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Preface

Factorial design has always played a prominent role in the theory and prac-
tice of experimental design. It allows efficient and economic experimentation
with multiple input variables and has been successfully used in a wide range
of applications. Much research has been done and texts have been written
on factorial design in the 70 years since its inception. For economic reasons,
fractional factorials have been extremely popular, especially when the number
of factors is large and the runs are expensive. The first and perhaps the most
important issue faced by experimenters is the choice of a fractional factorial
design. Given the long history of factorial design, an “optimality” theory for
design selection should have emerged long ago. Surprisingly, the first serious
attempt in this direction was made only in the early sixties with the notion of
resolution. It became apparent later that this notion was not discriminating
as a criterion for design selection. Equally surprisingly, it took almost another
20 years to see the birth of the minimum aberration (MA) criterion, which
has since become the major criterion for selecting fractional factorial designs.
Once the importance of the MA criterion was recognized in the late eighties,
research on the theory and algorithms for finding MA and related designs
has grown rapidly in the last 15 years. Besides building and improving upon
existing techniques in projective geometry and coding theory, such research
has led to the development of novel techniques like complementary designs
and efficient search algorithms. Factorial designs with increasing complexity
in the underlying structure (e.g., mixed-levels, blocking, split-plots, and ro-
bust parameter design) have also received considerable attention. A detailed
description of this history and an account of the nature and contents of the
book appear in Chapter 1.

In 2000, the present authors felt that the time was ripe to start planning
and writing a modern book on factorial designs with the MA perspective. Such
a book should contain the major theoretical tools and results, and tables of
optimal or efficient designs available in the literature. It took several visits by
RM to CFJW at the Department of Statistics, University of Michigan, and
later at the School of Industrial and Systems Engineering, Georgia Institute
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of Technology, to complete the project. The hospitality and support of both
institutions are gratefully acknowledged.

All the mathematical and theoretical prerequisites are given in Chapter 2
of the book. For mathematically oriented readers, little additional background
is required to read and follow the logic and derivations in the book, since each
new concept is accompanied with a brief statistical explanation, justification,
or reference. For statistically oriented readers, background in basic design
and analysis of experiments will help in understanding and appreciating the
significance and impact of the concepts and results in the book. The book
can be used as a text for a graduate course in design theory in statistics or
mathematics programs and also as a reference text for a graduate course in
combinatorial mathematics. We hope that it will be a useful reference for
design researchers in general. The extensive collection of design tables should
endear it to practitioners and others interested in the use of factorial designs.

During the course of writing this book, we have received comments and
assistance from colleagues, and former and current students, including Aloke
Dey, Tirthankar Dasgupta, Xingwei Deng, Greg Dyson, Ying Hung, Abhyuday
Mandal, Zhiguang Qian, Xianggui Qu, and Hongquan Xu. We sincerely thank
all of them. The writing of the book was supported in part by NSF grant
DMS-0072489. RM also received support for this project from the Centre
for Management and Development Studies, Indian Institute of Management
Calcutta.

Rahul Mukerjee C.F. Jeff Wu
Calcutta Atlanta
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1

Introduction and Overview

1.1 Prologue

Design of experiments has played a fundamental role in the statistical cur-
riculum, practice, and research ever since R.A. Fisher founded the modern
discipline. It has been successfully applied in many fields of scientific investi-
gation. These include agriculture, medicine, and behavioral research as well as
chemical, manufacturing, and high-tech industries. Concepts like randomiza-
tion, effect confounding, and aliasing, which originated in design and analy-
sis of experiments, have found applications beyond their initial motivation.
Work on the mathematical aspects of design theory, such as block designs
and orthogonal arrays, has also stimulated new research in some branches of
mathematics such as algebra, combinatorics, and coding theory.

Experimental problems can be classified into five broad categories accord-
ing to their objectives (Wu and Hamada, 2000): (i) treatment comparison, (ii)
variable screening, (iii) response surface exploration, (iv) system optimization,
and (v) system robustness. Except for treatment comparison with one- or two-
way layouts, these problems involve the study of the effects of multiple input
variables on the experimental outcome, i.e., the response. These input vari-
ables are called factors and the experiments are called factorial experiments.
Each factor must have two or more settings so that the effect of change in
factor setting on the response can be explored. These settings are called lev-
els of the factor. Any combination of levels of factors is known as a treatment
combination. A treatment combination is also called a run in industrial exper-
imentation. Factorial design concerns the selection and arrangement of treat-
ment combinations in a factorial experiment. It is the most important class of
designs because of its richness in structure, theory, and applications. Applied
design texts typically devote a substantial part of their contents to factorial
designs. Indeed, any investigation involving multiple factors can benefit from
using the concept, theory, and methodology of factorial designs.

A full factorial design involves all possible treatment combinations. The
number of such combinations grows rapidly as the number of factors increases.
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For a factorial experiment with factors at two levels, this number increases
from 64 to 512 as the number of factors grows from 6 to 9. When each factor
has three levels, this number increases from 27 to 729 as the number of factors
grows from 3 to 6. For obvious economic reasons, a full factorial experiment
of large size may not be feasible. A practical solution is to choose a fraction of
the full factorial for experimentation. Choice of such fractions in an economic
and efficient way is the subject of fractional factorial designs.

We illustrate fractional factorial designs via a simple example. Consider
the 16 x 15 array, called a design matrix, in Table 1.1. The rows correspond
to treatment combinations (or runs) and the columns are used for assigning
factors. Each factor has two levels, denoted by 0 and 1 in the table. Columns
1 to 4 consist of all the 16 possible treatment combinations for four factors.
Columns 5 to 15 are formed by taking the sum modulo 2 of any two to four
columns out of the first four. For example, column 5 is obtained as the sum
modulo 2 of columns 1 and 2 and can be interpreted as representing the
interaction between the two factors assigned to columns 1 and 2. Suppose the
run size is fixed at 16. We can use the first four columns to form a 2 x2x2x 2
full factorial (abbreviated as a 2* factorial) to study four factors. With five
factors, the first four columns can be retained and an additional column out of
the remaining 11 (i.e., those numbered 5 to 15 in the table) can be chosen for
the fifth factor. Given a design objective, this would be an easy search, since
it involves only 11 different choices. The resulting design is a half-fraction of
the 2° factorial. As the number of factors increases, the size of search becomes
more formidable. For nine factors and 16 runs, we will need to find a 1/2°
fraction of the 2° factorial, i.e., a 2°7° design. In addition to choosing the

Table 1.1 A 16-run design matrix

Column
Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 o o0 o0 o o O o o0 o 0 0 0 0 0 0
2 0 0 0 1 0 0 1 0 1 1 0 1 1 1 1
3 0 O 1 0 O 1 0 1 0 1 1 0 1 1 1
4 0 0 1 1 0 1 1 1 1 0 1 1 0 0 0
5 0 1 0 0 1 0 0 1 1 0 1 1 0 1 1
6 0 1 0 1 1 0 1 1 0 1 1 0 1 0 0
7 0 1 1 0 1 1 0 O 1 1 0 1 1 0 0
8 0 1 1 1 1 1 1 0 0 0 0 0 0 1 1
9 1 0 0 O 1 1 1 0 O 0 1 1 1 0 1
10 1 0 0 1 1 1 0 0 1 1 1 0 0 1 0
11 1 0 1 0 1 0 1 1 0 1 0 1 0 1 0
12 1 0 1 1 1 0 0 1 1 0 0 0 1 0 1
13 1 1 0 0 0 1 1 1 1 0 0 0 1 1 0
14 1 1 0 1 0 1 0 1 0 1 0 1 0 0 1
15 1 1 1 0 0 0 1 0 1 1 1 0 0 0 1
16 1 1 1 1 0 0o 0 O 0 0 1 1 1 1 0
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first four columns, we then have to choose five more out of the remaining 11
columns, which involves 462 choices. For larger problems, this number can
grow astronomically. The same reasoning as before shows that for studying
13 two-level factors with 32 (= 2°) runs, the search involves (3577) = (%) ~
1.56 x 10° choices and the number grows from the millions to 1.65 billion
(= ($378) = (%)) for studying 14 factors with 64 (= 2°) runs. By symmetry
arguments and other techniques, the size of search as represented by these
numbers can be reduced. But it conveys the message that sheer brute-force
search for economic and efficient designs is not feasible and a theory is called

for.

1.2 Why This Book?

Before addressing the issue of “optimal” selection of fractions, we must settle
on the choice of an optimality criterion. The first major criterion is that of
mazimum resolution proposed by Box and Hunter (1961a,b). A fractional
factorial design with a higher resolution is considered to be more desirable
(definitions of technical terms are deferred to subsequent chapters). It was
later recognized that this criterion is not discriminating in the sense that
fractions with the same resolution can have very different properties as judged
by further considerations. After a span of nearly 20 years, Fries and Hunter
(1980) proposed a more discriminating criterion, called minimum aberration
(MA), for selecting optimal fractions. Apparently, this seminal work had its
roots in a table on two-level fractional factorial designs given by Box, Hunter,
and Hunter (1978, p.410). Even though their book did not mention the MA
criterion, all the designs in the said table do enjoy the MA property. The classic
work at the National Bureau of Standards (1957, 1959) also contained some
hints on the MA criterion but did not come close to defining it or capturing
its essence.

With the exception of the work by Franklin (1984, 1985), the Fries-Hunter
paper and the MA criterion went unnoticed for another decade. In the early
nineties, one of the present authors and his collaborators recognized the cen-
tral role of this criterion in selecting optimal fractional factorial designs and
the need to develop a theory and computational algorithms to characterize
and search for MA designs. Once the initial papers were published, this new
approach to factorial designs received immediate attention in the design com-
munity. The last fifteen years have witnessed a copious growth in the literature
on MA designs, their extension to more complex situations, and related criteria
like estimation capacity. This research has made a significant impact on text-
books and software. The applied design text by Wu and Hamada (2000) was
the first one to use the MA criterion extensively in selecting optimal fractions
and their tabulation. The second edition of the classic by Box, Hunter, and
Hunter (2005) also made reference to the MA criterion and designs. Statisti-



4 1 Introduction and Overview

cal packages such as SAS/QC, JMP, and Design-Ease now have the option of
using this criterion in selecting optimal fractions.

This book aims at providing a comprehensive account of the modern the-
ory of factorial designs with the MA approach at its core. In order to equip
the reader with the necessary background, we also develop some foundational
concepts and results. In addition, for practical use, extensive tables of MA
and related designs are given throughout the book. The combination of foun-
dational work, recent research results with the MA perspective, and design
tabulation forms the bulk of the book. Among books on factorial designs and
related topics outside the MA paradigm, we refer to Raktoe, Hedayat, and
Federer (1981), Dey (1985), John and Williams (1995), Dey and Mukerjee (1999),
and Hedayat, Sloane, and Stufken (1999).

1.3 What Is in the Book?

An outline of the book is given in this section. After the introductory chap-
ter, the mathematical foundation of factorial designs is developed at length in
Chapter 2. It begins with an introduction to factorial effects following the clas-
sic work of Bose (1947) and then moves on to define fractional factorial designs
via regular fractions. Optimality criteria based on resolution and aberration
are presented and justified by the effect hierarchy principle. Connection of
fractional factorial designs with orthogonal arrays, finite projective geometry,
and algebraic codes, and the relevant mathematical properties of the latter,
are discussed in the last three sections. The contents of this chapter provide
the mathematical prerequisite for the modern theory in the subsequent chap-
ters. Moreover, they constitute useful background material for other aspects
of experimental design such as incomplete block designs, Latin squares, and
response surface designs. Indeed, this chapter alone should be of value to those
interested in the general area of combinatorial design.

Chapters 3 to 5 form the next unit. Chapter 3 deals with MA designs in
the two-level case and presents the major tools and theoretical results. The
related concepts of clear effects and MaxC2 criterion are also discussed. A
comprehensive treatment of MA 2"~* designs with k < 4 is given. For larger
k (i.e., highly fractionated experiments), a direct attack on the problem be-
comes unmanageable. A novel idea then is to relate the properties of a design
to those of its complementary design through some combinatorial identities.
This approach is particularly useful when the number of factors in the comple-
mentary design is smaller than that in the original design. The development
and applications of this powerful tool are discussed in detail. It will reappear
in the subsequent chapters in increasing complexity. A comprehensive collec-
tion of design tables with 16, 32, 64, and 128 runs is given and their practical
use is discussed. These tables include not only MA designs but also others
that are highly efficient according to the MA or MaxC2 criterion. The design
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tables can be viewed as the “more applied” part of the book. They also form
a data base for possible use by design researchers.

Chapter 4 extends the above work to s-level factorials, s being a prime
or prime power. It first discusses the case of three-level designs and points
out the extra complication in the mathematical treatment and interpretation
of factorial effects while passing from two to three or higher levels. Barring
this complication, the contents and flow of this chapter are similar to those of
Chapter 3. By employing coding-theoretic tools, a major theorem is developed
relating MA designs to their complementary designs. This theorem is one of
the deepest and most significant among the recent work in design theory.
Three-level design tables with 27 and 81 runs are given and their practical
use is discussed. These tables, like those in Chapter 3, include MA designs
and other efficient ones.

As the MA criterion became popular, an attempt was made to provide fur-
ther statistical justification for it via an alternative criterion that relates more
directly to the estimability property under various model assumptions. This
led to the idea of maximum estimation capacity, which is the focus of Chapter
5. Both two- and general s-level factorials are treated. The main technical tool
is again the use of complementary designs, now called complementary sets.

The designs considered in Chapters 3 to 5 concern symmetrical factorials,
i.e., all the factors have the same number of levels. There are, however, prac-
tical situations in which the intrinsic nature of the factors does not allow such
symmetry. For example, all factors may have two levels except for a quali-
tative factor like part supply with four suppliers. The focus of Chapter 6 is
on asymmetrical (or mixed-level) designs, i.e., those with factors at different
numbers of levels. The simplest and most common example is given by the
mixed two- and four-level designs, which are constructed by the method of
replacement. MA designs with one or two four-level factors and a general num-
ber of two-level factors are presented. Designs with s-level and s"-level factors
are then considered. Projective geometry is used for describing such designs
and their MA property is investigated using the technique of complementary
sets. Tables of MA designs are given.

The next three chapters can be viewed as forming the last unit of the book.
They deal with designs that involve two distinct types of factors. In contrast
to Chapter 6, where the distinction among factors is in terms of the number
of factor levels, the distinction here is of a more subtle nature. Additional
care is needed and tools have to be developed to address the new features of
asymmetry. Chapter 7 covers full and fractional factorial designs arranged in
blocks. These designs incorporate a block structure in addition to the factorial
structure for the treatment factors. An extension of the MA criterion is given
for full factorials arranged in blocks. The problem of blocking in fractional
factorial designs is, however, complicated by the existence of two structures:
one defining the fraction for the treatment factors and the other defining
the blocking scheme. Projective geometry is used to describe the necessary
mathematical formulation, and various optimality criteria, motivated by MA,
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are discussed. Tables of block designs with desirable properties are given for
16, 32, 64, and 128 runs in the two-level case, and 27 and 81 runs in the
three-level case.

Chapter 8 is on fractional factorial split-plot designs, where the whole
plot and subplot factors cannot be treated symmetrically because of different
error structures. This necessitates supplementing the original MA criterion by
another follow-up criterion. As in the previous chapters, projective geometry
and complementary sets are used as the main technical tools. This chapter
concludes with tables of optimal designs.

Robust parameter design is a statistical/engineering methodology for vari-
ation reduction that works by choosing appropriate settings of the control fac-
tors so as to make the system insensitive to hard-to-control noise variations.
Parameter design experiments are commonly used in quality improvement,
and Chapter 9 gives an account of their planning aspects. Two experimental
formats, cross arrays and single arrays, are considered. A fundamental result
on the estimability property of cross arrays is given. Here the lack of sym-
metry is due to the different roles played by the control and noise factors in
the choice of designs and modeling strategies. A new effect ordering principle
is developed to address such asymmetry, taking due cognizance of the exper-
imental priorities. This, in turn, leads to a substantial modification of the
MA criterion. The use of the modified criterion in selecting optimal designs is
discussed.

Since the focus of the book is on design of experiments, the modeling issues
are seldom addressed. For information on modeling, analysis, and applications,
we refer to applied design texts like Montgomery (2000), Wu and Hamada
(2000), and Box, Hunter, and Hunter (2005).

1.4 Beyond the Book

In this section, we briefly indicate some promising recent topics in factorial
designs that are not covered in the book. They are still undergoing rapid
development and hence have yet to crystalize.

All the fractional factorial designs considered in the book are called regu-
lar. A precise definition is given in Section 2.4; see also Section 2.7. To give
an idea of what a regular fraction entails, let us refer to the design matrix in
Table 1.1. It is easy to see that the sum modulo 2 of any two different columns
of this matrix can be found among the remaining columns. In this sense, any
fractional factorial design given by a selection of columns from this matrix
is regular. On the other hand, designs arising from the 12-run matrix given
in Table 1.2 (Plackett and Burman, 1946) are nonregular; observe that the
sum modulo 2 of any two of its columns cannot be found among the remain-
ing columns. Traditionally, regular fractions have been the primary focus of
research in factorial designs. They have a neat mathematical structure that
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Table 1.2 A 12-run Plackett—Burman design matrix

Column
Run 1 2 3 4 5 6 7 8 9 10 11
1 0 0 1 0 0 0 1 1 1 0 1
2 1 0 0 1 0 0 0 1 1 1 0
3 0 1 0 0 1 0 0 0 1 1 1
4 1 0 1 0 0 1 0 0 0 1 1
5 1 1 0 1 0 0 1 0 0 0 1
6 1 1 1 0 1 0 0 1 0 0 0
7 0 1 1 1 0 1 0 0 1 0 0
8 0 0 1 1 1 0 1 0 0 1 0
9 0 0 0 1 1 1 0 1 0 0 1
10 1 0 0 0 1 1 1 0 1 0 0
11 0 1 0 0 0 1 1 1 0 1 0
12 1 1 1 1 1 1 1 1 1 1 1

simplifies the derivation and facilitates the understanding of effect aliasing.
Moreover, they are the most commonly used designs in practice.

Over the years, nonregular designs had received some attention of re-
searchers mainly from the mathematical point of view. In the recent past,
however, there was a realization that they too could be utilized in conducting
efficient experiments with flexibility, run size economy, and ability to exploit
interactions (Hamada and Wu, 1992; Wu and Hamada, 2000, Chapters 7 and 8).
This led to a growth of interest in nonregular designs. The question of their
optimal selection was anatural research topic to follow the parallel work in the
regular case. Various extensions of the minimum aberration criterion to
nonregular designs were proposed. Some major ones are minimum Ga-
aberration (Deng and Tang, 1999; Tang and Deng, 1999), generalized minimum
aberration (Xu and Wu, 2001), and minimum moment aberration (Xu, 2003).
Although these criteria are mathematically equivalent to the MA criterion in
the regular case, some of them are potentially advantageous even for tackling
regular design problems with relatively complex structure such as blocking
(Xu, 2006). Through the use of indicator functions, Ye (2003) and Cheng
and Ye (2004) investigated nonregular designs from a different viewpoint.

Another promising area of research concerns supersaturated designs, where
the run size is not sufficient even for estimating all the main effects of the
factors. This can be a realistic scenario when the runs are expensive and the
problem is complex enough to suggest many factors for investigation. None
of the designs considered in the book is supersaturated. For example, the
design matrix in Table 1.1 can be used to study up to 15 two-level factors
with 16 runs. Suppose economic considerations limited the run size to 16 and
the investigators were insistent on including, say, as many as 19 factors in the
experiment. A supersaturated design in the form of a 16 x 19 array would then
be required. Various construction methods for supersaturated designs have
been proposed; see, e.g., Lin (1993, 1995), Wu (1993), Nguyen (1996), Yamada
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and Lin (1999), and Xu and Wu (2005). On the other hand, much less has been
done on their optimal choice from MA or related perspectives. Interestingly,
most of the optimality criteria for nonregular designs, as indicated in the last
paragraph, are potentially applicable to supersaturated designs.

A further research topic has its motivation in computer experiments. Tra-
ditionally, the great majority of experimentation is done by conducting phys-
ical experiments, which employ designs with factors typically at two to four
levels. As simulation and numerical experiments on a computer have become
technically and economically feasible, computer experiments are gradually as-
suming a significant role in engineering and science. Because the computer
models are usually very complex, it is often imperative to consider factors
with larger numbers of levels. The size of traditional designs can then become
impractically large and hence space-filling designs are used instead. Two ma-
jor classes of space-filling designs are Latin hypercube designs and uniform
designs. We refer to Santner, Williams, and Notz (2003) and Fang, Li, and
Sudjianto (2005) for details on design and modeling strategies for computer
experiments.



2

Fundamentals of Factorial Designs

The basic definitions and technical tools for factorial design theory are given in
this chapter. They include various mathematical definitions of factorial effects,
and tools like Galois fields, finite projective geometry, and coding theory.
These ideas and tools are used to define and discuss fundamental concepts such
as regular fractions, defining pencils, aliasing, resolution, minimum aberration,
and orthogonal arrays.

2.1 Factorial Effects

An experiment involving n (> 2) factors Fi,..., F, that appear at s1,..., 5,
(> 2) levels is called an s1 X --+ X s, factorial experiment (or an $; X -+ X
sn factorial for brevity). In particular, if sy = -+ = s, = s, it is called a

symmetrical s™ factorial; otherwise it is called an asymmetrical factorial. For
1 < i < n, the s; levels of the ith factor F; are denoted by s; symbols. Suppose
these levels are coded as 0,1, ..., s;—1. Then a typical treatment combination,
i.e., a combination of the levels of the n factors7 will be represented by an
ordered n-tuple ji...jn, where j; € {0,1,...,s; — 1},1 < i < n. Clearly,
altogether there are II7' ;s; treatment comblnatlons

For example, if there are three factors at two, three, and three levels re-
spectively, then n = 3, s1 = 2, so = 3, s3 = 3, and there are 18 treatment
combinations, namely,

000, 001, 002, 010, 011, 012, 020, 021, 022,

100, 101, 102, 110, 111, 112, 120, 121, 122. (2.1.1)

Let 7(j1...Jn) denote the treatment effect corresponding to a treatment
combination jj ... j,. These treatment effects are unknown parameters in the
context of a factorial experiment. A linear parametric function

s1—1 Sn—1

Z Z l .]n ]n)a (2.1.2)

J1=0 Jn=0
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where I(j; ... jn) are real numbers, not all zero, such that

s1—1 Sn—1

Z Zl(jl...jn)zo, (2.1.3)

Jj1=0 Jn=0

is called a treatment contrast. In factorial experiments, we are concerned with
special types of treatment contrasts, namely, those belonging to factorial ef-
fects.

To motivate the ideas, consider the simple case of a 22 factorial. Then
there are two factors F; and F5, each at two levels 0 and 1, and the four
treatment combinations are 00, 01, 10, and 11. The effect of changing the
factor F) from level 0 to level 1, with the factor Fy held fixed at level 0, is
clearly given by

L(Fy|F>, =0) = 7(10) — 7(00). (2.1.4)

Similarly, the effect of changing F; from level 0 to level 1, with F5 held fixed
at level 1, is given by

L(Fy|F, = 1) = 7(11) — 7(01). (2.1.5)

The main effect of F; is measured by the arithmetic mean of the two quantities
in (2.1.4) and (2.1.5), which is given by

1
L(F) = 5[{7(10) —7(00)} + {r(11) — 7(01)}]. (2.1.6)
Observe that L(Fy) is of the form (2.1.2), with
1 1
1(00) =1(01) = et 1(10) =1(11) = 3 (2.1.7)
Clearly 1(00), 1(01), {(10), and {(11) add up to zero, i.e., satisfy (2.1.3). Thus
L(F}) is a treatment contrast that measures the main effect of Fy. Interchang-

ing the roles of F} and F5, it is obvious that the main effect of the factor F;
is given by the treatment contrast

1
L(Fy) = 5[{7’(01) —7(00)} + {7(11) — 7(10) }]. (2.1.8)
Continuing with a 22 factorial, we next consider the interaction between Fj
and Fy. This is measured by the influence of the level where F5 is held fixed
on the effect of a level change of Fy. Thus the difference between L(Fy|Fy =

1) and L(Fy|F> = 0) measures this interaction. By (2.1.4) and (2.1.5), the
interaction F1Fy is then measured by

LIFF) = [{r(1) = m(0)} — {(10) ~ 7(00)}]

- %{T(”) = 7(01) = 7(10) + 7(00)}, (2.1.9)
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which is again a treatment contrast. The interaction FjF, could as well be
visualized in terms of the influence of the level where F} is held fixed on the
effect of a level change of F5. This is reflected in the fact that (2.1.9) remains
invariant when the roles of the two factors are interchanged.

The two main effects corresponding to the factors F; and Fy and the
interaction F} Fy are the factorial effects arising in a 22 factorial. Thus in a 22
factorial, we will be concerned with the treatment contrasts L(F}), L(F3), and
L(Fy Fy), which represent these three factorial effects respectively. Incidentally,
in most statistical applications, treatment contrasts are scaled appropriately,
which is why the multiplier 1/2 in (2.1.6), (2.1.8), or (2.1.9) will have no special
significance in the subsequent development. Indeed, even if this multiplier
1/2 is replaced by any other nonzero constant, one would still get treatment
contrasts proportional to L(Fy), L(F3), or L(F;F») respectively.

We now turn to the general case of an s; x --- X s, factorial and intro-
duce the following definition (Bose, 1947) for treatment contrasts belonging
to factorial effects.

Definition 2.1.1. A treatment contrast

s1—1 Sp—1

Doy (1 - n)

j1=0 Jn=0
belongs to the factorial effect F;, ...Fig(l <ip <o <ig<n;1<g< n) if

(i) 1(j1...Jn) depends only on iy, .- Ji,; .
(i) writing 1(j1 . . . jn) = 1(Ji, - - - Ji,) in view of (i) above, the sum of I(ji, ... ji,)
separately over each of the arguments ji,, ..., ji, is zero.

A factorial effect F}, ... F; , as defined above, will be called a main effect if
it involves exactly one factor (i.e., g = 1) and an interaction if it involves more
than one factor (i.e., g > 1). Clearly, there are n main effects and ( ) g-factor
interactions. Thus the total number of factorial effects in an s; X -+ X s,

factorial is
I i e e e
1 2 n) '

This is in agreement with our earlier enumeration of three factorial effects
— two main effects and a two-factor interaction (abbreviated as 2fi) — in a
22 factorial. The order of a factorial effect is the number of factors that it
involves. For example, a main effect is of order 1, a 2fi is of order 2, and so
on.

We now demonstrate how the ideas developed previously for a 22 factorial
are encapsulated in Definition 2.1.1. By taking ¢ = 1 and ¢; = 1 in this
definition, a treatment contrast belongs to the main effect of F; provided it

is of the form
s1—1 Sn—1

DY 1G0T ), (2.1.10)

J1=0 Jn=0
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where
s1—1

> () =0. (2.1.11)
j1=0
Note that (2.1.10) and (2.1.11) correspond to the requirements (i) and (ii)
respectively of Definition 2.1.1. Consider now the contrast L(F;) given in
(2.1.6) and observe that it can be expressed as

L(Fy) = — 5 {r(00) + 7(0)} + 5 {r(10) + 7(11)}.

Hence, in compatibility with Definition 2.1.1 (i), the coefficient of 7(j1j2) in
L(Fy) depends only on j;. In other words, L(F}) is of the form (2.1.10) with
1(0) = —1/2 and [(1) = 1/2. Obviously, 1(0) + (1) equals zero, as it should in
view of (2.1.11). Similarly, one can easily check that L(F2), given in (2.1.8),
is also in agreement with Definition 2.1.1.

Turning to the case of the 2fi F1 Fy, we take g = 2, i1 = 1, and io = 2 in
Definition 2.1.1. Then a treatment contrast belongs to Fj Fy provided it is of

the form
s1—1 Spn—1

Z Z 1(31]2)7—(]1]71)’ (2'1'12)
J1=0  jn=0
where
s1—1
> " 1(j1j2) = 0 for each jo(0 < ja < 53 — 1), (2.1.13)
Jj1=0
and
so—1
> 1(j1jz) = 0 for each ji (0 < ji < 51— 1). (2.1.14)
Jj2=0
As before, (2.1.12) is dictated by the requirement (i) of Definition 2.1.1,
whereas (2.1.13) and (2.1.14) are dictated by the requirement (ii). The con-
trast L(F} F) defined in (2.1.9) is of the form (2.1.12) with [(00) = I(11) = 1/2
and [(01) = [(10) = —1/2. They obviously satisfy (2.1.13) and (2.1.14). Hence
L(FyFy) is again in agreement with the concept of a treatment contrast be-
longing to interaction Fj F5 given in Definition 2.1.1.

