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vational Sc'che

Scientist gathers dat'! Qy direct observation

e Scientist analyzes data
= Analytical Science

«= Scientist builds analytical model
= Makes predictions.
= Computational Science
«= Simulate analytical model
«= Validate model and makes predictions
= Data Exploration Science
«= Data-driven science
Data captured by instruments
-or data generated by _s'j,mulatrb‘f_‘i:
= Processed by software - -
® Placed ina database / flles
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this makes science pOSSIb|e

Things are different,
this makes science necessary.
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. 'leeqhood Function
= Maximal Likelihood Principle
«=Point Estimate
«Hypothesis Testing
«=Inference

= The role of the data. .~ |
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= Learning from Data
= What can the data tell you?

= Show me your problems?
= Show me your data?
il e
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"= Partial Likelihood

= Empirical Likelihood
= Pseudo Likelihood
= Quasi Likelihood
= Penalized Likelihood
= Posterior Likelihood




. '1990—1950+
= 1950—1980+
= 1980—present

 * 20102050

Agriculture
Industry (Manufacturing)
Service Industry
Informatics

What's Next?

Complete Randomized Block Design
= Greco-Latin Square
= Youden Square
= Balanced Incomplete Block Design

- = Split-Plot Design

Nested»De&gns.-a-—""

o~ - =T

-Column Design
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~ Designing Industrial Experiments

Designing Agricultural Experiments
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"~ - ZITin{1991)

Is very different from

4--2"'"

-J _g?.?,ponse_Surf;{;gL Desig|
"= Central Composite Design
«= Box-Behenken Design
Robust Design
Fractional Factorial Design
Orthogonal Arrays
Supersaturated Design
Design‘*fiQ_r-Six-S_igmﬂa.ﬁ-j "
ulti-Stage Design~

* Designing Computer Experiments
Is very different from
Designing Industrial Experiments

- Lin(1998) -



Al - @Theoretical =Practical

«Pure Knowledge «Applied to problems
= Agricultu = BIBD/Split/Treatment ... «Orderly «Disorderly
= |ndustry = RSM, Factorials, OA «=Pristine «=Contaminated
(Manufacturing X Robust Design, ... «Controlled «2Chaotic
= Service BO - Design for Six Sigma «=General = Specific
Industry o «=Covering Laws oaApproximations_

«Predictions . «=Conjectures
 wCertain - C n
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hat's Next? 5

Latin Square Greco-Latin Square
A B C D 1 2 3 4
o ﬂ 'lll.r ,5, C D A B 4 3 2 1
D C B A 2 1 4 3
¥ o o & B |A |D |cC 3 4 1 |2
0 i p a 1A [2B [3c¢ [4D
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2D | 1C 4B 3A
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A 4x4 Greco-Latin Square
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| Missing observations in Youden square designs |

COMPUTATIONAL
STATISTICS
& DATA ANALYSIS

| ELSEVIER Computational Stafistics & Duts Arslysic 40 (2002) 320338
worw elsevier.com/locats cada

Ralph Mansson, Philip Prescott®
Dep af Mathemarics, Usiversity of nptam, Highfield, wprom, SOIT 185, UK

Feceived 1 June 2000; received in revised form 1 November 2001; accepted 1 Movember 2001

Missing Value(s) Problems in
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BIBD with
The number of block
is equal to

\ **~'Fhe numberﬁftrea 2N
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Latin Square

Latin Square & Youden Square i

Sudoku
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Sudoku
9 1 5
5] [9] [2] [1
8 4
8
7
2|6 9
2 3 6
2 9
119 1457

Computer Experiment

What is Computer Simulation?
What for?
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Sudoku Design

| (Fractional Latin/Youden Square
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You Could
Simulate y
Simulate f

. Simulate x
L W ) - s R
CSimulate 6

. Simulate ¢ -




e y=H(x0)+¢
You could also

Simulate y |x, x |y, ...
Simulate 9]x, ...
Simulate {uy, uy,..., Uy}

. Take them all, |
- Oruse reject-accept strategy;

Statistics vs. Engineering &
AN Models '
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All simulations look alike

Did you use the
:Q()\rrect simulation???

