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Outline

« Data collection & its importance

» Factorial design (Al F&25T)

« Multi-stratum factorial design
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Essentially, all models are wrong, but some are
useful.

(George E. P. Box)
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Polynomial regression (Faraway, 2015, chapter 9)

—
.

—

o181 SPUIAES

Y= ok i + s Bk + Bl B+

17


https://sites.google.com/view/mcchang/

Lectures of Statistical Science Canp 2023, by CA iy Gl Gl (Institute of Statistical Science, Acaderria Sinica)

st e

. Regression Spline (Faraway, 2015, chapter 9)
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Figure 9.6 Cubic spline basis function on the left, cubic spline fit to the data on the
right.
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. General form:
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How to estimate S from the data?
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. J=0 )

Matrix notation: y = X + €
Least squares estimator: B = (X”X) " 1XTy
Var(B) = a2(XTX)1
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Variable 2

H AR

. Var(ﬁ) = og4(XTX) 1!
. HARMH (collinearity)
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Variable 1
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H AR

. Var(ﬁ) = og4(XTX) 1!
. HARMH (collinearity)
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Variable 1
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BRAs&ED
1. xq vs.Y

2. Xy VS.Y

3. (x1,%x3) vs.Y

22


https://www.wikiwand.com/zh-hk/%E5%A4%9A%E9%87%8D%E5%85%B1%E7%BA%BF%E6%80%A7
https://sites.google.com/view/mcchang/

Lectures of Statistical Science Canp 2023, by CA iy Gl Gl (Institute of Statistical Science, Acaderria Sinica)

BlisHAR1E

. Data: Housing Values in Suburbs of Boston
Data size: 506
tax: full-value property-tax rate per $10,000.

medv: median value of owner-occupied homes iIn

$1000s
= library(ISLR2Z)
- head(Boston)
crim zZn indus chas nox rm age dis rad tax ptratio lstat medv
1 0.00632 18 2.31 0 0.538 6.575 65.2 4.0900 1 296 15.3 4,98 24.0
2 0.02731 0O 7.07 0 0.469 6.421 7B.9 4.96/71 2 242 17.8 9.14 21.6
3 0.02729 0 7.07 0 0.469 7,185 61.1 £.96/71 2 242 17.8 4,03 34,7
4 0.03237 0 2.18 0 0.458 6.998 45.8 6.0622 3 222 18.7 2.94 23.4
5 0.06905 0 2.18 0 0.458 7.147 54.2 6.0622 3 222 18.7 5.33 326.2
6 0.02985 0O 2.18 0 0.458 6.430 53B.7 6.0622 3 222 18.7 5.21 28.7
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= summary { Im{medv~scale(tax), Boston))

Call:
Im{formula = medv ~ scale(tax), data = Boston)

Residuals:
Min 10 Median 30 Max
-14.,091 -5.173 -2.085 3.158 34,058

—oefficients:
Estimate std. Error t value Pri=|t|)

> summary (Im(medv-4¢Tntercept) 22.5328 0.3616 62.32 <2e-16 *%%
cale(tax) -4, 3092 0.3619 -11.91 <2e-16 w¥*
call: -
Im(formula = medv 4oionif. codes: 0 *#**=' 0,001 ***’ 0.01 ‘*’ 0.05 *." 0.1 * ' 1
data = Boston)
Recdduals - esidual standard error: 8.133 on 504 degrees of freedom
Min ’ 10 M qultiple R-squared: 0.2195, Adjusted R-squared: 0.218

13.821 -5.115 -statistic: 141.8 on 1 and 504 DF, p-value: < 2.2e-16

[Coefficients:

Estimate std. Error t© wvalue Pri=|t|)
(Intercept) 22.5635 0.3ele 62.402 </e-16 #*#
scale(tax) 5359.4436 360, 9669 1.350 0.122
I{scale(tax) + rnorm{506, sd = 0.001)) -563.7152 360,.9427 -1.562 0.119

