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Common Spilit-lot Design:

3 separate replicates of a full 23 factorial
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16-wafer split-lot design:

1 2 3 4
Rephn:al:e 1 | Replicate 2
S; Step 1 | low low || high

¢X¢¢X¢

S; Step2 |low ||high|}|low

PX [T X b

S; Step3 |low ||high|]| low | high

3 factors, 16-wafer design |

Two geparate replicates
Sy

B oG Ry o=

(cont.)

S, Stepl

S, Step2

AN

.

s, Step3

7

A reasonable model

.
Y, = /H;(asi(i) +a3i(i))+§asisj(ij) +éq,
where a; ;, is the effect of the ith stage factor for the S;th subplot,
as i is the error term associated with the S;th subplot,
8, 19 the interaction effect between the ith stage factor
and the jth stage factor,
& agi ~N(0,67), & ~N(0,0°).
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Treatment and plot structure

Treatment strata and dimensions

Plot strata and dimensions ( ? )

Plot structure
strata effect df
Sy 1
S U 1
S, Y.,Uuy 2
S, Z,UZ 2
S, w.uw 2
S Yz, Uuvz 2
S, YW UYW 2
S, ZIW UZW 2
S YZWw UYZW 2

11

Plot strata and dimensions

Plot structure
strata effect df
Sy 1
S U 1
S, Y,.uy 2
S, Z,UZ 2
S, W, UW 2
YzZ,UYzZ
YW, UYW
Ss 8
ZW UZW
YZW UYZW

Treatment structure-
m Treatment structure m Plot structure af- offect. e
1. B Vye
X x X, x X, U /(Y xZxW) C -
-1
2 2 22 Y,
XX,
7o _‘1’3 El H} @
XX,
X, X,
XXX,
8 . Vite
Repllcate 1 Repllcate 2 9 10
" " JE
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Experimental unit & restrictions

m observational unit & experimental unit
U/ (Y xZ x W)
EU, EU, EU,
m restrictions on allocations of treatments to
plots

X, can be confounded with plot effects involving U,Y,UY
X, u,zZ,Uz
X3 u,Ww,uw

13

Design and design key

m Design:
2 separate replicates of a full 23 factorial

m Design key:
X =Y, X, =2, X, =W

14

" 000
Restrictions on randomization

m No pair of wafers is processed together
more than once in a sublot for the
experimental factors

m all three processing steps are performed
on the first eight wafers before any
processing is done on the second eight
wafers

15

How treatment and plot effects are
confounded

] XX, =YZ
X, =Y
X X, =YW
1 X, =2 5
X, X, =2ZW
X, =W
) | X, X, Xy =YZW

16
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ANOVA table Concluding remark 1
Block ! ) v separate replicates of a full 23 factorial:
% 1 &+ ||
e 1 — m The 7 estimates for the main effect X;
o 1 “rlel provides 7 — 1 df for estimating the
%, : £+l subplot variation
Rjjal : é +”f Il’ m According to the reasonable model, it
r 1 ol provides 4(y — 1) df for estimating ¢ 2
XX, 1 L |r
Hxx, ! A L |r
Residual 4 ¢, 17 18
" * JdAEE
3 factors, 16-wafer design 11 (cont.)
Alternative design 1 2 3 4
> - S, Stepl

Sz ] 2 3 4

1 1 4 2 0

2 3 2 4 1 S Sep2 [_]

4 2 3 1 4

— s, Step3
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Treatment and plot structure Treatment strata and dimensions
Treatment structure-
m Treatment structure m Plot structure T ~ffoch, prere
L. . Vyo
X x X, x X, U x 7 C
2 2 4 4 ‘? _\’;
—— —— ‘;1“’2
Ul U2 Zl 22 Te ‘1’3 e H}o
S
B Y Block design -
4 Block desig Y,
S, S2 8. . vt
Replicate 1 21 22
" " JE

