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Implementation of Small Sized Designs

for Economic Estimation of Second-Order Models
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Abstract

Response surface methodology (RSM) is a useful
collection of experimentation techniques for
developing, improving, and optimizing products
and processes. When we are to estimate
second-order regression model and optimize
quality characteristic by RSM, central composite
designs and Box-Behnken designs are widely in
use. However, in developing -cutting-edge
products, it is very crucial to reduce the time of
experimentation as much as possible. In this
paper small-sized second-order designs are
introduced and their estimation abilities are
compared in terms of D-optimality, A-optimality,
and variance of regression coefficients, ease of
experimentation, number of experiments. Then we
present a guideline of using specific designs for
specific experimentation circumstances. The result
of this study will be beneficial to experimenters
who face experiments which are expensive,
difficult, or time-consuming.
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HdEsor Btk I Ty FLW ANTE YA
4ggddg o155 o SHAE AUHT, J7
270 & 999 =W 23 2ge] 2AY

HzAS dgodstr] Aty 22 veEdE APAE
{(response surface design)g S84 Eh(Myers
and Montgomery, 2002). €utd oz 23 T3 F
2g As 71E go] ojgs5E HFAYL mF 2
2t I SRR A g 454 Al 8 (Central
Comp051te Design, CCD)¥ Box-Behnken #A &
(Box-Behnken Design, BBD)°]tH(Box and Wilson,
1951, Box and Behnken, 1960). ol2l3t A¥A L
01%—6}“”‘ 22 uk-g E% E ¥ (second-order response
surface model)a FA337] $F FEIF} APdAH=
Agdo A Uack- of ~fit test)2 -rth 283 28
=g ﬁi“‘ gt a8y BEA F HIAZY
ALoE AAEY FAANNE 71‘%3\} @& ok 3}
22 F4ATAAEol Y Box-Behnken AgHTE
Y He d¥Poem 23 2yS =A3 £ Qe A
& dAste Iy 2A3E 740] S’Jf&b‘“ﬂ]
22 A ¥ A (small sized second-order de51gns)
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2RYH =% AYFAHAH(small composite
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2.1 2334 A8 (Small composite design)

Hartley(1959)& 23 ¥H¢EW 2o HFAHL
A& EF 23 ¥rgxd ZHEP] CCD¢ BBDETY}
o AL dy¥ggdez 23 g9 FHo] A58 42Y
A A8 (Small Composite Design, SCD)& 7|23}
Attt 2FFAEAEL CCDe Mdegry x5
doen, Ad¥AdL 294 ¥ H(factorial point), 4
(axial point), Z8]31 %4 A (center point)o. & o]F
oz}, 2AAHP L EF3F resolution M AFA
A}l resolutionll™& o] &35t A =d, oriA
resolutionll*= Ae#Ae A F71 4747t obd
A& L3 ch(Hartley, 1959 ; Myers and
Montgomery, 2002). o] A¥AEL X3 £+ ¥3
AAl AL 23 A¥AFo Hu, CCDY BBD
Hoh A¥de] o o thge 19 1L Az 4
7F 2, 3789) HSo e 2FFAEAAYY HA$R
T4 AEHe AAE o2 EAF Rolt) oy
A ar Y2 AXE £ geon AYAYY v
me| A 4 /Fg olgsted AXNY Aot zey A
AAe oldlE F71 98 dAGLAME 12 vE
Wit
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2.2 Koshal Design

1933yd ol Koshale 2 Qxd=z & ‘F%f—
dReg 4e dUUFE 28 o F
¥ 5141 3 A g (saturated design)& At
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2AxE -DE &Y ke 23 & HET 19
°‘Z} 2zAE Ee FHE A F 2

£ 12 Bu UslA A%9 EL 002 FE |

FN-%HuimZOIFr.F.

QY AN o o (B AL kI D8 N ok ek o

:L
2
o

7H—4 A zAL Aot gL xR =7t 2
3709 Aol W3 Koshal de51gn4 AARET A
Y4 Axg 2R JE Adw, 24 32
A% ARe £3g 22 & Aol
X X X e
[0 00 N
100 ey
sh ke -t
Lol la o
D 01 020 . % ©h8 | 00 @ng
=ly o o0 zf OV b
02 110 . . s L9
11 t; . (CRLIR IS P g

“

1Y 2. Koshal designs®l AP d2 48H] 94

2.3 Hybrid designs
Roquemorex 197619 hybrid designol2t
e 23 AEAYE Agsiged, o AY =
EAANAY £ EIHAAA ke 23 AF
A 8 o] tHRoquemore, 1976; Myers and
Montgomery, 2002). 23} ¥ H-E FA3 7] ¢
ke AAE AT B, hybrid designs 4783t
= HE ten 2o A4 k-1719 AXE o
o8 ZAAN IS T FAFAHAAFSE BHT
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A A AL ZEF A3 ojd kHA &
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Hybrid designe QA9 #7} 3, 4, 6, 283 7H4Y
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£ o] &o] E7tE3ith
AAY F7F 3 Ao E Daw, Diua, Daus
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2.4 Notz's designs