2.2 Kronecker Product Formulation for Factorial Effects

Continuing with an s1 X - - - X s,, factorial, we now discuss some basic properties
of treatment contrasts belonging to factorial effects. An alternative formula-
tion for such contrasts, which is equivalent to Definition 2.1.1 but involves
Kronecker products of matrices, will be helpful in this context. This formu-
lation was introduced formally by Kurkjian and Zelen (1962, 1963). Some of
their ideas were inherent in Zelen (1958) and Shah (1958).
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The definition and a few elementary properties of the Kronecker product
of matrices are given here; more details are available in Rao (1973, Chapter 1).
If By = ((bg))) and By are matrices of orders p; X q; and ps X g2 respectively,
then the Kronecker product of By and Bs, denoted by By ® Ba, is a (p1p2) X
(¢1g2) matrix defined as

By @ By = ((0;'Bs))

in the partitioned form. Similarly, the Kronecker product of three matrices
Bi, By, and Bj is defined as

B1 ® By ® By = B ® (By ® B3) = (B1 ® By) @ Bs,

and so on. The following properties of Kronecker product will be useful in the
sequel:

(i) for any n matrices By, -+ , By,
(B1®--®B,) =B ®...9 B,

where the prime denotes transpose;
(ii) for any n matrices By, ..., By,

rank(B; ® - -+ ® By,) = II*; rank(B;);
(iii) for any 2n matrices By, ..., Bin, B21,. .., Ban,
(B11 ® - ® B1)(B21 @ - - ® Bay) = (B11B21) ® - - - @ (B1y, Bap),

provided the ordinary product By;Bs; is well-defined for every i (1 <i <

We are now in a position to proceed with the Kronecker product formula-
tion for treatment contrasts belonging to factorial effects in an s x- - - x s, fac-
torial. Some notation and preliminaries will help. First, we write v = II]_;s; to
denote the total number of treatment combinations. Without loss of general-
ity, assume that the v treatment combinations are arranged lexicographically.

For example, if n = 2, they are arranged as
00,01,...,052,10,11,...,152,...,510,511,...,5189,

where §; = s; — 1 and So = sy — 1. Another example of a lexicographic
arrangement with n = 3, s; = 2, so = s3 = 3 appears in (2.1.1). Let 7
be a column vector, of order v, with elements given by the treatment effects
T(j1 .- Jn) (0 < j; < s;— 1,1 <4 <n), which are lexicographically arranged.
Any treatment contrast can then be expressed as I’T, where [ is a nonnull v x 1
vector whose elements add up to zero.

For the Kronecker product formulation, it will be convenient to work with
an alternative notational system for factorial effects. Observe that a typical
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factorial effect Fj, ... F;, can be denoted by F(y), where y = y1...y, is a
binary n-tuple such that

_f1ifie (i, .. i),
vi= { 0 otherwise. (2.2.1)

This establishes a one-to-one correspondence between the set of the 2 — 1
factorial effects and the set {2 of the 2™ — 1 nonnull binary n-tuples. For
example, with n = 3, the main effect of F» can be denoted by F(010), the
interaction FyF5 by F'(101), and so on.

We will need some more notation. For 1 < i < n, let 1; be the s; x 1
vector with all elements unity, I; the identity matrix of order s;, and M; an
(si — 1) x s; matrix such that

Of course, these equations do not specify M; uniquely, but the present dis-
cussion does not depend on the specific choice of M; as long as it satisfies
the conditions in (2.2.2). For any y = y1 ...y, € §2, the set of nonnull binary
n-tuples, define

where, for 1 <i < n,
. 17 if 5,=0
Yi __ 7 T )

It is not hard to see that M (y) involves m(y) rows and v columns, where
m(y) = ILL, (si — 1)V (2.2.5)

We now present the main result of this section, giving a Kronecker product
formulation for treatment contrasts belonging to factorial effects.

Theorem 2.2.1. For any y = y1 ...y, € {2, a treatment contrast I't belongs
to the factorial effect F(y) if and only if

I"e RIM(y)],

where R[M (y)] stands for the row space of M (y).

The proof of this theorem is somewhat lengthy. Hence we postpone the proof
till the end of this section and first discuss the implications of the theorem.
Note that by (2.2.2) and (2.2.4), M}" has full row rank for each i (1 <i < n).
Hence by (2.2.3), M(y) has full row rank for every y € (2. Since M (y) has
m(y) rows, the following result is evident from Theorem 2.2.1.

Theorem 2.2.2. For any y = y1 ...y, € §2, the mazimal number of linearly
independent treatment contrasts belonging to the factorial effect F(y) is m(y).
Furthermore, the m(y) elements of M (y)T represent a mazimal set of linearly
independent treatment contrasts belonging to F(y).
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The concept of orthogonality of treatment contrasts plays a crucial role in
factorial experiments. Two treatment contrasts 1MW’ and 17 are said to be
orthogonal if

1M@ =, (2.2.6)

For example, from (2.1.6), (2.1.8), and (2.1.9), any two of the contrasts L(F}),
L(F3), and L(F} Fy) are orthogonal to each other. Since these contrasts belong
to different factorial effects, this is actually a consequence of a more general
result as presented below.

Theorem 2.2.3. Any two treatment contrasts belonging to different factorial
effects are orthogonal.

Proof. In view of (2.2.6) and Theorem 2.2.1, it is enough to show that
M(y)M(z) =0 (2.2.7)

whenever y = y1 ...y, and z = 21 ...z, are distinct members of 2. Now by
(2.2.3),
M(y)M(z) = (MY (M7")) @ - @ (MY (M)'). (2.2.8)

If y and z are distinct members of 2, then y; # z; for some i. Without
loss of generality, let y1 # 21 and suppose y; = 1, 23 = 0. Then by (2.2.2)
and (2.2.4),

MY (M) =0,

and (2.2.7) follows from (2.2.8). O

Theorems 2.2.2 and 2.2.3 together have an interesting implication. Since
a typical treatment contrast is of the form I’r, where [ is a nonnull v x 1
vector whose elements add up to zero, clearly the maximal number of linearly
independent treatment contrasts (belonging to factorial effects or not) is v —1.
By (2.2.5),

n

U—lesi—lzn(si—l—&-l)—l:Zm(y).

i=1 yenN

Hence, in view of Theorems 2.2.2 and 2.2.3, we reach the satisfying conclu-
sion that treatment contrasts belonging to factorial effects together span all
treatment contrasts.

Theorem 2.2.2, in conjunction with (2.2.3) and (2.2.4), also helps in ex-
plicitly describing treatment contrasts belonging to various factorial effects in
any given context. Here is an illustrative example.

Example 2.2.1. Consider a 2 x 3 x 3 factorial whose treatment combinations
have already been given in (2.1.1). Here n = 3 and, following (2.1.1), the
vector T, with lexicographically arranged elements 7(j17253), is given by 7 =
(7(000), 7(001),...,7(121),7(122))". Since s; = 2, s2 = s3 = 3, we have
1. =(1,1), 1 =13 = (1,1,1)". Also, following (2.2.2) one can take
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-1 0 1
M, = (-1 1),M2:M3:[ L o 1]

By (2.2.3) and (2.2.4),

~—

M(100) = My @ 1, @1, M(010) = 1, ® Ms @ 14,

M(001) =1, @ 1, ® M3,  M(110) = M, ® Mo ® 14,

M(101) = M, @ 1y ® Ms, M(011) = 1, © My ® Ms,
M(111) = My ® My ® M3,

where the matrices M; and the vectors 1; are stated above.

By Theorem 2.2.2, the elements of M (100)7, M (010)7, and M (001)7 rep-
resent maximal sets of linearly independent treatment contrasts belonging
to the factorial effects F(100), F(010), and F(001), i.e., the main effects of
Fy, F,, and Fj5 respectively. Similarly, the elements of M (110)7, M (101)r,
M(011)7, and M (111)7 represent maximal sets of linearly independent treat-
ment contrasts belonging to interactions FyFy, FiFs3, FyF3, and FyFoF;
respectively. O

Before concluding this section, we present a proof of Theorem 2.2.1. The
following lemma will be useful.

Lemma 2.2.1. For any g (1 < g < n), the row spaces of the matrices M1 ®
- ®@ Mg and
LeLe- -l
Hy, = : (2.2.9)
L @, 181

are orthogonal complements of each other.

Proof. To give a flavor of the basic idea of the proof without making the
notation too complex, we prove the lemma for g = 3. At the expense of
heavier notation, the lemma can be proved similarly for any g. By (2.2.9),

1N @I, ® I3
Hy=|L®1,®I3
Lelols

For 1 <i <3, let

1;
M, = [ i ] . (2.2.10)
By (2.2.2), M, is nonsingular for every i. Hence premultiplying Hs by the
nonsingular matrix diag(My ® M3, M1 ® M3, M1 ® M) yields

17 @ M2 ® M3
R(H3) =R | Mi®lyoMs |, (2.2.11)
M@ My® 14



2.2 Kronecker Product Formulation for Factorial Effects 17

where, as before, R(-) stands for the row space of a matrix. But by (2.2.10),

1 @1, ® 14
1 ®1y @ M;
11 ® My ® 13
1" ® My ® Ms

1y ®@My® Mz =

On the basis of similar considerations for M1 ® 1, ® M3 and M; ® My ® 15,
it follows from (2.2.11) that

R(H;) = R(M), (2.2.12)
where ) ) )
1/1 ® 1/2 ® 13
11 & 12 ® M3
1 © M, ® 1%

M = 1/1 ® My @ Ms . (2.2.13)
M, @15 ®15
M, ® 15® Ms
I My @ My ® 1é ]
Now by (2.2.10),
M

=M, @M M
M1®M2®M3 1 2 3

is nonsingular, while by (2.2.2) and (2.2.13), M (M; ® M2 ® M3)" = 0. Hence
the row spaces of M and M; ® Ms ® M3 are orthogonal complements of each
other. Therefore, by (2.2.12), so are the row spaces of Hs and M; ® My ® Ms.

O

Proof (Proof of Theorem 2.2.1). For notational simplicity, without loss of
generality, consider the factorial effect F'(y), where y = y1 ...y, is given by

ylz...:ygzl’yg_‘_l:~~c:yn:0 (2.2.14)

for some g. By (2.2.1), this amounts to considering the factorial effect Fy ... Fy.
Note that by (2.2.3) and (2.2.4),

My)=My®--- @My @1, ®---®1, (2.2.15)

for y as in (2.2.14). In order to prove the “only if” part, let the treatment
contrast I'T belong to the factorial effect F(y). Then, interpreting the condi-
tions of Definition 2.1.1 in matrix notation, by condition (i) of the definition
and (2.2.14),

1=18111® - ® 1y, (2.2.16)

where [ is a column vector of order IT{_,s;. Furthermore, by condition (ii)

of the definition, [ satisfies Hgi = 0, where H, is defined in (2.2.9). Hence

by Lemma 2.2.1, = R(M; ® --- ® My). Therefore, by (2.2.15) and (2.2.16),
I € R[M(y)], which proves the “only if” part. The proof of the “if” part
follows by reversing the above steps. (|
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2.3 A Representation for Factorial Effects
in Symmetrical Factorials

We now focus on the s” symmetrical factorial, i.e., s; = --- = s, = s, where
s is a prime or prime power. The theory to be developed here covers, in
particular, the 2" and 3™ factorials, which have been of special interest in the
literature from both theoretical and practical considerations. We shall follow
Bose (1947) throughout this section. It will be seen that for an s" factorial
there exists a mathematically elegant representation for treatment contrasts
belonging to factorial effects. This representation provides, in particular, a
significant insight into the issues underlying fractional factorial designs to be
introduced later in this chapter.

The developments in this and subsequent sections will heavily involve the
use of finite fields. A field is a set of elements over which two binary operations,
namely addition and multiplication, are defined such that

(i) the elements of the set form a commutative group under addition,

(ii) the nonzero elements of the set form a commutative group under multi-
plication, and

(iii) the distributive laws hold.

A finite field is nothing but a field having a finite number of elements.

Since s (> 2) is a prime or prime power, there exists a finite field with
s elements. Such a field is called a Galois field of order s and denoted by
GF(s). Let ag,1,...,as—1 be the elements of GF(s), where ap(= 0) and
a1(= 1) are the identity elements with respect to the operations of addition
and multiplication respectively. A good reference for Galois fields is van der
Waerden (1966). In particular, when s is a prime, addition and multiplication
over GF(s) are simply the corresponding operations over the set of integers
{0,1,...,s — 1} modulo s.

A typical treatment combination ji...j, (0 < j; < s—1;1<i <n) of
an s" factorial is identified with the vector (¢, ,...,a;,)". The s treatment
combinations are thus represented by the s™ vectors of the form

x=(z1,...,2,), (2.3.1)

where x; € GF(s) for all i. From a geometric viewpoint, the s™ vectors of
the form (2.3.1) are points of the n-dimensional finite Euclidean geometry
EG(n, s), based on GF(s) (see Raghavarao, 1971, pages 357-359, for details).
Thus, from a geometric perspective, the s™ treatment combinations are rep-
resented by the s™ points of EG(n, s). The effect of a treatment combination
represented by x will be denoted by 7(z). Some preliminaries are needed at
this stage.

Lemma 2.3.1. Let b = (by,...,b,)" be any fixred nonnull vector over GF(s).
Then each of the sets
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Vib) ={z = (x1,...,2,) : bz =0;}, 0<j<s—1, (2.3.2)

has cardinality s"~ .

Proof. Without loss of generality, let by # 0. Then by (2.3.2), z = (x1,...,
zy,) € V;(b) if and only if

r, = b;l (Olj — Z@%) (2.3.3)
i=2

By (2.3.3), for any x = (z1,...,x,) € V;(b), x1 is uniquely determined by
Za,...,%Tn. Since there are s”~! choices of xs, ..., x,, the result follows. O

Clearly, the sets V;(b), 0 < j < s — 1, provide a disjoint partition of
the class of all treatment combinations, or equivalently, of the s™ points of
the finite Euclidean geometry EG(n,s). These sets are therefore collectively
called a parallel pencil of flats of EG(n,s). Hence b itself is said to represent
a pencil.

A treatment contrast L is said to belong to the pencil b if it is of the form

Lzsizj{ > T(x)}, (2.3.4)

where lg,l1,...,ls_1 are real numbers, not all zero, satisfying

s—1
I; =0.

Jj=

In other words, a treatment contrast L belongs to b if for all x belonging to
the same V;(b), the coefficient of 7(x) in L is also the same. By (2.3.4), there
are s — 1 linearly independent treatment contrasts belonging to any pencil b.

Example 2.3.1. Consider a 32 factorial, i.e., s = 3, n = 2. The elements of
GF(3) are simply 0, 1, and 2, and as indicated before, addition and multipli-
cation over GF'(3) are the corresponding operations over {0, 1,2} modulo 3.
(i) First consider the pencil b = (1,2)". Then by (2.3.2),

Vo(b) = { = (z1,22) : a1 + 2z0 = 0} = {(0,0)', (1,1),(2,2)}.  (2.3.5)
Similarly,

Vi(b) = {(0,2),(1,0),(2,1)'}, Va(b) = {(0,1)",(1,2)",(2,0)'}.  (2:3.6)
As such, by (2.3.4), any treatment contrast of the form

L= 1o{7(0,0) +7(1,1) +7(2,2)} + 11 {7(0,2) + 7(1,0) + 7(2,1)}

+lo{7(0,1) +7(1,2) + 7(2,0)}, (2.3.7)
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where Iy + 11 + I3 = 0, belongs to the pencil b = (1,2)". In particular, the
choices lo = =1, I; =0, o =1, and lp = 1, [y = =2, I3 = 1, yield two
linearly independent (in fact, orthogonal) contrasts belonging to b.
Incidentally, in this section, the treatment combinations are represented by
column vectors as in (2.3.1). Hence in (2.3.7), one should have ideally written
7((0,0)"), 7((1,1)") ete. in place of 7(0,0), 7(1,1) etc., respectively. This minor
notational change was made in (2.3.7) for simplicity in presentation. Similar
simplified notation will be adopted later on when no ambiguity is caused.
(ii) Consider now the pencil b = (2,1)". Then as before,

VO(b) = {(07 0)/7 (17 1)17 (2’ 2)/}7
Vl(b) = {(07 1)/7 (17 2)/7 (27 0)/}’ V2(b) = {(07 2)17 (17 O)/v (27 1)/}'

These sets are the same as those in (2.3.5) and (2.3.6) with Vi (b) and Va(b)
interchanged. Hence it is easily seen that treatment contrasts belonging to the
pencil (2,1)" also belong to the pencil (1,2)" and vice versa.

(iii) Consider next the pencil b = (1,1)". Then

V()(b) = {(07 O)Iv (1’ 2)/’ (27 1)/}a
W (b) = {(07 1)/7 (17 0)17 (27 2)/}a VQ(b) = {(07 2)/7 (17 1)/7 (27 O)I}'

By (2.3.4), a typical treatment contrast belonging to the pencil b = (1, 1)’
is of the form

L* = [§{r(0,0)+ (1

,2)+7(2, D)+ 13{7(0,1) + 7(1,0) + 7(2,2)}
+3{7(0,2) + (1

1) +7(2,0)},

(2.3.8)
where [§ + 17 + 15 = 0. It is easily seen that the sum of products of the
corresponding coefficients in (2.3.7) and (2.3.8) equals

(lo + 11 + lg)(lg +7+ l;) =

Thus any treatment contrast belonging to the pencil (1,1)" is orthogonal to
any treatment contrast belonging to the pencil (1,2)". O

The ideas implicit in the above example will now be formalized. First note
that the pencils (1, 2)" and (2, 1)’ considered in parts (i) and (ii) of the example
are proportional to each other, in the sense that (1,2)" = 2(2,1)" over GF(3).
In general, consider any two pencils b and b* such that b* = Ab for some
A(#£ 0) € GF(s). Then by (2.3.2),

Since A is nonzero, Ao assumes all possible values in GF(s) as j varies over
the range {0,1,...,s—1}. Therefore, by (2.3.2) and (2.3.9), the pencils b and
b* induce exactly the same partition of the class of all treatment combinations.
This is precisely what happened in parts (i) and (ii) of the example. In view
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of the above, hereafter, pencils with proportional entries will be considered as
identical. Since the pencils have to be nonnull too, it follows that there are
(s™ —1)/(s — 1) distinct pencils, no two of which are proportional to each
other. Thus in a 32 factorial, there are (32 — 1)/(3 — 1) = 4 distinct pencils,
namely,

(1,0), (0,1), (1,1), (1,2)". (2.3.10)

Hereafter, only distinct pencils will be considered in a given context, even when
this is not stated explicitly. The same consideration applies to counting pencils
with any specific property. For example, we will simply write “in a 32 factorial,
there are two pencils with both entries nonzero” to mean that there are two
such distinct pencils.

As noted in part (iii) of Example 2.3.1, treatment contrasts belonging to
the pencils (1,1)" and (1,2)" are orthogonal. Theorem 2.3.1 below presents
a general result in this regard. The following lemma helps in proving the
theorem.

Lemma 2.3.2. If bV and b are distinct pencils, then for every j, /(0 <
4,5" < s —1), the set V;(0™) NV (bP)) has cardinality s™~2.

Proof. An argument similar to the proof of Lemma 2.3.1 will be used. Let
b(l) = (bllv b12, ey bln)l, b(z) = (b21; 1)227 ey bgn)/. By (232)7

x=(x1,...,2,) € V;(6M) NV (b)) (2.3.11)

b11 b12 bln Qa;
= . 2.3.12
{ bor b2z ... ban | T\ ay (2.3.12)
Since bM) and b are distinct pencils, they are not proportional to each
other. As such, the 2 x n matrix appearing in the left-hand side of (2.3.12)

has rank two. Without loss of generality, let its first two columns be linearly
independent. Then the 2 x 2 matrix

bll b12
b21 b22

is nonsingular, and (2.3.12) can be expressed as

A _ b1 b1 ! a5 — 2?23 biiz;
T2 ba1 b2 Qjr — Z?Zg bojz; )

if and only if

Hence for any =z = (x1,...,x,)" satisfying (2.3.11), 21 and x5 are uniquely
determined by x3, . .., x,. Since there are s"~2 choices of 3, . .., z,, the result
follows. O

Theorem 2.3.1. Treatment contrasts belonging to distinct pencils are orthog-
onal to each other.
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Proof. Following (2.3.4), consider any two treatment contrasts

Lljzzzlj{ > T(x)} (2.3.13)

z€V; (b))

and

ngjz:ézgj{ > T(x)} (2.3.14)

eV, (b®)

belonging to distinct pencils b and b respectively, where

s—1 s—1
S hy=Y b =0 (2.3.15)
§=0 j=0

In view of (2.2.6), we consider the sum of products of the corresponding coef-
ficients in (2.3.13) and (2.3.14). Any = € V;(b())NV;/ (b)) contributes Iy ;12
to this sum. Hence by Lemma 2.3.2; this sum of products equals

s—1 s—1 s—1
s 2ZZZUZZJ’ =s"" 2(211]><212j/)a
Jj=03"=0 J'=0
and invoking (2.3.15), the result follows. O

The next result links pencils with factorial effects.

Theorem 2.3.2. Let b= (by,...,b,) be a pencil such that

b #0 if i € {i1,...,ig}, and =0 otherwise, (2.3.16)
where 1 < i1 < -+ < ig<nandl <g<n. Then any treatment contrast
belonging to b also belongs to the factorial effect Fy, ... Fj, .

Proof. Without loss of generality, let iy = 1,...,9 = g. Then by,..., b, are
nonzero, while by11 = --- = b, =0, so that by (2.3.2),

g
V;(b) = {x = (z1....,m,) : Zbixi = aj}, 0<j<s—1 (2.3.17)
i=1

From (2.3.4), recall that any treatment contrast L belonging to b is of the

form )
L=3 il ¥ e,
j= zeV;(b)
where g + -+ 4+ ls_1 = 0. Clearly, by (2.3.17), for any « = (z1,...,2,)’, the
coefficient of 7(x) in L depends on x only through x1,...,x,. In fact, writing
l(z1,...,x4) for the coefficient of 7(x) in L, by (2.3.17), one gets
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g
Wz, mg) =153 Y by =a; (0<j<s—1). (2.3.18)

i=1
Now, since by # 0, the quantity Zle b;x; equals each of ag, a1, ..., as_1 once

as x1 assumes all possible values over GF(s), each exactly once, for any fixed
z2,...,xs. Hence by (2.3.18)

Z Z(ml,...,xg)=lo+~-‘+1371:07

1 €EGF(s)
for any fixed xo, ..., z,. Similarly, for every ¢ (1 <i < g),
Z l(z1,...,24) =0,
z;EGF(s)
for any fixed x1,...,2-1,%i41,...,%4. Hence by Definition 2.1.1, the treat-
ment contrast L belongs to the factorial effect F; ... Fj. ]

In consideration of Theorem 2.3.2, a pencil b as in (2.3.16) is said to belong
to the factorial effect F;, ... F; . Since exactly g of by,...,b, are nonzero in
(2.3.16) and pencils with proportional entries are identical, clearly there are
(s —1)9~! pencils belonging to F;, ... F; . Each of these pencils carries s — 1
linearly independent treatment contrasts. Furthermore, by Theorem 2.3.1,
treatment contrasts belonging to distinct pencils are orthogonal to each other.
Hence the (s—1)9~! pencils mentioned above provide a representation for the
treatment contrasts belonging to F;, ... F;, in terms of (s — 1)9~! mutually
orthogonal sets of contrasts with s — 1 linearly independent contrasts in each
set. This accounts for a maximal collection of (s — 1)9 linearly independent
treatment contrasts belonging to the factorial effect F;, ... F;, (see Theorem
2.2.2 with sy =--- = s, = s in (2.2.5)).

Returning to the 32 factorial, the pencils listed in (2.3.10) can now be
assigned to factorial effects. Thus (1,0)" and (0, 1)’ represent the main effects
of F; and F respectively and the interaction FyFy is represented by (1,1)
and (1,2).

For the special case of a 2" factorial, (s —1)9~! = 1, so that each factorial
effect is represented by a single pencil. Thus, in this case there is practically
no distinction between a factorial effect and the associated pencil.

Remark 2.3.1. While the vector notation for pencils as considered above fa-
cilitates the mathematical development, another notational system, which is
more compact, is useful in other contexts, especially with 2™ and 3™ facto-
rials. A pencil b = (by,...,b,)" can also be denoted by 1°12%2 ... nbr with
the convention that % is dropped for any i with b; = 0. For example, with
this notation, the pencils listed in (2.3.10) become 1, 2, 12 and 122 respec-
tively. This system of notation, popularized by Box and Hunter (1961a),
will be referred to as the compact notation. ]

In the next two sections, we introduce and discuss regular fractions,
expanding on Dey and Mukerjee (1999, Chapter 8).
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2.4 Regular Fractions

A regular fraction of an s symmetrical factorial, where s (> 2) is a prime or
prime power, is specified by any & (1 < k < n) linearly independent pencils,
say bW, ..., b and consists of treatment combinations z satisfying Bz = c,
where B is a k x n matrix with rows (b())’, 1 <4 <k, and ¢ is a fixed k x 1
vector over GF'(s). The specific choice of ¢ is inconsequential in what follows.
Hence, without loss of generality, it is assumed that ¢ = 0, the & x 1 null
vector over GF(s). Then a regular fraction is given by, say,

d(B) = {z : Bz = 0}. (2.4.1)

Since the rows of the k x n matrix B are given by linearly independent pencils,
the same argument as in proving Lemma 2.3.2 shows that d(B) consists of
s"~* treatment combinations. In this sense, d(B) is called a 1/s* fraction of
an s" factorial, or simply an s~ design. It is easily seen from (2.4.1) that the
s"~F treatment combinations in d(B), which can as well be viewed as points
of the finite Euclidean geometry EG(n, s), constitute a subgroup of EG(n, s),
the group operation being componentwise addition. In the applied literature,
these treatment combinations are called runs and the number s" % is called
the run size of d(B).

Example 2.4.1. The two linearly independent pencils b} = (1,1,0,1,0)’
and b = (1,0,1,0,1)’ yield a 2°~2 design. Here

11010
B‘{10101]

and by (2.4.1), a treatment combination x = (z1,...,x5)" is included in d(B)
if and only if

T+ a2+ 24 =0,

T, +ax3+ 25 =0,

i.e., if and only if
T4 = 21+ T2,

2.4.2
Trs = T1 + 3. ( )

Considering all possibilities for x71, z9, and x3, and then evaluating x4 and x5
via (2.4.2), one gets

d(B) ={(0,0.0,0,0)",(0,0,1,0,1)",(0,1,0,1,0)", (0,1,1,1,1)’,
(1,0,0,1,1)",(1,0,1,1,0)",(1,1,0,0,1)",(1,1,1,0,0)'}.

O

Example 2.4.2. The two linearly independent pencils b*) = (1,0,2,2) and
b3 = (0,1,1,2)" yield a 3*~2 design. Here
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1022
B_{0112]

and by (2.4.1), a treatment combination z = (x1,...,24)" appears in d(B) if
and only if

T + 223 + 224 =0,
To + 13+ 224 =0,

i.e., if and only if
T1 = T3+ Iy,

s — 203 + o0, (2.4.3)

As before, considering all possibilities for x3 and x4, and then evaluating x
and zy via (2.4.3), one gets

d(B) :{(07 0) 07 O)/7 (17 17 O’ 1)/7 (27 2703 2)/7 (17 27 170)/7 (2’ 0) 17 1)/7 (07 17 17 2)/)
(2,1,2,0),(0,2,2,1)',(1,0,2,2)'}.

O

With reference to d(B), as introduced in (2.4.1), a pencil b is called a
defining pencil if
b € R(B), (2.4.4)

where, as before, R(-) denotes the row space of a matrix. Since the k x n
matrix B over GF(s) has full row rank, the cardinality of R(B) is s*. Since
pencils are nonnull vectors and pencils with proportional entries are identical,
it follows that there are (s* —1)/(s — 1) defining pencils. The vectors in R(B)
constitute what is known as the defining contrast subgroup of d(B).

In Example 2.4.1, there are three defining pencils, namely,

b = (1,1,0,1,0), 8@ =(1,0,1,0,1), 8O + b2 =(0,1,1,1,1)". (2.4.5)

Similarly, in Example 2.4.2, there are (32 — 1)/(3 — 1) = 4 defining pencils,
namely,

b =(1,0,2,2), b® = (0,1,1,2)", b +b3 = (1,1,0,1),
bW + 26 =(1,2,1,0).

(2.4.6)
It can be readily checked that every other pencil satisfying (2.4.4) is pro-
portional hence identical to one of the above. Using the compact notation
introduced in Remark 2.3.1, the defining pencils shown in (2.4.5) can as well

be listed as
I =124 = 135 = 2345, (2.4.7)

whereas those shown in (2.4.6) can be listed as

I =13%4% = 234 = 124 = 12%3. (2.4.8)
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An equation like (2.4.7) or (2.4.8), listing defining pencils, is called an identity
relation or a defining relation of an s” % design. The symbol I here signifies
only that defining pencils are being listed and should not be confused with an
identity matrix.

By (2.4.1) and (2.4.4), if b is a defining pencil, then b’z = 0 for every
x € d(B). In view of (2.3.2), this implies that d(B) C V,(b), i.e., all the
treatment combinations appearing in d(B) belong to only one of the sets
Vo(b), Vi(b), ..., Vs_1(b). Hence recalling the definition of treatment contrasts
belonging to pencils, the following result is evident.

Theorem 2.4.1. No treatment contrast belonging to any defining pencil is
estimable in d(B).

As an implication of Theorem 2.4.1, while choosing an s”~* design, it is
important that no pencil belonging to a factorial effect of interest be a defining
pencil.

The status of d(B), relative to pencils other than the defining ones, will
be examined next. The important notion of alias sets needs to be introduced
for this purpose. Let C = C(B) be the class of pencils that are not defining
pencils of the design d(B). Since there are altogether (s™ —1)/(s — 1) pencils
of which (s* —1)/(s — 1) are the defining ones, it follows that there are

sT—1  sh—1  sF(snTR 1)
s—1 s—1 s—1

pencils in C. Two members of C, say b and E, are aliases of each other if
(b—Ab) € R(B) for some A\(#£ 0) € GF(s). However, Ab itself is another rep-
resentation of the pencil 37 since pencils with proportional entries are identical.
Hence, equivalently, two pencils in C are aliases of each other if

(b—b*) € R(B), (2.4.9)

for some representations b and b* of these pencils. Because of its symmetry,
hereafter aliasing is defined via (2.4.9) with b and b* interpreted as appropriate
representations of the pencils concerned.

