwmu‘[ﬂu'lummmao j; ufimadasmasants (18) dalasvsludaueums
NANBILY LHD fitmane ﬂuﬂaunun'}mmamﬁ‘mm %, fofign

mn n 1
= Z Z 7
i=1 j=i+1 (dif)

‘ma).,'l'mﬁmsﬂmuum P, MUTUNTT (18) NUUHUMINGRDI X, Wik M Masasiai
Fundsnnil 1‘H1ﬁﬂ1iﬂaﬂﬂ1ﬂu

nmalsziiuen 9, wwlnl ué’omnmmamﬂﬁﬂuﬂm"ﬁ’nwamnunﬁmaaa X luunafl
I oz i, vasnosind kK amind D exulfuumlaadiniuoni Ly was i, uazeasaud 1; uaz i,
Wi FWMILNNG 1 < j <n U8 j = iy, 1, Mnualid

r— . t t
s(iy, iy, k, j) = Ixizk T xjkl o |xi1k — Xik

4 i | o | o . -

fmtﬂuﬂum'stmm:ﬂ:mo‘szmﬂaqﬂﬁ'mauu'lﬂnaainnm'nmmﬂauuamﬁnumﬂ 1 Uas 1o
& g £ [ b3

vaneaui k lansnd D uaslv

d{U ~ dJ’l1 7. [ i1j S(Ll’ [2,k, J)]

Tuviuaadanny

dl . = =[ iyj — Sy, iak, ])] e

2j Jiz
i3 d; Jj ey 2 ﬂﬂi:ﬂ:ﬂ’]ﬁ"w)’]oﬂﬂlﬂll‘(lil“ﬂml’l Lhmuiszezniis: m*aaﬁmmu'lu D ugh

Fasnu e qb uuu g T.ﬂﬂ'l'n‘i,ﬂ“ﬂwi.,v\ﬂawmﬂauuuﬂm‘lﬂuaomsuﬂmﬂﬂuuam'ﬁn
e qbp munaummﬂmﬂaUuﬂm%nmfmmi

n =
‘155 +Z (ai,)) 7 - (diy)) |
@) /=

# ) [ = ()]

laofi j # iy,i, uaz ¢ fusmomduan

J
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Nﬂn’nﬁq@ﬁmmm:u:nm'lun’rsﬁwmmﬁamif'i'}mmwwh ®, WIUMUENMNT
(18) 1hznaudin 2 dmdan da mImdiznzianasauwligimInassinyuynie
(Euclidean distance) luauns (16) danududeulumsdimaonriinuo(dn?), uaznns
dwammad ¢, laglimdas j; Wi Tasanusuns (18) Sanududaulunmsiman
Winl 0(n? log, ) FntnaAlinImaarint o(dn? + n?log, p) Faazldiaanwuannide
aanladmse n ﬁ"umm'lmﬁu (Jin, Chen and Sudjianto, 2005) §IUNMIAWIMAT B, UL
auauns (22) Ysenauaan 2 d@autlan fia n'm:u:mos:wdwqﬂlmjﬁﬂ:gnﬁﬂ‘lﬂtmuﬁi
woznEnivaanln D ewsums (19) - (21) danududaulunisdiwiarindu O(n) uaz
myswamd €, woulniouarns (22) fuwarinuo(n® leg; p) aonwanfilinanue
(il O(n + 72 log, p) Benztiinldhitnadmind 2, wuulnldanadudaulumsdiuim

Av 1 1 .ﬂ F=] L Y
feunuurinn dafiualvlsizamsswineass
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Han1sIvg

unil oz nﬂ’nmumuminﬂaa\mma.maummwmnaanaiﬁummununmmuam
Yanue lagezuaasnmsiTomAmnls=antnwaassanasiun1saudu lasutsnsulSoutfigy
Wuaasdiude Lﬂmumﬂu'lumummﬂmﬁuumaauuumsmam (Accuracy) AanRaN eI
¢ 'uamnummwaa\mmmmuLuaauaﬂn'ﬁmommaoaanaﬂm uaztSondsvtudruvag
nmn1’ﬁ’lumsmo'mmmaanmﬁu (Efficiency) maldmneuauaunsnagasfinandisii

UHWNISTNARDINtMANT AN (Optimal design)
o = £ ° v o e =] A a v A v
BanayiuniuAuITMINE UM INeaa It Nz m'lummimﬁﬁlﬂman'l'unqu
MIaanILUNINaRay LHD

8 \X 81 ‘ X
i : ™ x
i e
r~ X 2
a g x
: X X
@ - 3
{a X a X
X

31 AL 8x

X x
8 ¥ g
o ) X
e 4 T T (| = O ] T T T T

0.00 026 050 076 1.00 0.00 026 050 0.75 1.00

X1

(a) Before optimization

x1
(b} After oplimization

'3

WARNITNAREY LHD 41417 9 x 2 ﬁauuazné‘am‘s'lff'é"ana‘%%'unwﬁué’fmmmjul.%ﬁ'i’m

MW (2) UIAIMIBENUNUMINARBINLL LHD riauntslddanasiumsiusn s=iiiui
im'uaominﬂamumimmmauwun'luﬂmumimaaman mauﬂmﬁuummumsmmﬂuﬂsnu
(Space filling) &1 maunummﬂﬂaounnﬁ’n'lﬂﬂi,mumm ®, winlildd &, = 6,764 i
na'nﬂamaujmumnu NUUHRNITNARBINN (b) nuﬂmﬁuummimumuﬂsnuma a9l
P, =4.273 fidnin lasurnunimmanadtunin (b) ﬁﬁm']naanaiﬁunﬁﬁmuuuua‘[mmﬂ
SNV R R unam'lviLmumimaawqmauwmumuﬂsguﬁmifu ganaliidat et

ar

-
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Taamiwgnsal avldldlamafidanauaindrgelunisimng (Prediction) tsziindnmnie
nanRavasszuy laolunms@nmadail ITUNARALUULHRNTNARAITUINE 1 feznanialu

dudell
g =
AMNINDDINDYA (Data quality)
o« g l‘-l’ J o L
'ummjmunuminﬂammmum‘sﬁnm'luﬂnmznmu@ﬂﬂu'l'fi’“anmsﬂ'i:mm