Plot strata and dimensions

Plot structure

effect

Ul = UEKZZ = U1U2YIY521 = 122122
U,=UXYZ, =YY%z =UUYZZ,
UU, =Yz, =UXLZ =ULZZ

Y; = U1U222 = UZY;ZI = U1Y1'Y22122
Y, =UU XYz, =UXYZ =UZZ,
Y, =UULZ, =U,Z =UNKZZ

Z =UUYZZ, =UTY, =ULZ,
Z,=UX, Y =UJXY,ZZ,=U¥Y,Z
ZZ, =UULZ =U Y, Z, =U Y,

Uz =UXZZ =UUXY, =LZ,
Uz, =Uy =UUXYZZ, =Y,Z
U2, =UY =YYz Z, =UULZ
U.2,2,=UXYZ =YY,Z,=UUT,
UU.Z =KZ,Z, =U XY, =U,Y,Z,
U022z, =YZ =UXYZ, =UJT,

| =UU,Y,Z,

=U ZYlYZZI
= UlezlzZ

23

Experimental unit & restrictions

m observational unit & experimental unit
(U xY x 2Z2)
EU, EU, EU,

m restrictions on allocations of treatments to
plots

X, can be confounded with plot effects involving U

X

2 Y

X, z

24
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Design and design key

m Design:
The authors called “Alternative design”
Taguchi (1989) referred as “Multiway
split-unit design”
m Design key:

X, =U, X, =Y, Xy =2,

25

Restrictions on randomization

m no pair of wafers appears together in

more than one sublot

26

How treatment and plot effects are
confounded

(X, X, =UY
Xl :Ul 17\2 177
X1X3 =UlZ1
X, =Y, o
szs :lel
X3 :Zl
\X1X2X3 :U1Y121

27

=
ANOVA table
Source df EMS
X, ! & +ex
Residual 2 el
X, 1 & +|ex [
Residual 2 &
x, ! &+ e[
Residual 2 (2
XX, 1 gt HTX,X, H2
XX 1 g+ HTJQ)(3 HZ
RIS 1 Sat HTXIX; "2
‘X'IXZXE 1 é"' + HTXl)szz H2
)

Residual

Sy

28
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. Comparisons
Concluding remark 11 P
Design | Design Ii
. . . Source dar EMS Source df EMS
Alternative design of a full 23 factorial: - 1 " . l okl
. . x 1 &+ ||2 Residual 2 £ I
m The estimates for the main effect X; Residus : ‘ X, ! bl
provides 2 df for estimating the subplot — 1 e e : | ”z
. . . ‘Yi 1 Gt Tx,
vari atl on = L &+ "2 Residual 2 &
. . Eesidual 1 & . . )
m According to the reasonable model, it i, 1 ol A, : éotlnl
provides 2 df for estimating ¢ 2 5% 1 e o ' e
o . o+ fraf XX, 1 &t |
LXK, 1 &+ X|r SRR 1 & +”H’;A’,.‘(,
Residual 4 £, Residual 2 &
29 30
" "
Outline A plan of Design 11
|
. . Tahia 1. The Alternative Replicated 23 Dasgign
m Constructing 16-wafer experiments - Written With Wafer Codes
m Symmetric Sp“t-'ot designs for 64-wafer Wafer 1: 111 Wafter 2: 214 Wafer 3: 312 Wafer 4: 413
. Water 5: 123 Waler &: 222 Waler 7: 324 Wafer 8: 421
experiments Wafer 9: 134 Wafer 10: 231 Wafer 11: 333 Wafer 12: 432
. . Wafer 13; 142 Wafer 14: 243 Wafer 15: 341 Wafer 16: 444
m Discussions
31 32
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2-level designs of size 16:

Lo Procedres
Orthogonal array given in Yates order
. T ———— m First, choose two independent contrasts
R e e G L GG e G and the third is the product of these two.
1 =] = = 1 -1 -1 1 1 -1 1 -1 — 1
I T T T T I = Choose C, and C,
BETETE I NI I I O O O O Wafers ) Cp S=25+4.5C1+Ch
R R N U B B R 15,918 =1 -1 |
T I - T T I A = T I 2,6.10.14 1 -1 2
16 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3.,?.\.]1..1:].. _.1 1 3
4,8,12,16 1 1 4
33 34
" "
(cont.) (cont.)

m This definition for S; and “odd=Ilow, even= . ~
high” coding rule imply that X,=C,. Note = X,=C,; C;and C; =C,C, are affected by

that C,=C,C, is the third between-subplot step 1 subplot variation.
contrast for step 1. m X,=C,4; Cgand Cy, =C,Cy are affected by
m Step 2 subplot was defined by step 2 subplot variation.
S. =2 5+0.5C +C m X,=C,,; Csand C,;=C,,C, are affected by
2 48 step 3 subplot variation.
m X X5=Cy, Xy X5=Chg, XpX5=Crs0 X XX5=Coy.
m Remaining C,and C, are used to est. ¢ 2,

35 36

m Step 3 subplot was defined by
S;=2.5+0.5C,,+C;
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How to generate disjoint groups ?