Signif. codes: O “#**¥*' 0,001 “**° 0.01 **' 0.05 *." 0.1 * " 1

Residual standard error: 8.122 on 503 degrees of freedom
Multiple R-squared: 0.2233, Adjusted R-squared: 0.2202
F-statistic: 72.3 on 2 and 503 DF, p-value: < 2.2e-16
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= Smeary[1m(mEdv=I(5ca1e{tax}}+sca1E(tax}. Boston) )

all:
Tm{formula = medv ~ I{scale(tax)) + scale(tax), data = Boston)

(XTX)~! not exist [residuals:

Min 10 ™Median 30 Max

-14.091 -5.173 -2.085 3.158 34,058

fCoefficients: (1 not defined because of singularities)
> summary (Tm(med Estimate std. Error t value Pr(=|t]|)

{Intercept) 22,5328 0.3616 62.32 <Ze-1f #=*
call: I(scale(tax)) -4.30092 0.3619 -11.91 <2e-16 #%*
Im{formula = medlscale(tax) NA NA NA NA
Residuals: signif. codes: 0 “#*%#' Q. 001 ***' 0.01 **' Q.05 *." 0.1 * " 1

Min 10

-14.091 -5.173 JResidual standard error: 8.133 on 504 degrees of freedom

qultiple R-squared: 0.2195, Adjusted R-squared: 0,218

Coefficients: (1lfF-statistic: 141.8 on 1 and 5304 DF, p-value: < 2.2e-16

Estimate std. EFror € value Pri=|t]|)

{(Intercept) 22.5328 0. 3616 62.32 <le-1f #w®
scale(tax) -4,3092 0.3619 -11.91 =2e-16 #*®=
I{scale(tax)) NA NA NA N,

signif. codes: O “#**¥%° Q0,001 °“**’ 0,01 **' 0.05 “." 0.1 * " 1

Residual standard error: 8.133 on 504 degrees of freedom
Multiple R-squared: 0.2195, Adjusted R-squared: 0.218
F-statistic: 141.8 on 1 and 504 DF, p-value: < 2.2e-16
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e %R 14 1H 1k

. Collinearity can be diagnosed by computing the
eigenvalues of X”X (or the singular values of X)

= ¥ = model.matrix(Im{medv~scale{tax)+I(scale(tax)+rnorm{506, sd=0.001)), Boston))
= algen (T ()%

eigen() decomposition

fvalues

[1] 1.009948e+03 5.060000e+02 2.450108e-04

tvectors

[,1] [,2] I R st
[1.,] -1.574971e-05 1.000000e+00 -1.568665e-05

[2,] 7.071250e-01 2.222887e-05 7.070886e-01

[3,] 7.070886e-01 4.401984e-08 -7.071250e-01 Z ur (Xx)u = O

L
O

1
1

1

1

1

1

1

1

1 r T/
i be{} \\F‘IH)
1

1

1

1

1

1

1

1

= svd () 5d w1

[1] 31.??95?512 22.49444376 0.01565282 = X Uxph D [ﬂ -l 1z ~ O

= svd (X)) v L R -
[,1] [.2] [,3] “e

[1,] 1.574971e-05 1.000000e+00 1.5686658-05| “==-=========-------ooooooooooooooooooo - !
[2,] -7.071250e-01 2.222887e-05 -7.070886e-01
[3,] -7.070886e-01 4.401984e-08 7.071250e-01
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[CEC A R % (treatment comparisons)
- BEFE&R#E (factor screening)
. ERZEAZE T (response surface exploration)
- Z#mEEE (system optimization)
- ZpIEHRME (system robustness)
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- Various types of experiments:

https://bitesizebio.com/7358/8-steps-to-more-successful-experiments/

[3—] MAMA Chef

T IEEN
HFHisBER
78 w8 | ‘ ﬁf‘;ﬁ ﬁg
L ‘ % L= ‘ 2 ‘ J

BHEOK #@‘ﬁﬁiﬁﬁ
® _ﬁ ]

B Y

[: s ‘ {%ﬁmsﬂ {ﬁﬁggm]