1 = ﬂl UI‘S a A
ﬂ'lﬂ']i’]mﬂEI{YII.ﬂuvl.ﬂvlﬂﬂdﬂuﬂGI’]JJE‘IJlLUU?Ji-]JﬁSJﬂ'ﬁW&QW]UG]ﬂ‘SﬂEN (Second order polynomial)
(Montgomery, 2005) 61383IN13

d
n=2d+4(2)+1

A o s o o o
(e n = MIUATIU UaE d = maaulsin
1 [ ey’ ﬂl L & r . o [ = | &
lﬁﬂﬂﬁ“’]%ﬂ']llﬂiﬂl’ﬂﬁﬂl“’]ﬂﬂdlLGl 2-20 a:mNﬂ'lmnmumi‘mu'nmmmm‘na

HAGIIWIALHBNITNARAINUY LHD N7 luwnsnadau

d 2 3 4 5 6 7 8 9 10 11 12 13 14 15 20

n 9 19 33 51 73 99 129 163 201 243 289 339 393 451 801

& X v o o b, & o o A

mMidnseniiecliaanasturiiem (Execute) 41 10 o33 (lasldarudaniu R umaias

= ﬂl [] n. *» 4
apuTaeiAlEwlEUTEINAHA. AMD Athlon 64 X2 3.0 GHz) 9INUHWMIINGRBNTUAUT

' - ' v A o ar = PN = A4 &
wANGINUIINNIIHY udiensinamIiusassanastulmalssuftouide R ugants uas

Say an = [ a i A ' e | ]

1$iEmmaidlumiiiezideyade diads (Mean),  duduauningsgu (SD.) MFIga
(Max) uazfndnga (Min)

Han1InagavuailIsmnay

mmﬂﬂauﬂizﬁnﬁmwmmé’ana‘%ﬁumiﬁuﬁ’uﬁﬂqmua TaaldismaulSoufisuny
Fanaiay MSA fiaualay Thamma, et al. (2008) TapmanSsuifisuinisaantily 2 dauaait

wisuifsuguenifdvasusunimasesfianisinTundt ¢, ABILHUNNITNARDIT
mmvauLuaauﬂﬂmsn’mumaaaanamu uav'l'nﬂ'lmoﬁnﬂ'lun'mLﬂi"rmauaﬂamman i1
isamnasgm dgige I.Lﬂ»ﬂ'lﬂ']ﬁﬂ wazulSouLfisunanasaddt &, Wladanaituiidman
saumsuanilasusugniinng lapnssiivueunITnesadswia 9 x 2 51 x 5, 201 x 10 U8z
801 x 20
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wWinuiiimnlszaninmweesdanadtulasldiransieinvassanasivlunsa
WHUNITNARBIRRUNZ FY waznanlfidudasidrunisanssnosirarfiltlunisiionues
aanaibu Aodaian MSA/ESE, MSA/EESE Wax ESE/EESE
mynSoufsulssEninmmmna 2 ahuﬁnei'nmm"ﬁ'}mu'lﬁ'mmwmtmun'ﬁmaaoﬁ
wansi19nu Taguiadu dymamiadn (Small size design) nnmuﬂiwﬂuﬂinummﬂaaa
2 - 9 dawls uaslgwmumalng (Large size design) numuﬂnm'luﬂ‘muminmao
MU 10 - 15 uaz 20 dauus mmmﬂmaounumsnﬂaawuanumimmmswmmawaa
8ana3ty Tidonaniznudadminsaumianuldsuanin U8ty
1. Hansmadaunulawigwiatin
unuNTINAaaIRdFIIIEININ 2 - 0 dauils MIsI e ST uudas
sanastulinuanBuaaail MSA F5musaumariien Im = 1000 EMMIVUHRNTTNARDIIUTA 2
- 6 AMUT WAL 4, = 500 FIMIVUHRNITNARBITWIN 7 - 9 eauils (Thamma, et at. 2008) &1
ESE liaz EESE mm'lnmnmmaumsmmuaﬂuanﬂa 40 SMTVUNUNITNARBIVIIG 2 - 6 93
wily uaz 20 FMTUUHUNIINARBIVING 7 - 9 20T FIMTUNARNINAREL LA/ N80
YUIALEN Lﬂ'%'ﬂmﬂﬁaum‘mmﬂauﬁﬁ"msﬁ’umuuurﬁ‘oniju'lun‘i:mun'riﬁ'umuuuﬁm%
(Exploration process) U89 ESE Uaz EESE 11839 nuammsnaaaduwiaidn mstmusiuiusay
myiugUuenliny ESE waz EESE ilunistRuAslwnsznumsvas ESE uas EESE |4
mm‘mnaﬂaanmmummnLtuumsﬂﬂﬂaanmm.ﬁuu.uumm,mwuam'lnm P, anRILHz
@nitaarinin
Lﬂ'%'ﬂmﬁﬂﬂﬂmﬂuﬁ‘cﬁ‘maauﬂumsnﬁaaa
$171 3 uﬁmmﬂnﬂwumumu Anadn (Mean) mmﬁﬂ (Min) fgega (Max) uaum
mmuuomumﬂ‘mu (S.D.) vaven &, NNMITNTUE 8GR SaNaTEN IR 10 95D et
lafaluusummanasswie 9« 2 aﬂnmml MSA ﬁ'm'rmﬂﬁ\mnun'rsmaamuﬂmﬂuumn'n
ESE ua: EESE laglvidn e \RAULYNAY 4.273 Fsdanin EESE was ESE waztafiansonen
mumuomummmummnu 0.000 usaslwiduirlunivheurts 10 933789 MSA  WHUAS
maam‘lﬂnaamnwn'ﬁmo'm'lnm ?, = 4273 lunn 9300 EMFAUMNUMINARBIIUIR 51 X 5
aanaiﬁunﬁﬂauwun'ﬁmaaanuﬂmmwmﬁﬂﬂa ESE uaz MSA laglen P, lanadorinnu
fia 5.422 Fadhnin EESE mmun'rmﬂaao'lnm i Tamadoinude 5.423 agiidinioy Taona
muaanaiﬁnummumnomummmuﬂmonulwmmnuau (MSA = 0.004, ESE = 0.006 u&a:
EESE = 0.004) 11} WasfmsUasMInasssnma 163 x o Faiueaunmanasniinuls
mm'mnﬂﬂ'luﬂmmmmman ESE nmmmmﬂﬁounumsﬂﬂaamuﬂmﬂuummﬂﬁﬂimulnm
2, Tasadariniy 6.309 ms‘hnﬂﬂ I0983uNfa EESE 'nmmsnmwuwumsmaaa'n'lvim
®, = 6,042 Fadnin MSA n'lhm $, =6.045 (Anlan uszImwsanasaudldrdnuiisoun
naspuAthimidaRnsaniinafion 3 dumisfia 0.001
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i e = - ' Ao
sstidavhinmfsanlasmumuudiwedt ESE  aunsaaiueunInasaid
e ” 44 ¥ A
auaalanandt MSA usz EESE falden ¢, laniadoidinding MSA uaz EESE fimanin
Y A e 4 Y . A o~ . A
afununmasssiilidn &, Indidsaii wazdiisRivvindanudsauuinasym lapmwiy
[y o A a § a A
uFINUINI MSA, ESE uaz EESE finsnsznoien lasawiziflaununrinaanalunialnaiin
4 v o o o : ' . ad
danaaslviiuiinsiiouatranaf (Consistency) luudazaanaity
a s A
udas ¢, lwdoatiainldain MSA, ESE uas EESE ganlgmiamiaran