Notz(1982)= D-optimal ¥3 2848 & A
do] 4e APPOE 27 ¥ 34 A o 4
FAEL AdAe F71 2~670d W o] sHEEH,
AEAL goAFAT 2Ho 2 o]FojxA ¢t} &
AdH™e gA¥ 2k L2494 AEA FN A
D-optimal dﬁ]Qq HEEZ A Fof wet 4
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2.5 Draper and Lin’s designs

Draper and Lin(1990)& 8d4dd9 AHS
& g9RAAH YAl Plackett-Burman A #(PBD)
& o] 439 PBDE o] &3ty ad4dgPy & HA
g o Az FurEFo & MEEsd, ol A
gv] A% v1Ee& D-gol #©Hrh A7lA D-ge
| X X|/NPg emiatny, deAge Hrten
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AgAx He AgPew 23 o 240 7}
L AYAFY TF) WA Lottt B A
= 2ddN A% AYAYES o 7ix] 7]
date] Blme stuxt @k 23 AYAY
o BHGE My d7E Yee AnEw o
2tk Notz(1982)& Akalo] Atar 2@ A 83}
28 2A¥AYL Doz nuIHP,
Draper and Lin(1990)& 43 A#AFo o3ty
A¥Ael 4o D Wlmstddh DVPRe A3
A vny w 7H4 o] 2ol JFLE 3ol
242 |XX|e ustae AgAge =,
(XXx|/NP)Poz Aug £ Ao €714 XE
AAgE Ne Agde 4 pe 28 a9 +8 1}
Bttt = & ¥n 7|E28 A-optimality7} S
ed, ol IdAASY A geoz yedh, o
ol Fe4E HAASY B ¥ Higss
AGAole & F Utk B =FAMs= 24gHY
%, D%, A-optimality 28z HAASFe BE4E
v 2 stz gt

ok

Hodo & Ay 2 off
ey &R 2

31 k=2, 32 A% 29 23 HdPAF nu

2delA A 4gAdeS o
A S e} Aol wims) By ®
o 4¥dH9 & nvusAer, 1
9 E 19 etttk £ 19 A4¥3e F
¥e XEE Ao

¥l 4% 23 4848 4¥H Fk=2, 3

Factors, k

2 3

Coefficients 6 10

Koshal designs 6 10

Small composite designs 7 11
Hybrid designs - 10(EE 1)

Notz designs 6 10

Draper and Lin design - 11

AZ7) kY B BY I g5y A (DF 2o
o, AZ7E 20 A= BE, 12 F, 24 &, 2
A nszg e XY F 6709 F& A
a, 3 Ffole & 10709 & 7o & 19
24 AHAYEL ILHEA T EspEA e
AdFAILE & F Uk

k k &
y=0+ i;ﬂil'i + ;ﬂiﬂ? + ZZ_ >Z]3= lﬁijzizj'{'e 1

0ge AYA8e DPH3} A-optimalityE ¥l
ag geloh
2 2% 23 48499 DY 3 A-optimality (k=2)
. . D'? | A-optimality
Small sized designs > 3 2 3
Koshal designs 0.265]0.152] 9.000 } 19.000
Small composite designs 0.41710.442) 4174 | 3.607
Hybrid design(Daio) - (0634 - 2.925
Hybrid design(Daiia) - 10514 - 2.984
Notz designs 0.420{0.400] 6500 | 5.875
Draper and Lin design - o442 - 3.607

&7]4 Koshal designe 23} &3 #H&EE A9
Z=zo] -19] AL B3 AxNsgch ® 28 HY,
Qlzke] 47t 27821 %ol Notz design® DY7#
o] 042022 7}3 ZAA, A-optimality® 2FEAAA
o] 41742 71 AEE 4 F Atk AAY F7}
37091 Aol DYPgko] 0634011 A-optimality 7}
292591 hybrid design(Dap)ol 7F3 @3t A A
golgt & F Ut tie 4 AFgAFY FAAAT

ol B4g ¥R Rolch

¥ 3 2% 2% 4848 IyAATY £14Hk=2)

Small sized designs by b; b; bij
Koshal design 1.000 } 0.500 | 1.500 | 4.000
Small composite design | 1.000 | 0.250 } 0.748 } 1.169
Notz design 2.750 | 0.250 | 1.500 | 0.250

¥ 4. 429 22 AEAY sAATY BiHk=3)
Small sized designs by b; b; bij

Koshal design(b) 1.000 0.500 1.500 4.000
Small composite design | 0.708 0.251 0.215 0.501
0.115 0.178 0.250

i ign(D: 0.9
Hybrid design(Da) % | 0269 | 0545 | 0170
0.2423 0.250
Hybrid design(D 1.000 0.125
ybrid design(Dsna) 037 | 0250
Notz design 1.3750 | 0.2500 1.0000 0.250