(C..C,.,C,)
Table 5. Five Disfoint Groups of Three Contrasts for a 2*
e (C4’C8’C12)
Two independent Generalized
Group contrasts Interaction (C 117 C 6 C 13 )
i Xy KXo Xa Xy X Xy
2 X, XsXa XaXsXe (Cs,Cy,Cis)
3 X3 Xy X Xy Xz X
4 Ky My Xa Xy Xo Xy
5 Xy Xz Xz X4 Xy Xz X Xy (C7 ! C9 ! C14)

37

Correspond to previous example

‘ We can experiment in as many as 5 different steps

38

1

3
4

12
3

15
6

11
7

14

Linear graph (Taguchi, 1987)

10

13

Four factors in four steps

Source df EMS
= L A ”]
e ! &+ [
Residual 1 &
3 L &+ "2
Ay 1 &+|me Hz
Eesidual 1 =
X, 1 &l
X1X4 1 63 u ”r&X; "2
Residual 1 =
& l & e "2
£y . £, ”2
Eesidual 1 [
XX, 1 &t [
A, 1 & Hra, H2
39 Residual 1 £

40
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More factors in 4 steps Five factors in five steps

Tabla 6. Aliasing Structure for 2°™* Design (using Table 5 grouping)

m 2> fractional factorial design

Design generators Effects with the same standard arror as X
XKoo= XyXoXa Xg = XoXaly X7
Moo= Xy XaXy Xeo= XoXaXy XaXy = Xy Xy = XoXg = XX X5 - X1X2X3X4
Effects with the same siandard error as X4 Effects with the same standard error as X,
Xz e Table 5. Five Disjoint Groups of Three Contrasts for a 2°
XXy = XoXq = XoXg = Mo Xy KXz = MaXs = XyXg = Xe X7 =
Effects with the same standard error as Xs Effects orthogonal to sublots Two independent Generalized
A X1 Xa = XoXs = XeXo = XeXe Group contrasts Interaction
XopXg = XaXy = XiX7 = XsXp My X = Kp Xy = XaXp = XaXs
XiXg = MoXy = XoX5 = XsX7 i Xy Ko Xy Xy Ko Xy
. 2 Xa Ha Xy Ma Xy My
= If we would like to accommodate two factors in one 2 iﬁ ;1*::* ;1f2
4 142 A2
or more steps 5 Xy X3 Xz Xy Xy Xz Xa Xy
-1 76-2 H7- -4 . . ;
W) 5 062 272 25 fractional factorial designs ., -
" SN "

Outline 64-wafer split-lot design:

[ |
1 2 3 4 5 6 7 8
i} s, sept [ ) O IO e
m Symmetric split-lot designs for 64-wafer
y P g s, Sep2 [ | 1 0

experiments
m Discussions

S sep3 [ ) I[ I JL L fL I |

43 44
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Two 9-disjoint groups

Table 7. Nine Disjoint Groups of Seven Contrasts for a 2° = 64-Waler Experiment

Group Three independent contrasis Four generalized interactions
Solution A
1 X X5 Xg Xy Xa Xe X1 X5 Xg XoXaXe X1 Xp XaXs X1 XoXa Xe
2 Xa Xy Xe XaXaXg Xy Xa Xg X1 XaXa XaXaXaXe Xy XpXa Xy
3 Xa X1 Xe X1 X4 X Xy XaXa X2 XaXs X1 X3 Xa Xs XoXaMaXs
4 X Ko Xy Ko X Xe Ka Xz Xa Ha K Xg Ha X Xg Xe X3 XaXsXe
5 Xn XXy Xy Xa X Xa Xa X5 Xy XaXa Xy XaXs Xe Xy XaXs Xe
[ X5 XaXs Xy Mo Xy Xy Mg Xg Xy X Xs Xy Mo X X Xy Xo Mo Xg
7 XaMa X X Xy XaXg XXz Xy Xy Xy X Mg Xy X Xy Xy X X Xa XaXsXs
8 X, Xy X, Xe Xa X4 Xe X1 X Xo Xa X X5 Xy X1 Xa Xa X4 Xe Xy Xo Xa Xe X
9 X Xy Xa X X X Xy Xa Xe Xg X Xa XaXe Xy X Xo Xs Xy Xo X XaXa Xo
Solution B
1 Xi Xa X4 Xa X Xy Ko Xa X1 Xa X Xo X Xy Xy Xy X X3 Xy Xg
2 Xz Xy X X3 X5 X Xa X XaXaXy Xy Ma X Xy Xy Xo Xy X X
3 X3 XoXo XaXs X XaXe X XaXs Xo X Xs Xy Ko Xa Xa X5 Xe
4 X X Xa Xo Xs X, X Xs Xo X4 X5 X X Xa Xe Xy Xa Xa Xe Xe
] X5 X Xz Xa X Xy X X Xs X5 X XX Xa X Xy Xo Xa Xs Xe
[ X Xy X Xa Xy Xy Xy Xg XaXaXp Xy Xa Xa Xy X1 Xa Xy Mo Xe
7 X1 X Xa Xy X5 Xg Xy XaXa X Xy Xa XsXg XoXa X5 Xe Xy Xz Xa Xa X5 Xg
8 Xy Xa X Xy Xy Xe X X X, Xa Xa Xy X X XaXe Xy Xo Xy X5 Xy Xa X5 X
g X Xa Xy Xy Xy X5 Xy X5 Xy Ko Xy g Xy X Xa Xg KaMaXaXs Xy X X5 X
JMP software (1997)
45