{p=51=2)
LHDs Algorithm Min Max Mean SD
9x2 MSA 4.273 4.273 4.273 0
ESE 4273 4.344 4.287 0.029
EESE 4,273 4.344 4,280 0.022
19«3 MSA 4,898 4.938 4.917 0.015
ESE 4.895 4,934 4.913 0,013
EESE 4.898 4.934 4.917 0.014
33x4 MSA 5.204 5.214 5.208 0.003
ESE 5.195 5.216 5.206 0.006
EESE 5.205 5.214 5.208 0.003
51x5 MSA 5417 543 5.422 0.004
ESE 5.415 5,431 5.422 0.006
EESE 5418 5.43 5,423 0.004
736 MSA 5.585 5.597 5.590 0.003
ESE 5.568 5.595 5.590 0.002
EESE 5.588 5.597 5.591 0.002
29 x 7 MSA 575 5.757 5.754 0.002
ESE 5,752 5.757 5.754 0.001
EESE 5.755 5,762 5.759 0.002
129 x 8 MSA 5.9 5.904 5.902 0.001
ESE 5.898 5.901 5.900 0
EESE 5.902 5.906 5.904 0.001
163 x 9 MSA 6.043 6.047 6.045 0.001
ESE 6.038 6.042 6.039 0.001
EESE 6.039 6.044 6.042 0.001
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udaalse@NSN MDD MSA, ESE uay EESE vastdgywrruialdn

- LHDs Algorithm Performance (Average) Time ratio

Time (sec.)  #Exchange MSA/ESE MSA/ESEE ESE/EESE

2x9 MSA 19.993 47140
ESE 3.595 5760 5.561 8.707 1.565

EESE 2.296 5415

19 %3 MSA 123.441 133418
ESE 67.74 41040 1.822 3.601 1.976

EESE 34.275 37121

33 x4 MSA 351.293 212889
ESE 344.918 126720 1.018 2129 2.090

EESE 164.972 98580

51 x5 MSA 751.64 284931
ESE 550.762 150000 1.364 2.400 1.759

EESE 313.067 118950

73x6 MSA 13562.469 351624
ESE 734.981 150000 1.840 2.640 1.434

EESE §12.225 130500

99 x 7 MSA 1056.969 194549
ESE 649.427 100000 1.627 2.879 1.769

EESE 367.115 67785

129 x8 MSA 1496.892 204924
ESE 835.196 100000 1.792 2.585 1.442

EESE 579.057 79310

183 x9 MSA 1987.253 207458
ESE 1084.572 100000 1.832 2,278 1.243

EESE 872.018 88955
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Wisumigulssandnnaasdanasnw

arlanapamsuIounsulsEniniweas MSA, ESE uaz EESE lagRaisont 1Ian
AAumsesurunimeaasfitnanzay  (Time) luniosdunfl (Second), FmuaT eI
wanifguaandn (#Exchange) =8I NIRRT ILHRM INAR B ATAINZAN TN
MSA/ESE, MSA/EESE Wa= ESE/EESE Fanafildnnansauaaliiiniy dmiuununiimasas
21 9x 2 danaifiy EESE 'I.'Enm‘lumiﬂ%"mmumimamﬁ‘mm:ﬂuiﬂumﬁ‘uﬁauﬁqﬂﬁa
2 296 it Tanlfinaianni ESE Aimaunilududuaasfie 3.595 Fuii aguszunn 1.565
i uasiasndn MSA Ailfiaat 19.993 Junl ua:tfiaﬁirrim*uﬁﬁwmuﬂsgommamﬂﬁ‘uuauﬁn
FESE 'l't'i’i‘iﬂu'xuﬂ'i'"qm‘iuamﬂﬁuuﬁm'ﬁnﬁﬁaundﬂ ESE ag;tﬁnﬁauﬁa 5,415 Wlas 5,760
anudeidatanniy MsA  filFimamadimruanudowsundn i 47,140 avslumasi
LHRNNTNAE DI ANAERL LASEINTLUNUANINARBITUIR 51 x 5 Banaita EESE Nigasninn
ﬂ'?'nLmuminmmf'imm:ﬁuTﬂu'l'ﬁ'nmua:i‘i'm'mﬂ%"::m'rmantﬂé’uuﬁm‘%n'[mmaﬁiﬂﬁauﬁqﬂﬁa
313.067 5u1fi Wmsuanulasusandn 118,950 a¥y dalasndt ESE - ldiaaurinny 550.762
A Tunsuanulasuaandn 150,000 %1 waz MSA Ailfiaaa 751.540 Tl Tumsuanuanm
ENGn 212,889 A%1 audetis

mﬂa’mmnnmmﬂ'ﬂawmuuummmm’luﬂmmmmman Aana3by ESE uar EESE
'l'ﬁinmuﬂiwaam'mannjaﬂuﬂm'ﬁn‘lummﬂaLmumimamv.aun'n MSA Lfin 50% thaumn
awavasiym Bedonaliliiaantasniidoe Aifudn ESE wax EESE fis=Gniawiniiani
MSA lumwsan uasiiiafissanilIouifisusening ESE was EESE Wyl EESE ¥ uuais
unsuanulaowsuadnesandy ESE aonal¥ldtaantannilauadodszanm 1.65 tiibtunn
AUIAVDILEUNTINARD

msfTTnWTouAsuniaaaiuedi @, PBIHUMINAIAIUWIA 9% 2 Taoliudaz
aﬂnaiﬁummmanuJauuﬂu'r'ﬁ’mwaa'inunun'wmam'l'nmnmu 4,320 381 NUHNINS
‘nﬂnmtiummLtﬂnmonﬂmmiau AssYanga 10 ﬂimmmn”ﬁmmmaumaommumima
usnulanuaundn teRvmmisassasdl €, dadunsnaasliindudazdanaiby
mmmﬁ%’nLLWﬂﬁmﬂmﬁﬁﬂﬂé’uuuminﬂamﬁmm:au
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1
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!