8

Y

#*amz” BiE ‘ {'gsm\{ = ‘
| # ) £ il

L ' S

https://www.facebook.com/photo/?fbid=649818645438315&set=pcb.649819665438213

-

Hyperparameters

n_layers =3
Q n_neurons = 512
learning_rate = 0.1

n_layers =3
Q n_neurons = 1024
learning_rate = 0.01

n_layers =5
Q n_neurons = 256
learning rate = 0.1

22

run optimize()

Parameters
== Weights
-— optimization
=, Weights
-— optimization
- Weights

-— optimization

22

Score

[==]
(%3]

80%

92%

https://www.kdnuggets.com/2020/02/practical-hyperparameter-optimization.html
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B iR FIX n

—l:jt—i}
State Objective

. Choose Response

.- Choose Factors and Levels
.- Choose Experimental Plan
- Perform the Experiment

- Analyze the Data

- Draw Conclusions and Make Recommendations

https://www.cheers.com.tw/article/article.action?id=5092364

AHHTRGENGES  REREBEE - ERESFK |
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-EE-A"
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- An experimental unit (Z 425 1I/) refers to a basic unit to which
a treatment iIs applied.

A treatment (&) is a factor-level combination applied to the
experimental units

= X/RH] Y .
Replication : -
Randomization /

+ Blocking - -

Multi-stratum: multiple groups of blocked units

31
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2 HF it

- Full factorial design: factorial experiment with all level
combinations of factors as the treatments

. 2K full factorial design consists of all 2X combinations of
the k factors taking on two levels

Mutually orthogonal

+ |+ |+ [+
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- Full factorial design: factorial experiment with all level
combinations of factors as the treatments

. 2K full factorial design consists of all 2X combinations of
the k factors taking on two levels

—_— + _
CG 1
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E \ _ + _ + Cc 1
= + + 4
% _‘ - + / B + + 1 A A .
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E ]
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http://www.stat.nthu.edu.tw/~swcheng/
Teaching/stat5510/index.php

Table 4.1 Design Matrix and Thickness Data, Adapted Epltaxial Layer Growth
Experiment
Factor
Run|A BC D Thickness y s2  Ins?
1 (- — — +]14.506 14.153 14.134 14.339 14.953 15.455/14.59/0.270 —1.309
2 |- — — —]12.886 12.963 13.669 13.869 14.145 14.007(13.59/0.291 —1.234
3|7 =+ +|13926 14052 14.392 14428 | pyple 4.2 Factors and Levels, Adapted Epitaxial Layer
4 |- — + —[13.758 13992 14.808 13.554 | Growth Experiment
5 |- + — +[14.629 13.940 14.466 14.538 Tevel
6 |- + — —[14.059 13.989 13.666 14.706
7 |- 4+ + +[13.800 13.896 14.887 14.902 Factor - +
8 (- + + —|13.707 13.623 14.210 14.042 A. Susceptor-rotation method Continuous Oscillating
9 |+ — — +/15.050 14.361 13.916 14.431 | B- Nozzle position 2 6
10 |+ — — —|[14.249 13.900 13.065 13.143 | C. Deposition temperature (°C) | 1210 1220
11 |+ — + +]13.327 13.457 14.368 14.405 | D. Deposition time Low High
12 |+ — + —{13.605 13.190 13.695 14.259 14.428 14.223[139010.229 —1.474
13 |4+ + — +[14.274 13.904 14.317 14.754 15.188 14.923(14.56(0.227 —1.483
14 |+ + — —|13.775 14.586 14.379 13.775 13.382 13.382|13.88|0.253 —1.374
15 |+ + + +[13.723 13.914 14913 14.808 14.469 13.973|14.30|0.250 —1.386
16 [+ + + —|[14.03] 14.467 14.675 14.252 13.658 13.578|14.11[0.192 —1.650
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14.153
12.963
14.052
13.992
13.940
13.989
13.896
13.623
14.36]
13.900
13.457
13.190
13.904
14.586
13.914
14.467