=

Statistical Model, f
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A Typlcal Engineering MOdeI f (page 1 of 3, in Liao and Wang, 1995)
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“Statistical” Simulation Research

= Random Number Generators
«=Deng and Lin (1997, 2001, 2007)

= Robustness of transformation
(Sensitivity Analysis)
«From Uniform random numbers to other
distributions

“Engineering”
Computer Experiments

Mostly deterministic
Many input variables

~ Time consumin
~ Grid Search is not a&blei

Complicate m'%{i‘f; odel, with relatively
simple error structure

«=zPolynomial model for mean model
«e~N(0,52) for error

= Simple mean model, with relatively
complicated error structure

«Gaussian Process Model
= Intercept model for mean
" Ma{@mcovqriaggg_ for error




Verification Validation
m (Approximate
Computer Model: ANN)
Mother Simurative =imE i)
Nature gel Computer
t\)\/ Mode Model
Physical (Expensive) (Inexpensive)
Experiments
Inference

.'Unlform Desi ]
= Fang and Wang (1982)
= Fang, Lin, Winker & Yang
(Technometrics, 1999)
= Fang and Lin
(Handbook of Statistics, Vol 22, 2003)
«=Latin Hypercube Design
= McKay, Beckman & Conover (1979)
b «=0Orthogonal Latin Hypercube
¥t = Beattie and Lin (1997) 4
] Stelnberg and L|n (2006 B|o etri

Irrelevant Issues

= Replicates
= Blocking
= Randomization

Question: How can a computer experiment
be run in an efficient manner?
Lin (1997)

A uniform design provides uniformly
scatter design points in the
experimental domain.

o g s

| http/www.math.hkbu.edu. hk/UwéﬁDesign PN




How to estimate & ?

= Randomly (uniformly) drop n points into the
square, suppose that there are a points fell
in the circle. Then...

2r

N 3

Now, suppose | do know 7 (=3.74159...),
how could | know how uniform are these points?

L,-star Discrepancy

V)
~Vol([0,x)) dx}

|PAL0.x)]
n

D,(¢)-| [

where

* [0,x) =[0, x,)x[0, x,) x---x[0,X,) ;
+| PN [0,x)]|: the number of points of P falling in [0,x);

. dp([o,x)):w_vm([o,x)) is called the

discrepancy of P over the rectangular [0,x);

D,(P) is called the L, -star discrepancy of the set P.

Uniform Design: Summary

Uniformity

Model Robustness

Flexibility in experimental runs
Flexibility in the number of levels

References
= Fang and Lin (2003)
Handbook of Statistics, Statistics in Industry (Vol.22).
= Fang, Lin, Winker and Zhang
(Technometrics, 2000)
= Website
www.math.hkbu.edu.hk/UniformDesign

What is a Latin Hypercube?
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Bayesian Designs

Maximin Distance Designs, Johnson, Moore,and
Ylvisaker (1990)

Maximizes the Minimum Interpoint Distance (MID)

Moves design points as far apart as possible in
design space MID = min d(x,X,)

X, Xo€eD

D* is a Maximin Distance Design if

MID = min d(xl,xz)zmgx min_d (X, x,)

Xy, Xp€D* X, Xp€D

Rotation by arctan(1/4) radians

® Rotation Theorem

» Orthogonality Theorem

Rotated Factorial Designs

Beattie and Lin (1997)

Theorem 1

Rotation Theorem For nontrivial rotations

between 0 and 45 degrees, a rotated standarcp®
factorial design will produce equally-spaced

projections to each dimension if and only if the
rotation angle istan*(1/ k) where k e{L...., p}.
These equally-spaced projections will be unique
if and only if the rotation angle is tan"*(1/ p).