PhI-P
440
1

435
1

430
1

Exchange nimher %432

° <
NNTRARIZLDIAT "Pp DOIUHRNITNAIDITUIA 9 x 2 dﬂﬁ]’l%?%?'ﬂ‘uﬂ'l‘illﬂﬂl‘].lﬂﬂ%ﬂ&l'l%ﬂ

. -:: L A ] - F-3 [}
MNMWUEMNNTINUFNINTAARIVDIAN 4,1) lesSudunaaniioudazsanasiudiung
A o H L 1 i A b o 4‘
wantUdsusandnluinuin 432 sau paftlawudndn q"p YaIHUNITNaaaInaIITIulay ESE
(#p =4.273) Ua: EESE (%, = 4.273) ananiInit MSA (£, = 4.349) llaudazdanasiurin
‘:‘ = o -« 4
nuanuldsuaundnluvszuam 4,320 sau fuavialt Ese Il EESE 81083 iHBNT
- ° A a Adv f A o
'rmaammm:ﬂu‘lﬂ“lummmaum‘suamﬂauuﬁm'ﬁnnuaunfn MSA  uUazilawansmt
- 5 . d v X = ¢
WiSsu gy TEnINg ESE Las EESE Wi qbp ADILHNUNTINGBDINET I UulaN ESE aaadsini
A
EESE 864 javuyainmsuanilasuauiin

6.1

58 60

Phi-F
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|

57

36
1
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Exchange number =10

1 [ L A =
NiaaadtdadIan ¢Pp FAIUABNIINAADITNUIA 51 X 5 AW INIDUNTUARLUAINENITN
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ntlisufisun1Ianasnesdn &, VaILHUNINARDITUIR 51X5 lanldudas
sanastunsuanulasuandniisaaukuniimaaadlnisiuan 100,000 180 FINUHUNTT
ﬂﬂaaaﬁnﬁuﬁitmnmoﬁ'ﬂﬂumsq’m nIsvianea 10 ﬂ'z‘gouﬁ'd'r‘hn'ﬁmfiﬁmﬁﬂmaqﬁ‘iflmumm%ﬁ
wanuldsugun®n e sInITanasueIfn 2, Fadunisuaasldiiuiudazdanaity
munsoaduenmInasadmdnlnduuunmaaafiagzay wafllddenisaaniuaidl P, u
UHUNINARDITIUIA 51 % 5 TaoSuduuanadaudazsansitumuntsuanitdousandnlismwom
5,000 581 mah lauaasliiinairataianitdn Py PBILHUNTNARBIR T UIN ESE
(®, = 5.424) uax EESE (¥, = 5.436) aaaaiini1 MSA (4, = 5.719) \laudazanna3turunms
wanulatmesn@nly 100,000 vau dansunInaassfimmalfindues Suriuansuansdrazad
@, uaziiloRansanidSsmfsusznine ESE uas EESE wudn ?, PBIMHUNINARBINTIIITU

o ' (% <l = A La &
IQU ESE aasat31ni1 EESE Lﬁﬂuﬂu llﬂ:lﬁﬂ'ﬂ'\u’]uiaun'ﬁllﬂﬂlﬂﬂﬂuﬂ”q'ﬁnlwuu']nmu

(=]
3
=3
i —— MSA
-o- ESE
3 ¢ EESE
[ ]
(5]
o |
(=]
5 &
a)
E
5 | o{_____re—'——Fe
C
&
£ 8
fig o
i o
¢ w0
X
— [ B 5]
» il
o o f
[}
= =
[ ]
'y
-1

1 T | | | ] ]
W2 19x3  33x4  51x5  T36 997 129x8 163xH

LHDs

wansounisuanuldsuasnginlunsaieunsmmasasiimanzaanudawiawiaing

uammnﬂ‘%‘umﬁum‘hmmaun'mmmﬂﬁuuﬁm‘ﬁ‘n'lun'ﬁﬂ's"’mLmumsmaaoﬁ
mmmuﬂumummmmﬁn TasnsRinsandia i ﬁ‘éhﬁqﬂ'nmLtda:é'ana%ﬁnné’mumiﬁ'mu
Swon 10 a9 iR i limaads nafiléde dwmsburuMIMAsEIIKIR 9 x 2 MSA LS
ﬂ%nﬂmantﬂﬁnuﬁm‘ﬁngaqﬂ (47,140 301) neunfa ESE (5,760 81) uax EESE (5,415 381)
auddy lumsshsurumsnasasfilian €, = 2273 uasdmiLusuNINaasITwe 73 x 6
MSA 'l-&’i‘hmuﬂ%gom‘nmntﬂﬁimmm'?ni;mﬁa 351,624 18U ‘iqqan'h ESE (150,000 3v8U)
Uz 2.4 1vin waz EESE (130,500 s811) Ussanmt 2.5 i Tumsadraueunmasasiili
¢, = 5590 ailanirufia MSA 'l"ﬁ'ihmmaugqqﬂlun'ﬁa%ﬁatmun'ﬁﬂﬂaaaﬁmm:mj

1 o as  d o & ]
JaIRdyIna ESE 4az EESE endaad LU ATUNINVAILHRNTTNARSILNHDPUITWIUIDUNT
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a a A 1. = o a ™ e a o
Llﬂﬂl.']JﬂUuﬂu'ﬁfnﬂtl?ﬂ.un']5ﬂsqﬂllﬂunqiﬂﬂﬂaﬁﬂlﬂuqzﬂﬂﬂ'nﬁjl] EESE i):l.iﬂﬂﬂlﬂﬂéﬂlj ESE
& A4 - v
unauLIas ‘[ﬂﬂﬁﬂlnﬂ‘lﬂﬂqnLLN“”']iﬂﬂﬂadTlu'lﬂ 163 x 9 (EESE = 88,955 30y uaz ESE =
4 1y A P 1
~100,000) mmmﬁmmmnngm‘mmﬁmu (ndllluund 3) lasonnaseinmwudugia