Table 4.1 Design Matrix and T}
Experiment
Factor

Run

14.506
2 [- - - 12.886
3 |- -+ 13.926
4 |- - + 13.758
S |-+ - 14.629
6 |- + - 14.059
7 |- + + 13.800
8 |-+ + 13.707
9 [+ - - 15.050
10 [+ - - 14.249
11 |+ = + 13.327
12 |4+ - + 13.605
13 |+ + - 14.274
14 |+ + - 13.775
15 |+ + + 13.723
16 |+ + + 14.03]
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Run

Table 4.1 Design Matrix and T}
Experiment

o0 —
Factor

O oo~ b W N

—
o

St
b W -

++ + +[+ + + + 1
+ + + +
+ +

14.506
12.886
13.926
13.758
14.629
14.059
13.800
13.707
15.050
14.249
13.327
13.605
14.274
13.775
13.723
14.03]

14.153
12.963
14.052
13.992
13.940
13.989
13.896
13.623
14.36]
13.900
13.457
13.190
13.904
14.586
13.914
14.467

\=J

+ +

xial Layer

el

e

Oscillating
6
1220

_|_

High

!

+ + + +

+ + + +
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A X 78 17

Table 4.1 Design Matrix and T} T
Experiment S
Factor - — —I— —
Run|A B C D
1 |- — — +[14.506 14.153
2 |- — — —]12.886 12.963
3 = — + +[]13.926 14.052 - + = dal Layer
4 |- — + —[13.758 13992
5 [- + — +[14.629 13.940 S
6 |- + — —[14.059 13.989 + — —
7 |- + + +[13.800 13.896 +
8 (- + + —|13.707 13.623 Oscillating
9 |+ = = +[5.050 14.361 -|— —_ - 6
10 {+ — — —|/14.249 13.900 1220
11 |4+ — + +|13.327 13.457 High
12 |+ - + -{13.605 13.190 _I_ _I_ _I_
13 |+ + — +(14.274 13.904
14 |+ + — —|13.775 14.586
Es + + + +[)13.723 13.914
6 |+ + + —|[14.03) 14.467 | + + +
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Table 4.1 Design Matrix and Tt Tl
Experiment e
Run| A FBactgrD \_4 +
1 |- — — +]14.506 14.153
2 |— — — —[12.886 12.963
3 |- — + +[/13.926 14.052 - + kisl Layer
4 |- — + —]13.758 13.992 I
5 |- + — +[]14.629 13.940 -
6 |- + — —|14.059 13.989 + —
7 |- + + +[13.800 13.896 +
8 [— + + —[13.707 13623 Oscillating
9 [+ — — +]15.050 14.361 —I— S 6
10 {+ - — —|14.249 13.900 1220
11 |+ = + +]13.327 13.457 High
12 |+ - + -l|13.605 13.190 _I_ _I_
13 |+ + — +(14.274 13.904
14 [+ + — —1[13.775 14.586
05 [+ + + +[]13.723 13.914
16 |+ + + —|14.031 14.467 + +
| |
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. Why 2K? Why not 3%, 4K 5k gk 2
- Cost consideration
Objective: Screen out inactive factors
At an initial stage, a large number of factors involved.

- What input-output relationship can an s-level factor
represent?

Linear effect (s = 2), quadratic effect (s = 3)

- Identify factors =» Screen out inactive factors using a
2K factorial design = Response surface exploration

Which 1s more severe? (miss active factors or include
Inactive factors)
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Effect Hierarchy Principle: Lower-order effects are more
likely to be important than higher-order effects; effects of
the same order are equally likely to be important

An empirical principle whose validity has been confirmed in
many real experiments

Higher-order interactions are more difficult to interpret or
justify physically.