Theorem 2 I

Orthogonality Theorem Any rotated standard
factorial design, regardless of the rotation angle,
has uncorrelated regression effect estimates (that
is, orthogonal design matrix columns).

Orthogonal Latin Hypercube Designs

D=X.V
;

desirable factorial design rotated matrix
design o1 2
,2,1 [Uz “ded
: .1
12
2 2
.p .2
10
2 p Beattie & Lin (1998):
:p: Rotating Full Factorials
L 1 p2d

D=X-V
/ T

desirable Two-level rotated matrix
design fractional
factorial design S,

S,

Bursztyn & Steinberg (2002):

Rotating in Groups

Now,
Put these two ideas together!

= Grouping all design columns into groups,
= each forms a full factorial design,
= then rotate each group .in'ﬁl'og).




LHD’s as Rotated Factorial Designs

Steinberg and Lin:

R 0 0

DR=[D,|--|D,J 0 . 0| Sorors
0 0 R

- [DlR | a0 | DtR] Lin & Beattie

The resulting design is an orthogonal Latin hypercube.

Grouping Example (16 runs)

= Full (24=16) Factorial Design

«=Basic factors: a, b, ¢, d
= Fractional Factorial

«=Basic Factors: a, b, c, d

«=Generators:

ab, ac, ad, bc, bd, cd, abc, abd, acd, bcd, abcd

= Grouping into three: each form a full factorial

«=(a,b,c,d),

«=(ab,ac,ad,abcd), and

«=(abc, abd, acd, bcd)

Steinberg & Lin (2006, Biometrika)

Table 1: Example 1. An orthogonal Latin hypercube design for 12 input
factors in 16 runs. The numbers in the table should be divided by 15 to
scale the design to the unit hypercube

1 2 3 < 5 6 7 8 9 10 11 12
—15 5 9 -3 T 11 -11 7 -9 3 -—15 3
13 1 1 13 -7 =11 11 -7 1 =13 -13 1
—11 7 -7 =11 13 -1 -1 =13 9 -3 15 -5
-9 3 =15 5 |—13 1 1 1 1 1 1 —]
-7 -1 11 -7 11 -7 7 11 5 15 - -9
-5 =15 3 9 1—-11 7 -7 -1 1 -1 -1 -13
-3 -9 -5 —15 1 | 1 —1 -5 -1 3 9
-1 1 —13 1 1 =13 -1 1 13 1 1 13
1 13 13 1 7 3 15 5 11 T 7 11

3 9 3 15 9 -3 15 —5 3 9 3 15
5 15 -3 -9 -3 -9 -5 -15 |-11 7 -7 -1

7 I -1 7 3 9 5 15 —3 =9 =5 =15

9 -3 15 -5 -5 —15 3 9 -7 -1l 11 -7
11 -7 7 11 5 15 -3 -9 | -15 5 9 -3
13 -1 -1 =13 |—15 5 9 -3 7 1 -1l T
15 5 9 3 15 -5 9 3 15 9 3

Steinberg and Lin (2006, Biometrika)

Biometrika (3006), 93,2, pp. 279288
& 2006 Biametrika Trust
Printed in Great Britain

A construction method for orthogonal Latin hypercube designs

By DAVID M. STEINBERG

Department of Statistics and Operations Research, Tel-Aviv University,
Tel-Aviv 69978, Israel

dmsipost.tanacil

anp DENNIS K. 1 LIN

D partment of Supply Chain & Information Systems, The Penns yvlovania State University,
University Park, Pennsylvania 16802, U5 A.
dkl5 @psuedn




Pang, Liu and Lin (Statistica Sinica, 2009)

Gtatistien Blnlea 10 (2009), 17211728

A CONSTRUCTION METHOD FOR ORTHOGONAL LATIN
HYPERCUBE DESIGNS WITH PRIME POWER LEVELS

Fang Pang!, Min-Qian Liu' and Dennis K. J. Lin?