]
=l

HymidvsmAuin uwuminﬂamﬁmmUﬂ'l,ﬁ’luuma~‘saun'r5mmwuaaaanaﬂim"'lnm ®,
isuaaanalunne seu 'ﬂatﬂuwau'lmﬁ'luﬁaﬂﬂaaonungmmﬂﬂaumnmamaan'l'ﬂ

mswmmmanuumuuL'Ja"m'l'ﬁ"lun'ﬁﬂﬁolmun'ﬁnﬂaammm:auﬂtymmmmé’in
Tasnfissoniian P, ﬁs’hﬁqwmuvia:é’ana?ﬁuvié’ownwﬁ'm"mi‘i'm'm 10 £33 ustah
Ll limduads

w19 nuaasnmililunssauasmmesssfiinansaure MSA, ESE uaz
EESE &MILUHUMINARBITWIA 9x 2 IR lFlunIa NI T naa o s auluniia
Fwifiuas MSA, ESE unx EESE tlndidipaniy (MSA = 19.993, ESE = 3.595 Ua: EESE =
2.296) ua:m:t‘ﬁ’:utﬁummuﬂn@iﬂmmaanmﬁ'l'ﬁ'tﬂauwumimamﬁwmﬂ'lm,jifu laomansovin
Taatdrstanulutnuntmanasamwa 73 x 6 11 MSA 'l'ﬁ’nmmnﬁ'qﬂ'lumm%’wu,num‘m@aaa"?'i
unzaufia 13562.469 UM M1nnd1 ESE Al5iaan 734.981 Tl 89 1.84 1M1 uasnndi
EESE fAldiaan 512.225 fi9 2.64 1y

Geyl lassawds MsA wldiianmundt ESE uas EESE lunsafsusunimensen
mm-auw‘?'umnﬁ'm‘i‘auq tﬁaunummmmﬁww‘lmﬂ'ﬁu Tuanidl EESE Mtamlumsaiag
WHRMINAR BITIMINzEINtas N ESE dnszano 1.66 whlunnawiauasununasnaaadly
ﬂmmmmmﬂn

2000
1

—— RSA
-e- ESE
- EESE

Time(sezond)
1000 1500

o

500

W

T T T T T T T ¥
9x2 19x3  33xd  51x5  73x6  99x7  120x8 163x9

LHDs
s 4 . =
Ly ﬂ'ﬂ%ﬂ’ﬁﬁ‘i‘]ﬂllﬂ%ﬂ'ﬁﬂﬂ'ﬂadﬂWl&l’lt'd&l ﬂﬂﬂfgﬂ’lﬂ%’]ﬁlﬂ n
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nmImagauaanaisunsiusuidgmismaidn sansoapidn msa  dlu
sanasmuilialunsssuaunisnasssiiminsanwiwnindanaiiy ESE  ua: EESE lan
mmmﬂ%ﬁaunumﬁmaaaﬁi’iqmauu“ﬁ‘?‘f'lnﬁlﬁuan"u EESE ($, Indifinsin) Tuoouzil EsE I
unumsmaaoﬁﬁqmﬂuuﬁﬁﬁniﬂ aalaiein P, Adndn ua:e"hﬁqﬂ'lmﬁaunnmmmaoumums
naaasligwiswadn udldiaslumiauauminasssfitmnsanuwilusuduaassasann
EESE luwuniei EESE 'I.“fi’nm'lun'ﬁﬂ%"latmum'mﬂaaoﬁmm:auﬁauﬁqﬂ uRzAmMaNIAYa
unum*mﬂﬂaaag}'lmnmﬁﬁmmmuau%’u‘ld’

2. wansnadaunulawizwiang)

LHUNITNARBIRTTINTEAE N 10 - 15 waz 20 samls Beanssasmaniiiaa
dmsuudazdanaitudinoadoadiit MsA  fimanseunisvinon &, =500 du ESE ua:
EESE ﬁadﬁqmmaumi'r'i'mugﬂuanﬁa 20 ﬁm‘i'uﬂvtymmmﬂ'lmyjnﬁﬁ%'wLmum‘snﬂaaaﬁ
IMINZENYEY MSA, ESE  Was EESE v:ldiaswinanniu ua:qmauu"ﬁmaumumsmamﬁ‘
RN €, Tanuuandranuateiaiu daiaziuaasHantmasauai

wiSauiAauqgmaifzaItHBMIMAaD

f1319 5 uamﬁmﬁﬁﬁugmtﬁu dlady (Mean) fh@;i'lq!ﬂ (Min) fingage (Max) uase?
gamisnuminasym (S.0.) vade #n Mg massszsanatusuan 10 a3d dana
A daaf N TLUHUNNTNARBITUIA 201 x 10 danadhu ESE  annsnadsununiinasasid
qmauﬁ'ﬁﬁﬁﬁqwﬁolﬁ’m %, Tagnanyinny 6.172 wasfiendmdisoiununaszmaa 0.001
Wimin s099aNf8 EESE Adunsna i uaumImanadi v P, Tautadnuinny 6174 uazd
dndmudpaunanasgmilu 0.000 Tasununimaaasiaiisan Msa bim Z5 Tﬂmaﬁlugaﬁo
6.180 LaZEMILIHUIINARBIIUG 801 x 20 S8NBITY ESE tas EESE S 19UHUNINAREIT
e 2, Tasadodvintude 7.254 uazununisnaaaifiaienn Msa lwdn &, Tasiady
N 7.272

ajlda MSA LigsnsnaPousummasafitanissuilial ?, @Ind1 ESE  uas
EESE 1flasumavioisinssanadsy derledliidininssuaunismmnaes MsA limanzaany
MIE R TNaRaREs ARG s 10 daunds wanfeRnsanulFoudon
72379 ESE Uas EESE wuhaansnsiuswmInaaasfitanzeay filwe @, Tasadarinm
‘lumwwmaauwummmaao ﬁm%’um‘smﬂauﬁ’uﬂurgmmmm'lnt1101fun'15|.v'?'m‘1"1mmaurm
vl ESE  was EESE danalinazuaunisduninuunliinlys (improving  process) 183
ESE  uaz EESE  snsoaieununisnanadfilidl P, Adraarinliinunimanasiilad

ndd
Qmﬁul’ﬂﬂ'ﬂu
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a Aa )
uaas &, lwdeananlaein MSA, ESE uas EESE nasTyminwinlng