Effect Sparsity Principle: The number of relatively
Important effects in a factorial experiment is small.
Based on empirical evidence observed In many

Investigations, the variation exhibited In the data Is
primarily attributed to a few effects

Effect Heredity Principle: In order for an interaction to be
significant, at least one of its parent main effects should be
significant.
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Outline

Theory of
Factorial Design
 Multi-stratum factorial design e

O E

Ching-Shui Cheng
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—
~E[E

Treatments:

Experimental units: Q) O O OO

Design: an assignment from treatments to units
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- Experimental units are unstructured with 8B = {U, £}

O
O

Homogeneous

Design

Treatments (factorial structure) Experimental units
(unstructured, 1 stratum)
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Block Design --

341
oo EIE—FIXI:I

Experimental units have B8 = {U, B, £}

Design

Treatments (factorial structure)

Block 1

Block 2

Block 3

00000 =

Experimental units
(block design , 2 strata)
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Split-Plot Design @

Experimental units have B = {U, P, £}

Treatments (factorial structure)

Design

TS

QOO ot
OOOOQ) wietesia
OO0 QOO vt sia:
OO0 wioke i

Experimental units
(split-plot , 2 strata)
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Design

. Experimental units have 8 = {U, B, P, £} ;

|
|
|

hole plot 3

i' b
BIOCkZi OOOOO\%\/hoIepIOM

Treatments (factorial structure) Experimental units
(blocked split-plot, 3 strata)

48
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 McLeod and Brewster (2004) discussed an experiment for identifying key

L : /
| &
> W 7
QL
p s S <
Tt w /

Chrome plating is a technique of electroplating a thin layer of chromium onto a metal object.

« Six treatment factors (each of two levels): T
. O © 160 tons/yr * rinse
« A: chrome concentration oo "
masking O stripping soln] ~130 million gals

B: chrome to sulfate ratio
C: bath temperature

S: etching current density
T: plating current density
U: part geometry

Cr® sludge

_ Power + Crb* spills, leakage

« Two responses: Numbers of pits and cracks
49
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The experiment is to be run on 16 days, with four days in
each of four weeks. Therefore there are a total of 32 runs
with the block structure (4 weeks)/(4 days)/(2 runs), and
one has to choose 32 out of the 29=64 treatment
combinations.

Weeks, days, and runs can be considered as blocks, whole-
plots, and subplots, respectively.

The three factors A, B, and C must have constant levels on
the two experimental runs on the same day, and are called
whole-plot treatment factors. The other three factors S, T,
and U are not subject to this constraint and are called
subplot treatment factors.
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Strip-Plot Design

Experimental units have B = {U, R, C, £}

Treatments (factorial structure)

Design

Row 1~4

Column 1~5

g ———)
11 1y
11 1y
11 1y
11 I
11 I
11 I
e e ) =k
1l ] I
1 | |
1 i
i"l' n 'Jl'-I
1 ! L
1 ! L
—d S—=—_L!

T

Experimental units
(Strip-plot , 3 strata)

T
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Miller (1997) described a laundry experiment for
Investigating methods of reducing the wrinkling of clothes.

This results in 32 experimental runs that can be thought to
have the following 2/(4x4) block structure, where each cell
represents a cloth sample, rows represent sets of samples
that are washed together, and columns represent sets of
samples that are dried together.

Ten two-level treatment factors, six of which (A, B, C, D,
E, F) are configurations of washers and four (S, T, U, V)
are configurations of dryers. One has to choose 32 out of
the 210 = 1024 treatment combinations.
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The Annals of Stafistics Q . ,|\G E E % ’ﬁ $ -F yu ” 1ﬁI == * n

2018, Viol. 46, No. 4, 17791806
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i Institute of Mathematical Statistics, 2018