’ ! 4
Since B = (b(l) bR ) has full row rank, it is not hard to see that

any b € C has s* aliases, namely,

k
b(AL,.. . Ak) =b+ Y AbD, N € GF(s) (1<i<k), (2.4.10)
i=1

including itself.

By (2.4.9), the relationship of being aliased is an equivalence relation (i.e.,
it is symmetric, reflexive, and transitive) that partitions C into (s"7% — 1)/
(s — 1) equivalence classes, each of cardinality s*. Any such equivalence class
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is called an alias set. Thus the pencils b(\1,..., ), described in (2.4.10),
constitute the alias set containing the pencil b. Before presenting the theoret-
ical results on alias sets, we revisit Examples 2.4.1 and 2.4.2 to illustrate how,
especially with 2™ and 3™ factorials, the alias sets can be found in a simple
manner.

Example 2.4.1 (continued). Cousider the pencil b = (1,0,0,0,0)’, which

is not a defining pencil. Since (") = (1,1,0,1,0)" and »® = (1,0,1,0,1), by
(2.4.10), the alias set containing b consists of the pencils

(1,0,0,0,0) + A1(1,1,0,1,0) + A2(1,0,1,0,1), (2.4.11)

where A1, As € {0, 1}. Considering all possible choices of A1 and As, this alias
set turns out to be

{(1,0,0,0,0),(0,1,0,1,0),(0,0,1,0,1)’,(1,1,1,1,1)'}.

Using the compact notation, in the spirit of (2.4.7), the above alias set can as
well be described as
1 =24 =35=12345. (2.4.12)

Since addition over GF'(2) uses a binary arithmetic, it is easily seen from
(2.4.11) that (2.4.12) can be obtained from the defining relation (2.4.7) by
multiplying the latter by 1, which stands for the pencil (1,0,0,0,0)". This
multiplication must follow the convention that

(i) any squared symbol is dropped, and
(ii) any string of symbols is invariant under multiplication by I.

Thus (1)I = 1,(1)(124) = 24, etc., which yield (2.4.12) from (2.4.7). In a
similar manner, the other alias sets in this example turn out to be

2 =14 = 1235 = 345,
3 = 1234 = 15 = 245,
4 = 12 = 1345 = 235,
5 = 1245 = 13 = 234,
23 = 134 = 125 = 45,
34 = 123 = 145 = 25.

]

Example 2.4.2 (continued). Consider the pencil b = (1,0,0,0)’, which is
not a defining pencil. Since b = (1,0,2,2) and b = (0,1,1,2), by (2.4.10),
the alias set containing b consists of the pencils

(1,0,0,0) + A1(1,0,2,2) + X2(0,1,1,2), (2.4.13)

where Aj, A2 € {0,1,2}. Considering all possible choices of A; and Ag, this
alias set is found to be
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{(1707070),’ (2707272)/7 (0’0’ 171) (1717 ]"2) (172727 1) (271707 1)/7
(0,2,0,2)",(2,2,1,0’, (0,1,2,0)}.

Since pencils with proportional entries are identical, it can be rewritten as

{(1707070)/’ (1707171)/7 (0’07 1’1) (1717 ]"2) (172727 1) (1’27072)/7
(0,1,0,1)",(1,1,2,0)’, (0,1,2,0)'},

such that the first nonzero entry of each listed pencil is 1. As in (2.4.8), this
alias set can be expressed as

1 =134 = 34 = 12347 = 122374 = 12%4% = 24 = 123% = 23%, (2.4.14)

Since addition over GF(3) is just addition modulo 3, it is not hard to see
from (2.4.13) that (2.4.14) can be obtained from the defining relation (2.4.8)
by multiplying each term in (2.4.8) and its square by 1, which represents the
pencil (1,0,0,0)". The multiplication must follow the convention that

(i) any cubed symbol is dropped, and
(ii) any string of symbols is invariant under multiplication by I or I? and is
counted only once.

Thus (1)I = (1)I? = 1 and 1 is listed only once in (2.4.14); similarly,
(1)(13%4%) = 123242 = 134, (1)(13%4%)? = 34, (1)(234%) = 12342, (1)(234?)2 =
122324, etc., which yield (2.4.14) from (2.4.8). The other alias sets in this
example can now be obtained as a routine exercise. O

Hereafter, with 2™ or 3™ factorials, often the defining relation and the
alias sets will be presented using the compact notation. However, for the
mathematical treatment of general s™ factorials, the vector notation for pencils
will continue to be useful. The rest of this section presents several results that
aim at understanding the consequences of aliasing.

Lemma 2.4.1. Let the pencils b,b* € C be aliases of each other and let

L:sz_:lj{ Z 7(x }andL —Zl{ Z 7'17)}
J=0 xzeV;(b) zeV;(b*)

be the treatment contrasts belonging to b and b* respectively. Then the parts of
L and L* that involve only the treatment combinations included in d(B) are
identical.

Proof. For 0 < j <s—1,let
V;(b, B) = V;(b) Nd(B), V;(b*, B) = V;(5) N d(B). (2.4.15)

By (2.3.2) and (2.4.1),
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Vj(b,B) ={z:Vx=q; and Bz = 0}, (2.4.16)
V;(b*,B) = {z:b"z =a; and Bz = 0}. o

Since b and b* are aliases of each other, by (2.4.9), (b—b*)" € R(B). Hence
Vj(b, B) = V;(b*, B). (2.4.17)

Now by (2.4.15), the parts of L and L* that involve only the treatment com-
binations included in d(B) are given by

s—1 s—1
L(B) = le{ Z T(x)} and L*(B) = le{ Z T(Jc)}
i=0  \ zeV;(b,B) =0 Lzev;(b=,B)
(2.4.18)
respectively. Hence from (2.4.17), the result is evident. O

Remark 2.4.1. Treatment contrasts with matching coefficients, such as L and
L* of Lemma 2.4.1, are called corresponding contrasts. The lemma shows
that corresponding contrasts belonging to pencils that are aliased with each
other cannot be distinguished on the basis of the design d(B). In this sense,
such pencils are said to be confounded with each other. Since b, as considered
in Lemma 2.4.1, does not belong to R(B) and B has full row rank, it is
clear that the (k + 1) x n matrix [b, B']" also has full row rank. Hence using
the argument in the proof of Lemma 2.3.2, the set V;(b, B) considered in
(2.4.16) has cardinality s *~! for each j. Therefore, by (2.4.18), L(B) (or,
equivalently, L*(B)) itself is a contrast involving the treatment combinations
included in d(B). O

Consider now any pencil b € C and recall that (2.4.10) describes the alias
set containing b. Let A denote this alias set. For any pencil a € A, any
treatment combination z, and any j (0 < j < s — 1), let ¢;(a, ) stand for
the indicator that assumes the value 1 if x € V;(a) and the value 0 otherwise.
Thus by (2.3.2),

1 if dz = oy,

0 otherwise. (2.4.19)

o) = {

Also, let ), denote summation over all a € A. Then the following two lemmas
hold.

Lemma 2.4.2. For every treatment combination x and every j (0 < j <
s—1),
sk ifx € V;(b,B),
> ¢ila,x) =4 0 ifzedB)-V;b B),
a sk=1 if x ¢ d(B).
Proof. Since A is described by (2.4.10), the pencils in A are of the form

a =b+ B'X\, where A = (A\1,...,A\;) with \; € GF(s) for every i. Hence for
every fixed z and j, by (2.4.19),
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> oi(a, ) = #{A = (M,..., ) 1V + NBx = aj,\; € GF(s) for all i},

(2.4.20)
where # denotes the cardinality of a set.
(i) If z € V;(b, B), then by (2.4.16), b’z + N Bx = «; for all k x 1 vectors A
over GF(s). Hence the right-hand side of (2.4.20) equals s*.
(i) If « € d(B) — V;(b, B), then by (2.4.1) and (2.4.16), Bx = 0,b'z # «;.
Hence b’z + XN Bx cannot equal a; for any k x 1 vector A over GF(s). The
right-hand side of (2.4.20), therefore, equals 0.
(iii) Next consider « ¢ d(B). Then by (2.4.1), Bz # 0. Trivially, b’z + X Bx =
a; if and only if (Bz)'\ = aj — b'x. Since Bx # 0, exactly as in the proof of
Lemma 2.3.1, it follows that the right-hand side of (2.4.20) equals s*~1. O

Lemma 2.4.3. Consider the corresponding treatment contrasts
s—1
le{ > r<x>}7
7=0 z€Vj(a)

for a € A, where Z;;(l) l; =0.Then

s—1 s—1
3 [le{ 3 r(z)}] _— le{ 3 T(g;)}. (2.4.21)
a j=0 zeVj(a) j=0 zeV;(b,B)

Proof. Let X denote the set of the s™ treatment combinations. Using Lemma
2.4.2 and the indicator variable ¢;(a, ) introduced in (2.4.19),

SHY @l = SIS A 6502y (@))]

a j=0 acevj(a) a j=0 reX

= Zl Z{Zgb] a,z)}r(x

j=0 zeX a

= Z:lj{sk Z 7(z) + st Z T(z)}

z€V;(b,B) zZd(B)

- oSy

J=0  xeV;(b,B)
since Zj;(l) l; =0. O

As noted in Remark 2.4.1, the right-hand side of (2.4.21) is a contrast
involving only the treatment combinations included in d(B). Hence it is es-
timable in d(B). Therefore, the same is true for the left-hand side of (2.4.21).
Thus while pencils belonging to the same alias set are confounded with one
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another, the sum of the corresponding contrasts belonging to such pencils is
estimable in d(B). Consequently any treatment contrast belonging to a pencil
b that is not a defining pencil is estimable in d(B) if and only if the corre-
sponding contrasts belonging to all other pencils that are aliased with b are
ignorable.

A pencil is said to be estimable in d(B) if every treatment contrast be-
longing to it is estimable. Similarly, if every treatment contrast belonging to a
pencil is ignorable, then the pencil itself is called ignorable. Then, summarizing
what has been said in the last paragraph, the following result is evident.

Theorem 2.4.2. A pencil b that is not a defining pencil is estimable in d(B)
if and only if all other pencils that are aliased with b are ignorable.

As noted earlier from Theorem 2.4.1, while choosing an s™ % design, it is
important that no pencil belonging to a factorial effect of interest be a defining
pencil. Now Theorem 2.4.2 suggests that in addition, no such pencil should be
aliased with any other non-ignorable pencil. For example, if interest lies in the
main effects and there is reason to assume the absence of all the interactions,
then

(i) no main effect pencil should be a defining pencil, and
(ii) no two distinct main effect pencils should be aliased with each other.

These conditions are clearly met in Example 2.4.1; see (2.4.7) and the descrip-
tion of the alias sets. Similarly, by obtaining the alias sets in Example 2.4.2,
one can check that the above conditions are met there too.

Interestingly, the above conclusion regarding Examples 2.4.1 and 2.4.2 can
be reached directly from the respective defining relations (2.4.7) and (2.4.8)
even without explicit determination of the alias sets. This is evident from
taking f = ¢ = 1 in Theorem 2.4.3 below if one observes from (2.4.7) and
(2.4.8) that in both examples, each defining pencil has at least three nonzero
entries. In what follows, a factorial effect is called absent if all treatment
contrasts belonging to it are ignorable.

Theorem 2.4.3. In an s"* design, all treatment contrasts belonging to fac-
torial effects involving f or fewer factors are estimable under the absence of
all factorial effects involving t + 1 or more factors (1 < f <t <n—1) if and
only if each defining pencil has at least f +t+ 1 nonzero entries.

Proof. For proving the “if” part, suppose each defining pencil in an s"*

design d(B) has at least f + ¢t + 1 nonzero entries. Consider any pencil b
belonging to a factorial effect involving f or fewer factors. It is enough to show
that all treatment contrasts belonging to b are estimable in d(B). Clearly, b is
not a defining pencil. Now suppose b is aliased with another pencil b* belonging
to a factorial effect that involves ¢ or fewer factors. Then b — b* is nonnull and
by (2.4.9), (b—b*)" € R(B). Therefore, by (2.4.4), b — b* is a defining pencil.
This is, however, impossible because b — b* has at most f + ¢ nonzero entries,
since b and b* have at most f and ¢ nonzero entries respectively. Thus b
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is neither a defining pencil nor aliased with another pencil belonging to a
factorial effect that involves t or fewer factors. Hence by Theorem 2.4.2, all
treatment contrasts belonging to b are estimable in d(B). This proves the “if”
part.

In order to prove the “only if” part, suppose d(B) allows the estimation
of all treatment contrasts belonging to factorial effects involving f or fewer
factors under the absence of all factorial effects involving t+ 1 or more factors.
Then by Theorems 2.4.1 and 2.4.2,

(i) no pencil having f or fewer nonzero entries is a defining pencil, and
(ii) no pencil having f or fewer nonzero entries is aliased with another pencil
having ¢ or fewer nonzero entries.

In view of (i), no defining pencil can have f or fewer nonzero entries. Now sup-
pose there exists a defining pencil, say bqef, having exactly p nonzero entries,
where f+ 1 < p < f 4 t. Without loss of generality, let

baes = (b1, ..., by, 0,...,0Y, (2.4.22)

where b; # 0 (1 <i < p). By (2.4.4),

bies € R(B). (2.4.23)

Consider now the pencils
b= (by,...,bs,0,...,0), (2.4.24)
b =(0,...,0,=bsy1,...,—bp,0,...,0), (2.4.25)

where 0 appears in the first f and the last n — p positions of b*. By (2.4.22)—
(2.4.25), (b—b*)" = bl;.s € R(B), so that by definition, the pencils b and b* are
aliased with each other. However, by (2.4.24), b has f nonzero entries, while
by (2.4.25), the number of nonzero entries in b* is p — f, which is at most
t, since p < f + t. Consequently, (ii) above is violated. Thus every defining
pencil must have at least f + ¢+ 1 nonzero entries, which proves the “only if”
part. O

2.5 Optimality Criteria: Resolution
and Minimum Aberration

In view of Theorem 2.4.3, the behavior of an s * design depends on the
numbers of nonzero entries in the defining pencils and, in particular, on the
minimum of these numbers. This minimum number is called the resolution of
the design (Box and Hunter, 1961a,b). From (2.4.7), each defining pencil in
Example 2.4.1 has three or four nonzero entries. Hence the design considered
in this example has resolution three. Similarly, by (2.4.8), the design in Exam-
ple 2.4.2 also has resolution three. (In the literature on applied experimental
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design, the value of resolution is often indicated by a Roman numeral such
as III, IV, or V.) Theorem 2.4.3 implies that a design of resolution one or
two fails to ensure the estimability of all treatment contrasts belonging to the
main effects even under the absence of all interactions. Since the main effects
are almost invariably the objects of interest in a factorial experiment, we will
focus primarily on designs of resolution three or higher. The next result then
follows as an immediate consequence of Theorem 2.4.3.

Theorem 2.5.1. An s"~* design of resolution R (> 3) keeps all treatment
contrasts belonging to factorial effects involving f or fewer factors estimable
under the absence of all factorial effects involving R — f or more factors,
whenever f satisfies 1 < f < (R —1).

The above result suggests that given s,n, and k, one should choose an
s"~* design with maximum resolution. This is called the mazimum resolution
criterion. In the setup of Examples 2.4.1 and 2.4.2, the maximum possible
resolution is three (this will be demonstrated in the next section from a more
general result) and the designs considered in these examples achieve this high-
est resolution.

In many situations, however, there are several designs, each having the
maximum possible resolution. Further discrimination among these rival de-
signs is then warranted on the basis of a closer examination of their defining
pencils and aliasing patterns. Such discrimination is of utmost practical im-
portance, especially when, as often happens in practice, one is not completely
sure about the absence of certain factorial effects. The following example
serves to motivate the ideas.

Example 2.5.1. Consider two 3°~2 designs, d(B;) and d(Bz), where

11020 11020
Bl_{12102}’32_[10102}

By (2.4.4), the defining pencils in d(By) and d(Bs) are given respectively by
I =124 = 12235% = 13%45 = 23457 (2.5.1)

and
I =124% = 135% = 1223245 = 23%4?5. (2.5.2)

Both d(B;) and d(B2) have resolution three, which as will be seen in the next
section, is the highest possible in the present setup.

Now, d(Bj) has only one defining pencil, namely 1242, with three nonzero
entries. Hence the argument in Theorem 2.4.3 shows that the pencils 12, 142,
and 242, each of which belongs to a 2fi, get aliased with the main effect pencils
4, 2, and 1 respectively. No other 2fi pencil is aliased with any main effect
pencil in d(Bj). On the other hand, d(Bs) has two defining pencils 1242 and
1352 with three nonzero entries. Arguing as before, there are six 2fi pencils
that get aliased with the main effect pencils in d(Bs). Thus by Theorem 2.4.2,
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for the estimation of treatment contrasts belonging to the main effects, one
needs to assume the ignorability of three 2fi pencils in d(B1), and six 2fi pencils
in d(Bz). Therefore, if one is not fully confident about the absence of all 2fi’s,
then d(Bj) is preferable to d(Bs) because the former requires less stringent
assumptions. U

More generally, if A3 (> 0)isthe number of defining pencils with three nonzero
entries in any design of resolution three or higher, then 3As 2fi pencils get
aliased with main effect pencils in such a design. Hence, given any two res-
olution three designs, the one with a smaller value of Aj is preferred. These
considerations lead to the criterion of minimum aberration introduced by Fries
and Hunter (1980) for s"~* designs. The basic premise underlying this crite-
rion is the following principle.

Effect hierarchy principle:

(i) Lower order factorial effects are more likely to be important than higher
order ones.
(ii) Factorial effects of the same order are equally likely to be important.

For 1 < i < n, let A;(B) be the number of (distinct) defining pencils
with i nonzero entries in an s"~* design d(B). A defining pencil is also called
a word (or a codeword) in coding theory (see Section 2.8). The number of
nonzero entries in a defining pencil is called the length of the word. Using this
terminology, the sequence

W(B) = (Ay(B), As(B), A3(B), ..., An(B)) (2.5.3)

is called the wordlength pattern of d(B).

Definition 2.5.1. Let d(B;) and d(Bs) be two s"~% designs. Let r be the
smallest integer such that A,(B1) # A.(B2). Then d(By) is said to have less
aberration than d(Bz) if A.(B1) < A.(Bz2). A design is called a minimum
aberration (MA) design if no other design has less aberration than it.

Clearly, the resolution of a design d(B) equals the smallest integer j suchthat
A;(B) > 0. Hence in any given context, an MA design has the highest possible
resolution as well.

Returning to Example 2.5.1, by (2.5.1) and (2.5.2), the wordlength pat-
terns of d(B;) and d(Bs) are given by (0,0,1,3,0) and (0,0,2,1,1) respec-
tively. Hence d(Bj1) has less aberration than d(Bsy). MA designs will be dis-
cussed extensively in the subsequent chapters. It will be evident that the
designs considered in Examples 2.4.1 and 2.4.2 as well as the design d(B) in
Example 2.5.1 are MA designs.

We conclude this section with a result that will be useful later. Here a
factor F; is said to be involved in a pencil b = (by,...,b,) if b; # 0.
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Lemma 2.5.1. For an s" % design d(B) to be a minimum aberration design,
it is necessary that every factor be involved in some defining pencil of d(B).

Proof. Suppose some factor, say F}, is not involved in any defining pencil of
d(B). By (2.4.4), then the first column of B is a null vector. Let B* be a
k x n matrix, over GF'(s), with first column given by (1,0,...,0)’". The other
columns of B* are identical to the corresponding columns of B. Then B* has
full row rank like B, and d(B*) is also an s"~* design. For any k x 1 vector
A= (A1,..., ) over GF(s), clearly N B* has as many nonzero elements as
NB if Ay = 0, and one more nonzero element if A\; # 0. From (2.4.4) and
Definition 2.5.1, it now follows that d(B*) has less aberration than d(B), i.e.,
d(B) is not an MA design. O

2.6 Connection with Orthogonal Arrays

We now introduce the concept of an orthogonal array (Rao, 1947), which
facilitates the study of fractional factorials.

Definition 2.6.1. An orthogonal array OA(N,n,s,g), having N rows, n
columns, s symbols, and strength g, is an N X n array with elements from
a set of s symbols in which all possible combinations of symbols appear equally
often as rows in every N X g subarray.

Since the s symbols can be combined in s9 possible ways among the rows of
an N X g subarray, it is clear that N is a multiple of s9 in an OA(N,n, s, g).
The integer N/s9 is called the index of the orthogonal array. Without loss of
generality, the s symbols may be coded as 0,1,...,s— 1 or as the elements of
GF(s), depending on the context.

Example 2.6.1. In (a), (b), (¢) below, we show an OA(8,5,2,2), an OA(9,4,
3,2), and an OA(8,4,2,3):

(a) OA(8,5,2,2) (b) OA(9,4,3,2) (c) OA(8,4,2,3)
[0 000 0] (1”1)8(1) [0 00 0]
00101 590 o 0011
01010 1210 0101
01111 2901 1 0110
10011 011 2 1 001
10110 29192 0 1010
11001 02 92 1 1100
(1110 0] 1022 1111

O

The following result (Rao, 1947) presents useful necessary conditions for
the existence of orthogonal arrays. The lower bounds for N shown in this
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result are called Rao’s bounds. The proof is omitted here, and can be found in
Hedayat, Stufken, and Sloane (1999, Chapter 2) or Dey and Mukerjee (1999,
Chapter 2).

Theorem 2.6.1. In an orthogonal array OA(N,n, s, g),
() N 2357 (s = 1), if g(=2p,p > 1) is even,
() N=>30 o (D=1 + (") (s = 1) if g(=2p+1,p > 1) is odd,

? p

An orthogonal array for which equality holds in either (a) or (b) above is
called saturated or tight. In particular, taking ¢ = 2 or 3 in Theorem 2.6.1,
the following corollary is obtained.

Corollary 2.6.1. (a) In an OA(N,n,s,2),N > 1+n(s—1).
(b) In an OA(N,n,s,3),N >1+n(s—1)+ (n—1)(s — 1)

The following lemma plays a key role in linking s™~* designs with orthogonal
arrays. Later, it will be found to have other important applications as well.

Lemma 2.6.1. The existence of an s"~* design d(B) is equivalent to the
existence of an (n — k) x n matriz G, defined over GF(s) and having full row
rank, such that

(a) the s"~F treatment combinations included in d(B) are transposes of the
s vectors in R(G),

(b) any pencil b is a defining pencil of d(B) if and only if Gb =0,

(c) any two pencils are aliased with each other in d(B) if and only if G(b —
b*) = 0 for some representations b and b* of these pencils.

Proof. Recall that for any s"~* design d(B), the matrix B is of order k x n
and has full row rank. Hence given d(B), or equivalently B, one can find an
(n — k) x n matrix G, defined over GF(s) and also having full row rank, such
that

BG' = 0. (2.6.1)

The row spaces of B and G are then orthogonal complements of each other.
The truth of (a), (b), and (¢) now follows from (2.4.1), (2.4.4), and (2.4.9)
respectively.

Conversely, given an (n — k) x n matrix G defined over GF(s) and having
full row rank, there exists a k x n matrix B, again defined over GF(s) and
having full row rank, such that (2.6.1) holds. As before, (a), (b), and (c) will
remain true for the design d(B) as defined in (2.4.1). O

Theorem 2.6.2. Let d(B) be an s"~* design of resolution R. If R > g + 1,
then the treatment combinations included in d(B), when written as rows, form
an orthogonal array OA(s" % n, s, g).

Proof. Since R > g+ 1, each defining pencil in d(B) has at least g+ 1 nonzero
entries. Hence by Lemma 2.6.1, there exists an (n — k) X n matrix G, defined
over GF(s) and having full row rank, such that
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(i) the treatment combinations included in d(B) are transposes of the vectors
in R(G), and
(ii) no g columns of G are linearly dependent.

Note that (ii) follows from Lemma 2.6.1 (b), since if some g columns of G are
linearly dependent, then one gets a defining pencil having at most g nonzero
entries, in d(B).

Let @ be the array of order s"~* x n formed by the s"~* vectors in R(G).
In view of (i), it is enough to show that @ is an orthogonal array of strength
g. Consider any s"~* x g subarray, say Q1, of Q. Let G be the corresponding
(n—k) x g submatrix of G. The rows of Q1 are then given by the s"~* vectors
NG, corresponding to the s~ possible choices of the (n — k) x 1 vector
X over GF(s). Now by (ii), G; has full column rank and hence contains a
nonsingular g x g submatrix. Hence, as in the proof of Lemma 2.3.2, there are
s"~k=9 choices of A such that NG, equals any fixed g-component row vector
with elements from GF'(s). Consequently, in () each possible g-component
row vector appears with the same frequency s” *~9. It follows that @ is an
orthogonal array of strength g. (I

Recall that the designs shown in Examples 2.4.1 and 2.4.2 have resolu-
tion three. Hence by the above theorem, the treatment combinations included
in these designs, when written as rows, form orthogonal arrays of strength
two. These are precisely the arrays OA(8,5,2,2) and OA(9,4,3,2) shown in
Example 2.6.1.

Theorem 2.6.2, in conjunction with Theorem 2.6.1 or Corollary 2.6.1, yields
necessary conditions for the existence of a design of specified resolution. Two
such conditions are presented in the next result.

Theorem 2.6.3. Let d(B) be an s"* design of resolution R.
(a) For R > 3,

sk 1
< — 2.6.2
"= s—1 ( )
(b) For R > 4,
Snfkrfl_]_
< ——+1. 2.6.
n<——— + (2.6.3)

Proof. (a) For R > 3, by Theorem 2.6.2, the treatment combinations in d(B)
form an OA(s" %, n, s, 2). Hence by part (a) of Corollary 2.6.1, the result
follows.

(b) For R > 4, by Theorem 2.6.2 and Corollary 2.6.1 (b),

s"E>14n(s—1)4 (n—1)(s—1)2,
which, on simplification, yields the desired inequality. O

It will be seen in the next section that the condition (2.6.2) is also sufficient
for the existence of a design of resolution three or higher. A similar result on
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the sufficiency of the condition (2.6.3) for s = 2 will also be presented there.
For general s (> 3), however, (2.6.3) is not sufficient for the existence of a
design of resolution four or higher. This will be evident in the next paragraph
when Example 2.5.1 is revisited. Incidentally, Theorem 2.6.3(b) shows that
no design of resolution four or higher exists in the setup of Examples 2.4.1 or
2.4.2. Thus, as claimed earlier, the designs considered in these examples have
the highest possible resolution.

The literature on necessary conditions for the existence of orthogonal ar-
rays is very rich. Extensive reviews of the available results can be found in
Hedayat, Sloane, and Stufken (1999, Chapters 2, 4) and Dey and Mukerjee
(1999, Chapters 2, 5). In view of Theorem 2.6.2, any such necessary condi-
tion is potentially useful for investigating the maximum possible resolution of
designs in a given context. For the purpose of illustration, Example 2.5.1 is
revisited. Here s = 3, n =5, k = 2, and (2.6.3) is satisfied. Now if a design of
resolution four or higher exists in this setup, then, by Theorem 2.6.2, one gets
an OA(27,5,3,3). However, following a result by Bush (1952) as reported in
Hedayat, Sloane, and Stufken (1999, p.24) or Dey and Mukerjee (1999, p.38),
in an OA(s3,n,s,g), if s < g, then n < g+ 1. This rules out the existence of an
0A(27,5,3,3) and shows that for s = 3, n =5, and k = 2, the resolution of a
design can be at most three. Both d(Bjy) and d(Bs), introduced earlier in this
example, have resolution three, which is the highest possible. It is also clear
now that for s > 3, the condition (2.6.3) is only necessary but not sufficient
for the existence of a design of resolution four or higher.

Theorem 2.6.2 has another important implication from traditional opti-
mality considerations. To motivate the ideas, consider an s"~* design d(B) of
resolution three. By Theorem 2.5.1, d(B) allows estimation of all main effect
contrasts under the absence of all interactions. One can, however, consider
any other selection of s" % treatment combinations and wonder about the
performance of d(B), vis-a-vis any such rival fraction, for the estimation of
the main effect contrasts. Specifically, one may be interested in comparing the
covariance matrix of the estimators arising from d(B) with that for any rival
fraction. In particular, if d(B) minimizes the determinant, trace, or maximum
eigenvalue of this covariance matrix, then it is called D-, A-, or E-optimal
respectively, within the class of all fractions of the same size, i.e., having the
same number of treatment combinations.

Cheng (1980) addressed the issue of optimality, considering a very general
criterion called universal optimality (Kiefer, 1975), which covers the D-, A-,
and E-criteria as special cases. He showed that if the treatment combinations
in a fractional factorial form an orthogonal array of strength two (when written
as rows), then the fraction is universally optimal among all fractions of the
same size for estimating the main effect contrasts under the absence of all
interactions. Returning to the design d(B) of resolution three, Theorem 2.6.2
shows that its treatment combinations form an orthogonal array of strength
two. Hence invoking Cheng’s result, one reaches the satisfying conclusion that
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d(B) is indeed universally optimal among all fractions of the same size, for
the estimation problem considered in the last paragraph.

Cheng’s (1980) result was extended by Mukerjee (1982) to orthogonal ar-
rays of general strength. This, in conjunction with Theorem 2.6.2, helps in
proving the universal optimality of s”~* designs of general resolution. Specif-
ically, supplementing Theorem 2.5.1, it can be shown that an s”* design of
resolution R (> 3) is universally optimal among all fractions of the same size
for estimating factorial effects involving f or fewer factors under the absence of
all factorial effects involving R— f or more factors, whenever 1 < f < %(R—l).