(p="51=2)
LHDs Algorithm Min Max Mean SD
201 % 10 MSA 6.179 6.181 6.180 0
ESE 6.170 6.174 6.172 0.001
EESE 6.173 6.175 6.174 0
243 = 11 MSA 6.308 6.312 6.310 0.001
ESE 6.298 6.301 6.300 0
EESE 6.299 6.301 6.300 0
289 x 12 MSA 6.432 6.435 6.434 0
ESE 6.422 6.423 6.422 0
EESE 6.422 6.423 6.422 0
339 % 13 MSA 6.652 6.554 6.553 0
ESE 6.539 6.540 6.539 0
EESE 6.539 6.540 6.539 0
393 x 14 MSA 6.666 6.668 6.667 0
ESE 6.652 6,653 6.652 0
EESE 6.652 6.653 6.652 0
451 % 15 MSA 6.776 6.779 6.777 0.001
ESE 6.760 6.762 6.761 0
EESE 6.760 6.762 6.761 0
801 x 20 MSA 7.272 7.273 7.272 0
ESE 7.253 7.254 7.254 0
EESE 7.254 7.254 7.254 0
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uaaotlszAnBn waas MSA, ESE uaz EESE wasdymawia vg

LHDs Algorithm Performance (Average) Time ratio

Time (sec.) #Exchange MSA/ESE MSA/ESEE ESE/EESE

201 x 10 MSA 2795.741 219912
ESE 1349.788 100000 2.071 2.376 1.147
EESE 1176.529 94070

243 = 11 MSA 3809.109 226567
ESE 1655.321 100000 2.301 2.410 1.047
EESE 1579.913 99685

289 x 12 MSA 4813.372 232143
ESE 2049.986 100000 2.348 2.440 1.039
EESE 1972.439 99865

339 = 13 MSA 5885.643 229399
ESE 2540.851 100000 2.316 2.396 1.034
EESE 2455.954 100000

393 x 14 MSA 7268.430 234783
ESE 3060.171 100000 2.375 2.465 1.038
EESE 2947.597 100000

451 x 15 MSA 8686.660 234517
ESE 3648.646 100000 2.380 2.463 1.034
EESE 3526.691 100000

801 = 20 MSA 20854.01 260539
ESE 7744.424 100000 2.692 2,718 1.009
EESE 7672.487 100000

wismigulseansniwaesdanassu

aTaERasanI iy AsulssAninimues MSA, ESE uaz EESE lasRe13mn tamn
Aldlumsadounummaassfinazay  (Time) uniasunfi (Second) STINATITEINTS
wanulasusandn (#Exchange) LA AT TRILHR I TNAR L NUIE RN TER N
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Abstract

Computer simulated experiments (CSE) are currently
used to replace complex engineering systems and
applications. The design of experiment plays the major
roles in CSE, since the accurate surrogate model
ustally obiains from the best experimenial design. The
process of constructing the design in this context is a
space filling proces, so search techniques along with
different optimal criterion are applied [1].{2],(3]. This
paper purposes the enhancement of enhanced stochastic
evolutionary (EESE), adapted from the enhanced
stochastic evelutionary (ESE), to search or construct the
optimal latin hypercube design (LHD) based on @,
criteria. The results show EESE performs beiter than
ESE in any dimensional designs, especcially in a small
dimension in terms of time and number of element-
exchange.

Keyword: Computer simulated experiment, Stochastic

evolutionary, Optimal design, Latin hypercube design.

1. Introduction

Recently computer simulated experiment (CSE) has
been widely used in a complex engineering system to
analyse the performance of a system. This is probably
because some physical experiments have many limits
such as very high cost of instruments or loo advanced
and high technology to run the experiments. CSE

consists of 3 major parts; experimental design,

simulation routine and approximation model as

presented in Figure 1.
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(a) Experimenlal design
Figure 1: Three paris of CSE [1]

The inspiration of CSE is to obtain an approximation
model with high prediction accuracy. In order to achieve
this, we require an optimal design, which is efficient
enough to represent a design sample from a minimal
sampling point (run), or the design with high space
filling properties (a coverage of design space). The
model built from the optimal design is guranteed to be
highly accurate.

CSE have widely attracted many researchers. Sack et
al. [2] introduced and demonstrated that CSE is
correlated with the computational searches for an
optimal design and the statistical model building.
McKay et al. [3] proposed Latin hypercube design
(LHD) for use in CSE. Morris and Mitchell {4] adopted
a version of a simulated annealing (SA) along with &,
criterion for constructing an optimal design. Thamma et
al. [5] presented a modified version of SA to improve
the performance of an original SA by adding a tolerance

level in a replacement design process. Jin et al. [6]
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developed Enhanced stochastic evelutionary (ESE)
algorithm for searching an optimal design.

An experimenlal design or so called sampling is a set
of sampled value of input variable from a design space.
An objective of searching for an optimal design is to
obtain a design that meets a space filling property so
that the model built from this design will be very
accurate. In Figure [, the input variable X; and X; were
sampled with 2 points of mun. The 2 points of run were
given as an input to a simulation routine {or “black
box). The output (¥) together with the 9 poinis of run
are formed an approximation model (or a surrogate
model).

Simulation routine is typically high fidelity, high cost
and takes a long time, since the code is very complex
and implemented by an expert. Thus, the design of
experiment plays a crucial role here. The question is
how we can search for optimal LHDs from the space
with size (n/)", where » is the nomber of run and d is the

number of input variables.

&7 T i iy 34 *

ors
e

e
»

b
-
ore

Figure Z: 9x2 LHD before and after applying search
algorithm

CSE is very complex and contains a lot of input
variables. In naiure, a design space is very large. To
search for an optiinal design [tom a large space, many
search algorithms are applied along with various
optimality criteria used as objeclive or fitness funclions.
Examples of LHD for CSE are shown in Figure 2, the
LHD on the right hand side is an example of an optimal
LHD constructed from a search algorithm based on @,
criterion, more defails in section 2.5.

The aim of this paper is to develop a search technique
evolutionary  (ESE)

named Enhanced stochastic

introduced by Jin et al. [6] to construct an optimal LHD

\ncckt
200

NZ20)
based on @, criterion and to improve its performance.
The comparative study will be conducted to present how
enhancement of ESE (EESE) performs better, especially
with a large dimension of design, e.g. 801%20, in terms

of computational time and number of exchange

elements.