1 Wankai University and 2 The Fennsylvania State University

Abstrack: Latin hypercube design (LHD) is popularly used in deslgning computer
experiments, ‘This paper explores how Lo construct LHDs with 5 (d = ') runs
and up to (p° — 1)/{p— 1) factoss i which all main effects ure octhogonal. This is
accomplished by mtating groups of factors In o p'-run regulsr sstursted fuctorlal
destgn. Thes rotated factorial designs nre ey to construct and preserve many
attractive properties of standard fnctorial designs, “The proposed method covers
the one by Steinberg and Lin (2006) a5 a special case and is able to generats more
Iy ] LHD with v jes, Theoretical as well a3 the
construrtion algorithm are discussed, with an example for illustration.

Key words and phrases: Computer experiment, factortal design, galots field, rota-
tiom,

Ye (1998, JASA)

Table 1. A & x 2 Orthagonal Latin Hypercube

1 -2
2 1
0 0
_2 _‘

Table 2. A 9 % 4 Orthogonal Latin Hypercube

1 -2 4 3
2 1 3 —4
a —4 -2 —
4 3 —1 2
Q [} 0 0
—4 -3 1 -2
-3 4 2 1
-2 -1 -3 4
a

—1 2 —4 —

 desirable

{_p-leve = rotated matrix
design

fractional
factorial design

S,

S,

(a) All main effects are orthogonal,
and

(b) All main effects are orthogonal to

:au\quad rW- factor

interactions: -
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Friomerriks (2009), 96,4, pp. 971-974
5 2000 Biomeirika Trust
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Miscellanea

Construction of orthogonal Latin hypercube designs

By FASHENG SUN, MIN-QIAN LIU

The Key Laboratory of Pure Mathematics and Combinatorics, School of Mathematical
Sciences, Nankai University, Tianjin 300071, China
sfxsfx200 @mail nankai.edu.cn  mglivd@nankai eduen

AND DENNIS K. J, LIN

Depariment of Statistics, The Pennsylvania State University, University Park, Pennsylvania
16802, U.S.A.
dilsi@psu.edu

Second-Order Orthogonality
Sun, Liu & Lin (2009, Biometrika)

THEOREM 1} (i) The T, in (2) consists of rows and columns of permutations of the 2° elements

1,....2% up to sign changes.

(i1) The L, in (3)y is a Larin hypercube design L{ 20+l 4] 99 with properties (a) and (b).

(a) each column is orthogonal to the others in the design;
(b) the elementwise square of each column and the elementwise product of every two columns

are orthogonal to all columns in the design.

THEOREM 3|, If L(n, k) = (li;) is a centered Latin hypercube design with properties (a) and

(b), then k < |n/2|, where | x| is the integer part of .

Orthogonal Latin Hypercube
(n=2°¢+1 or 2°)

Sun, Liu and Lin (2009, Biometrika)

Design Ye C&L S&L PLL SLL
(1998) (2007) (2006) (2009) (2009)
JASA Technometrics  Biometrika Sinica Biometrika

No. of 2(c-1) c(c-1)/2+1 c[(n-1)/c] c[(n-1)/c/(g-1)] 2¢1

Factor

c=4 6 7 12 12 8

c=8 14 29 - - 256

c large

Main Yes Yes Yes Yes Yes

Orthog

Second- Yes yes No No Yes

Order

Othog

12 11
LetM = . S =
= ! 2 1 ! 1 -1
M._ Mq. 1 +2 1)
@ Let M, — 1 1+ e
MC*l + 2c_1J25—1 MC*].
[ SC,1 75:71
Se-1 524
1 2]3 4 1 1] 1 1
2 1|4 3 1 -1]-1 1
M, — S, —
3 4|1 2 1 1]-1 -1
4 3|2 1 1 1] 1 -1




Sun, Liu and Lin (2009, Biometrika)
@ Let T. = M. & Sc. e, (Te)j = (Me)y - (Se)i-

1 2 3 4
2 -1 -4 3
To=M = S =
PTRERT gy 1 2
4 -3 2 -1
Tc
Q L= | 0) | isan OLHD with n = 2¢t1 1+ 1 runs and m = 2¢
-T.
factors.
T2
Lyy=1 0} is an OLHD with n = 9 runs and m = 4 factors.
-

n x k matrix L{n. k): n runs, k factors, each factor includes n
uniformly spaced levels.