The issue of universal optimality or the specialized D-, A-, or E- optimality
will not be considered further in this book. First, optimality results on factorial
fractions under these criteria have already been discussed at length in Dey and
Mukerjee (1999, Chapters 2, 6, 7). The second and more compelling reason
is that while these optimality results involve clear-cut assumptions regarding
the absence of certain factorial effects, the present book aims primarily at
reviewing and synthesizing good experimental strategies when the validity of
such assumptions is not taken for granted. From this perspective, criteria like
that of MA will be of greater interest in this book. A hint to this effect has
already been given in Example 2.5.1, where the designs d(B7) and d(Bsy) were
discriminated on the basis of stringency of assumptions even though both
are of resolution three and hence universally optimal for estimating the main
effect contrasts under the absence of all interactions.

2.7 Connection with Finite Projective Geometry

Another important tool for the study of s" % designs is finite projective
geometry. The (r — 1)-dimensional finite projective geometry over GF(s),
denoted by PG(r — 1,s), consists of points of the form (z1,...,z,)’, where
x; € GF(s) (1 < i < r) and not all of z1,...,x, are zero, such that any
two points with proportional entries are considered identical. Evidently, the
pencils in an s™ factorial are points of PG(n — 1,s). As with pencils, there
are (s" —1)/(s — 1) distinct points in PG(r — 1,s). Hereafter, only distinct
points of a finite projective geometry are considered in any given context, even
when this is not stated explicitly. For example, when we refer to a collection
or set of points, it is implicit that the points are distinct. Along the lines of
Remark 2.3.1, in the subsequent chapters it will often be convenient to repre-
sent a typical point (x1,...,2,)" of PG(r — 1, s) using the compact notation
171 ... r® where " is dropped if z; = 0. More details on finite projective
geometry are available in Raghavarao (1971, pages 357-359).

The connection between s”~* designs and finite projective geometry goes
much deeper than the mere interpretation of pencils in an s™ factorial as points
of PG(n — 1,s). Theorem 2.7.1 below, exhibiting a duality between an s"~*
design of resolution three or higher and a set of points of a finite projective
geometry, underscores this point. This theorem looks quite similar to Lemma
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2.6.1 and is actually its consequence. Lemma 2.6.1 and Theorems 2.7.1-2.7.4
are in the spirit of Bose (1947). In what follows, for any nonempty set T of
p points of PG(r — 1,s), V(T) is an r X p matrix with columns given by the
points of T.

Theorem 2.7.1. Given any s"~ % design d(B) of resolution three or higher,
there exists a set T of n points of PG(n — k — 1,s) such that V(T) has full
row rank, and

(a) the s"~F treatment combinations included in d(B) are transposes of the
s"~k wectors in R[V(T)],

(b) any pencil b is a defining pencil of d(B) if and only if V(T)b =0,

(¢) any two pencils are aliased with each other in d(B) if and only if V(T)(b—
b*) = 0 for some representations b and b* of these pencils.

Conversely, given any set T of n points of PG(n—k—1,s) such that V(T) has
full row rank, there exists an s"~* design d(B) of resolution three or higher
such that (a)—(c) hold.

Proof. Consider an s"~* design d(B) of resolution three or higher. Then by
Lemma 2.6.1, there exists an (n — k) x n matrix G, defined over GF(s) and
having full row rank such that (a)-(c) of this lemma hold. Since d(B) has
resolution three or higher, by Lemma 2.6.1(b), no two columns of G are lin-
early dependent. Thus the columns of the (n — k) X n matrix G are nonnull
and no two of them are proportional to each other. Hence these columns can
be interpreted as n points of PG(n — k — 1,s). Let T denote the set of these
n points ordered in the same manner as the columns of G. Then G = V(7))
and V(T) has full row rank as G. The validity of (a)—(c) is now obvious from
(a)—(c) of Lemma 2.6.1.

To prove the converse, consider any set T of n points of PG(n —k —1,s)
such that the (n — k) x n matrix V(7T) has full row rank. There exists a
k x n matrix B, defined over GF(s) and having full row rank, such that
B[V(T)) = 0. As in Lemma 2.6.1, (a)—(c) of this theorem hold for the design
d(B). Furthermore, by the definition of T', no two columns of V' (T') are linearly
dependent. Hence by (b), the design d(B) has resolution three or higher. O

The following corollary is easily obtained from Theorem 2.7.1(b).

Corollary 2.7.1. Let g > 2. An s"F design of resolution g + 1 or higher
exists if and only if there exists a set T of n points of PG(n — k — 1,s) such
that no g points of T are linearly dependent and V(T) has full row rank.

Examples 2.4.1 and 2.4.2 are now revisited for illustrating Theorem 2.7.1. In
Example 2.4.1, s = 2, n = 5, k = 2 and the matrix B stated there yields a
design d(B) of resolution three. The row spaces of B and

10011
G=[(01010
00101
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are orthogonal complements of each other. Interpreting the columns of G as
points of PG(2,2), the design d(B) corresponds to a set

T ={(1,0,0),(0,1,0),(0,0,1)",(1,1,0)", (1,0,1)"}

of five points of PG(2,2) such that V(T) = G has full row rank. Using the
compact notation described in the beginning of the section, the set T can
as well be expressed as T = {1,2,3,12,13}. Similarly, the design d(B) of
resolution three, considered in Example 2.4.2, corresponds to the set

T = {(17 1)/7 (1, 2)/7 (07 1)/’ (17 0)/}

of four points of PG(1, 3) such that V' (T') has full row rank. In either example,
it is a simple exercise to verify from first principles that (a)—(c) of Theorem
2.7.1 hold.

The following lemma facilitates the applications of Theorem 2.7.1 to be
considered in this section. This lemma is needed to cope with the stipulation
regarding full row rank of V(7T') in Theorem 2.7.1 or Corollary 2.7.1.

Lemma 2.7.1. Suppose there are n points of PG(n — k — 1, s) such that no
g (> 2) of these points are linearly dependent. Then there exists a set T of n
points of PG(n — k — 1,s) such that no g points of T are linearly dependent
and V(T) has full row rank.

Proof. Let hq,...,h, be n points of PG(n — k — 1, s) such that no g (> 2)
of these points are linearly dependent. If the (n — k) x n matrix H, given by
the points hq,...,h, as columns, has full row rank, then it suffices to take
T = {h1,...,hn}. Now suppose rank(H) = p < n — k. Then there exists an
(n — k) x n matrix
A
2-]2] e
defined over GF(s) and having full row rank such that Z; is p x n, Zs is
(n —k —p) xn, and
R(Z1) =R(H). (2.7.2)

By (2.7.1) and (2.7.2), no g columns of Z are linearly dependent, for otherwise
the corresponding g columns of H are linearly dependent, which is impossible
by the definition of H. Since g > 2, the n columns of Z represent n points of
PG(n —k —1,s). Define T as the set of these n points. Then V(T') = Z has
full row rank and no g points of T" are linearly dependent. (]

Example 2.7.1. In order to illustrate the ideas in the above proof, let s = 3,
n=4, k=1, and g = 2, and consider the points

hy = (1,0,0)’, hy = (0,1,0)", hg = (1,1,0), hy = (1,2,0)
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of PG(2,3). Obviously, no two of these points are linearly dependent. However,
the matrix

1011
H=|011 2
0000
given by these points as columns does not have full row rank. Consider now
the matrix
1011
Z=1011 2 :{?}
0010 ?

over GF(3), where

1011
a—[0112},@—m0my

Then Z has full row rank, R(Z;) = R(H), and no two columns of Z, like
those of H, are linearly dependent. Interpreting the columns of Z as points,
one gets a set

T ={(1,0,0),(0,1,0)",(1,1,1)",(1,2,0)'}

of four points of PG(2,3) such that no g (= 2) points of T are linearly depen-
dent and V(T') = Z has full row rank. O

Theorem 2.7.2 below follows readily from Corollary 2.7.1 and Lemma 2.7.1.

Theorem 2.7.2. Let g > 2. An s" % design of resolution g + 1 or higher
exists if and only if there exist n points of PG(n —k — 1, s) such that no g of
these points are linearly dependent.

Theorem 2.7.2 helps in exploring the sufficiency of the conditions (2.6.2)
and (2.6.3), which were earlier seen to be necessary for the existence of designs
of resolution at least three and four, respectively. By Theorem 2.7.2, an s" ¥
design of resolution three or higher exists if and only if there exist n points
of PG(n —k —1,s), no two of which are linearly dependent. Since there are
altogether (s"~% —1)/(s — 1) points of PG(n —k — 1, s), no two of which are
linearly dependent, the sufficiency of (2.6.2) is immediate. Thus one gets the
following result.

Theorem 2.7.3. An s"~* design of resolution three or higher exists if and
only if
n—k __ 1
- s—1

This theorem is of much importance since, as discussed in Section 2.5, only
designs of resolution three or higher are of interest. Turning to (2.6.3), it was
noted in the last section that this condition is not in general sufficient for the
existence of a design of resolution four or higher. Theorem 2.7.4 below shows
that it is, however, sufficient in the special case s = 2. Note that for s = 2,
(2.6.3) reduces to n < 2"k~
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Theorem 2.7.4. A 2"~ % design of resolution four or higher exists if and only
if

n < 2nhoL (2.7.3)
Proof. The “only if” part is already proved in Theorem 2.6.3 (b). To prove

the “if” part, let (2.7.3) hold. The points of PG(n — k — 1,2) are nonnull
binary vectors of order (n — k) x 1. Consider those points with an odd number

of 1’s. There are
n—=k n—k
co.—9on—k-1
(") (1)

such points. Since each of these points has an odd number of 1’s, no three
of these can add up to the null vector, i.e., no three of these are linearly
dependent. Thus there exists a collection of 2"~%~1 points of PG(n—k—1,2)
such that no three of these points are linearly dependent. The “if” part now
follows from (2.7.3) and Theorem 2.7.2. O

Example 2.7.2. Let s =2, n =8, k=4. Then n —k —1 = 3 and (2.7.3)
holds. The points of PG(3,2) having an odd number of 1’s are

(1?07070)17 (07 1?0’0)/’ (030’1’0)/? (070?07 1)/7

(1,1,1,0), (1,1,0,1)", (1,0,1,1)", (0,1,1,1)".

Let T be the set of these eight points, no three of which are linearly dependent.
The matrix

10001110
01001101
v(T) = 00101011
00010111

has full row rank, and following Theorem 2.7.1, the vectors in R[V(T')] yield a
28— design of resolution at least four. In fact, since the third to sixth columns
of V(T') add up to the null vector, this design has resolution exactly four. O

‘We conclude this section with two results that will be useful in the subse-
quent chapters.

Lemma 2.7.2. Let V,. be a matriz with r rows and (s" —1)/(s — 1) columns,
such that the columns of V,. are given by the points of PG(r — 1,s). Then

(a) rank(V,) =,

(b) every nonnull vector in R(V,.) has exactly s"~!

nonzero elements.

Proof. Since the points of PG(r —1, s) are represented by nonnull vectors and
two points with proportional entries are considered identical, without loss of
generality, the first nonzero element in each column of V,. can be assumed to
be 1, the identity element of GF'(s) under multiplication. Then V3 = (1) and
forr=1,2,...,
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o 1
Vig1 = { v } : (2.7.4)

where 0 is the null row vector of order (s" —1)/(s — 1), and 1{,, is the row
vector of order s” with each element 1. Also, M, is an r x s matrix whose
columns are given by all possible r x 1 vectors over GF'(s). By (2.7.4), V,. has
the r unit vectors over GF(s) as columns, and (a) follows.

The proof of (b) will be by induction on r. Since V; = (1), obviously (b)
holds for » = 1. Suppose it holds for r = ¢ and consider any nonnull vector in
R(Vi41). By (2.7.4), any such vector must be of the form

£ = (NVi, Aolfy) + N M), (2.7.5)

where Ao € GF(s) and X is a t x 1 vector over GF(s) such that (Ag,\') is
nonnull. By the definition of M;, the number of zero elements in Ay 1'(t) + N M;
equals the number of ¢ x 1 vectors « over GF(s) such that A\g + Na = 0. If
A # 0, then as in the proof of Lemma 2.3.1 this number equals s'~!, so that
Aol{y + A'M; has s* — s~ nonzero elements. Also, by (a), A'V; is nonnull
for A # 0, and hence has s'~! nonzero elements by the induction hypothesis.
Therefore, by (2.7.5), £ has s* nonzero elements if A # 0. On the other hand,
if A = 0, then A\g # 0, and again by (2.7.5), the same conclusion about £ holds.
Thus (b) follows by induction. O

Define the m-lag of a row vector W as lag(W, m) = (0,...,0,W), where
W is preceded by m zeros. Also, given s, n, and k, denote the maximum
possible resolution of an s"~* design by R,(n,k). Then the following result,
due to Chen and Wu (1991), holds.

Lemma 2.7.3. (a) Given any s"* design d(B) with wordlength pattern
W(B), there exists an s ”Jrsf%ll)*k design d(By), with wordlength pattern
W(Bg) = (lag (W(B),skil),()’), where 0" is a null row vector such that
W (By) has n+ % elements altogether.

Sk

(b) R, (n + =1 k:) > Ry(n, k) + s 1.

Proof. Part (b) is a consequence of (a). If d(B) has resolution Rs(n, k), which
is indeed possible, then d(By) has resolution R,(n, k) + s*~!. Hence the max-

sk—1
imum resolution of an s("Jr =)k design is at least Ry(n, k) + s*~1.

To prove (a), define the k x (n + Ssk:ll) matrix By, = [B V], where Vj
is as introduced in Lemma 2.7.2. Since both B and By have full row rank,
the nonnull vectors in R(B) and R(By) are of the form NB and NBj =
(NB, N'V}) respectively, where A is any k& x 1 nonnull vector over GF(s).
However, by Lemma 2.7.2 (a), Vi has full rank. Therefore, for any such A,
the vector \'Vj is nonnull and hence has s*~! nonzero elements by Lemma
2.7.2 (b). By (2.4.4), it follows that every defining pencil of d(B) corresponds
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to a defining pencil of d(By) such that the latter has s*~! more nonzero
entries than the former. Hence (a) is evident from the definition of wordlength
pattern. O

2.8 Algebraic Coding Theory

This chapter concludes with algebraic coding theory, another important tool
for the study of s”~* designs. Some basic concepts, notation, and results are
given in this section. Details and proofs can be found in MacWilliams and
Sloane (1977), Pless (1989), and van Lint (1999).

Let B be a k x n matrix of rank k over GF(s). Then the row space of B,

C = R(B), (2.8.1)

is an [n, k; s] linear code of length n and dimension k. It is a k-dimensional
linear subspace of the finite Euclidean geometry EG(n,s), where the points
of EG(n,s) are viewed as row vectors. The matrix B is called a generator of
C and the elements of C' are called codewords. Without loss of generality, let
B = [I;; H] and write G =[—H’ I,_]. The row spaces of B and G are then
orthogonal complements of each other and clearly the code C' is the null space
of G. The matrix G is called a parity check matriz.

Comparing with Section 2.4, it is easy to see that the [n, k; s] linear code
C is equivalent to the defining contrast subgroup of the s"* design d(B).
Specifically, by (2.4.4) and (2.8.1), a nonnull codeword in C' is equivalent to a
defining pencil of d(B). The mathematical connection between s"~* designs
and algebraic codes was established by Bose (1961).

For a codeword (or vector) u = (uy,...,uy,), the Hamming weight wt(u)
is the number of its nonzero components. For two codewords v = (uq, ..., uy,)
and w = (wy,...,w,), the Hamming distance

dist(u, w) = wt(u — w)

is the number of j’s with w; # u;. The minimum distance of a code C' is
the smallest Hamming distance between any two distinct codewords of C. Let
K;(C) be the number of codewords of weight ¢ in C. Then (K;(C), K2(C),...)
is called the weight distribution of C. It is easy to show that the minimum
distance of the linear code C' is the minimum weight of nonzero codewords in
C, i.e., the smallest ¢ > 0 such that K;(C) > 0. For convenience, a linear code
is denoted by [n, k, d; s] if its minimum distance is d.

Continuing the previous interpretation, the minimum distance of a linear
code C is mathematically equivalent to the resolution of the corresponding
s"~* design. The importance of the concept of resolution was discussed in
Section 2.5. The concept of minimum distance plays an equally important
role in coding theory, since it determines the capability of error correction of
a code.
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There is also a mathematical equivalence between the weight distribution
of C' and the wordlength pattern of the corresponding design as given in
(2.5.3). Specifically, the weight distribution of a linear code C' defined in (2.8.1)
and the wordlength pattern of the corresponding design d(B) are related as

Ki(C) = (s - DA(B), 1<i<n, (28.2)

because pencils with proportional entries are identical. Recall that the MA
criterion was defined on the basis of the wordlength pattern and that its
importance was justified by the effect hierarchy principle. One could similarly
define an MA criterion for the weight distribution, but such a definition would
lack a meaningful interpretation in coding theory. For this reason, unlike the
interplay between minimum distance and resolution, MA designs do not have
counterparts in coding theory.

Example 2.4.2 is now revisited for illustrating the connection between s
designs and linear codes. Here the row space of B, i.e.,

n—k

C :{(Oa 07070)7 (1’ 0,2, 2)7 (07 L1, 2)7 (17 1,0, 1)7 (17 2,1, 0)7
(2, 0,1, 1), (O, 2,2, 1), (2, 2,0, 2), (2, 1,2, 0)},

is a [4,2; 3] linear code. The weight distribution is
K1(C) = K2(C) =0, K3(C) =8, K4(C) =0,

and the minimum distance is 3. On the other hand, as noted in (2.4.8), the
corresponding 3*~2 design d(B) has the defining relation I = 13242 = 2342 =
124 = 1223. Therefore d(B) has resolution three and wordlength pattern

A1(B) = A3(B) = 0, A3(B) =4, Ay(B) = 0.

Thus, (2.8.2) holds and the equivalence between the linear code C' and the
design d(B) follows.

An important question in coding theory is the existence of a linear code
given n, k, s, d. Let D4(n, k) be the maximum possible d such that an [n, k, d; s]
linear code exists. Brouwer and Verhoeft (1993) gave a comprehensive list of
lower and upper bounds for Dg(n, k) of binary (i.e., s = 2) codes for 1 < n <
127.

We now present some concepts and results from coding theory that will
be useful later in the book. If C' is an [n, k; s] linear code, its dual code C* is
the set of vectors that are orthogonal to all codewords of C, i.e.,

C* ={u:uw =0 for all w € C}. (2.8.3)

If C has the generator matrix B and parity check matrix G, then C* has the
generator matrix G and parity check matrix B. Thus C+ is an [n,n — k; s
linear code. From the definition, it is easy to see that C* is equivalent to the
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s"% design d(B); the codewords of C+ are the transposes of the treatment
combinations included in d(B).

A fundamental identity relating the weight distributions of a linear code
C and its dual code Ct is given below.

Theorem 2.8.1. The weight distributions of an [n, k; s] linear code C' and its
dual code C* satisfy the following identities:

Ki(Ch) = 78 K;(C)P(jin, s), (2.8.4)
j=0
K (C) = s 0 Zn:Kj(cL)Pi(j;n,s), (2.8.5)
=0
fori=0,...,n, where
Piain,s) =S (=Dis— )it () (" ° (2.8.6)
> )

are the Krawtchouk polynomials.

Equations (2.8.4) and (2.8.5) are known as the MacWilliams identities
(MacWilliams, 1963).

The following identities, known as the Pless power moment identities after
Pless (1963), relate the moments of the weight distributions of C' and C*.

Theorem 2.8.2. For an [n, k; s] linear code C and r =1,2,...,

SOF(C) = SR | Syt - (1
i=0 i=0 j=0 J
(2.8.7)
where

S(r,5) = (1/3) Zj:(_l)j—i (D -

=0
forr >4 >0 is a Stirling number of the second kind.

Exercises

2.1 Show that the row space of the matrix M (y) in (2.2.3) does not depend
on the specific choice of M, ..., M,, as long as the latter satisfy (2.2.2).

2.2 Prove Lemma 2.2.1 for g = 4.

2.3 Prove the “if” part of Theorem 2.2.1 explicitly.

2.4 List the distinct pencils in a 42 factorial. Select any two of them and
verify from first principles that treatment contrasts belonging to these
pencils are orthogonal to each other.
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2.5
2.6
2.7
2.8

2.9
2.10

2.12

2.13

2.14

2 Fundamentals of Factorial Designs

Obtain the alias sets in Example 2.4.2.

Show that the s* pencils considered in (2.4.10) are distinct.

Use Theorems 2.6.1 and 2.6.2 to show that no 2"~* design of resolution
five or higher exists when n > on—k=2 4 9

Verify from first principles that (a)—(c) of Theorem 2.7.1 hold in Exam-
ples 2.4.1 and 2.4.2.

Prove Corollary 2.7.1.

Use Theorem 2.7.1 to obtain the treatment combinations in the
design considered in Example 2.7.2. Also, find the defining pencils and
hence the wordlength pattern of this design.

For r = 2, verify Lemma 2.7.2 from first principles, writing the matrix
V5 explicitly and enumerating all nonnull vectors in the row space of Va.
In an s"* design, let A;; denote the number of defining pencils that
involve the ith factor and have j nonzero entries. Following Draper and
Mitchell (1970), the letter pattern matriz of the design is defined as the
n X n matrix with elements A;;, where each factor is interpreted as a
letter. As usual, let (A4,...,A,) denote the wordlength pattern of the
design. Show that A; = j=1 " | A;; for every j.

Refer to Table 1.1 in Section 1.1 and consider the 4 x 15 subarray given
by the runs numbered 2,3,5, and 9. Verify that the columns of this
subarray represent the 15 points of PG(3,2) and that its four rows span
all the 16 rows of Table 1.1. Hence establish a connection between the
discussion in the last paragraph of Section 1.1 and Theorem 2.7.1.
Show that the minimum distance of a linear code C' equals the minimum
weight of nonzero codewords in C.

2874
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Two-Level Fractional Factorial Designs

Fractional factorial designs with factors at two levels are the most commonly
used in practice. For the same number of factors, they have smaller run size
than designs at more than two levels. This run size economy makes them
attractive for studying a large number of factors. A fundamental question in
this context is the choice of designs. The minimum aberration criterion is
commonly used for selecting optimal designs. Theoretical results on minimum
aberration designs are given in this chapter. Results on related criteria like
maximum resolution and maximum number of clear effects are also considered.
A catalogue of two-level fractional factorial designs with 16, 32, 64, and 128
runs is given.

3.1 Basic Definitions Revisited

Two-level factorials have certain simplifying features that facilitate their study
even without an extensive use of abstract algebra. The first of these features,
evident from (2.2.5) and Theorem 2.2.2, is that each factorial effect is rep-
resented by a unique treatment contrast up to proportionality. We begin by
showing that any such treatment contrast in a 2™ factorial can have a natural
interpretation. This generalizes the ideas in Section 2.1 for the special case
n=2.

Consider a main effect, say that of the first factor Fy. By (2.1.10) and
(2.1.11) with s = 2, this main effect is represented by

Fl = Z Zijl (.7 Jn)’ (311)

Jn=0

where 1(0) 4 1(1) = 0. There are 2"~ treatment combinations corresponding
to j1 = 0 or 1. Hence, with [(1) = —I(0) = 1/2"~!, one can interpret (3.1.1)
as the difference between the averages of the treatment effects at the levels
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1 and 0 of Fj. Note that in applied design texts, level 1 is often assigned to
the high level and level 0 to the low level of a factor. While any other choice
of 1(1)(= —I1(0)) does not affect the development of the design theory, the
particular choice made above facilitates a natural interpretation.

Consider next the two-factor interaction (abbreviated as 2fi) FyFs. By
(2.1.12)—(2.1.14), this is represented by

1 1
L(F\Fy) = Z Z 1(j1J2)T(j1 - - - Jn)s (3.1.2)

where
1(00) = —1(01) = —1(10) = I(11) =1, (3.1.3)

and [ is any nonzero constant. The choice [ = 1/2"71 will render (3.1.2)
a natural interpretation similar to the one for the main effects. With [ so
chosen, (3.1.2) can be expressed as

L B) = L{L(F|Fy = 1) — L(Fy|Fy = 0)}. (3.1.4)

where, for jo = 0,1,

=
—

7(0j2J3 - - - jin)-
Jj3=0  jn=0 3=0  jn=0

In the spirit of the last paragraph, L(F;|Fy = jo) represents the conditional
main effect of Fy at level jo of Fy. Thus (3.1.4) exhibits L(FF5) in terms
of the difference between these conditional main effects. This reinforces the
interpretation associated with (2.1.9) that a 2fi measures the influence of the
level where one factor is held fixed on the effect of a level change of the other
factor. It is not hard to see that (3.1.4) remains invariant, like (2.1.9), when
the roles of F; and F5 are interchanged.

Similar considerations apply to any other 2fi or higher order interactions.
For example, the treatment contrast representing the three-factor interaction
(3fi) F3F}F, for 1 <i < j <r <n can be expressed as

1
L(F,F;F,) = i{L(Fz’FﬂFr =1) — L(F;F;|F, =0)},

where L(F;F;|F, = 1) is the conditional 2fi of F; and F; at level 1 of F)., and
so on. For a detailed discussion of this approach to defining factorial effects,
see Chapter 3 of Wu and Hamada (2000).

We now turn to 2" % designs. Some additional features of two-level facto-
rials that facilitate the understanding of such designs are as follows:

(a) All pencils are distinct.
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(b) Each factorial effect is represented by a single pencil, so that there is
practically no distinction between a factorial effect and the associated
pencil.

Both (a) and (b) are evident from Section 2.3, and (b) was noted near the
end of that section. By (b), a pencil becomes equivalent to a factorial effect.
Therefore, the concept of pencils is not needed explicitly when one considers
2"~* designs. In particular, the aliasing of pencils amounts to the aliasing of
factorial effects.

By (2.4.4), in a 2% design, there are 2% — 1 defining pencils or words.
Using the compact notation introduced in Remark 2.3.1, any such word that
corresponds to the factorial effect F, ... F; can be conveniently denoted by
i1 ...1g. Thus the defining contrast subgroup, introduced below (2.4.4), con-
sists of the 28 — 1 words, together with the identity element I, and is closed
under multiplication with the convention of dropping squared symbols. With a
view to illustrating the above ideas, Example 2.4.1 is revisited from a different
perspective.

Example 3.1.1. Consider the 25~2 design d (= d(B)) in Example 2.4.1. Its
eight treatment combinations can be represented by the eight rows of the
following matrix M:

12 13

ol
4 5

o
N
w

il = e R o B e B an)
H OO KR FOO
—_0 = O = OO
OO R EFEF=OO
O == OO

11 0

One can visualize the design as follows. Start from a complete factorial in
Fy, Fy, F3 (based on the first three columns of M). Then add column 4 as the
sum of columns 1 and 2 and column 5 as the sum of columns 1 and 3 modulo
2. If column 4 is assigned to Fy, it can be used to estimate the main effect
contrast L(Fy) in the spirit of (3.1.1). Because 0 of column 4 corresponds to
00 and 11 of columns 1 and 2, and 1 of column 4 corresponds to 01 and 10
of columns 1 and 2, column 4 can also be used to estimate the interaction
contrast L(FyF3). Hence, L(Fy) and L(F;F») cannot be disentangled on the
basis of d. In other words, the factorial effects Fy and F} Fy are aliased in d,
and this is denoted by 4 = 12. Similarly, one gets the aliasing relation 5 = 13.
As in Section 2.4, these two relations can be rewritten as I = 124 = 135. By
multiplying 124 and 135, one gets a third relation I = 2345. Thus the 2°~2
design d is completely characterized by the defining relation
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I =124 = 135 = 2345, (3.1.5)

which describes its defining contrast subgroup and is the same as (2.4.7). The
alias sets are now easy to obtain via simple multiplication as discussed and
shown below (2.4.12). O

Generally, a 2% design is determined by its defining contrast subgroup.
The length of each word therein, or wordlength, is the number of symbols or
letters (i.e., factors) the word contains. The shortest wordlength is the reso-
lution of the design. Let A; be the number of words of length 4 in the defining
contrast subgroup. The wordlength pattern W = (A;, A2, As,..., A,) and
the minimum aberration (MA) criterion are defined as in (2.5.3) and Defin-
ition 2.5.1. Thus the 2°~2 design in Example 3.1.1 has resolution three and
wordlength pattern (0,0,2,1,0), since its defining contrast subgroup consists
of the words 124,135, and 2345 (apart from I) with lengths 3, 3, and 4 re-
spectively. As will be shown after Theorem 3.2.1, this design has MA.

Since the properties of a 2% design are determined by its defining con-
trast subgroup, two 2" =¥ designs are said to be isomorphic (or equivalent) if
the defining contrast subgroup of one of them can be obtained from that of
the other by permuting the factor labels. In ranking and selecting designs,
isomorphic designs will be treated as the same.

A theoretical question concerning the maximum resolution criterion is to
find the highest resolution for a 2"~* design with given n and k (i.e., fixed
number of factors and run size). Theorems 2.7.3 and 2.7.4 address this question
to some extent. A good summary of existing results on maximum resolution in
the statistical literature is given in Draper and Lin (1990). These results will
not be reported here for two reasons. First, the maximum resolution criterion
is a special case of MA criterion. Results on the latter, which are the main
focus of this chapter, imply those on the former. Second, more comprehensive
results can be found in the coding-theoretic literature (e.g., Brouwer and
Verhoeff, 1993; Brouwer, 1998). Recall from Section 2.8 that the resolution
of a 2"~ % design is equivalent to the minimum distance of a binary [n, k;2]
linear code and that the concept of minimum distance plays a central role in
error-correcting codes. One difference is that for designed experiments, the
number of factors n is not usually too large, while n can be quite large for
codes. This underscores the need to find good codes (e.g., to maximize the
minimum distance) over a wider range of parameters.