“
Solution B: S; decision

S

= 4.5 4 05X + XoXy + 2X3Xg
= 4.5+ 5Xg + X X+ 2X3X5
= 4.5+ .5X3+ XoXs +2X4 X5
= 45+ .5X, + X, X3 +2X0 X5
= 4.5+ .5X5 + X1 X2 +2X X

4.5+ 5Xg+ XX +2X.X,
= 454+ 5X:+ X\ X +2X: X,

4.5+ 5Ky + X1 Xa Xy +2X9 X5 X
= 45+ .5Xg+ X7 X5 X3+ 2X, X X5,

46

“

Defining relation: { = X; XaX7Xg
= XaXa Xz Xo

= Xy XaXs Xs X

= XaXaXsXe X

= X5 Xg X7 Xa X3

= X Xp X3 Xa Xa X

= Xy Xz Xa X Xg X X7

Effects with the same standard error as X; = XoX7Xs
Xy X

Mg = XXXy

X5 X7 = XgXaXg

XXz Xy = XoXpXa = XaXpXs

Xy Xy Xy

X1 XoXy = X2 X5 X3

Eftects with the same standard error as Xz = X) X7 Xa

XiXe = XeXsXa
KyXe = XaXoXa
XaXo = XaXr

X5Xo = Xy Xa X5 = XXz Xq

Xy XaXg = XpXaKa = XaXadXy

Xz Kz X5

Effects with the same standard error as X3 = XeX7 X
XXy = XX

Mo My = Xy X5

XaXs = XaXgXa

XoXe = XsXaXs = XsXe Xs

X Xy Xy = Xy Xy Xg = XaXaXg

Xa X3 Xp

Effects with the same standard error as X = X3 Xz Xa
XiXG

Ko Xg = Xi XgXa

Xa X7 = X5XaXa

X1 XaXy = X X7 Xg = XaXeXa

Xa Xy Xs

XaXeXa = XaXo X7

Effects with the same standard error as Xg
X Xp = XrXg = X XeXa

XaX; = XaXo

HyXg = Xy XsXg

XKaXg = XaXsXn

XeXo = Xy XoX5 = XsX7 Xy
X3 Xs Xy = XaXsXe

Effects with the same standard error as Xg
Xy Xy = Xp XX

XiXg = Xo X7

KoXg = X1 X5Xa

XaXy = Xp Mg = X XeXg

XX = XaXaXg = XX Xp

Xi XXy = XoXeXr

Effects with the same standard error as X7 = Xy Xz Xs = XaXaXo
X1 X

Xa Xy

XX = Xy XoXo = XsKas = XrXe X

X1 XaXg = XpXa Xy = XoXaXg

Xy XaXe = Xi XaXy = XoXaXa

Effects with the same standard error as Xg = X; Xo X7
X1 Xy = XeX5Xs

X X3 X5

X Xa X

X XXy = XpXaXa = X2 X6

Ky X5 Xy = Xy Xs Xy

XaXe Xy = XaXeXo

Effects wilh the same standard error as Xz = XaXa X7
XeXp = XaXsXe

X1 Xa Xy = XaX7Xp = XaXaXa

Xy Xe Xg

X XsXg = XoXo X

Xi X Xz = XoXg X

XaXyXg

9 factors in 9 steps ( 2°-2 design)

Table 9. Aliasing Structure for JMP's 2273 Design (with Solution 8 conlrast grouping from Table 7)