A BAYESIAN APPROACH TO THE SELECTION OF TWO-LEVEL

MULTI-STRATUM FACTORIAL DESIGNS

BY MING-CHUNG CHANG AND CHING-SHUI CHENG

Academia Sinica and University of California, Berkeley

In a multi-stratum factorial experiment, there are multiple error terms
(strata) with different variances that arise from complicated structures of the
experimental units. For unstructured experimental units, minimum aberration
is a popular criterion for choosing regular fractional factorial designs. One
difficulty in extending this criterion to multi-stratum factorial designs is that
the formulation of a word length pattern based on which minimum aberration
1s defined requires an order of desirability among the relevant words, but a
natural order is often lacking. Furthermore, a criterion based only on word
length patterns does not account for the different stratum variances. Mitchell,
Morris and Ylvisaker [Starist. Sinica § (1995) 559-573] proposed a frame-
work for Bayesian factorial designs. A Gaussian process is used as the prior
for the treatment effects, from which a prior distribution of the factorial ef-
fects is induced. This approach is applied to study optimal and efficient multi-
stratum factorial designs. Good surrogates for the Bayesian criteria that can
be related to word length and generalized word length patterns for regular and
nonregular designs, respectively, are derived. A tool is developed for elimi-
nating inferior designs and reducing the designs that need to be considered
without requiring any knowledge of stratum variances. Numerical examples
are used to illustrate the theory in several settings.
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Model

N experimental units with the block structure B = {Fy, F1,..., Fin }
Let Fo =U and F,,, =&

n two-level treatment factors, two levels: —1 and 1

Factorial effects: 85,5 C {1,....,n}; B = (By, By1y, - By1,.mt)t
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Model

N experimental units with the block structure B = {Fy, F1,..., Fin }
Let Fo =U and F,,, =&

n two-level treatment factors, two levels: —1 and 1

Factorial effects: 85,5 C {1,....,n}; B = (By, By1y, - By1,.mt)t

y=UB+3 " Xry
U is an N x2" full model matrix and y7¢ = (777, ... ,fyf;i )T ~ N(O, O'%_—iln}_i)
Xr: an N X nr incidence matrix with 0’s and 1’s such that the (i, 7)-th
entry is 1 if the ¢-th unit has level j of F

Homogeneous

OO0

Whole-plot 1

O Whole-plot 2
@

Whole-plot 3

OO0
OO0
O0O00O
OO0
OO0
:0—0-0

000
OO0
000
OO0

OO0
OO0

Whole-plot 4
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hole plot 2

\a\/hole plot 1
)

w

|

OO0 00 whote plor 3

Experimental units
(blocked split-plot, 3 strata)

15 Os
1,, 0,01[v? 0- 1
—UB + 1oyl + [F10 10] 1|, |9 1s
y=UF+120v" o,y 150)|y2] T |05 0
: 0. O

oi; o3

hole plot 4

05 Os
05 O
15 O
05 15
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Design Selection

Byi(d) = § Y gs=k |Pwx us||®  kEEBEREET, ELRIERE

N
Er = Z —crgz Fi=EstratumiyseE
GeB.G<F 'Y
m—1 1 1 m—1 1

=

i—0 \5Fm  SF i—0 \5Fu

Sequential minimization, from left to right

1

Z(— ——)Bl,f(d),..., Z(— S —

SFi

)Bn,xd))

O 0O0O0O
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[Theorem. A necessary and sufficient condition for a design d° to have minimunnl
aberration with respect to the wordlength pattern

o 1 e | 1
W(d) = (Z(&T - SE)Bl,i(d)y---a Z(g}_m oy )Bn,i(d))

i=0 m ' i=0

for all £ is that for each nonempty set & C B\ {F,,} that satisfy
Fe®,FeB and F<F = F €8, (**)
Id* has minimum aberration with respect to

(ZBH Y Build )

1]‘16@5 1F1€Q5
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We, = (B1,0,B2,0, .-, Bn,o)
We, = (B1o+ B11,B20+ B21, ..., Bpo + Bn.1)
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We, = (B1,0,B2,0, .-, Bn,o)
We, = (B1o+ B11,B20+ B21, ..., Bpo + Bn.1)

= (B1,0, B2,0, -+, Bno)

= (Bi1o+ Bi1,1,B20+B21,...,Bno+ Bp)

= (B1,0 + B1,2, B2 + B2, ..., Bno + Bn2)
=(Bio+Bi1+Bi12,B2og+ Bs1+ Ba2,.... Bho+ Bni + By 2)
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We, = (B1,0,B2,0, .-, Bn,o)
We, = (B1o+ B11,B20+ B21, ..., Bpo + Bn.1)

= (B1,0, B2,05 -+, Bnyo)

= (Bi1o+ Bi1,1,B20+B21,...,Bno+ Bp)
= (B1,0 + B1,2,Boo + B2, ..., By o + By 2)
= (Bro+ Bi1 + B2, B+ Ba i + Bao, ...