3.2 Minimum Aberration 2" Designs with k < 4

When k is small, the defining contrast subgroup of a 2" design has fewer
elements, which makes it easier to search for MA designs. General explicit
results are available for k < 5. Results for 1 < k < 4 are given here. Through-
out this section, we consider only those 2"~ designs that have each of the
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letters 1,...,n appearing in some word in the defining contrast subgroup. By
Lemma 2.5.1, an MA design must satisfy this requirement.

The case k = 1 is straightforward. It is a half-fraction of the 2" factorial.
The MA 277! design is also the maximum resolution design with defining
relation I =12...n.

The following lemma, due to Brownlee, Kelly, and Loraine (1948), is useful
in exploring MA designs for k = 2,3,4. It gives some fundamental relation-
ships for the A;’s and the wordlengths. In Lemma 3.2.1, > . A, is called the
first moment of the 2"~* design and is equal to the sum of lengths of the
2% — 1 words in the defining contrast subgroup.

Lemma 3.2.1. For any 2" % design,
(a)

ZAi = 2F 1, (3.2.1)
(b)

> A = n2tl (3.2.2)

i=1

(c) either all the words in the defining contrast subgroup have even lengths or
2k=1 of them have odd lengths.

Proof. (a) This is obvious from the fact that there are 2¥ — 1 words in the
defining contrast subgroup, say G, of the design.

(b) Clearly, >i iA; = >, ;, where (3; is the number of words in G
containing the letter i. It is enough to show that 3; = 25! for every i. For
any fixed i, let G;(C G) be the set consisting of the 3; words as described
above. As indicated in the beginning of this section, G; is nonempty. Let B
be any fixed word in G;, and G, be the complement of G; in G. Since G is a
subgroup under multiplication,

Gi = {BG:Geg}. (3.2.3)

Now, G has cardinality 2% inclusive of the identity element. Hence (3.2.3)
yields 8; = 28 — 3, i.e., 3; = 2571 as desired.

(c) Let the set Go(C G) consist of words with odd lengths. If Gy is empty
then (c) holds trivially. Otherwise, the same arguments as in (b) show that
Go has cardinality ok—1, O

For k = 2, Robillard (1968) gave the following method for constructing
MA 272 designs. Let n — 2 = 3m + r, where 0 < r < 3. Define
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(1) forr=0,By=12...2m)(n —1),Ba = (m+1)(m+2)...(3m)n;
(t5) forr=1,B1=12...2m+1)(n—1),Be=(m+1)(m+2)...3m+ 1)n;
(t4) forr=2,B1=12...2m+1)(n—1),Ba=(m+1)(m+2)...(3m + 2)n.

(3.2.4)

Theorem 3.2.1. The 2" 2 design dy with the defining relation I = B; =
By = B;Bs, where By and Bs are given in (3.2.4), has the mazimum res-
olution [2] and minimum aberration. Here [x] denotes the integer part of

x.

Proof. The three words By, Ba, and By By have lengths {2m+1, 2m+1, 2m+2}
for r =0, {2m +2,2m + 2,2m + 2} for r = 1, and {2m + 2,2m + 3,2m + 3}
for r = 2. Hence dy has resolution [2*]. From (3.2.2), the sum of the three
wordlengths for any 2”2 design equals 2n. Therefore the shortest wordlength
(i.e., the resolution) has [%"] as its upper bound, which proves that dy has
maximum resolution. The MA property is obvious for » = 1, since the three
words have the same length. It is evident also for r = 0, since by (3.2.2),
no design can have only one word of length 2m + 1 and two words of higher
lengths. For r = 2, dy has only one word of the shortest length 2m + 2 and
two words of the next length 2m + 3. Again (3.2.2) rules out the existence of

designs with less aberration. O

Example 3.2.1. For n = 5, the rule in (3.2.4) becomes B; = 124 and By =
235, which leads to the MA 2°~2 design with I = 124 = 235 = 1345. By
mapping 1 — 2,2 — 1,3 — 3,4 — 4, 5 — 5, it is clear that the defining
contrast subgroup of this design reduces to that in (3.1.5), thus showing that
the 2572 design in Example 3.1.1 or 2.4.1 has MA. O

The study of the cases £k = 3 and 4 is facilitated by periodicity consider-
ations implicit in Lemma 2.7.3. For ease in reference, this lemma is restated
below for two-level factorials.

Lemma 3.2.2. (a) Given any 2"~ % design di with wordlength pattern W1,
there exists a 2(n+2" =)=k design dy with wordlength pattern Wy = (lag (Wh,
2k=1).0"), where 0/ is a null row vector such that Wy has n +2F — 1 elements
altogether.

(b) R2(n + 2k - lv k) Z RQ(na k) + 2k71'

The next two theorems on MA 2773 and 2"~* designs are due to Chen
and Wu (1991). Considering 2”3 designs first, let n = Tm+r, 0 < r < 7. For
1=1,...,7, define

B, — { (tm—m+1)(im—m+2)... (zZm)(?m—l—i), for i <r, (3.2.5)

(tm—m+1)(im—m+2)...(im) otherwise.

The B;’s divide the n letters into 7 approximately equal blocks.
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Theorem 3.2.2. The 2”3 design dy with the defining relation

I = B;BgB4B3s = B;B5sBysBs = BgB5B4 B,
= B¢BsB3By = ByBsB3By = ByBsB2By = B4 B3B8y By,

where the B;’s are given in (3.2.5), has minimum aberration and maximum
4n

resolution. Its resolution equals [7] —1 forr=2 and [47”] forr # 2.
Proof. For n = 4, dy has the wordlength pattern W = (0,6,0,1). Hence we
consider only those 2472 designs that have A; = 0. By (3.2.1) and (3.2.2), for
any such design,

A2 + A3 + A4 = 7,
24, + 345 + 44, = 16, (3.2.6)

which together with Lemma 3.2.1(c) yield the unique solution As = 6, A3 = 0,
A4 =1, thus proving the MA property of dp.

For n = 5, dy has the wordlength pattern W = (0,2,4,1,0). Hence we
consider only those 2°~3 designs that have A; = 0 and Ay < 2. As before,

A2+A3+A4+A5 = 7,
2A5 +3A3 +4A4+ 545 = 20, (327)

and Az + As = 0 or 4 by Lemma 3.2.1(c). Thus the unique solution of (3.2.7)
with Ay < 21is Ay = 2,43 =4,4, = 1,A5 = 0, and the MA property of dy
follows.

For 6 < n < 10, the proofs are similar. For n > 11, the proofs are essen-
tially the same as those for 4 < n < 10 because from Lemma 3.2.2(a), they
involve the same type of equations with a period of length 4 (= 23~1!). For
example, if n = 4 + 7m, then one word in the defining contrast subgroup of
do has length 4+ 4m and the rest have length 2 4+ 4m each. Hence considering
only those designs satisfying A; = 0 for ¢ < 1+4m, (3.2.1) and (3.2.2) become

Azyam + Asyam + Asyam +-- = T,
(3.2.8)
(24+4m)Asyam + B3+ 4m)Asiam + (A +4Am)Ayygm + -+ = 4(4+Tm).

Subtracting (2+ 4m) times the first equation from the second equation yields
Aztam + 2A514m + 3As51am + - = 2,

which forces Asi4m = Agtam = -+~ = 0 and reduces the equations in (3.2.8)
to those in (3.2.6). Therefore the proof for n = 4 4+ 7m reduces to that for
n=4.

The MA property of dy implies that it has maximum resolution. One can
easily check that the resolution of dj is as claimed. O
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To construct 2"~ MA designs, we use the same idea as with k = 3. Let
n = 1bm +r, 0 < r < 15. Divide the n letters into 15 approximately equal
blocks given by By, ..., Bys, where

B (im—m+1)(im—m+2)...(im)(15m +1i) fori <r,
Tl tm—m+1)(im—m+2)...(im) otherwise.

When r # 5, let

B = {Bi5B14B12ByBsB7BsB1, Bi5B13811ByBgB7B5B>,
B15B14B11B19BsBsBsBs, B15B13B12B10B7BsBsBs}. (3.2.9)

When r = 5, switch Bys and Bs in (3.2.9).

Theorem 3.2.3. The 2"* design dy, whose defining contrast subgroup is
generated by the four words in (3.2.9), has minimum aberration and maxi-
mum resolution. Its resolution equals [81—’5‘] forr #£2,3,4,6,10 and [%’] -1
otherwise.

Proof. For n = 5, dy has wordlength pattern (0,10,0,5,0). By Lemma
3.2.1, there are only two possibilities, (0,6,8,1,0) and (0,7,7,0,1), for the
wordlength pattern of any design with less aberration. Consider the first one.
Let | be a letter shared by a shortest word and the longest word. Following
the proof of Lemma 3.2.1(b), there are 8 (= 2471) words containing . If these
words are deleted, then by (3.2.1) and Lemma 3.2.1(c), the wordlength pat-
tern of the resulting 2" 3 design (n’ < 4) must be (0,3,4,0), which violates
(3.2.2). The second possibility is also eliminated in the same manner. Thus
the MA property of dy follows.

Similarly, for n = 6, the only possibilities for the wordlength pattern of
any design having less aberration than d, are

(a) W =(0,2,8,5,0,0),
(b) W = (0’377747 130)

In case (a), suppose letter [ occurs in a shortest word. Delete all the words
containing [. The remaining words will define a on' =3 design with n’ < 5.
According to (3.2.2), its first moment is at most 5x4 = 20. On the other
hand, it has As < 1, Ay < 5, and A; = 0 for ¢ # 2,3,4. Hence by (3.2.1)
and Lemma 3.2.1(c), Az = 4. Using (3.2.1) again, (A2, 44) = (1,2) or (0, 3).
Therefore 245 + 3A3 + 4A4 = 22 or 24, each of which is greater than 20 and
thus violates (3.2.2). In case (b), notice that there is a letter that occurs in
at least two of the three shortest words. This is because Ag = 0 in (b) forces
the product of these three words to have at most length 5. Deleting the words
containing this letter would lead to the same violation as in case (a). Thus,
no other design can have less aberration than dy.

By Lemma 3.2.1, for n = 7, the only possibilities for the wordlength pat-
tern of any design having less aberration than dy are



3.3 Minimum Aberration Designs via Complementary Designs 57
w =(0,0,6,7,2,0,0), W =(0,0,7,6,1,1,0).

To prove that there is no design with either of these wordlength patterns, we
assume the contrary. Suppose d; is a 27~% design with W = (0,0,6,7,2,0,0).
Its defining contrast subgroup contains words of odd lengths and hence cannot
be generated exclusively by even-length words. By adding a new letter to all
odd-length generators, we have a 287% design ds. Every word in the defining
contrast subgroup of do has even length since all its generators have even
lengths. Because the corresponding words in dy are at least as long as the
words in dy, from (3.2.1) and (3.2.2), the wordlength pattern of ds has to be

(¢) W = (0,0,0,13,0,2,0,0).

Now we prove the impossibility of (c¢). Clearly, there exists a letter [ appearing
in one of the two longest words but not in the other. By deleting all the words
containing [, the remaining words define a on' =3 design with n’ < 7. From
(3.2.1), the wordlength pattern of this design must be (0,0,0,6,0,1,0) with
its first moment being 30, which violates (3.2.2). Therefore such a design does
not exist. The proof of the impossibility of W = (0,0,7,6,1,1,0) is similar.
This proves the MA property of dy for n = 7.

The proofs are similar for 8 < n < 19. Using the same periodicity argument
as with & = 3 (see (3.2.8)), one can show that the proofs for n > 20 are the
same as those for 5 <n < 19.

The MA property of dy implies that it has maximum resolution. It is also
easy to check that the resolution of dj is as claimed. ([

Chen and Wu (1991) tabulated the wordlength patterns of the MA designdy
in Theorem 3.2.3 for 5 <n < 19.

The combinatorial arguments used for £ = 3 and 4 are not completely
adequate in the exploration of MA 2"~% designs. They are effective in sub-
stantially reducing the number of candidate designs, but the remaining work
has to be done by computer search. Chen (1992) used a combination of these
two techniques to find MA 2"~5 designs in closed form.

Since a word of length two in the defining contrast subgroup would en-
tail the aliasing of main effects, we will not consider designs of resolution
two. In the rest of this chapter, only designs of resolution three or higher are
considered.

3.3 Minimum Aberration Designs via
Complementary Designs

The approach taken in the previous section is useful for finding MA 27—
designs with k < 4. As k becomes larger, the number of candidate designs
grows exponentially and therefore a different approach is required. To motivate
the new approach, consider the search for MA 2"~* designs with 16 runs.
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Because n — k = 4, we can rewrite them as 2"~("~% designs. Based on the
results for 27 ~% designs with k < 4, the cases 5 < n < 8 are solved. For n > 9,
the search for MA designs is greatly simplified if one recalls from Theorem
2.7.1 that each 27~ ("% design is equivalent to a selection of n points out of
the 15 points of the finite projective geometry PG(3,2). Since the number of
remaining points, namely 15 —n, is much smaller than n for n > 9, it is easier
to conduct design search over them. Clearly, these remaining points form the
complement of the set of n points for the 2% design. This complementary
set is often referred to as the complementary design of the original one. The
terms complementary set and complementary design are used interchangeably
in what follows.

Let m = n — k. Using the compact notation introduced in Section 2.7,
PG(m — 1,2) can be represented by

Hyp={ur...up:1<u; < <u, <my,1 <r<m}, (3.3.1)

where the element u ... u, corresponds to the point of PG(m —1,2) that has
1 in the wyth,. .. u,th positions, and 0 elsewhere. For example,

Hs = {1,2,12,3,13,23,123}.

(In coding theory H,, can be viewed as a Hamming code.) Addition of any
two points of PG(m—1,2) is equivalent to multiplication of the corresponding
elements of H,, with the convention of dropping squared symbols. Indeed,
{I} U H,, forms a group under such multiplication where I is an identity
element. Any ¢ elements of H,, are independent if none of them equals the
product of some or all of the rest. Thus the elements 13, 23, and 123 of Hj
are independent, while 12, 13, and 23 are not so because 23 = (12)(13).

Since only designs of resolution three or higher are being considered, the
following result is evident from Theorem 2.7.1.

Theorem 3.3.1. (a) Let m = n — k. Then a 2" % design is equivalent to a
set T(C H,,) of cardinality n such that there are m independent elements in
T.

(b) Furthermore, with T = {c1,...,cn}, the defining contrast subgroup of
the design contains the word iy ...iq if and only if ¢;y ...ciy = 1.

Throughout this section, a 2" % design is denoted simply by the corre-
sponding set T' as envisaged above. Its wordlength pattern is also denoted by
W(T) = (A1(T),. .., A,(T)). The complementary set T = H,,, — T, of cardi-
nality f = 2™ — 1 — n, represents the complementary design of T. If f = 0,
then T is called a saturated design. Obviously, in this case there is only one
choice of T, namely, T = H,,. Hence to avoid trivialities, let f > 1. Then T
is nonempty and Theorem 3.3.1(b), with 7" there replaced by T, dictates the
defining contrast subgroup and hence the wordlength pattern of T. The latter
is denoted by W(T) = (A1(T),...,A¢(T)). Clearly A;(T) = A;(T) = 0 for
1=1,2.
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Note that T may not always represent a design in a strict sense. For in-
stance, it may so happen that f < m or that T does not contain m indepen-
dent elements (cf.Theorem 3.3.1(a)). Notwithstanding these possibilities, the
terminology “complementary design” for T is a common usage. At any rate,
the wordlength pattern of T is always well-defined via Theorem 3.3.1(b). For
example, if f < m and the elements of T are independent, then A;(T) = 0 for
every 1.

Example 3.3.1. Let n =4, k = 1, m = n—k = 3. Consider two 2*~! designs
represented by the sets T3 = {1,2,3,12} and T» = {1,2,3,123} of Hj. The
only product involving the elements of T} that equals I is (1)(2)(12). Hence by
Theorem 3.3.1(b), the only word in the defining contrast subgroup of 77 has
length 3, giving W(Ty) = (0,0, 1,0). Similarly, W(T) = (0,0,0,1), so that
T, has higher resolution and hence less aberration than 77. Consider now the
complements Ty = Hz — Ty = {13,23,123} and Ty = H3 — T = {12,13,23}.
The three elements of T'; are independent, while those of Ts satisfy the relation
(12)(13)(23) = I. Hence, using Theorem 3.3.1(b) again, W(T;) = (0,0,0) and
W (T2) = (0,0,1). Intuitively, this example suggests that when the elements
of the complementary set T are more “dependent,” those of 1" should be less
“dependent” and thus T" may have less aberration. A rigorous version of this
intuitive observation will be developed later in the section. (I

Following Tang and Wu (1996), we now describe how the use of comple-
mentary designs can simplify the study of MA designs, especially when the
complementary sets are not too large. The method first employs isomorphism
to reduce the design search. An isomorphism ¢ is a one-to-one mapping from
H,, to H,, such that ¢(zy) = ¢(z)¢p(y) for every x # y. Two sets T1 and T5 of
H,, are said to be isomorphic if there is an isomorphism ¢ that maps T} onto
T,. Two 2"~ * designs are called isomorphic if the corresponding sets are iso-
morphic. Note that this definition of design isomorphism is equivalent to the
one given in Section 3.1. Isomorphic designs are treated as the same design.
For example, they are equivalent according to the MA criterion. The follow-
ing crucial result is evident from the definition of isomorphism. It shows that
while looking for an MA design, one can reduce the class of complementary
designs by isomorphism and then restrict the search to the reduced class.

Lemma 3.3.1. Let T; be the complement of T; in Hy, (i = 1,2). If Ty and
T are isomorphic, then Ty and Ty are also isomorphic.

Theorem 3.3.2. Any two 2" * designs with n = 2"~* — 2 are isomorphic.
The same holds for n = 2"~F — 3,

Proof. Any 2"~ % design with n = 2™ — 2, where m = n — k, is given by
a set T of 2™ — 2 elements of H,,. Its complement T consists of only one
element of H,,. Since any two singleton sets are isomorphic, sets like T" must be
isomorphic to one another according to Lemma 3.3.1. Similarly, for n = 2™ —3,
the complementary set T consists of two elements. Since all such sets of two
elements are isomorphic, all designs with n = 2™ — 3 are also isomorphic. [
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The next simplest case is n = 2"7% — 4, i.e., the complementary set T
has three elements. There are two nonisomorphic choices of T: (i) {a,b,c},
where a, b, ¢ are three independent elements, and (ii) {a, b, ab}, where ab is the
product of a and b. From Example 3.3.1, one would expect the design whose
complementary design has the form (ii) to be superior. The following identities
enable us to verify whether an intuitive guess like this is correct. They relate
the values of As, Ay, As for a 2"~% design T to those of its complementary
design T

A3(T) = constant — A3(T),
T

Ay(T) constant + A3(T) + A4(T), (3.3.2)
As(T) = constant — (2"7*~1 —n)A3(T) — Ay(T) — As(T).

The constants in (3.3.2) may depend on n and k but not on the particular

choice of T'. These identities are special cases of a more general result to be

given in Chapter 4 (see Corollary 4.3.2). Hence their proofs are omitted.
The following rules for identifying MA designs emerge from (3.3.2). Recall

that f = 2""% — 1 —n is the cardinality of T

Rule 1. A design T* has minimum aberration if

(i) A3(T") = max A3(T) over all T of cardinality f, and
(ii) T" is the unique set (up to isomorphism) satisfying (i).

Rule 2. A design T has minimum aberration if

(i) As(T (7*) = max A3(T) over all T of cardinality f,
(i) Au(T") = min{A4(T) : A3(T) = A5(T")}, and
(iii) T is the unique set (up to isomorphism) satisfying (ii).

Rule 3. A design 7™ has minimum aberration if

(i) A3(T") = max A3(T) over all T of cardmahty f,

() AT) = minfAu(T) : A4(T) = A(T°)),

(iii) A5(T") = max{A5(T) : A3(T) = A3(T" ) and A4(T) = A4(T")}, and
)

(iv T* is the unique set (up to isomorphism) satisfying (iii).

As(T"
T

The following example serves to illustrate the use of Rule 1.

Example 3.3.2. Let f = 2% — 1. Clearly, A3(T) is maximized if and only
if {I}UT is a subgroup of {I} U H,,. Since this subgroup is unique (up to
isomorphism), one obtains a sequence of MA 2"~* designs with n = 2™ — 2%,
where w = 1,...,m — 1 and m = n — k. In particular, if w = 2, then T of
the form {a, b, ab} yields the MA design. Since w = 2 amounts to f = 3, i.e.,
n = 2"~k — 4 this shows the validity of the intuitive guess made above (3.3.2)
for such n. (|
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Use of Rule 1 and design isomorphism yields MA 2"~ designs for general
nand k with f =2"% — 1 —n =1,2,...,9. The corresponding sets T are
summarized in Table 3.1. The results for f = 10 and 11 can be obtained via
Rule 2 and design isomorphism. The explanatory notes (i)—(ix) below indicate
the proofs for most of the cases. Details for all cases can be found in Tang
and Wu (1996). In Table 3.1 as well as the explanatory notes, a,b,c,d are
independent elements of H,,.

Table 3.1 The sets T for MA designs with f =1 to 9

12 3 4 5 6 7 8 9

f
T a b ab ¢ ac be abe d ad

(Note: For each f, the optimum T consists of the first f elements of the second
row.)

(i) f = 1,2 are covered by Theorem 3.3.2; f = 3 is covered by Example
3.3.2.
(ii)  f = 4. There are three nonisomorphic choices of T":

Ty ={a,b,c,ab}, To={a,b,c,abc}, Ts={a,b,c,d}.

Since T'; is the only one with positive As, it yields the MA design.
(iii) f = 5. First consider Ty = {a, b, ¢, ab, ac}. Because T can be viewed as
a 2572 design and from Theorem 3.3.2 all 2°~2 designs are isomorphic,
other choices of T must have four or five independent elements, say,
a,b,c,d,e. Among them, the following four are nonisomorphic:

Ty ={a,b,c,d,ab}, Ts = {a,b,c,d,abc},
T4 = {a,b,c7 d7 abcd}, T5 = {a’b7 c, d7 6}.

Since A3(T1) =2 > A3(T2) =1 > A3(T;) = 0 for i = 3,4,5, T gives
the MA design.

(iv) The proof for f = 6 is similar to that for f =5.

(v)  f=17. The most “dependent” T is of the form

Ty = {a,b,c,ab, ac, bc, abc}.

From Example 3.3.2, T gives the MA design with A3(7T;) = 7. For use
in (vi) below, we give the A3 values associated with the other noniso-
morphic T. They must have at least four independent elements and are
given by
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(vii)

(viii)
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Ty ={a,b,c,d, 1, 72,23}, Ts = {a,b,c,d,e,x1, 22},
T4 = {CI,, b, c, dvevgax}’ T'f) = {a,b, c, d7€7gah}a

where a, b, c,d, e, g, h denote independent elements and 1, 2, x3, x de-
note products of the independent elements in the corresponding sets.
It is easy to show that the maximum Aj; for T is 4, which is attained
uniquely (up to isomorphism) by choosing x; = ab, x2 = ac, x3 = be.
It is also readily seen that max A3(T3) = 2, max A3(T,) = 1, and
As3(Ts) = 0.

f = 8. It will be shown that the set

T  ={a,b,c,d,ab,ac,be, abc}

uniquely attains the maximum As value 7, and thus gives the MA de-
sign. To this end, we write any set of eight elements as T = Q U {xg},
where @Q = {z1,...,27}. As noted in (v) above, A3(Q) < 7, with equal-
ity if and only if Q has the form {a, b, ¢, ab, ac, bc, abc}, in which case T
becomes the same as T .

From (v) again, the next largest value of A3(Q) is 4 and is uniquely at-
tained by the set Q¢ = {a, b, ¢, d, ab, ac, bc}. Additional relations involv-
ing three elements of T and hence contributing to A3(7T') must involve
rg and take the form

T;Tj; = g, 1< 7&] < 7. (333)

With @ = Qo (and zg # abe so as to avoid reversal to T*), there is at
most one pair of x; and z; to satisfy (3.3.3). Therefore max A3(Qo U
{zs}) = 5. For any other choice of @, A3(Q) < 3 as seen in (v). Noting
that (3.3.3) has at most three solutions, it follows that the maximum
Az for QU {zg} with A3(Q) < 3 is 6, thus completing the proof.

The proof for f = 9 is similar to but more elaborate than that for f = 8.
f = 11. It will be shown that Rule 2 yields the MA design. Note that
m =n—k > 5, for otherwise n = 2"~* — 1 — f < 4, which is impossible
since k > 1. Hence H, is embedded in H,,. By complete enumeration
it can be shown that T must be a subset of Hy, up to isomorphism;
otherwise, A3(T) is not maximized. Since the size of T is larger than

that of T = Hy — T, it is easier to work with the smaller set T. Since

T has only four elements, according to the case of f = 4, there are only
three nonisomorphic choices for it, namely,

Tl = {m,y,z,u}, T2 = {x,y,z,xyz}, T3 = {x,y,z,xy},

where z,y, z, u are independent elements. Let T; = H,y ~T; (i= 1,2,3).
Since A3(T1) = A4(Tl) = 0, A3(T2) = 0, A4(T2) = 1, A3(T3) =
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1, A4(?g) = 0, applying (3.3.2) to the pairs (Ti,%i) that are comple-
mentary with reference to Hy, one gets

As(Ty) = As(Ts) = As(Ts) +1, As(Ty) = Au(Ty) — 1.

Hence, by Rule 2, T'; yields the MA design. Note that T'; is isomorphic
to

{a,b,ab, ¢, ac, be, abe, d, ad, bd, cd}. (3.3.4)
(ix) f =10. Arguments similar to those for f =11 show that

T = {a,b,ab, c,ac,be,d, ad, bd, cd} (3.3.5)
satisfies Rule 2 and yields the MA design.

For each of the cases 1 < f < 11 considered above, it is satisfying to
note that the set T, representing the MA design, contains m independent
elements, as it should in view of Theorem 3.3.1(a). For illustration, consider
f = 10 and suppose a,b,c,d,es, ..., e, are m independent elements of H,,.
Then by (3.3.5), the set representing the MA design includes the m elements
abc, abd, acd, bed, es, . . ., e,,, which are independent.

The above results can be applied to complete the search for MA 16-run
27— ("=4) designs discussed in the beginning of the section. Among the remain-
ing cases, i.e., 9 < n < 15, the case n =15 is trivial since there is only one
design, namely, T = H,4. The cases n = 14 and 13 correspond to f =1 and 2
respectively. By Theorem 3.3.2 or (i) above, all designs are isomorphic in these
two cases. Finally, the cases n = 12,11, 10, and 9 correspond to f = 3,4,5, and
6 and are settled respectively by (i)—(iv) above. For instance, with n = 10, one
may take a = 123, b = 24, ¢ = 34 in (iii) to get T = {123,24, 34,134, 124},
which shows that the 21076 design Ty = {1,2,12,3, 13,23, 4, 14,234, 1234} has
MA. Since the result for each f, 1 < f < 11, does not depend on the value
of n, the same rules can be used to find MA 32-run 2"~ ("=5) designs with
20 < n < 30 and MA 64-run 27— (7—6) designs with 52 < n < 62, etc.

Chen and Hedayat (1996) defined a weak MA design as one that minimizes
A3(T), or equivalently, maximizes A3(T) in view of (3.3.2). Obviously, an MA
design has weak MA as well. These authors gave a necessary and sufficient
condition for the maximization of A3(T). This result will be presented in
Chapter 5 (See Lemma 5.3.1) using a projective geometric language. The
findings concerning the maximization of A3(T) in the case-by-case discussion
above are in agreement with this result and hence demonstrate, from first
principles, its validity for smaller f.

3.4 Clear Effects and the MaxC2 Criterion

From the applications point of view, the properties of a design with regard
to the estimability of factorial effects, especially the lower-order ones, are of
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direct interest. As discussed in Section 2.4, these properties are influenced by
the aliasing pattern. The resolution of a design indeed sheds some light on
the aliasing pattern. Thus in a resolution four design, no main effect is aliased
with another main effect or any 2fi, but some 2fi’s are aliased with other 2fi’s.
Similarly, in a resolution five design, no main effect is aliased with another
main effect or any 2fi or any 3fi, and no 2fi is aliased with any main effect or
any other 2fi. However, note that the resolution of a design gives only partial
information about the nature of aliasing. For example, the mere fact that a
design has resolution four does not determine the exact number of 2fi’s that
are aliased with other 2fi’s.

These considerations led Wu and Chen (1992) to propose the following
classification of effects. A main effect or 2fi is called clear if it is not aliased
with any other main effect or 2fi. By Theorem 2.4.2, a clear main effect or
2fi is estimable under the assumption that the interactions involving three or
more factors are absent. A main effect or 2fi is called strongly clear if it is
not aliased with any other main effect or 2fi or any 3fi. As before, a strongly
clear main effect or 2fi is estimable under the assumption that the interactions
involving four or more factors are absent. Observe that the latter assumption
is less stringent than the former.

For any 2"~ % design, let C'1 be the number of clear main effects and C2
be the number of clear 2fi’s. The following important and useful rules are now
evident from the facts noted in the beginning of the section.

Rules for 2" * designs of resolution four or five:

(i) In any resolution four design, the main effects are clear but the 2fi’s are
not all clear.

(ii) In any resolution five design, the main effects are strongly clear and the
2fi’s are clear.

(iii) Among the resolution four designs with given n and k, those with the
largest C2 are the best.