2. Research methodology

We first develop the original ESE and later adapt the
EESE using R language. The class of design used here is
Latin hypercube design (LHD) along with @, criterion.

2.1 Latin hypercube design (LHD)

LHD is widely used in CSE in a part of experimental
design. LHD is nXxd matrix (¢ runs and d input
variables), each colunn contains /, 2, 3,..., n run,
randomly permutation from possible values of input
variable, which is divided into an equal interval and

takes a form of a unit interval [0,1] as shown in Figure

-
. & 6
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X WAL KEIE
v 3] O BE G626
3 |:> meaE @
ol @ &% @&
2 W% BHE
N 1 W
AT L g WE 1 -
G a¥s W ors oy

F:ilgure 3: 9x2 Random LHD

In Figure 3, it is 9x2 LHD, which the 1™ column
represents the input value for 9 runs of input variable X;
and the 2™ column represents X. The value of each
input variable is in the range of [0, 1] with 9 equal
interval values. Each row represents a point of run. LHD
is flexible since it can apply for a design with any
number of input variables and any number of run. This
characleristic can ensure the stratified sampling
technique [2).

2.2 Element-exchange operation

The element exchange operafion to construct a new
LHD design is developed from a concept of column-

wise operation purposed by Li and Wu [7]. The process
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is randomly interchange two distinct elements in a
column as shown in Figure 4. After element-exchange,

the design maintains LHD properties.

[ ¢ u2g 0 §42E]
028 2E 025 928
0aTE 0375 Gtk 05
08 GEZE 65 BEZE
lag2s  © |::> Be28 &
GIE 05 Ok 0375
08T GOTR KO BEFE
1 BIE L BIE
nizE 1 PaZE 1 -

Figure 4: Element exchange in the 2" column of a 9x2 LHD
2.3 Enhanced stochastic evolutionary (ESE)
ESE is developed from Stochastic evolutionary (SE)

algorithm proposed by Sabb and Rao [8], contains 2

nested loop called inner and outer loop. The inner loop

performs a local search process by constructing a new
design and decides for an acceptance of this new design.

The outer loop over the inner loop performs a global

search contrelled by adjusting the threshold (F,) base on

acceptance ratio and improved ratio from the inner

loop.

Start inner lbbop

Parameters selting
120 e =1 R =0

Consinect sel of X by
randamly gick J distinct
7] etement-exchange i
columnin {f modd df

e a

Choose best design Xy
froin set of new design

Replace qurrent design
with new design
{X=2)

Aoyt T Noe ¥ 1

New deskgn s

ol <1l

Replace best deslgn
l i=ivi |< """'c"“‘:_;:;““
i = iy * 1

End bnner loop

Figure 5: Flowchart of ESE inner loop [6]

Inner loop process (Figure 5)

Step 1: afier initializing parameters and design Xj in
the outer loop, X = Xs, | = 0, Hagpe = 0 and #;, = 0

Step 2: construct a set of new design Xy,

Step 3: select the best design X,,, from this set

Step 4: decide to accept the best design X, and
replace the current best design X from as shown in
Figure 5.

Step 5: if Xy, is better than the global best design Xj,,.,
, replace it with X, and increase B, by 1 (R = Bimp +
i)

Step 6: end the inner loop if i > M else go to step 2.

The parameters J and M in this study is j = (",)/5 but
not larger than 50 and M = 2(";)d/J but not larger than
100.

{ Start outer loop :l

Create initial design Xp
X=Xp Xpest =X
T=Tw

—

Inner loop
T

X
T
- No

@ - [{Roed > wr%
\_\\ /’

1 Yes .

r flogim, =1 | Wﬂgw=a j

Update Ty

No

Check Stapping Rule 7

i Yes

Figure 6: Flowchart of ESE outer loop [6]

Outer loop process (Figure 6)

Step 1: randomly create an initial design X, and set X'
= Xp Xpew = X, initialize Typ= 0.005% Py(Xy) and T), =
Tho.

Step 2: let Xopd pest = Xpest-

Step 3. go to the inner loop process.

Step 4: select a method to update 7;, by sefting

Slagm.
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Step 5: update T}, more details later,

Step 6: terminated by a stopping rule else goto step 2.

The tolerance fel in this paper is set to 0.0001; from
the elhpirical study the smaller value does not improve
the search process. The process of updating the value of
T, in step 5 is divided into 2 processes named
improving process and exploration process. The search
process is in the improving process when fJag., = 1, if
the best design X}, is improved in the inner loop. If not,
the search process will be in the exploration process
agum, = 0).

In improving process (flag,, = 1). Tyis adjusted to
help in searching for the best in a local optimal design
based on an accept ratio (n,,/M} and improve ratio
("inq/M)-

- I naep/M > [y and npp/M < naep/M, then T, is

decreased by equation Ty, = o, * 7},

- If noe/M > B, and ny/M = n.,/M, then T, is
unchanged.
- Otherwise, T}, is increased by equation T, = 1/a,,

where 0 < a; < Jand 0 < £;< [ ,we suggest a; = 0.8
and g, should be small we suggest fi; = 0.7[6].

In exploration process (flagu,, = 0). T, will be
adjusted to help algorithm move far away from a local
optimal design based on the range of accept ratio.

- If RaepdM < fiy, then T} is increased till nyo /M > il

by equation Ty = T/a;

- Ifneq/M > fs, then T}, is decreased till n,,/M < B,

by equation T = o, *7},

where 0 < e,< a; < [ and G0 < fi; < fi; < I, we
suggest a; = 0.9, a;= 0.7. While §; should be small, we
set B, = 0./ and §; should be large enough, 53 = 0.8 [6]).

2.4 Enhancement of ESE (EESE)

EBSE is modified from ESE by combining the
advantage of SA (i.e. local search process) and the
advantage of ESE (i.e. global search process). EESE
conlains 2 nested loop similarly to ESE as displayed in
Figure 7. The outer loop is almost the same as in ESE,
there is only a chage in a stopping rule in step 6. The

maximum number of cycles used is replaced by the

necits

N 208 )

following condition. If a local best design after the inner
loop Xpe is not improved from the global best design
Noptobatres ©  cONseoutive times, then the scarch process

will tenminate. In this study we set 6 to 10.