47
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' . a s = a &
7 & I H 2 7 T
s s 3 3 1 x
2 1 1 7 3 5 3
5 7 3 & H s 1
3 + 5 2 1 2 s
3 1 3 1 4 & T
& & 2 s M ' >
a 7 s 1 = [ %
2 - 3 5 s 5 +
[ 1 a B 5 a 3
T 5 = 2 5 s 5
4 3 & 3 ] £ 2
& & 4 3 ] 1 3
s 5 ! I o T 5
3 H 7 2 s + 1
2 e 7 8 1 7 7
s 1 ' 4 7 “+ 2
T 2 4 1 o 5 |
] 7 6 s 2 1 &
& 2 s & 2z 3 M
c 5 z 2 B 3 5
: 5 1 3 E 1 5
3 3 3 7 £} 6 i
7 2 2 3 7 5 5
2 1 3 B T [ 1 [
3 z El = & 4 s 2z
4 & 3 3 2 & x 7
5 3 & 1 1 a ] 3
5 5 [ 7 s 2 & &
7 " 4 6 ® 3 x 5
L] 4 7 4 4 5 T 1
' . s ] a a " 1
2 + 2 5 = & 3 &
3 2 3 [ = 7 7 s
1 E % 2 1 ] 'l 3
5 1 ' rl z 3 1 3
s K & s s 3 5 [
T 7 T 7 T s 2 x
El 1 4 1 3 3 5 7
[ 3 [ 6 T & s ’
a 5 s 1 ¥ " 2 .
a 5 T 1 z 1 6 &
El 4 4 k] . ] 1 3
5 7 < 5 5 = a ?
I 1 3 1 bl T B
7 2 2 " 2 3 1
] 8 [l B 5 s il

made by

Fiit

—



NTHU STAT 6681, 2007

Final Presentation

" J " J
(cont.) Extensions (64 wafers)
Table 8. Aliasing Structure for Minimum Aberration 2°°% Design (with Solution A grouping from Table 7}
B o Defining refation: | = Xs Xz X7 Xa Effects with the same standard error as X5 = X X7 Xs
= %XaXsX6Xy X3 Xy
LR e S of in 9 29-3 desi
Sgoe, Jws s m 9 factors in 9 steps ( esign)
= XXX Xe Ko Xa XXX
Eﬂems:wwlh lhe:same standard errcr as X; Eﬁecls!wish the same standard error as Xg = XeX; Xp 8 f t H 8 t (28_2 d H )
i N ek m o Taclors In o SIEPS esign
XoXa = XoXoXe = X XaXa XeXoXs = XeXoXa
Koy = XX KX = XX = XX 7 f . 7 27_1 d .
TR m 7 factors in 7 steps ( esign)
Effects with the same standard error as X; Effects with the same standard error as X7 = X5 X Xg
X1 X6 i Xa Xz Xa X2 Xy B f - 6 d =
. i m 6 factors in 6 steps (2° design)
XiXzXs = XaXaXp XiXy = XyXgXy = XaXg Xy
N = X = K Yoo D thiliti
Effects with the same standard error as X3 Effects with the same standard error as X = XsXe Xr . Oth e r p OSS I b I I Itl eS
;:;i = Xy XeXo f(;§: = Xo XXy
XoXp = XaXaXs XiXs = XaXaXa
XaXo = Xy XaXs = X Xa Xe XeXy = X XeXp = Xy X5 Xy
Ky XXy = XaXs Xz = XaXaXp XoXaXg = XaXaXp
XoXaXe = X\ XX XoXeXy = XaXsXo
Effects with the same standard error as X; Effects with the same standard error as Xy
XXy = XsXeXg = Xr Xp X XeXr = XsXg = X: XuXp
XoXa = XaXo Xg = XaXo Xa Xy Xy = X5 Xo Xy = XsXp Xy
XoX = XoXs Xs = Xo XX XoXs = XaXeXs
XoXaXa = XoXsXo = KXo XsXs XaXs = XoXo Xs
XXX XoXr = Ko XoXe
o XaXaXe Ky = XaXrXs 49 50
" J " J
.
Outline : . .
Other important split-plot design
|
m Split-plot design for 3-level factors
m 34 of 3P factorials in 81-wafers
m m Split-plot designs of size 27
m Split-plot designs of size 32
m Discussions
51 52
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Future research

m three or four experimental stages, with
many factors per stage [the case of two
stages was addressed by Miller (1997)]

m asymmetric split-lot designs-that is, those
in which the sublot size differs from one
experimental step to the next

53

(cont.)

m mixed-level factorials and designs for
fitting second order models

m designs that can check for lack of fit of our
assumed model-for example, that could
detect existence of additional variance
components associated with wafers
having two sublots in common

54

Thank you all

55
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