Rule (iii) was proposed in Wu and Hamada (2000, Section 4.2), who jus-
tified it as follows. In a resolution four design, all main effects are clear but
some 2fi’s are aliased with other 2fi’s. One can therefore use C2, the number
of clear 2fi’s, to compare and rank-order resolution four designs. It is called
the MaxzC2 criterion. Resolution four designs that achieve the maximum C2
value are called MazC2 designs. A natural question is whether the MaxC2
criterion is consistent with the MA criterion. In many cases they are, but the
following example shows that the two criteria can be in conflict.

Example 3.4.1. Following (3.2.9) and Theorem 3.2.3, consider the MA 29~4
design dy whose defining contrast subgroup is generated by the four indepen-
dent words 16789, 25789, 3568, and 4567. The design has resolution four with
A4 = 6. The six words of length four in its defining contrast subgroup are
1238, 1247, 1256, 3478, 3568, and 4567. All pairs formed out of the letters
1,...,8 appear in one or more of these six words, while the letter 9 does not
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appear in any one of them. Hence the only clear 2fi’s are the ones that involve
the letter 9, so that C2 = 8 for dj.

Consider now the rival 2°=% design d;, whose defining contrast subgroup
is generated by the four independent words 1236, 1247, 1345, and 23489. This
design also has resolution four but its defining contrast subgroup contains
seven words of length four, namely, 1236, 1247, 1345, 1567, 2357, 2456, and
3467. Each pair formed out of the letters 1,...,7 appears in one or more of
these seven words, while the letters 8 and 9 do not appear in any of them.
Hence Ay = 7 and C2 = 15 for d;. Consequently, dy has less aberration than
dy but dy; has a much larger C2 value than dy. Thus the MA design dj is
not a Max(C2 design. Using an exhaustive computer search or a proof in Wu
and Wu (2002), it can be shown that d; is a MaxC2 design and that it is the
second best in terms of the MA criterion. O

From the catalogue of designs at the end of the chapter, there are many
designs with higher C'2 values than the MA designs. Before we proceed to this
discussion, we need to state some fundamental properties about clear effects.
For 2"~* designs with a fixed run size, write m = n—k and denote the run size
by 2™. According to Theorem 2.7.4, a 2"~ % design can have resolution four or
higher if and only if n < 271, i.e., the number of factors does not exceed half
the run size. Therefore any 2" % design with n > 2™~ has resolution three.
In addition, such designs do not have any clear 2fi, as the following theorem
reveals.

Theorem 3.4.1. No 2" % design with n > 2™, where m = n — k, has any
clear 2fi.

Proof. Consider a 2"~* design, which, by Theorem 3.3.1(a), is equivalent to a
set T'={c1,...,cn} of H,,. Suppose there is a clear 2fi that involves, say, the
first two factors. Then no word of length three or four contains both the letters
1 and 2. Hence by Theorem 3.3.1(b), cica € T and cicoc; € T (3 < i < n),
where T = H,,—T. Since the elements ¢; ¢y and ¢ ca¢; (3 <i < n) are distinct,
the cardinality of T is at least n — 1. On the other hand, by definition, T has
cardinality 2™ —1—n. Hence 2" —1—n > n—1,i.e.,n < 2™~! a contradiction.

O

By Theorem 2.7.4, there exist designs of resolution four or higher for n <
2m~1 The next result says that when the number of factors n is between half
run size and quarter run size plus two, no resolution four design has any clear
2fi.

Theorem 3.4.2. No 2" % design of resolution four has any clear 2fi if 2™ 2+
2<n<2m L where m=n — k.

Proof. Using the same notation as in the proof of Theorem 3.4.1, consider
the design represented by T'. Let T have resolution four and suppose there
is a clear 2fi involving, say, the first two factors. As before, then cicoc; € T
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(3<i<mn)Alsocic; €T (2<i<n)and cye; €T (3 < i < n) since
resolution four rules out words of length three. It is easy to see that the 3n—5
elements just mentioned are distinct. Hence the cardinality of T is at least
3n — 5, ie., 2" —1 —n > 3n — 5, which is equivalent to n < 2™ 2 41, a
contradiction. O

The last two theorems are due to Chen and Hedayat (1998).

Since all 2fi’s in resolution five designs are clear, we focus on resolution four
designs. For n < 2™~2 4 1, are there resolution four designs with clear 2fi’s?
For a fixed run size 2™, m = n—k, let nyax(m) denote the maximum possible
n for which there is a 2" ~* design of resolution five or higher. For Nmax (M) <
n < 2™m~2 4+ 1, there are resolution four designs. Chen and Hedayat (1998)
showed by a simple construction that for each n in this range, there exists
a resolution four design with some clear 2fi’s. Therefore Rule (iii) above is
particularly relevant in this case. The result just stated and those in Theorems
2.7.4, 3.4.1, and 3.4.2 can be verified with the designs given in the appendix
of this chapter. Take, for example, the case of 32-run designs listed in Table
3A.3. For n > 16, all designs have resolution three and none has any clear 2fi;
for 10 < n < 16, no resolution four design has any clear 2fi (but resolution
three designs can have clear 2fi’s). For 6 < n < 9, there are resolution four
designs with clear 2fi’s. The 2°~% designs in Example 3.4.1 fall in this range.
Here nmax(5) = 6 and there is a 267! design of resolution six.

For m = 5 and 6, i.e., with 32 and 64 runs, MA designs have been obtained
in the literature over the range nmax(m) < n < 2m72 + 1. MA designs with
128 runs are also known for 12 < n < 14 (Chen, 1992, 1998). See the catalogue
at the end of the chapter or the tables in Wu and Hamada (2000, Chapter 4).
Wu and Wu (2002) showed that these MA designs, which all have resolution
four, are also MaxC2 designs, except for the 29—4, 213=7 914=8 9159 916-10
and 217! designs. They also showed that the designs 9-4.2, 13-7.2, 16-10.6,
17-11.6 and 15-8.3 in Tables 3A.3 — 3A.5 are MaxC2 designs though not MA
designs. The proofs in Wu and Wu (2002) will not be given here. They are
quite complicated and vary from case to case. While the proofs for MA designs
generally use a few techniques, there is no unified approach for obtaining
Max(C2 designs. This difference can be explained by the fact that C2 is a
complicated function of the defining contrast subgroup of the design while
the MA criterion is based on the lengths of words in the subgroup.

A resolution three design with some clear 2fi’s may be preferred to a
resolution four design with no clear 2fi. Many such examples can be found
in the catalogue of designs at the end of the chapter. This is also antic-
ipated from Theorem 3.4.2. For illustration, the MA 26=2 design dy with
I = 1235 = 2346 = 1456 has resolution four. All its six main effects are clear
but no 2fi is clear. Consider now the resolution three 26=2 design d; with
I =125 = 1346 = 23456. It has three clear main effects 3, 4, 6 and six clear
2fi’s 23, 24, 26, 35, 45, 56. Which one is better? If only main effects are of in-
terest, dy is preferred. On the other hand, d; has altogether nine clear effects,
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while dp has only six. If only three factors (out of six) and some 2fi’s involving
them are believed to be important a priori, d; may be preferred. This and
other examples demonstrate that use of the resolution criterion alone may
give a very rough measure of the estimability properties of designs. A more
quantitative measure of such properties is provided by the values of C'1 and
C2.

Since the MA criterion and the MaxC2 criterion can be in conflict, we
suggest that MA be used as the primary criterion, supplemented by the use
of C1 and C2 values. If a MaxC2 design is not an MA design, it may be
preferred when the difference in the C'2 values is large. Further discussion on
these criteria will be given at the end of Section 5.3, where another criterion
called estimation capacity is considered.

3.5 Description and Use of the Two-Level Design Tables

A catalogue of 2"7% designs with 16, 32, 64, and 128 runs is given in the
appendix of this chapter. The designs with 16, 32, and 64 runs are taken
from Chen, Sun, and Wu (1993) based on an algorithm and a search program
developed by the same authors. The 8-run designs are not included, since the
case is quite straightforward. The listing of 16-run designs in Table 3A.2 is
complete, i.e., it contains all the nonisomorphic designs. For 32 or 64 runs, a
complete listing is too long to be included. To save space, at most ten designs
are given in Tables 3A.3 and 3A.4 for each combination of n — k and n.
Selection of designs for inclusion in these two tables is based primarily on the
MA criterion and supplemented by the MaxC2 criterion. The 128-run designs
for 12 < n < 40 in Table 3A.5 are adapted mainly from Block and Mee (2005),
who also gave designs for n > 40. A few entries in the table are taken from
other sources. Because of the large number of nonisomorphic designs in this
case and the difficulties in verifying the MA property of a design, following
these authors, only one or a few designs are listed in Table 3A.5 for each n.
These are resolution four designs and, except for the one numbered 15-8.3,
have been claimed by Block and Mee (2005) to have the smallest A4 value.
These designs tend to perform well also under the MA, MaxC2, or other
criteria not discussed in the book.

This catalogue of designs can be useful for design search based on criteria
other than the MA. For example, in studying more complex situations such
as fractional factorial designs with blocking or split-plot structure or with the
distinction of control and noise factors (to be considered in Chapters 7, 8,
and 9 respectively), the optimality criteria are more elaborate than the MA
criterion but can include it as a major component. The catalogue can serve
as the basis for searching optimal designs in such situations.

Recall from Theorem 3.3.1 that a 2"~* design is equivalent to a set of n
elements of H,,, where m =n —k and H,, is defined in (3.3.1), such that the
set contains m independent elements. Up to isomorphism, the independent



68 3 Two-Level Fractional Factorial Designs

elements can always be taken as 1,2, ..., m. Thus a 2% design can be repre-
sented by the elements 1,2, ..., m, together with k£ additional elements of H,,.
This representation is followed in the catalogue for tabulating designs. Fur-
thermore, instead of using the notation 1,2,12,3,13,23,... for the elements
of H,,, to save space, we denote them by the corresponding serial numbers
1,2,3,4,5,6,.... This numbering scheme is shown in Table 3A.1. For instance,
the independent elements 1, 2,3,4 of Hy are numbered 1,2, 4,8 according to
this scheme. Consequently, in listing any 16-run design (i.e., m = n—k = 4) in
the catalogue, it is implied that the elements numbered 1,2,4,8 are included
but only the serial numbers of the additional k& elements are listed under
“Additional Elements”. Similar considerations apply to 32-, 64-, and 128-run
designs. To save space, a notation like 19 — 22 is used to denote elements
numbered 19 to 22.

For clarity, the ith 2"~* design in the catalogue is denoted by n — k.i.
The wordlength pattern W and C2, the number of clear 2fi’s, appear in the
last two columns of the design tables. Again to save space, for 32-, 64-, and
128-run designs, at most five components of W are shown. For any given n—k
and n, the first design n — k.1 in Tables 3A.2 through 3A.4 is the MA design,
and this is in agreement with the tabulated wordlength patterns. The designs
12-5.1, 13-6.1, and 14-7.1 in Table 3A.5 are also known to have MA (Chen,
1992, 1998). Ordering of the remaining designs in Tables 3A.3 and 3A.4 is
not strictly according to the MA criterion. Designs with more aberration but
much higher C'2 values may be placed ahead of others with less aberration. For
example, designs 14-8.4 and 14-8.5 have more aberration than designs 14-8.6
to 14-8.10. Use of the design tables is illustrated in the following example.

Example 3.5.1. Consider the 32-run MA design 9-4.1 in Table 3A.3. It is
given by the elements of Hs that are numbered 1, 2, 4, 8, 16, 7, 11, 19,
and 29. Table 3A.1 identifies these elements and shows that the design is
represented by the set {1,2,3,4,5,123,124,125,1345} of Hs. The nine factors
can be associated with the elements of this set in the order stated. Then
the following aliasing relations are immediate: 6 = 123, 7 = 124, 8 = 125,
9 = 1345. It can be verified that this design is isomorphic to the MA design
dp in Example 3.4.1. As demonstrated there, the latter design has A4 = 6 and
C2 = 8, which are in agreement with the entries under W and C2 for design
9-4.1 in the table. (]

Exercises

3.1 Derive the wordlength patterns for the MA designs in Theorem 3.2.2 for
6 <n<10.

3.2 Prove Theorem 3.2.2 for 6 < n < 10 by following the proofs for n = 4
and 5.

3.3 Derive the wordlength patterns for the MA designs in Theorem 3.2.3 for
6 <n <19
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Exercises 69

(a) Prove that the definition of design isomorphism in Section 3.1 is
equivalent to the definition of design isomorphism in Section 3.3.

(b) Show that if two 2" *designs are isomorphic, then their letter pattern
matrices, as defined in Exercise 2.12, must be identical up to permutation
of rows.

Prove Lemma 3.3.1.

(a) Prove the first identity in (3.3.2) A3(T) = constant — A3(T) using
definitions and a simple combinatorial argument.

(b) Prove the second identity in (3.3.2) A4(T) = constant + A3(T) +
A4(T) using a more elaborate combinatorial argument.

Give an example to demonstrate that part (i) of Rule 1 in Section 3.3
is indispensable.

Fill in the derivation for the MA design with f = 6 by following the lines
of proof for f = 5.

Fill in the derivation for the MA design with f = 9 by following the lines
of proof for f = 8.

Fill in the derivation for the MA design with f = 10 by following the
lines of proof for f = 11.

Consider two 2872 designs d; and dy whose defining contrast subgroups
are generated by the independent words 126, 137, 23458 and 126, 347,
1358, respectively.

(a) Show that both designs have the same wordlength pattern W =
(0,0,2,1,2,2,0,0).

(b) Find the letter pattern matrices of d; and dg. Verify that they are
not identical up to permutation of rows. Conclude that d; and ds are not
isomorphic even though they have the same wordlength pattern. Hence
infer that the letter pattern matrix provides a more explicit description
of a design than the wordlength pattern.
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Appendix 3A. Catalogue of 2"~* Designs with 16, 32, 64,
and 128 Runs

Table 3A.1 Numbering of the elements of H,, for 16-, 32-, 64-, and
128-run designs

(The table gives the serial numbers of the elements of H7; the first 63
entries describe the serial numbers of the elements of Hg, the first 31 entries
describe the serial numbers of the elements of Hs, and the first 15 entries
describe the serial numbers of the elements of H,. Independent elements are
numbered 1, 2, 4, 8, 16, 32, 64 in boldface.)

Number 1 2 3 4 5 6 7 8 9
Element 1 2 12 3 13 23 123 4 14
Number 10 11 12 13 14 15 16 17 18
Element 24 124 34 134 234 1234 5 15 25
Number 19 20 21 22 23 24 25 26 27
Element 125 35 135 235 1235 45 145 245 1245
Number 28 29 30 31 32 33 34 35 36
Element 345 1345 2345 12345 6 16 26 126 36
Number 37 38 39 40 41 42 43 44 45
Element 136 236 1236 46 146 246 1246 346 1346
Number 46 47 48 49 50 51 52 53 54
Element 2346 12346 56 156 256 1256 356 1356 2356
Number 55 56 57 58 59 60 61 62 63

Element 12356 456 1456 2456 12456 3456 13456 23456 123456
Number 64 65 66 67 68 69 70 71 72

Element 7 17 27 127 37 137 237 1237 47
Number 73 74 75 76 7 78 79 80 81
Element 147 247 1247 347 1347 2347 12347 57 157
Number 82 83 84 85 86 87 88 89 90
Element 257 1257 357 1357 2357 12357 457 1457 2457
Number 91 92 93 94 95 96 97 98 99

Element 12457 3457 13457 23457 123457 67 167 267 1267

Number 100 101 102 103 104 105 106 107 108

Element 367 1367 2367 12367 467 1467 2467 12467 3467
Number 109 110 111 112 113 114 115 116 117

Element 13467 23467 123467 567 1567 2567 12567 3567 13567
Number 118 119 120 121 122 123 124 125 126

Element 23567 123567 4567 14567 24567 124567 34567 134567 234567
Number 127

Element 1234567
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Table 3A.2 Complete catalogue of 16-run designs

(Each design is represented by 1, 2, 4, 8 and the numbers specified under
“Additional Elements”. W = (As, Ay4,...) is the wordlength pattern of the
design. C2 is the number of clear 2fi’s. Designs for n = 13,14, 15 are unique
up to isomorphism and hence omitted.)

Design Additional Elements W C2
5-1.1 15 001 10
5-1.2 7 010 4
5-1.3 3 100 7
6-2.1 711 0300 0
6-2.2 313 1110 6
6-2.3 312 2001 9
6-2.4 35 2100 5
7-3.1 71113 07000 0
7-3.2 3514 23200 2
7-3.3 3510 32110 4
7-3.4 359 33001 0
7-3.5 356 43000 6
8-4.1 71113 14 0140001 0
8-4.2 35914 374010 1
8-4.3 351012 454200 0
8-4.4 35615 464001 0
8-4.5 3569 552210 2
8-4.6 3567 770010 7
9-5.1 3591415 41480410 0
9-5.2 35101215 6996001 0
9-5.3 356914 61084210 0
9-5.4 356910 7966300 0
9-5.5 35679 81044410 0
10-6.1 35691415 8181688500 0
10-6.2 35691013 91615127310 0
10-6.3 35691012 101512151000 1 0
10-6.4 3567910 1016121210300 0
11-7.1 3569101314 12 26 28 242013400 0
11-7.2 356791012 132525272310310 0
11-7.3 356791011 132624242613001 0
12-8.1 356910131415 163948 48483916001 O
12-8.2 35679101112 17384452543312410 0
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Table 3A.3 Selected 32-run designs for n= 6 to 28

(Each design is represented by 1, 2, 4, 8, 16 and the numbers specified
under “Additional Elements”. W = (As,..., A7) when n < 17 and W =
(As, ..., Ag) when n > 17. C2 is the number of clear 2fi’s. Designs for n = 29,
30, and 31 are unique up to isomorphism and hence omitted.)

Design Additional Elements W C2
6-1.1 31 00010 15
7-2.1 727 01200 15
7-2.2 7 25 02010 9
7-2.3 711 03000 6
7-2.4 329 10110 18
7-2.5 328 11001 12
7-2.6 313 11100 12
7-2.7 312 20010 15
7-2.8 35 21000 11
8-3.1 71129 03400 13
8-3.2 71121 05020 4
8-3.3 71119 06000 0
8-3.4 71113 07000 7
8-3.5 31322 12310 13
8-3.6 3530 21220 18
8-3.7 31321 13201 10
8-3.8 31221 21220 16
8-3.9 3526 22111 12
8-3.10 3525 22200 12
9-4.1 7111929 06800 8
9-4.2 71113 30 07700 15
9-4.3 7112125 09060 0
9-4.4 7111319 010040 2
9-4.5 71113 14 014000 8
9-4.6 313 21 26 15621 9
9-4.7 3132125 17403 12
9-4.8 3122126 23640 12
9-4.9 35930 33441 15

9-4.10 351028 33441 13
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Table 3A.3 (continued)

Design  Additional Elements W C?2
10-5.1 71119 29 30 0101600 0
10-5.2 711212531 0150150 0
10-5.3 711131921 0160120 0
10-5.4 711131419 018080 0
10-5.5 313 21 25 28 114707 14
10-5.6 313212530 1101143 8
10-5.7 31221 26 31 271272 6
10-5.8 35142225 281242 4
10-5.9 351423 26 29964 5
10-5.10 35914 31 381141 12
11-6.1 71113192125 0250270 0
11-6.2 71113141921 0260240 0
11-6.3 35142225 31 2142286 0
11-6.4 3514222629 216161210 6
11-6.5 3514 22 26 28 21814814 6
11-6.6 3510232728 31319119 3
11-6.7 359222629 315131513 4
11-6.8 359222628 316121216 4
11-6.9 359142226 316131213 4
11-6.10 35914 18 29 41218128 5
12-71 7111314192125 0380520 0
12-72 7111314192122 0390480 0
12-73 35914222629 325232725 5
12-74 359 14 22 26 28 326222428 5
12-75 351012222729 420322220 0
12-7.6 351012222531 422282028 0
12-7.7 3561523 25 30 423281628 O
12-78 35914172226 425192731 3
12-79 35914 15 22 26 426202428 3
12-7.10 35914 18 20 31 519292523 2
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Table 3A.3 (continued)

15-10.1 711131419 21 22 2526 28 0 1050 280 0
15-10.2 35914 1517 22 23 26 28 6 77 62 168 188
15-10.3 35914 15 17 22 23 26 27 777 56 168 203
15-104 3569 14 17 22 26 27 28 10 60 90 141 212
15-10.5 356914 1517 22 26 29 10 61 90 136 212
15-10.6 356914 15 17 22 26 27 11 60 85 141 222
15-10.7 359 14 18 20 23 24 27 29 12 49 108 144 176
15-10.8 356914 18 23 24 29 31 12 51 102 144 192
15-10.9 35914 1518 20 23 24 30 12 51 102 144 192
15-10.10 3569 14 15 17 22 23 26 12 61 80 136 232

Design  Additional Elements W
13-8.1 7111314192122 25 0550960 0
13-8.2 3591417 22 26 28 4 38 32 52 56 4
13-8.3 3591415222629 4 38 33 52 52 4
13-8.4 359141522 26 28 4 39 32 48 56 4
13-8.5 359141517 22 26 5 38 28 52 62 2
13-8.6 351012 15 22 27 29 6 28 51 42 42 0
13-8.7 359014182024 31 6 29 46 46 50 0
13-8.8 359151820 24 30 6 30 44 44 56 0
13-8.9 35915182024 31 7 28 42 50 56 2
13-8.10 356914172629 729 42 46 56 2
14-9.1 71113 14 19 21 22 25 26 07701680 0
14-9.2 359141517 22 26 28 5 55 45 96 106 3
14-9.3 3591415172223 26 6 55 40 96 116 1
14-9.4 359151820 24 30 31 842 64 85 112 0
14-9.5 359141518 20 24 31 8 42 65 84 108 0
14-9.6 3569141722 26 29 8 43 64 80 112 0
14-9.7 3591415182024 30 8 43 64 80 112 0
14-9.8 356914 15232629 8 45 64 72 112 0
14-9.9 3569141722 26 27 942 60 84 118 2
14-9.10 356914 1517 26 29 943 61 80 114 2
0
2
0
0
0
2
0
0
0
2
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Table 3A.3 (continued)

Design  Additional Elements w C2
16-11.1 71113 14 19 21 22 25 26 28 31 0140 0 448 0 0
16-11.2 35914 1517 22 23 26 27 28 7 105 84 280 315 1
16-11.3 3569 14 1517 22 26 27 28 12 83 124 230 376 O
16-11.4 356914 1517 22 23 26 29 12 84 124 224 376 0
16-11.5 3569 14 15 17 22 23 26 27 13 83 118 230 391 2
16-11.6 35914 18 20 23 24 27 29 31 15 65 156 232 315 0
16-11.7 35691014 17 22 27 28 29 1570 141 231 358 O
16-11.8 35691014 17 22 23 26 29 15 71 140 226 363 O
16-11.9 35691014 1517 22 26 29 15 73 140 216 363 0O
16-11.10 356910 14 17 22 26 29 31 16 65 148 236 336 0O
17-12.1 35914 15 17 22 23 26 27 28 29 8 140 112 448 0
17-12.2 3569 14 15 17 22 23 26 27 28 14 112 168 364 0
17-12.3 356910 14 17 22 23 26 27 28 18 95 192 354 0
17-124 35691014 1517 22 27 28 29 18 95 193 354 0
17-12.5 35691014 1517 22 23 26 29 18 96 192 348 0
18-13.1 356914 1517 22 23 26 27 28 29 16 148 224 560 0
18-13.2 35691014 1517 22 23 26 27 28 21 126 259 532 0
18-13.3 3567910111718 19 28 29 30 22 126 252 532 0
18-13.4 3569 14 1518 21 23 24 27 28 31 24 108 288 552 0
18-13.5 35691014 17 22 23 24 27 28 29 24 113 272 547 0
19-14.1 35691014 1517 22 23 26 27 28 29 24 164 344 784 0
19-14.2 3567910111718 19 28 29 30 31 25 164 336 784 0
19-14.3 35691014 15 17 18 22 23 26 27 28 28 147 364 791 0
19-144 35691013 14 15 17 22 23 26 27 28 28 148 364 784 0
19-14.5 35691013 14 17 22 23 24 26 29 31 30 136 378 816 0
20-15.1 356910141517 18 22 23 26 — 29 32 188 480 1128 0
20-15.2 3569101314 1517 22 23 26 — 29 32 189 480 1120 0
20-15.3 35679-121718 1928 - 31 33 188 472 1128 0
20-15.4 35691014 1517 18 22 23 26 27 28 31 35 175 491 1155 0
20-15.5 3569101314 1517 18 22 23 26 27 28 35 176 490 1148 0
21-16.1 35691014 1517 18 22 23 26 — 29 31 40 220 641 1608 0
21-16.2 3569101314 1517 18 22 23 26 — 29 40 221 640 1600 0
21-16.3 35679-1217-2028 - 31 41 220 632 1608 0
21-16.4 3569101314 17 19 22 23 24 26 28 29 31 42 210 651 1638 0
0

21-16.5

3569101314 1517 18 21 — 25 26 29

42 213 644 1624
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Table 3A.3 (continued)

Design  Additional Elements W C2
22-171 35691013 —-1517 18 21 —23 2526 29 30 48 263 832 2224 0
22-172 35691013 —-151718 21 —23 25 — 28 49 259 833 2240 0
22-17.3 35679-1217-202528 - 31 49 261 825 2240 0
22-17.4 3567912172024 28 29 30 31 50 260 816 2249 0
22-175 35679-1317-2028 -31 50 261 816 2240 0
23-18.1 3569101314 1517 18 21 22 23 25 — 29 56 315 1064 3024 0
23-18.2 35679—-1317—-2026 28 - 31 58 311 1050 3056 0
23-183 3567913171819 20 21 26 27 28 30 59 308 1047 3073 0
23-184 35679-1317-202228 - 31 59 310 1041 3065 0
23-185 35679-1317-2126-29 59 311 1040 3056 0
24-19.1 35691013 15171821 —23 25— 30 64 378 1344 4032 0
24-19.2 35679-1317-2126-30 67 371 1324 4088 0
24-19.3 35679-131718 20 21 22 24 26 27 30 31 68 369 1316 4106 0
24-19.4 35679-1417-2027-31 68 370 1316 4096 0
24-19.5 35679—-1317-20222427-30 69 366 1311 4129 0
25-20.1 35679-1317-2126-31 76 442 1656 5376 0
25-20.2 35679-1317-202224 2731 78 437 1641 5422 0
25-20.3 35679—-1417-2126-30 78 438 1640 5412 0
25-204 35679—-1417-2225 - 28 79 436 1632 5430 0
25-20.5 356791417 - 222526 28 31 79 437 1630 5422 0
26-21.1 35679—-1417-2126- 31 88 518 2032 7032 0
26-21.2 3567914172225 29 89 516 2023 7052 0
26-21.3 3567914172224 - 26 28 31 90 515 2012 7063 0
26-21.4 35679—-1517—22 24 — 26 28 90 515 2013 7062 0
26-21.5 35679151726 90 516 2012 7052 0
27-221 35679-1417-2225-30 100 606 2484 9064 0
27-22.2 35679-1517-2628 101 605 2473 9075 0
27-223 35679151727 101 606 2472 9064 0
28-23.1 35679-1417-2225-31 112 707 3024 11536 0

0

28-23.2

356791517 - 28

113 706 3012 11548
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Fractional Factorial Designs: General Case

Fractional factorial designs with factors at s levels, s > 2, are used in practice,
especially when the investigator anticipates a curvature effect of a quantitative
factor or when a qualitative factor has several levels. Extension of the work in
Chapter 3 to such designs with s being a prime or prime power is considered
here. A general discussion on minimum aberration designs and the method of
complementary designs are presented. A catalogue of three-level designs with
27 and 81 runs is given.

4.1 Three-Level Designs

In this chapter, we consider s"~* designs, where s (> 2) is a prime or prime
power. In order to highlight the difference between two-level and s-level (s > 2)
designs, we focus in this section on the simplest case of three-level designs.
Consider the 32 factorial with factors F} and F,. As noted near the end of
Section 2.3, the pencils (1,0)" and (0,1)" represent the main effects of F}
and Fy respectively, and (1,1)" and (1,2) together represent the interaction
F1F5. In applied design texts, this is described in another way without use
of projective geometry. Consider the following 9 x 4 array with four columns
represented by 1, 2, 12, and 122. Columns 1 and 2 correspond to factors F; and
F, and generate all nine treatment combinations of the 32 factorial. Column 12
corresponds to the pencil (1,1)" and column 122 to the pencil (1,2)’. Together
they represent the interaction effect Fy F. Column 12 is obtained as the sum
of columns 1 and 2 over GF(3) (or equivalently, the sum of columns 1 and
2 modulo 3); similarly column 122 is the sum of column 1 and two times
column 2 modulo 3. We can construct a 33~! design by assigning factor Fj
to column 12 and a 3*~2 design by further assigning factor Fj to column 122.
This representation has the advantage that it aids the planning of experiments
by spelling out all the treatment combinations in the 33~! and 3*~2 designs
mentioned above.
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1 2 12 122
00 0 O
01 1 2
02 2 1
10 1 1
11 2 0
12 0 2
20 2 2
21 0 1
22 1 0

The distinction between two-level and three-level designs lies in the cor-
respondence between factorial effects and pencils. In the former, there is a
one-to-one correspondence and use of pencils to represent factorial effects is
unnecessary. In the latter, a two-factor interaction (2fi) corresponds to two
pencils. (For s levels, a 2fi corresponds to s — 1 pencils.) Therefore use of pen-
cils is indispensable in the theoretical development. However, in describing
37~F designs, use of the vector notation for pencils can often be avoided. A
more compact notational system was suggested in Remark 2.3.1. This system
is more user-friendly, as can been seen by considering the 33 factorial. Along
the lines of Example 2.3.1, it has 13 pencils. Instead of using vectors, these
can be represented by 1,2,3,12,122 13,132,23,232,123,1232,1223,12232. In
this chapter both notational systems will be used depending on the context.