@m Inner loop
I—_Pa:amelefs selting i
i i=0,j=0 i
t Prope =0, Aanp =€ |

Construct X, by
enhancement process

Declde accepl new’
design T
[ - fixd 2 t0d

Replace current design
wilh new design
X = Xo)

n;,,:n,,al

fixa)-fiX) =
Tv*Random(@, 1)

New deslgn i
improying ?
JXerd < [ i)

Replace best design
with new detlgn
oy = Nard

Ao = lirag * 4

Figure 7: Flowchart of EESE inner loop

In the inner loop, there are many changes. Step 2, step
5 and step 6 are changed. In step 2, the process of
constructing a new design X, is changed to element-
exchange in column (i mod d) for all J iterations while
the original ESE randomly picks J dislinct element-
exchange in column (i mod d). Then the computational
complexity decreases from O(nz) to Ofn).

It is proven by; in ESE a random element-exchange
process for all J iteration, then in every iteration / musts
check for a distinct i-1 loop, hence the complexity is
O(n*(n-1)) = 0(&2)_ In EESE, we adapted the process of
element-exchange from SA shown in Figure 8. J
iteration element-exchange of a current design X in
column 7 mod d is independent. It is no need to perform
all J iterations. The computation complexity becomes

o).
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In step 5, if a new design X, is improved to be
better than the best design Xy, let j = 0 otherwise
increase f by 1 (j=j + I). Finally, in step 6 of the tnner
ldop a stopping rule is modified to if i > M orj > Cpr.

In this study, we use G, =10.

Koy trmp

|

Ky

Qo

Construct set of X, by Constiuct Xy, pmp 7Y
randomiy pick I distincl Enhancement W™ element exchange
element-exchange In X in column {i mod d}
cobomn {1 mod d)

|

Choote best design X,
from set of new design

!

il

|

: Yes

Figure 8: A new design constuction using SA (Step 2)

2.5 @, Criterion
In this study, the @, criterion, proposed by Morris
and Mitchell [4], is used to evaluate the design. It is
developed from a maximin distance criterion. Given
design X, the Euclidean inter-site distance between the
sample points is calculated from equation (1).
1 1/2
d(xj,xk)=[z‘(xﬂ.—xh)z] ¢))
From Euclidean distance for X, we get a symmetric

matrix D = fe;;/4x. Then @, is calculated by equation
).

®, :[Z Zn:(l/d,.j)ﬁ:rp;pe[* @)

i=1 j=i+l

Equation (2} is a direct method to compule @,, which
takes a long time. Jin et al [6] noticed ihat in the
process of element-exchange in ESE, only some values
in matrix D are changed, so it is no need to recalculate
the complete matrix D. In element-exchange operation,
after exchanging elements of a design X between rows i,
and i, within column k (xjz < Xx:1), there are changes

only elements in row J; and i, and column J; and i, in

matrix D [6]. For any [ <j <wandj#i, i;let

i r
s{iy iy, k, J) =|xf2£ X _|-"i,k —xjkl

ncct .
200

N

1t

then i, =diy =[di, + 500k, ) ]

1/¢

and dy, =dy, =[dl, ~ s,k )]

I Jiy

The simplified version of @, calculation is:
Vr
& ‘[¢: +Z[ d;.f)_P ﬁ(df.l )_P]‘LZ[(dr;I )-P "(dfu' )-P]] ®
I=4 i=l

where j # iy, i3, and p = 5 and { = 2. This version of @,
has a significant reduction of computational time
comparing to @, calculation in equation (2) [6].

2.6 Data quality

We compared EESE with ESE to construct optimal

[LHDs for a gtven dimension of design shown in Table 1.

Table 1: Dimension of LHDs
d 2 5 10 15 20
n 9 51 201 451 301

For each dimension of LHDs, we run ESE and EESE for
10 times on a PC with AMD Athlon 64 X2 3.0 GHz
CPU. The results in terms of efficiency are timed in
second and number of element-exchange to construct

optimal LHDs with the minimization of &, criterion.

3 .Results and comparative studies

The results in terms of &, critcrion values for each
dimension of LHDs obfained from ESE and EESE are
presented in Table 2. In Table 2, @, values from ESE
are slightly lower than EESE when the dimension is
small whereas EESE is superior to ESE when the
dimension becomes larger. For large dimension of
designs, these two algoriihms perform similar results of
@, values, indicates that either ESE or EESE can be
applied.

The results based on the performance (efficiency) for
ESE and EESE are presented in Table 3. When the
dimension of design is small, EESE converges much
faster than ESE and the number of exchanges required
in the search process is less than the ESE. For a large
dimension of design, the number of exchange is fixed at

100000 EESE converges slightly faster than ESE as
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shown in Figure 9. This indicates if time constraint is
taken into account, EESE seems to be the better choice

to use in the construction of the optimal LHD designs.

Table 2: The values of @, criterion from ESE and EESE
LHDs Algorithm PP =512
Min Max  Mean SD
9x2 ESE 4273 4344 4300 0.035
EESE 4273 4364 4317 0.038
51x5 ESE 5424 5439 5432 0.005
EESE 5427 5439 5433 0.004
201 x 10 ESE 6.170 6174 6.172 0.001
EESE 6171 6173  6.172  0.000
451 x 15 ESE 6760 6.762  6.761  0.000
EESE 6.760 6761 6.761  0.000 [1]
801 x20 ESE 7.253 7254 7254  0.000
EESE 7253 7.254 7254  0.000

Table 3; Performance of ESE and EESE 2]

LHDs Algorithm  Performance (Average) Time
Time (sec.) #Fxchange ESE/EESE

9x2  ESE 1.829 2880
1.866 [3]
EESE 0.98 2281
51x5 ESE 358.976 100000 3.056
EESE 117.428 44080 ’
201 x 10 ESE 1349.488 100000 (119
EESE 1205.082 96915 ]
451 x |5 ESE 3648.646 100000
1.044 (4}
EESE 3492.132 {00000
801 x 20 ESE 7744.424 100000 L.000
EESE 7672.487 100000 :

(5]
4. Conclusions
This paper presents the method to enhance the ESE
to construct the optimal LHD for use in CSE. The
major enhancement appears in the inner loop as shown
in Figure 7 and 8. As presenied in the previous section, 3
EESE perform better than ESE in terms of efficiency.
Therefore EESE would be recommended in the
construction of LHD for use CSE. In order to exlend 7]
and complete the conclusion, the validation of the

surrogate model accuracy could be further investigated.

(8]
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Figure 9: Time used in ESE and EESE for various
dimensions
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