= (B1,0,B2,0, ---; Bno)
(310+B117B20+B21:--- B,o+ Bni)
= (Bio+Bi1+Bi2,B2o+ B21+ Bao, ..
= (

Bio+Bi11+ Bi13,Bao+ Ba1+ Bags, ...,
WQ55 =(Bio+Bia+Bi2+DB13,B20+ B+ Baa+ Bags, ..

Bn,2 + Bn,3)

Bn,O + Bn,l + Bn,2)

Bn,O + Bn,l + Bn,2)
Bn,O + Bn,l + Bn,B)
* Bn,O + B'n,l +
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Statistica Sinica 32 (2022), 251-269
doi:https: //doi.org/10.5705/55.202019.0416

A UNIFIED FRAMEWORK FOR MINIMUM ABERRATION
Ming-Chung Chang

National Central University

Abstract: Minimum aberration is a popular method of selecting fractional facto-
rial designs. Numerous extensions to the original methods have benefited fields
of experimental design such as multi-stratum designs, multi-group designs, and
multi-platform designs. However, most of these extensions are ad hoc, developed
on case-by-case bases without strong statistical justifications or a unified rationale.
As such, we provide a new perspective on minimum aberration using a Bayesian
approach. Our theory includes a unified framework for minimum aberration and
is easily applied to many situations. Furthermore, it enables experimenters to de-
rive their own aberration criteria. Several theoretical results and three numerical
illustrations are provided.

Key words and phrases: Bayesian, blocking, fractional factorial, mixed-level, multi-

group, multi-platform, multi-stratum, split-plot, strip-plot.
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Chang and Cheng (2018) + Chang (2022)

Factors
* Mixed-level
* Quantitative and qualitative
« Effect hierarchy
« Effect heredity

Treatments A

« Regular factorials

* Nonregular factorials

« Supersaturated designs

Experimental units

* Block design

« Split-plot

« Strip-plot

« Simple block structures

« Orthogonal block structures
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00000
00000
00000
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Summary
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EHEEEES, NTEEfRSSERMNEINESE  LRTHUSSENES .

A.$52E ( Chrome Concentration ) : EEEEERTHHERFHEE - BEEHERIER
ESHINETHNEEZIRESR - Bl EEEE S ERNEREE  BHoEER
EEEFHTH -

B. $5EWEE LI ( Chrome to Sulfate Ratio ) : SR EHEEHE ( 587 ) SME 7 BEIEH -
EENEETEBLAANRARERENETE  FEEEMHIULNEE -

C. BiE#BE (Bath Temperature ) : EEEEERMIEE - BECLIZEEEFENEE
HNEE Bl EEEREEEEAETHRNERERE  UESEESFANEIILIBEEESES
/9 -

S. 8% ZE T % E ( Etching Current Density ) : EEEEEER JEETHIMZEEDERE
NEREE - ZIBEREEEVMZE  LIREEEMERT - BENSZICILSREBENTF
Eﬁﬁ ! TIEIEJEE@ETW%?'] ?

T. EESREE ( Plating Current Density ) : BT EEEETEENEREE - BRET
%mﬁ%ﬁg}"?tﬂh%mﬁz ﬁEET%;JleJRTXE%j%%EmﬁEimﬂ\ﬁ ?

U. EH#aER (PartGeometry ) | EHFHIF I LG EHERERNEERNISIHEE
FE - EHNEMEHIEENEEEREEERLIST)E -

makE  CLEHER aﬁﬁ&ﬁqﬂfﬁﬁfﬂﬁ  FEERENES - HOHENNED - 5E
ﬂﬁ?]iﬁ%%%ﬁ? BRESHENEEUR  E6EETIHE - tENME LT EEES

‘> Regenerate
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