In the 32 factorial, the decomposition of the 2fi into two components corre-
sponding to the pencils 12 and 122 follows naturally from the algebraic struc-
ture. It also gives justification for the analysis of variance (ANOVA) method.
The total sum of squares (SS) in ANOVA can be decomposed into four terms,
each with two degrees of freedom: SS for factor 1, SS for factor 2, SS for the
pencil 12, and SS for the pencil 122. The contrasts belonging to the pencils
12 and 122 can be explained as follows. Denote the levels of the two factors
by x1 and x5. As seen in Example 2.3.1, the pencil 12 is represented by the
contrasts among the three sets of treatment combinations satisfying x1 + xo
= 0, 1, 2 modulo 3. These sets are denoted by the Latin letters A, B, C in
the following table. Similarly the pencil 122 is represented by the contrasts
among the three sets of treatment combinations satisfying 1 + 2zx5 = 0,1,2
modulo 3. These sets are denoted by the Greek letters a, 3, v in the same
table. Observe that the table so obtained is a Graeco-Latin square. This is
well anticipated since treatment contrasts belonging to distinct pencils are
orthogonal to each other.

T

X1 0 1 2

0 |Aa By Cp
1 |Bg8 Ca Ay
2 |Cy AB Ba
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From the data analysis point of view, there is, however, some difficulty
in interpreting the pencils 12 and 122. Suppose the sum of squares for 12
in ANOVA is significant while that for 122 is not. How can this be properly
interpreted? As noted above, the pencil 12 is represented by the contrasts
among the three sets of treatment combinations denoted by A, B, C. From
the positions of A, B, C in the table, there is no obvious physical interpretation
of the contrasts among these three sets. These difficulties and some remedial
measures are discussed in Chapter 5 of Wu and Hamada (2000).

4.2 Minimum Aberration s”* Designs with Small k

For ease in reference, recall from (2.4.1) that an s" % design is given by
d(B) = {z : Bz = 0}, where z is a typical treatment combination and B is a
k x n matrix of full row rank over GF'(s). From (2.4.4), a defining pencil b of
d(B) is one that satisfies b’ € R(B), where R(:) is the row space of a matrix,
and there are (s¥ —1)/(s — 1) defining pencils.

We begin by exploring minimum aberration (MA) s”~* designs for rela-
tively small k. The objective is to generalize some of the results in Section 3.2.
Throughout this section, attention is restricted to designs where each factor is
involved in some defining pencil. By Lemma 2.5.1, an MA design must satisfy
this requirement. Let (A, ..., A,) denote the wordlength pattern of any s™~*
design, where A; is the number of defining pencils (or words) with ¢ nonzero
entries. As a partial generalization of Lemma 3.2.1, the following result holds.

Lemma 4.2.1. For any s"* design,
(@) A =(s¥-1)/(s 1), (4.2.1)
i=1

(b) iiAi =nshL. (4.2.2)

Proof. Since there are altogether (s¥—1)/(s—1) defining pencils, (a) is evident.
To prove (b), consider any s"~* design d(B). With reference to this design,
let 8; be the number of defining pencils that involve the ¢th factor, i.e., the ¢th
entry is nonzero. As in Lemma 3.2.1, """ | iA; = > | 3;. Hence it suffices to
show that ; = s*~! for each i. Consider any fixed 4, and let ¢; denote the ith
column of B. If ¢; = 0, then by (2.4.4), every defining pencil has 0 in the ith
position, i.e., no such pencil involves the ith factor, which is impossible. Hence
¢; # 0, and arguing as in Lemma 2.3.1, there are s*~1 choices of the vector A
over GF(s) such that N'¢; = 0, i.e., N’ B has 0 in the ith position. Since pencils
are nonnull vectors and pencils with proportional entries are identical, from
(2.4.4) it now follows that there are (s*~! —1)/(s — 1) defining pencils with 0
in the ith position. Since there are (s¥ —1)/(s — 1) defining pencils altogether,
one gets
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k k—1
s —1 s -1 1

ﬂi:s—li s—1 =5 5

which proves (b). O

The next lemma plays a key role in obtaining the results of this section.

Lemma 4.2.2. Suppose there exists an s"~ % design dy such that

(i) each factor is involved in some defining pencil of dg, and
(ii) the numbers of nonzero entries in the defining pencils of do differ by at
most one.

Then do has minimum aberration and mazimum resolution. Its resolution is

given by
nskt=1(s —1)
RO — |:Sk'_1} 3 (4.2.3)

where [z] denotes the integer part of z.

Proof. Let (AY,..., A%) denote the wordlength pattern of dy. By (ii), there
exists a positive integer p (< n) such that

AV =0 (i#pp+1). (4.2.4)
Hence by (i) and Lemma 4.2.1,
A)+AD = (" =1)/(s = 1), pAY+(p+1)A) =ns"!,
yielding the unique solution

o_ (p+1(F-1) k—1 o _ a1 p* 1)
Ap = S——l —ns 5 Ap+1 =ns — 3_71 (425)

Since both Ag and Ag 41 are nonnegative, from (4.2.5) one gets
nskt=1(s — 1)
p= pr—
If the second inequality in (4.2.6) is strict, then by (4.2.5), A) > 0, and hence
by (4.2.4), the resolution of dy equals p. In this case, by (4.2.6), the right-
hand side of (4.2.3) also reduces to p, and the truth of (4.2.3) follows. On the
other hand, if equality is attained in the second inequality in (4.2.6), then, by
(4.2.5), A9 =0, A9, >0, and (4.2.3) follows again in a similar manner.
It will now be shown that dy has MA and maximum resolution. By (4.2.4),
dy has less aberration than every design for which A; > 0 for some i < p — 1.
Therefore, consider s"~* designs satisfying

<p+1. (4.2.6)

A;=0fori<p-—1. (4.2.7)
For any such design, by (4.2.1), (4.2.2), and the first identity in (4.2.5),
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n

dp+2-)4 = (p+2) ZAz > id;

i=p i=p
_ (+2)6F -1 o1 _ 8" =1 0
= o —nstT = —— +A, (4.238)
But
n p+1
STp+2-0)A; <> (p+2—i)A; =24, + Ay,
1=p 1=p

because p + 2 — 4 < 0 unless ¢ < p+ 1. Hence (4.2.8) yields

sk —1
24p + Api1 2 —— + A9, (4.2.9)
On the other hand, by (4.2.1),
sk — 1
Ap+ Apyq < (4.2.10)

For any design satisfying (4.2.7), from (4.2.9) and (4.2.10), one gets A, > AY.
Furthermore, by (4.2.5), (4.2.9), and (4.2.10), if A, = AY, then A, = AD, ;.
In view of (4.2.4), it follows that dy has MA. Hence it has maximum resolution

as well. O

As in Section 3.2, the case k = 1 is straightforward. There is only one
defining pencil; cf. (4.2.1). Any design for which this defining pencil has all
entries nonzero has MA and maximum resolution.

Next, consider k = 2. The following construction yields a design as envis-
aged in Lemma 4.2.2. Let

p1=[n/(s+1)], p2=n—pi(s+1). (4.2.11)
Then 0 < pg < s. Define the integers ug, uq, ..., us as
I m if i <5 —pa,
vi= { p1 + 1 otherwise. (4.2.12)

These integers are nonnegative and the second identity in (4.2.11) yields
g+ Uy + -+ + us = n. (4.2.13)
From (4.2.11) and (4.2.12), it is also seen easily that
0<us <n. (4.2.14)
For example, if us = n, then either p; = n, po = 0or py =n—1, ps > 0,

but neither is possible. Let ag(= 0), a1 (= 1), g, ..., as—1 be the elements of
GF(s). Define the matrix
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By = [Boo, Boz, - - -, Bo,s—1, Bos), (4.2.15)
where
0...0
BOOZ[al al},Bm‘:{al al],lﬁiés—l, BOS:|: },
0...0 (67NN 0 7] a1 ...071
and By; has u; columns for i = 0,...,s. If u; = 0 for any 4, then the corre-

sponding set of columns does not appear in By. By (4.2.13), By is of order
2 x n, while by (4.2.14), it has full row rank. Following (2.4.1), one can there-
fore consider the s"~2 design doy = d(Bo).

Theorem 4.2.1. The s"~2 design dy = d(By), where By is given by (4.2.15),
has minimum aberration and mazimum resolution. Its resolution equals [ns/
(s+1)].

Proof. Let b and b®" denote the two rows of By. Then by (2.4.4), the
defining pencils of dy are

I Y S I [ R A

Since ay(= 1) is the identity element of GF(s) under multiplication, from
(4.2.15) it is seen that these pencils have n — ug,n — uy,...,n — us_1, and
n—us nonzero entries respectively. Hence by (4.2.12), dy satisfies condition (ii)
of Lemma 4.2.2. From (4.2.15), it also satisfies condition (i) of Lemma 4.2.2.
Therefore, dy has MA and maximum resolution. Taking k = 2 in (4.2.3), the
resolution of dy is as stated. O

The above result extends Theorem 3.2.1 to the case of general s. For s = 2,
it is not hard to verify that the designs considered in Theorems 3.2.1 and 4.2.1
are isomorphic.

Example 4.2.1. Let s = 3, n = 6, k = 2. Then by (4.2.11), (4.2.12), and
(4.2.15), P1 = 1, P2 = 2, Uy = Uy = 1, U2 = U3z = 2, and

By =

Theorem 4.2.1 shows that the 362 design d(By), with By as above, has MA
and resolution four. A look at the rows of the matrix By shows that the
defining relation of d(By) is

I = 1234 = 2324256 = 12256 = 1324%5%62. O

Now suppose k > 3. Then it is difficult to obtain a general result like
Theorem 4.2.1. However, Theorem 4.2.2 below gives MA designs in some cases.
As in Lemma 2.7.2, let V}, be a matrix with k& rows and (s* — 1)/(s — 1)
columns, such that the columns of Vj are given by the points of the finite
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projective geometry PG(k — 1,5s). Define B* =V}, and By = [V} ¢, where ¢
is any nonnull k x 1 vector over GF(s). Also, let B_ be obtained from V}, by
deleting any one of its columns. By Lemma 2.7.2 (a), B* and B have full row
rank. It is easy to see that the same holds for B_. Therefore, following (2.4.1),
d(B*), d(By), and d(B_) represent s" % designs, with n = (s* —1)/(s — 1),
n=(s¥-1)/(s—1)+1,and n= (s* —1)/(s — 1) — 1, respectively.

Theorem 4.2.2. Let k > 3. The designs d(B*), d(By), and d(B_) have min-
imum aberration and mazximum resolution. The resolutions of these designs
equal s*71, s*71 and s*~1 — 1 respectively.

Proof. From Lemma 2.7.2 (b), every nonnull vector in R(V}) has s*~1 nonzero
elements. Hence by the definition of B*, B, and B_, every nonnull vector in
R(B*) has s¥~! nonzero elements, every nonnull vector in R(B,) has s*~1
or s#=1 4+ 1 nonzero elements, and every nonnull vector in R(B_) has s*~!
or s*#71 — 1 nonzero elements. Consequently, by (2.4.4), the designs d(B*),
d(By), and d(B-) meet condition (ii) of Lemma 4.2.2. It is easily seen that

they also meet condition (i) of this lemma. Hence the result follows. O

4.3 A General Result on Complementary Designs

The results in the last section give MA s"~* designs for small k. For a fixed run
size, these results are useful only when n is also relatively small. For example,
consider 3"* designs with 27 runs. Then n — k = 3, and the cases k = 1
and 2 discussed in Section 4.2 yield MA designs for n = 4 and 5 respectively.
For n > 6, however, none of the results in Section 4.2 are applicable. The
approach based on complementary designs, introduced in Section 3.3 for s = 2,
can be of help in these situations. This technique is now explored for general
s, and the necessary derivation, which was omitted in Chapter 3, is given.
The finite projective geometric formulation as well as the results from coding
theory presented in Chapter 2 constitute the basic tools for this purpose. As
in Section 2.7, for any nonempty set @ of points of PG(n—k—1,s), let V(Q)
denote a matrix with columns given by the points of ). The developments in
this and the next section follow Suen, Chen, and Wu (1997).

It was seen in Section 2.5 that a design of resolution one or two fails
to ensure the estimability of the main effects even under the absence of all
interactions. Hence, throughout the rest of this chapter, only s"~* designs of
resolution three or higher are considered. By Theorem 2.7.1, any such design
is equivalent to a set T of n points of PG(n — k — 1,s), with V(T having
full row rank and the conditions (a)—(c) of the theorem being satisfied. In
view of this, the design itself is denoted by the corresponding set T', and
its wordlength pattern is denoted by (A1(T), ..., An(T)). Since pencils with
proportional entries are identical, it follows from Theorem 2.7.1(b) that
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AyT) = (s — )N X € 24, V(T)A = 0}, 1<i<n, (43.1)

where (2;,, is the set of n x 1 vectors over GF(s) with ¢ nonzero elements and
# denotes the cardinality of a set.
Let T denote the complementary set of T in PG(n — k — 1, s). The cardi-
nality of T equals
f=E""F-1)/(s=1)—n. (4.3.2)

The design T is called saturated if f = 0 and nearly saturated if f is positive
but small. Indeed, in the saturated case, n attains the upper bound in Theorem
2.7.3. Then T is empty and T consists of all the points of PG(n—k—1,5), i.e.,
there is only one choice of T'. To avoid trivialities, hereafter it is assumed that
f > 1. The matrix V(T'), of order (n—k) x f, is then well defined. If this matrix
has full row rank and f > n — k, then following Theorem 2.7.1, T represents
an s/%" design where k* = f — (n — k). This is called the complementary
design of T and its wordlength pattern is denoted by (A1(T),...,As(T)).
Analogously to (4.3.1),

AfT) = (s — 1) N X € 2,4, V(T)\ = 0}, 1<i<f (43.3)

If V(T) does not have full row rank or f < n — k, then T does not represent
a design in a strict sense. However, it is still called the complementary design
according to common usage. At any rate, the quantities A;(T) remain well-
defined via (4.3.3). Since no two points of PG(n — k — 1, s) are proportional
to each other, it is clear from (4.3.1) and (4.3.3) that A;(T) = A;(T) = 0, for
1 =1,2. We also write

Ao(T) = (s — 1)L, (4.3.4)

Example 4.3.1. Consider the 3'9~7 design represented by the set T =
{(1,2,0Y, (0,0,1), (1,0,1), (1,0,2), (0,1,1), (0,1,2), (1,1,1), (1,1,2),
(1,2,1),(1,2,2)'} of ten points of PG(2,3). By (4.3.2), f = 3. Also T =
{(1,0,0),(0,1,0)’,(1,1,0)'}, and

101
VT)=1]0 11
000

Note that V(T) does not have full row rank. Nevertheless, the quantities
A;(T) remain well defined via (4.3.3) and are given by A(7T") = Ax(T) = 0,
As(T) =1. O

Since A1 (T) = A2(T) = 0, the complementary design theory to be devel-
oped now aims at expressing the A4;(T), 3 < i < n, in terms of the A;(T),
0 <4 < f. This is done in Theorem 4.3.1 below. When f is small compared
to n, it is easier to work with T rather than T, and hence this result and
its corollaries facilitate the study of MA designs. Some preliminaries help in
establishing Theorem 4.3.1.
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From Section 2.8, recall that the defining contrast subgroup of an s"*

design is equivalent to an [n, k; s] linear code, say C. Let C* be the dual code
of C. Then by (2.8.2) and the MacWilliam’s identity (2.8.5) (note that A;(B)
in (2.8.2) is now denoted by A;(T)),

Ai(T) = (s —1)"ts—(»=h) ZKJ Pi(j;n,s), 3<i<n, (4.3.5)
7=0

where K;(C+) is the number of codewords of weight j in C*, and following
(2.8.6),

Pi(jsn.s) = 3 (=1)'(s = 1) (1) (7). (4.3.6)
t=0
As noted below (2.8.3), the codewords in C* are equivalent to the treatment
combinations in the design T, i.e., by Theorem 2.7.1(a),
ct =RIV(T)). (4.3.7)

Let r = rank[V(T)]. Since V(T) has n — k rows and f nonnull columns,
1 <r <n-—k and the s" vectors in R[V(T)] form an [f,r; s] linear code, say
M. Following (2.8.3), its dual code is given by

L ={N:Xisan f x 1 vector over GF(s) satistying V(T)\ = 0}. (4.3.8)

Let K;(M) and K;(M*) be the numbers of codewords of weight j in M and
M+ respectively. By (4.3.3), (4.3.4), and (4.3.8), K;(M*) = (s—1)A;(T), 0 <
j < f. Hence (2.8.5) yields

f
Kj(M) = (s —1)s~~ T>2Au Pi(u fys),  0<j<f (439
where ‘
Pius f,5) = Y (1) — 177 () (120) (4.3.10)
q=0

analogously to (4.3.6). For any integers ¢; and to, throughout this section, (2)
is interpreted as

t1(t1—1)-(t1—t2+1)

ty Tla—D)1 for ty > 0,
t - 1’ fOr t2 = 0’
i 0, for t5 < 0.

In view of (4.3.5) and (4.3.9), if one can connect the K;(Ct) with the
K;(M), then the objective of expressing the A;(7T") in terms of the A;(T) is
achieved. The next lemma is an important step in this direction.
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Lemma 4.3.1. Let 0 = s" %=1 and = s"~*~". Then

(@) Ko(C) = 1+ up(M),

(b) K;j(C+) = uKg_;(M), for1 <j<6-1,
(c) Ko(CF) = MKo( ) —1,

(d) K;(C+) = K;(M) =0, for j > 0.

Proof. Consider the matrix V;,_x, with columns given by the points of PG(n—
k —1,s). Clearly, B
Vir = [V(T)  V(T)]. (4.3.11)

By Lemma 2.7.2(a), V,,_ has full row rank. Let H be a matrix, with s"~*
rows and (s"7% — 1)/(s — 1) columns, such that the rows of H are given by
the s"~* vectors in R(V,,_1). Note that

(i) H has one null row, and
(ii) by Lemma 2.7.2(b), each other row of H has 6 nonzero elements.

Partition H as
H=[H(T) H(T), (4.3.12)

where the columns of H(T) and H(T) correspond to those of V(T) and V(7))
n (4.3.11).

Let &; be the number of rows of H(T') with j nonzero elements. Similarly,
define £; with respect to H(T). From (4.3.12) and the facts (i) and (ii), the
following are evident:

o=1+&,, (4.3.13)
& =&_j, for 1<j<6-1, (4.3.14)
fog =&y — 1, (4.3.15)
& =¢;=0, for j > 6. (4.3.16)

For instance, (4.3.15) follows by noting that each null row of H(T), excluding
the one embedded in the null row of H, corresponds to a row of H(T') with 6
nonzero elements.

Since V(T) has full row rank, the rows of H(T) are given by the vectors
in R[V(T)]. Hence by (4.3.7),

K;(CH) =¢;, (4.3.17)

for each j. Similarly, since rank[V (T')] = r, each vector in R[V(T)], i.e., each
codeword of M, appears p times among the rows of H(T). Hence

€ = uk; (M), (4.3.18)

for each j. The result is immediate from (4.3.13)—(4.3.18). O
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Theorem 4.3.1. For 3 <i<n,

f
Ai(T) = pi + Z pij A;(T), (4.3.19)
§=0
where
pi = (s — 1) Ls =R P(0;n, 5) — Py(B;n, )}, (4.3.20)
pij =0 for j >4, (4.3.21)
and

0— _ —j ; . . .
pii= > (") (50 (7)) (G0 (s = 1) (s =2)", forj <i, (43.22)
with >°° denoting the sum over nonnegative integers t1,ta,t3 that satisfy
t1+ta+t3=1—7. (4.3.23)

Proof. By definition, K;(C1) = 0 for j > n. Together with Lemma 4.3.1(d),
this implies that

K;(C*H) =0, for j > min(n, 6). (4.3.24)

Similarly,
K;(M)=0, for j > min(f, ). (4.3.25)

By (4.3.5) and (4.3.24),
0
Ai(T) = (s —1)"Ls~ (=0 ZKj(CL)Pi(j;n, ), 3<i<n.
=0

Since p = s"¥~" using Lemma 4.3.1(a)—(c) and then (4.3.25),

0
Ai(T)=(s— 1)_15_("_’“){1:’1»(0; n,s) — P;(0;n,s) + MZKg_j(M)Pi(j; n, S)}

j=0
0
=pi+{(s ="} Y KGM)P(O — i, s)
j=0
=pi +{(s — 1)sr}‘1ZKj(M)Pi(9—j;n,s), (4.3.26)
§=0

where p; is given by (4.3.20). Recalling (4.3.9), this yields
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o f

A( _p2+s_fZZAu 'U,f7 ) ( j;n,s)
7=0u=0

_pz""s fZZAJ .7 f7 ) ( —u;n,s)
7j=0u=0

=pi+ Y piA(T), 3<i<n,
where
f

Thus A;(T), 3 < i < n, are of the form (4.3.19) and it remains to show
that (4.3.27) is equivalent to (4.3.21) or (4.3.22) depending on whether j > ¢
or j <i. To that effect, note that

(i) by (4.3.10), for 0 < j,u < f,

Pu(jif.s) = (1) (s =" Py(us £.)/ (1)

and Pj(u; f, s) is the coefficient of ¢/ in the expansion of (1 — y)“{1 +

(s — Dy

(i) by (4.3.6), P;(0 — u;n,s) is the coefficient of 2% in the expansion of

(1—2)" {1+ (s = Dz}

(iii) by (i) and (ii), the right-hand side of (4.3.27) equals {sf (s—1)7 (f) }

times the coefficient of y72% in

!
=> () “1=y) {1+ (s= Dy T (1=2) T {1 (s 1)

u=0

Now,

Aly,2) = {1+ (s - 1>y}f< — )1+ (s - 1)z}
) L+ (s—1)=)]"
Z { {1+<s—1>y}<1—z> }

= {1 + <s — Dy (1= 2) {1+ (s —1)z}"7°

(s — 1)1 —y){1 + (s — 1>z}]f
{1+ (s — Dy} —2)

x{l—&—
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=sT(1—2)"T {1+ (s — 1)} {1+ (s — 2)z — (s — )yz}f

=sf Z <G;f) (—2) Z (";29) {(s — 1)z}

>0 56
x Z (t{) (ft;m) {(s —2)2}3{—(s — 1)yz}"
ta,ts>0

9— —0 —t
=1 > (W) e (d) ()
t1,t2,t3,8420

« (_1)t1+t4(8 _ 1)t2+t4 (S _ 2)t3yt4zt1+t2+t3+t4.

The coefficient of 372" in the above equals 0 when j > i. On the other
hand, if j < 4, then this coefficient equals

=17 (1) 0 () 5 () (1 - 1t -2,

where the sum Y_" is as defined in (4.3.23). From (iii) above, it is now
clear that (4.3.27) is equivalent to (4.3.21) or (4.3.22) for j > i or j </,
respectively. |

Corollary 4.3.1. In the setup of Theorem 4.5.1,

(=1)7, if =1,
o — ( 1)i{s(i — 1) — 2i + 3}, ifj=1i—1,
“ (=D)H{s"F —2(s —)n+ (s —2)2(i — 1)(i — 2)

+( —2)(2i — 3)}, if j=1i—2.

Proof. If j = i, then by (4.3.23), the sum >_" extends only over t; = t, =
ts = 0. Hence by (4.3.22), p;; is as claimed.

If j = i—1, then by (4.3.23), the sum >_" extends over (t1,t2,t3) = (1,0,0),
(0,1,0), and (0,0, 1). Hence by (4.3.22), p;; equals

O =HED +(=0)(=1)" (s = 1)+ (f =i+ (=17 (s - 2).

Since § = s"~*71 the claim about p;; follows after a little algebra using
(4.3.2).
The proof is similar for j =i — 2. O

Corollary 4.3.2.

(a) A3(T) = constant — A3(T),

(b) A4(T) = constant + (35— 5)A3(T) + A4(T),

(c) As(T) = constant — 2 {s" ¥ —2(s — 1)n+ (s — 2)(12s — 17) } A3(T)
~ (s — T)As(T) - As(T),
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where the constants may depend on s, n, and k but not on the particular choice
of T.

Proof. Consider (a). First suppose f > 3. Recall that A;(T) = Ay(T) =0
and that by (4.3.4), Ao(T) = (s — 1)~!. Hence from (4.3.19), (4.3.21), and
Corollary 4.3.1,

A3(T) = p3 + pso(s — 1) + p33As(T) = p3 + pso(s — 1)~ — A3(T).

By (4.3.20) and (4.3.22), p3 + p3o(s — 1)~ ! is a constant that may depend on
s, m, and k but not on the choice of T. Hence (a) follows for f > 3. On the
other hand, for f < 2, a similar argument yields A3(T) = p3 + p3o(s — 1)1
and trivially, A3(T) = 0; cf. (4.3.3). Thus (a) follows again.

The identities in (b) and (c) can be proved similarly using Corollary 4.3.1
with ¢ = 4 and 5 respectively. (I

In particular, for s = 2, Corollary 4.3.2 yields the identities in (3.3.2) that
played a key role in Chapter 3.

Observe that the rank of V(T') does not influence the conclusions of Theo-
rem 4.3.1 and the above corollaries. Similarly, these results remain valid even
when V(T') does not have full row rank and hence T lacks interpretation as
an s" % design. This fact, useful later in Chapter 6, can be established by a
minor modification of the present derivation with V(T) handled in the same

way as V(7).

4.4 Minimum Aberration s"* Designs via
Complementary Designs

The results of the last section, especially Corollary 4.3.2, yield simple rules
for finding MA s"~* designs. This development is parallel to that in Section
3.3 and the concept of isomorphism again helps in reducing the design search.

Consider two sets of points of a finite projective geometry, with the same
cardinality. The sets are called isomorphic if there exists a nonsingular trans-
formation that maps each point of one set to some point of the other set up to
proportionality. Two s”~* designs T} and T are isomorphic if the correspond-

ing sets T1 and T3 are isomorphic. Writing T; = {hgi), el hgf) }, i=1,2, then
there exists a nonsingular matrix A, of order n — k and defined over GF(s),
such that for each j, Ahgl) is proportional to some th). Since points with

proportional entries are considered identical in a finite projective geometry,
this means that there is an appropriate representation of the points of 15 such
that

)

AV(Ty) = V(T3)R, (4.4.
) =

—_

where R is a permutation matrix of order n over GF'(s), and, as usual, V(T;
(hgi), .. .,hg)), 1 =1,2. By (4.4.1), for any n x 1 vector b,
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V(T1)b=0<«= V(T2)Rb =0, (4.4.2)

i.e., by Theorem 2.7.1(b), b is a defining pencil of the design 77 if and only if
Rb is a defining pencil of the design T5. Obviously, the roles of 77 and T5 are
interchangeable in the above. Hence by (4.4.2), if T} and T3 are isomorphic,
then they have the same defining pencils, or equivalently the same defining
contrast subgroup, up to a permutation of factor labels. For s = 2, this is
in agreement with the definition of design isomorphism given in Section 3.1.
Obviously, isomorphic designs have the same wordlength pattern and are con-
sidered equivalent in the sequel. The following lemmas are easily obtained
from the definition of isomorphism.

Lemma 4.4.1. Let Ty _and Ty be sets of points of PG(n —k — 1, s) with the
same cardinality, and T and Ty their complementary sets respectively. If Ty
and Ty are isomorphic, then Ty and Ty are also isomorphic.

Lemma 4.4.2. (a) All singleton sets of PG(n — k — 1, s) are isomorphic.
(b) All sets of PG(n — k — 1, s) with cardinality two are isomorphic.

The above lemmas imply that all s" % designs are isomorphic when the
cardinality f of the complementary sets equals 1 or 2, i.e., by (4.3.2), all such
designs are isomorphic when n = (s" % —1)/(s—1)—1lorn = (s" ¥ ~1)/(s—
1) — 2. This extends Theorem 3.3.2 to the case of general s. Turning to the
situation f > 3, Corollary 4.3.2 and Lemma 4.4.1 yield the same rules as in
Section 3.3 for the identification of MA designs. For ease in reference, Rules
1 and 2 are reproduced below.

Rule 1. An s" % design 7* has minimum aberration if

(i) A3(T") = max A3(T) over all T of cardinality f, and

(ii) T" is the unique set (up to isomorphism) satisfying (i).
Rule 2. An s" % design 7* has minimum aberration if

(i) As(T") = max A3(T) over all T of cardinality f,

(i) Ay(T") = min{Ay(T) : A3(T) = A3(T")}, and

(iii) T~ is the unique set (up to isomorphism) satisfying (ii).

In general, by Theorem 4.3.1 and Corollary 4.3.1,

i—1
A(T) = pi+ > pi A1) + (-1)'Ay(T), 3<i<n, (4.4.3)
j=0

where p; and p;; are constants that do not depend on T', Ao(T) = (s —1)7!,
and A;(T) =0 for j = 1,2 or j > f. Hence further rules, in the spirit of the
ones stated above, are easy to develop. By (4.4.3), these call for maximization
of A3(T), then minimization of A4(T), followed by maximization of A5(T),
and so on. However, one rarely has to go beyond Rules 1 and 2 for relatively
small f.
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The concept of a flat of a finite projective geometry as well as a few lemmas
are needed for obtaining further results. Consider any w (1 < w < n — k)
linearly independent points of PG(n — k — 1,s). These w points generate, as
their linear combinations, (s* — 1)/(s — 1) points, including themselves, of
the finite projective geometry. Such a collection of (s* — 1)/(s — 1) points
is called a (w — 1)-flat of PG(n — k — 1,s). Evidently, a flat is closed, up
to proportionality, under the formation of nonnull linear combinations of the
points therein. A 0-flat trivially consists of a single point, whereas a 1-flat,
consisting of s + 1 points, is also called a line. On the other extreme, an
(n—k —1)-flat is identical to the entire PG(n—k—1,s). It is easily seen that
for a fixed w, all (w — 1)-flats of PG(n — k — 1, s) are isomorphic.