1 2 3
2 -1 —4

3 4 -1 -2

T2 4 -3 2 1

Le=10 | fogy=| o o o o

—T2 -1 -2 -3 —4

2 1 4 -3

3 -4 1 2

—4 3 2 1

1
My — S — _1
1
1 2 3 4 T
2 1 —4 / 0’
To=M (S = 2= 4
S 3 4 -1 -2
4 -3 2 1 — T2

i I

‘ nBe'ona | ©
Orthogonal Latin Hypercube

Near-Orthogonal Latin Hypercube

&
Orthogonal near-Latin Hypercube
s o

T - P

(Nguyen, Steinberg a




8 factors in 17 runs
—Nguyen and Lin (2010)

" Looking Ahead:

Design and Analysis
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Good for “description,”
But
Not necessary good for a solid proof!

There are many types o
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1987 | , Vining

Eisenhart | | 1988 Godfrey 2001 | Myers
1976 | Smith 1989 | Marquardt 2002 | Meeker

1977 | Hunter 1990 | Golomski 2003 | Hahn
1978 | Mandel 1991 | Lawton 2004 | Woodall
1979 | Freund 1992 | Cornell 2005 | Bisgaard
1980 | Nelson 1993 | Hare 2006 | Cornell

| 1981 Smith 1994 | Hoerl 2007 | Nair
rson-Cook | i

| [1982 | Nicholson | 1995 | MacGregor | 2008
Hunter | |1996 [tucus '
84 | Joiner 1997
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Gender

Chart of Gender

404

30

20

Count

104

T T
Female Male
Gender




Affiliations

Chart of Type of Job

20

154

Count
=
o

—

T T T
Academic Government Industry
Type of Job

T
Private

What is this?

The Lengths of Last Names

12+

10

Length of Last Name

1970 1980 1990 2000 2010
Year

"= Youden Square is not a Square
ait’s in fact a rectangle!
= George Box is not a box
«AND he did not invent Box plot!
= Latin Hypercube is not a Latin
' oaAIthngh |t is mdeed a hypercube'

tis

| COPPS Award (40-)

&

- -

- =PhDin ChemZ{ry 2
~ An Excellent Chemist!

= First (formal) Statistical Course, through
Hotelling (Columbia University) in 1932.

= Youden Square, termed by Fisher, in 1938.
= Youden Diagram in 1959.
= Youden will never be abel to receive

¥
pent his life Tnprovmg th ; way




: \
- = All Modes are wrong,
some are useful.

= Statistician, like artist,
has the bad habit of
easily falling in love with his model.

=

STILL
QUESTION?

Remember Today (Lin)

1997—Rotated Full Factorials (to form a new class
of Latin Hypercube)

Orthogonal Latin Hypercube

Second-Order Orthogonal Latin Hypercube

= Steinberger and Lin (Biometrika, 2006)

«=Pang, Liu and Lin (Statistica Sinica, 2009)

= Sun, Liu and Lin (Biometrika, 2009)

Nearly Orthogonal Latin Hypercube (for flexible run
sizes)
= New design (data collection) concept is needed for
the informatic/computational age.

".'.-*i _qr)nis Lin

= +1814863-7114 (lax)

* University Distinguished Professor
317 Thomas Building
Department of Statistics
Penn State University

" +1 814 865-0377 (phone)

DKL5@psu.edu™