Draper and Lin design 0.708 0.251 0.215 0.501

HAAG B Var(b) = (X X) lo’ez 7
& 4 glon, d7)A g% e A HE H
3l 12 713K T A-optimality$t wlA7MRZE
a o] AEFE T2 A4¥Agolg & 5 =,
el 7 2749 B E 2FTAAYS Notz
design®] #ite] th2 HAIAHe FHAASF 4R
o Az FEE & F 23, MY BSeds
hybrid design®] F7AAIG9 Fitol sz 4874
go EdEdg A2 FSE& & F U

32 423 27 AgAY x5 22 wE$EA A
g ujw '

B doMe BF 24 HEETR AU FHE
A A E(CCDY®% Box-Behnken #A&(BBD)S 4% 2
2 AEAYFH v 2Zs] By WA CCDY BBDE
MEgg d4H92d g3 2o CCDE Box and
Wilson(1951)9 218 A& &7 =Hey, Adde
L£9AFHE, -k, o), 282 FARNILE
o] Fo{zt} Box and Behnken A¥L F3 Boiu
22 A8 (balanced incomplete block design)9)
TZ2E 7|22 3 35FE A4¥AZoz A9
F7F 370 o)l FH el o} & sHssltkMyers and
Montgomery, 2002).

g 23 2% AIFAET BF 2% LR

H AgE var|Eel o8 wadg digol F 5
© 4839 & Hug Aolg. AV} 24 A
¥, 2% 22 H¥AHY PP FE 6~TAY
dhde] EF 23 BHSEW A e HEAHS
A, AAZE 3AL B, &8 23 AFAYY
A¥HFY £ 10~1170H, £F 24 W EA A
82 77+ 13, 1578 9] e}
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B 5 2% 23 49447 I 23 APAYY 4gHY

k=2, 3)
Factors, k
2 3
Coefficients - 6 10
Koshal designs 6 10
i Small composite design| 7 11
Small sized IHybrid designs — [0 1D
Notz designs 6 10
Draper and Lin design - 11
s Stzu(lidan‘i1 CCD 9 15
econd-order
designs BBD - 13

%6 4% 24 49489 BE 24 49AEe DV 3
A-~optimality(k=2, 3)

p¥e | pv A-opti}A-opti

mality | mality

Factor, k 2 3 2 3

Small Small composite design|0.417§0.442} 4174 | 3.607
ma.

sized |Hybrid designs(Da) - |oe34| - 2.925

designs [\ 7 designs 0420 0.400] 6500 | 587

Standard |CCD 0620|0687} 2.187 | 2.079
Second-

d°rsier BBD - Jozrsl - | 343
esigns

E 62 D@3} A-optimality® ¥]EL e Ao

23

ccp7b 4% 24 4¥AgEg DPge =
A-optimality= #S& € F& 3t ‘3}%% 3 A
Fo BAg vEY Aol Azt 24 B4
E 790, A&7 3740 A$E E 8o YEUNS
CCDY FAAS B0l 27 23 AYAYe 2
Bet o 2ee ¢ 4 vk

X7 4% 24 AgAYH BE 24 S HEE Age
’ AA T E4k=2)

Hor 2

>

Design bg b,L bii bij

Small sized |Small composite design }1.000{0.25010.746]1.169

designs _ INotz design 2.750(0.250{1.500/0.250
Standard

Second~order |[CCD 1.00010.125/0.345}0.250
designs

¥ 8 £% 234 4¥AYY & 23 WEEA AY4
AAS E1Hk=3)

Design b() bz bz' 1 bz'j
Small composite design]0.708] 0.251 | 0.215 | 0.501

Small

designs |Hybrid design(Dao) 0.935 0269 0545)| (0.170)

Standard {CCD 09871 0.073 | 0.165 | 0.125
Second-

d"r?ie’ BBD 1.000} 0.125 | £.438 | 0.250
esigns

4. 2 &

2 =2dMe ¥ 4¥gdsz 23 wexd
EYg FAY 4 e 428 23 A¥AgEY T
& d9sdz, & %.Ml?%«] AAYES 493
9 9xg agos Jehlo] AgAe] A¥gddo
oAgA WA EA oldEy] 4A HenHAH
£8 AR F71 270 EE 39 A9 Yatel 2}
YA Ee 4949 4, D3, A-optimality, 3]

sized 0.115 | 0.178 { 0.250 |

stoh 48 23 AFAY
7“5%% v g3, FA4%
“715‘1 o] D’ %k‘ﬂ ‘] #How, A-optimalityE B
8 ARE oA/ E FATEAGY A- opt1mal1ty
7t &% 22 2gAAR g olg Fo] &£F
22 AgAgo] DYg, A-optimality ZdelA FA4
dgAdR Y "olX7]= Fit, Box-Behnken A8
Bohe DYPgrol v A-optimalityZh &3, 283
of 7t Howg 23 nye FAL& & 2% 2
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