Lemma 4.4.3. Let f > 3. Then

(a) A3(T) < ~f(f — )min{f — 2,5 — 1}. (4.4.4)
(b) For 3 < f < s+ 1, equality holds in (4.4.4) if and only if rank[V (T)] = 2.
(¢) For f > s+ 1, equality holds in (4.4.4) if and only if f = (s¥ —1)/(s —1)

and T is a (w — 1)-flat with w > 3.

| =

Lemma 4.4.4. All s"~% designs T with rank]V(T)] = 2 have the same
wordlength pattern.

Lemma 4.4.3 follows from a result to be presented in Chapter 5 (see Lemma
5.4.1). Lemma 4.4.4 is a consequence of Theorem 4.3.1 and the fact that A;(T),
0 < j < f, do not depend on T as long as rank[V (T)] = 2. In view of Lemma
4.4.4, one may wonder whether all s”~* designs T with rank[V (T)] = 2 are iso-
morphic. Interestingly, this is not the case in general. For example, let s =7,
n = 4, k = 2, and consider the designs T} = {(1,3)/,(1,4)l,(1,5)l,(1,6)/},
T, = {(1,2),(1,4)",(1,5)",(1,6) }. Then both V(T;) and V(T5) have rank
two, and 717 and T5 have the same wordlength pattern, but a complete enumer-
ation of all nonsingular transformations reveals that they are not isomorphic.

In particular, if n —k = 2 and f > 3, then the 2 x f matrix V(7)) has rank
two for every design T. Consequently, by Lemma 4.4.4, all designs have the
same wordlength pattern and hence are equivalent under the MA criterion.
The next two results hold for n—k > 3. The first follows readily from Corollary
4.3.2(a), Lemma 4.4.3(b), and Lemma 4.4.4. The second one is immediate from
Rule 1 and Lemma 4.4.3(c).

Theorem 4.4.1. Let n — k >3 and 3 < f < s+ 1. Then an gnk design T

has minimum aberration if and only if rank[V (T')] = 2.

Theorem 4.4.2. Let f = (s* —1)/(s — 1), where 3 < w < n — k. Then an
s"F design T has minimum aberration if and only if T is (w — 1)-flat
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The condition w > 3 in Theorem 4.4.2 is not restrictive. If w = 1, then
f =1, which is trivial. If w = 2, then f = s+ 1, which is covered by Theorem
4.4.1. In the setup of either theorem, the matrix V(7') corresponding to an
MA design T has full row rank, as it should in view of Theorem 2.7.1 . To
see this for Theorem 4.4.2, let AV ... h("=F) be linearly independent points
of PG(n — k —1,s), and suppose the first w of these generate the (w — 1)-
flat T. Then T includes in particular the n — k linearly independent points
R pplot) o p) p plot D) plet) 0 R(=k) “and hence V(T') must have
full row rank. A similar argument works for Theorem 4.4.1.

Theorem 4.4.1 shows that the 3'1°~7 design in Example 4.3.1 has MA. Two
more examples, illustrating the use of these theorems, are considered below.

Example 441 Let 5 = 4, n = 17, k = 14. By (4.3.2), f = 4. Let
T = {(1,0,0) (0,1,0) (1,1, ) (1,04,0)/}, where « is a primitive element
of GF(4). Then rank[V(T)] = 2. Here n —k =3 and 3 < f < s+ 1. Hence by

Theorem 4.4.1, the 47~ design T, with T as shown above, has MA. ([l

Example 4.4.2. Let s = 3, n = 27, k = 23. By (4.3.2), f = 13[= (3° -
1)/(3 —1)]. Let T be any 2-flat. Then by Theorem 4.4.2, the 327~2% design T
has MA. O

For s = 3 and 3 < f < 13, Suen, Chen, and Wu (1997) obtained MA
designs using Rule 1. Table 4.1 shows the set T for these MA designs. In
this table, the compact notation is used. For example, 132 denotes the point
(1,0,2,0,..., 0),7 and so on. For each f, one can check that the matrix V(7'
corresponding to the MA design given by Table 4.1 has full row rank.

Using Table 4.1, one can obtain an MA 3"~* design for every n when the
run size is 27, i.e., n — k = 3. Clearly n < 13. The cases n = 13, 12, and 11
are trivial, since they correspond to f = 0, 1, and 2, respectively. The cases
n=4,5,...,10 correspond to f =9,8,...,3 respectively, and are covered by
Table 4.1. Similarly, Table 4.1 yields 81-run gn—(n—4) designs for 27 < n < 37.
The cases n = 38, 39, and 40 are trivial, since they correspond to f = 2, 1,
and 0, respectively. For example, using Table 4.1, an MA 3%8~24 design can be
readily obtained. Noting that n = 28 and f = 12(= 40 — 28), an MA 3282
design T can be constructed by taking its complementary set T to be the set
of points given in Table 4.1 under f = 12.
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Table 4.1 The sets T for MA 3"~* designs

f T
3 {1,2,12}

4 {1,2,12,12%}

5 {1,2,12,122,3}

6 {1,2,12,122,3,13}

7 {1,2,12,122,3,1223,1223%}

8 {1,2,12,12%,3,232 1223,12232}

9 {1,2,122,3,13%,23%,1232,1223,1223?}

10 {1,2,12,122,3,13,132,23, 232,123}

11 {1,2,12,12%,3,13,132, 23,232,123, 1232}

12 {1,2,12,122,3,13,132,23,232,123, 1232, 12232}
13 {1,2,12,122,3,13,132,23, 232,123, 1232, 1223, 12232}

4.5 Description and Use of the Three-Level
Design Tables

A catalogue of 3"~* designs with 27 and 81 runs is given in the appendix of
the chapter. The listing of the 27-run designs in Table 4A.2 is complete, i.e.,
it contains all the nonisomorphic designs. It is taken from Chen, Sun, and Wu
(1993) with a few corrections. For 81 runs, a complete listing of designs is too
long to be included. Therefore, only a selection of such designs, including all
designs of resolution four or higher, is presented in Table 4A.3 for 5 < n < 20.
This table is adapted from Xu (2005), who also gave 243- and 729-run designs.
Selection of designs for inclusion in Table 4A.3 is based on the MA, MaxC2,
and other criteria not discussed in the book. As in Chapter 3, the MaxC2
criterion aims at maximizing C2, the number of clear 2fi’s. A 2fi, say, between
the first two factors, is now called clear if neither of the interaction pencils 12
and 122 is aliased with any main effect pencil or any other 2fi pencil.

From Section 4.3, recall that a 3"~* design is equivalent to a set of n
points of PG(n — k — 1,3). The set must contain n — k (= m, say) indepen-
dent points, which can be taken as 1,2,...,m, using the compact notation.
Thus a 3" % design can be represented by the independent points 1,2, ...,m,
together with k additional points. This representation is used in the cata-
logue for tabulating designs. Furthermore, instead of using the explicit nota-
tion 1,2,12,122,3,13,... for the points of PG(n — k — 1,3), to save space,
we denote them by the corresponding serial numbers 1,2,3,4,5,6,..., the
numbering scheme being shown in Table 4A.1. For instance, the independent
points 1, 2, 3 of PG(2,3) are numbered 1, 2, 5, according to this scheme.
Consequently, in listing any 27-run design (i.e., m = n—k = 3) in Table 4A.2,
it is implied that the points numbered 1, 2, 5 are included but we list only the
serial numbers of the additional k& points under “Additional Points”. Similar
considerations apply to 81-run designs.
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For clarity, the ith 3" ~* design in the catalogue is denoted by n — k.i. The
wordlength pattern W and C2 appear in the last two columns of the design
tables. To save space, for 81-run designs, at most four components of W are
shown. For any given n — k and n, the first design n — k.1 is the MA design.
Use of the design tables is illustrated in the following example.

Example 4.5.1. Consider the 27-run MA design 6-3.1 in Table 4A.2. It is
given by the points of PG(2,3) with serial numbers 1, 2, 5, 3, 9, 13. Table
4A.1 identifies these points and shows that the design is given by the set
{1,2,3,12,12%23,12232}. The six factors can be associated with the points of
the set in the order stated. Then the following aliasing relations are immediate:
4 =12, 5 = 1223, 6 = 12232. In other words, 1242, 122352, and 1223262 are
three independent defining pencils of this design. From this, one can easily
obtain the other defining pencils and check that A3 =2, A4 =9, A5 =0, and
Ag = 2, which agree with the wordlength pattern W as given in Table 4A.2.

O

Exercises

4.1 (a) Use Theorem 4.2.1 to find an MA 52 design.
(b) Rewrite the design in (a) as a 5 x 5 Graeco-Latin square.

4.2 (a) Use Theorem 4.2.1 to find an MA 3°~2 design.
(b) Show that this design has the same wordlength pattern as the design
d(B;) in Example 2.5.1. Hence conclude that the latter design also has

MA.

¢) Verify that the two designs in (b) are isomorphic.

a) Find an MA 3°~6 design using Table 4.1. Denote it by 7.

b) Find two other nonisomorphic 3°~6 designs and verify that they are
inferior to T3 according to the MA criterion. Denote them by 75 and T3.
(¢) The theory of complementary designs can be used to confirm the
findings in (b). In particular, compute the values of A3(T;) fori = 1, 2,
3. By applying Rule 1 in Section 4.4 to these values, show that 77 has
MA.

4.4 For f = 5, verify that the set T in Table 4.1 corresponds to an MA
design.

4.5 Prove Corollary 4.3.2(b),(c).

4.6 Prove Lemma 4.4.1.

4.7 Prove Lemma 4.4.2.

4.8 Show that the A4;(T), 0 < j < f, do not depend on T if rank[V (T)] = 2.

(
43 (
(
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Appendix 4A. Catalogue of 3"~* Designs with 27 and 81
Runs

Table 4A.1 Numbering of points for 27- and 81-run designs

(The table gives the serial numbers of the points of PG(3,3); the first
13 entries describe the serial numbers of the points of PG(2,3). Independent
points are numbered 1, 2, 5, 14 in boldface.)

Number 1 2 3 4 5 6 7 8 9 10
Point 1 2 12 122 3 13 23 123 1223 132
Number 11 12 13 14 15 16 17 18 19 20

Point 232 123% 12232 4 14 24 124 1224 34 134
Number 21 22 23 24 25 26 27 28 29 30
Point 234 1234 12234 1324 2324 12324 122324 142 242 1242
Number 31 32 33 34 35 36 37 38 39 40
Point 12242 342 134% 2342 12342 122342 13242 23242 123242 1223242



Appendix 4A

Table 4A.2 Complete catalogue of 27-run designs

105

(Each design is represented by 1, 2, 5 and the numbers specified under “Ad-

ditional Points”. W = (As, Aq, ..

.) is the wordlength pattern of the design.

C?2 is the number of clear 2fi’s. Designs for n = 11,12,13 are unique up to

isomorphism and hence omitted.)

Design Additional Points W C2
4-1.1 8 01 0
4-1.2 3 10 3
5-2.1 39 130 0
5-2.2 36 211 0
5-2.3 34 400 4
6-3.1 3913 2902 0
6-3.2 367 3631 0
6-3.3 3611 4360 0
6-3.4 346 5332 0
7-4.1 3101113 515983 0
7-4.2 48911 6111544 0
7-4.3 481011 7101292 0
7-4.4 34913 899140 0
8-5.1 3891011 83024 32243 0
8-5.2 4891011 10 23 32 30 22 4 0
8-5.3 3491113 11213038156 0
9-6.1 389101113 12 54 54 96 108 27 13 0
9-6.2 34891011 15 42 69 96 93 39 10 0
9-6.3 4910111213 16 39 69 106 78 48 8 0
10-71 3678101112 21 72 135 240 315 189 103 18 0
0

10-7.2

346781011

22 68 138 250 290 213 92 20
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Table 4A.3 Selected 81-run designs for n= 5 to 20

(Each design is represented by 1, 2, 5, 14 and the numbers specified under
“Additional Points”. W = (As, A4, A5) when n = 5 and W = (A4s,..., 4s)
when n > 5. C2 is the number of clear 2fi’s.)

Design Additional Points W C2
5-1.1 22 001 10
5-1.2 8 010 4
513 3 100 7
6-2.1 9 22 0220 4
6-2.2 817 0301 0
6-2.3 422 1030 12
7-3.1 92224 0561 0
7-3.2 918 22 0634 0
7-3.3 91522 1363 3
7-3.4 91022 1460 6
7-3.5 42226 2092 15
7-3.6 3422 4133 9
8-4.1 92224 31 010164 O
8-4.2 92224 25 0111210 0
8-4.3 9182238 012816 0
844 9102235 26182 9
8-4.5 915 22 28 441212 4
8-4.6 342226 53917 12
8-4.7 341932 800 32 16
9-5.1 92224 31 34 0183612 0
9-5.2 39222431 1182728 0
9-53 79222425 1202036 0
9-5.4 69222425 2172334 0
9-5.5 916 22 24 29 5112631 1
9-5.6 89102223 5122726 9
9-5.7 39101322 5182423 2
9-5.8 39101222 6152721 4
9-59 4681112 8302432 8
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Table 4A.3 (continued)

Design  Additional Points w C2
10-6.1 922 24 31 34 39 03072 30 0
10-6.2 3922243134 2 28 57 65 0
10-6.3 392224 25 31 2 30 48 80 0
10-6.4 369222431 33042 84 0
10-6.5 479122224 5 28 48 68 0
10-6.6 3910111322 8 34 48 62 0
10-6.7 369101322 10 28 51 67 2
10-6.8 46781217 10 29 48 67 4
10-69 468111213 12 54 54 96 9
11-7.1 392224313439 342 111 132 0
11-7.2 391322242531 348 84 177 0
11-7.3 791218 2224 25 354 63 195 0
11-74 369132224 31 547 77 182 0
11-75 3479122224 10 40 91 154 0
11-7.6 34910111322 15 48 99 162 0
11-7.7 346791322 15 49 95 165 2
11-7.8 3468111213 21 72 135 240 10
12-8.1 39132224 2531 37 472 144 354 0
12-8.2 791218 22 24 25 38 4 81 108 390 0
12-8.3 39132224 25 31 38 569 141 375 0
12-84 367913222431 8 73 124 364 0
12-85 34679121322 21 81 171 357 2
12-8.6 346910111322 22 76 178 364 0
12-87 34678111213 30 108 252 546 11
13-9.1 369132224 253137 7 102 219 690 0
13-9.2 37912182224 25 38 7 105 207 696 0
13-9.3 3913152224 253137 8 92 249 654 0
13-94 367912132224 31 12109 198 672 0
1395 3467910121322 30 118 306 726 0O
1396 346789111213 40 162 432 1092 12
14-10.1 36913182224 2531 37 10 140 334 1236 0
14-10.2 37912182224 253138 10 141 3301236 0
14-10.3 3679132224253137 10144 330 1209 0
14-104 3679121322242531 13147 3151200 0
14-10.5 346789101112 13 52 234 702 2028 13
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Table 4A.3 (continued)
Design  Additional Points W C?2
15-11.1 367913 18 22 24 25 31 37 13 192 495 2055 0
15-11.2 367912 13 22 24 25 31 37 14 198 486 2009 0
15-11.3 369 13 22 23 24 25 30 31 37 15 171 564 1963 0
16-12.1 367913 18 22 24 25 31 35 37 16 256 720 3288 0
16-12.2 36791213 18 22 24 25 31 37 17 258 711 3275 0
16-12.3 36 79 13 18 21 22 24 25 31 37 19 232 789 3201 0
17-13.1 36791213 18 22 24 25 31 35 37 20 336 1014 5072 0
17-13.2 367913 16 18 22 24 25 31 35 37 23 306 1107 4952 0
17-13.3 367913 15 18 22 24 25 31 35 37 24 304 1096 4984 0
18-14.1 367912 13 18 22 24 25 31 35 37 38 24 432 1404 7608 0
18-14.2 36791213 1518 22 24 25 31 35 37 28 396 1518 7438 0
18-14.3 36913 15 16 22 23 24 25 31 34 37 38 30 369 1602 7443 0
19-15.1 36791213 1518 22 24 25 31 35 37 38 33 504 2052 10884 0
19-15.2 36791213 1516 18 22 24 25 31 35 37 36 480 2112 10875 0
19-15.3 36791213 15 18 22 24 25 31 35 36 37 37 464 2202 10600 0
20-16.1 36791213 1516 18 22 24 25 31 35 37 38 42 603 2808 15537 0
20-16.2 3679 131516 18 22 23 24 25 31 34 37 38 44 584 2852 15608 0
20-16.3 36791213 1517 18 22 24 25 31 35 37 38 44 584 2900 15212 0




5

Designs with Maximum Estimation Capacity

This chapter continues with regular fractions of symmetrical factorials. A
criterion of model robustness, called estimation capacity, is introduced and
explored. Results on s"~* designs with maximum estimation capacity are
given. In many situations, these results are consistent with those under the
minimum aberration criterion.

5.1 Preliminaries

The notion of estimation capacity is due to Sun (1993). It was studied in fuller
detail by Cheng, Steinberg, and Sun (1999) and Cheng and Mukerjee (1998).
The development in this chapter follows the last two papers. The criterion
of estimation capacity aims at selecting a design that retains full information
on the main effects, and as much information as possible on the two-factor
interactions (2fi’s) in the sense of entertaining the mazimum possible model
diversity, under the assumption of absence of interactions involving three or
more factors. This approach will be seen to provide further statistical justifi-
cation for the more common criterion of minimum aberration (MA).

As before, we consider s”~* designs of resolution three or higher. By Theo-
rem 2.7.1, any such design is equivalent to a set T of n points of PG(n—k—1, s),
so that the matrix V(T') with columns given by these points has full row rank.
Hence as in Chapter 4, an s" % design is denoted by the corresponding set of
points T'.

From Section 2.4, recall that any s"~* design T involves (s" % —1)/(s—1)
(= g, say) alias sets, each containing s* pencils. Since 7" has resolution three
or higher, no two distinct main effect pencils are aliased with each other. Thus
there are n alias sets of T', each of which contains one main effect pencil. Let
f=q—mn,and for 1 < i < f, let m;(T) be the number of 2fi pencils in the
1th of the remaining f alias sets of T'. To avoid trivialities, throughout this
chapter it is assumed that f > 1. If f = 0, then there is only one choice of T,
namely, the entire PG(n — k — 1, ).
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To introduce the criterion of estimation capacity, recall that it evaluates
a design on the basis of its capability to handle model diversity. Note that
in an s™ factorial, there are v = (g) (s — 1) 2fi pencils altogether. Thus, for
1 <r < v, there are (”) possible models that include all the main effects and

r 2fi pencils; of coursg7 any of these models assumes the ignorability of the
remaining v — r 2fi pencils and the absence of all interactions involving three
or more factors. For any fixed r, let E,.(T) be the number of models of this
kind that can be estimated by a design T'. In particular, for s = 2, there is
practically no distinction between a factorial effect and the associated pencil.
Hence for two-level factorials, E,.(T") simply represents the number of models
containing all the main effects and r 2fi’s, which a design T" can estimate when
the remaining 2fi’s and higher order interactions are absent.

An expression for E,.(T) follows readily from Theorem 2.4.2. By this theo-
rem, any model involving all the main effects and r 2fi pencils is estimable in
T if and only if the r 2fi pencils occur in the f alias sets that do not contain
any main effect pencil and no two of them occur in the same alias set. Thus,
E.(T) equals the number of ways of choosing r 2fi pencils from these f alias
sets such that no two of them are chosen from the same alias set. Therefore,

X iy o ma (T) ifr < f,
BT = { 0 - - otherwise. (5-1.1)

The criterion of estimation capacity aims at maximizing E,.(T") for every
r (1 <7 <v). An s" % design that achieves this is said to have mazimum
estimation capacity. Furthermore, given any two s” % designs Ty and Ty, T}
dominates Ty with respect to estimation capacity if F,.(T1) > E,(T) for every
r, with strict inequality for some r.

Some ideas from the theory of majorization greatly facilitate the study of
estimation capacity; see Marshall and Olkin (1979) for more details. Consider
vectors u = (u1,...,uy) and w = (wq,...,wy)" with real-valued elements.
Then v is said to be majorized by w if

f f J J
Zui = Zwi and Zu[i] > Zw[i] (1<ij<f-1),
i=1 i=1 i=1 i=1
where upy <o < gy and wpy <o < wpy are the ordered elements of u

and w respectively. In this definition, if the condition Z{Zl u; = Zlf:l w; 18
replaced by Z{:l u; > Zif:l w;, then v is said to be upper weakly majorized
by w. A real-valued function g is called Schur concave if g(u) > g(w) whenever
u is majorized by w.

Lemma 5.1.1. If u is upper weakly majorized by w, then g(u) > g(w) for all
functions g that are Schur concave and nondecreasing in each element.

Proof. Since u is upper weakly majorized by w, one gets Zle u; > Elf:l w;.
If equality holds here, then u is majorized by w and the result follows by the
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definition of Schur concavity. Otherwise, let w* be a vector obtained from w,
replacing the element of ding t b L ui=
placing the element of w corresponding to wyy) by (w4 j_; wi— i3 wi),
and keeping the other elements unchanged. Then « is majorized by w* and
g(u) > g(w*), again by the definition of Schur concavity. The result follows
by noting that g(w*) > g(w) for all functions g that are nondecreasing in each
element. O

For any s"~* design T, let m(T) = (m1(T),...,ms(T))". Then the follow-
ing result, which plays a fundamental role in the study of estimation capacity,
holds.

Theorem 5.1.1. Given two s** designs Ty and Ty, if m(T1) is upper weakly
magjorized by m(Tz) and not obtainable from m(Ts) by permuting its elements,
then Ty dominates Ty with respect to estimation capacity.

Proof. By (5.1.1), using a result of Marshall and Olkin (1979, p.78, Proposi-
tion F.1), it can be shown that E,(T') is a Schur concave function of m(T") for
each 7. It is also easily seen that E,.(T) is nondecreasing in each element of
m(T). Hence if m(Ty) is upper weakly majorized by m(Tz), then by Lemma
5.1.1,

E.(T1) > E(T3) (5.1.2)

for every r. If equality holds in (5.1.2) for every r, then by (5.1.1), the polyno-
mials IT7_, {y —m;(T1)} and II7_ {y —m;(T3)} have identical expanded forms
and hence the same set of zeros; i.e., m(7Ty) can be obtained from m(7%) by
permuting its elements. Since this is not the case here, the inequality must be

strict for some r in (5.1.2). This completes the proof. O

Example 5.1.1. Consider the 3572 designs d(B;) and d(Bz) introduced in
Example 2.5.1. In accordance with the notational system of this chapter, these
are denoted by T7 and Ts, where T7 and T5 are the corresponding sets of points
of PG(2,3). The defining relations of T} and T5 are given by (2.5.1) and (2.5.2)
respectively. Here n = 5, k =2, ¢ = 13, and f = ¢ — n = 8. From (2.5.1), it
can be seen that the eight alias sets of 77 that contain no main effect pencil
are given by

122=14=24=35%=--., 13=25="---,
132=45="---, 23 =45% =...
282 =15"=---, =25 =
342 =15="---, 35=---.

Only the 2fi pencils in each of these alias sets are shown here and the
dots represent pencils belonging to interactions that involve three or more
factors. Thus m(Ty) = (4,2,2,2,2,2,2,1)". Similarly, by (2.5.2), m(Tz) =
(3,3,2,2,1,1,1,1). Clearly, m(T1) and m(T3) satisfy the conditions of Theo-
rem 5.1.1. Hence T} dominates Ty with respect to estimation capacity, a fact
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that can be verified directly from (5.1.1) as well. It will be seen in Section 5.4
that 77, in fact, has maximum estimation capacity. In addition, 7} has MA
because it is isomorphic to the design 5-2.1 of Table 4A.2. (]

In general, do MA designs have an edge over others under the crite-
rion of estimation capacity as well? Theorem 5.1.1 suggests that a design
T should behave well under the latter criterion if Z{zl m;(T) is large and
mi(T),...,m¢(T) are close to one another. The next result shows why an
MA design can be expected to meet these requirements. In what follows,
my41(T), ..., mq(T) denote the numbers of 2fi pencils in the n (= ¢ — f) alias
sets of T', each of which contains a main effect pencil. As in Chapter 4, the
wordlength pattern of a design T is represented by (41 (T),...,A,(T)), and
A1(T) = Ao(T) = 0.

Theorem 5.1.2. For any s"* design T,
! n
(T) = —1)—=3A3(T),
@ 3om) (5) (-1~ 3aum)

) S = () 5= 1)+ 605 - 2A(T) + 644(7).
i=1

Proof. Part (a) follows from noting that there are v = (5)(s — 1) 2fi pencils,
that none of them appear in the defining relation of T' with resolution three
or higher, and that 3A3(T") of them are aliased with the main effect pencils.

To prove (b), note that

q

%Z{mi(T)}z = %Zmi(T) + %Zmi(T){mi(T) -1}, (5.1.3)

=1

As in the proof of (a),

gmi(T) = (Z) (s =1). (5.1.4)

Also, the second term in the right-hand side of (5.1.3) equals the number of
unordered pairs that can be formed out of the distinct 2fi pencils appearing
in the same alias set of T. In accordance with (2.4.4) and (2.4.9), any defining
pencil bger of T is said to account for such an unordered pair if bger equals
b—b* or b* — b for some representations b and b* of the 2fi pencils in the pair.
Clearly, then bger has three or four nonzero entries since b and b* have two
nonzero entries each and T has resolution three or higher. Now observe the
following:

(i) Each defining pencil of T' with three or four nonzero entries accounts
respectively for 3(s — 2) or 3 unordered pairs of 2fi pencils appearing in
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the same alias set of T'. For example, a defining pencil (b1, bo, b3,0,...,0)’,
where b; # 0 (i = 1,2,3), accounts for 3(s — 2) such unordered pairs as
shown below:

{((6117 b2707 . 70)/7 (b11 — bl,(), —b3,0, . ,0)/) : b11(¢ O,bl) S GF(S)},
{((bl, bgl,o, . ,O)I, (0, bo1 — bg, —bg,O, . 70)/) : bgl(# O,bg) S GF(S)},
{((b1707 b31, 0,..., 0)/, (O, —b27 b31 — bg, 0,... ,O)/) : bdl(# O,bd) c GF(S)}

(ii) No two distinct defining pencils can account for the same unordered pair
as considered here.

The above argument shows that the second term in the right-hand side of
(5.1.3) equals 3(s — 2)A3(T) 4+ 3A4(T). Hence (b) follows from (5.1.3) and
(5.1.4). d

An MA design minimizes A3(7") and, subject to that condition, minimizes
A4(T) as well. Hence by Theorem 5.1.2, it maximizes sz:r{mi(T)} and,
subject to that condition, minimizes > 7 {m;(T)}?. Therefore, one would
also expect lej-czl{mi(T)}2 to be small in an MA design. Thus, in addition to
maximizing Zlf:l m;(T), an MA design is expected to keep mq (T),...,my(T)
close to one another. As noted earlier, in view of Theorem 5.1.1, these are
precisely the requirements for a design to behave well under the criterion
of estimation capacity. MA designs are therefore expected to perform well
under the latter criterion. These issues will be explored in more detail in the
subsequent sections and the sufficient condition in Theorem 5.1.1 will be seen
to be particularly helpful in the derivation of the results.

5.2 Connection with Complementary Sets

As in the last two chapters, complementary sets play a key role in the study of
estimation capacity. It is seen below that they arise naturally in this context.
Theorem 2.7.1 suggests a one-to-one correspondence between the ¢ [=
(s"7F —1)/(s — 1)] points of PG(n —k — 1,5) and the g alias sets of an s"~*
design T'. Any alias set of T' corresponds to the point V(T)b of PG(n—k—1, s),
where b is any pencil in the alias set. In particular, if an alias set contains a
main effect pencil, say b, then V(T')b reduces to a column of V(T), i.e., a point
of T. Thus the n alias sets of T' containing the main effect pencils correspond
to the n points of T. The remaining f (= ¢ — n) alias sets of T, therefore,
correspond to the f points of T, the complementary set of T in PG(n—k—1,s).
Let T = {hy,...,hy} and T = {hfy1,..., hy}, where hy, ..., h, are the points
of PG(n —k —1,s) and, for 1 < ¢ < f, h; corresponds to the ith alias set of
T that contains no main effect pencil. The following lemma is then obvious.

Lemma 5.2.1. For 1 <i < f, m;(T) equals the number of 2fi pencils b such
that V(T)b is proportional to, and hence representative of, h;.
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Some more notation will be needed for presenting the subsequent results.
For A\(# 0) € GF(s) and distinct 4, 5,7 (1 < i,j,r < ¢), define the indicators

| 1, if hj + Ah, is proportional to h;,
Gigr(A) = { 0, otherwise, (5-2.1)
~ _ | 1, if by, hj and h,. are linearly dependent,
Oijr { 0, otherwise. (5-22)

It is easily seen that for any fixed distinct 4, j,r, there exists at most one
A(#0) € GF(s) such that ¢;;»(A) = 1, and that such a A exists if and only
if h;, hj, and h, are linearly dependent. Hence

Z Gijr(A) = Oijir. (5.2.3)

A(£0)EGF(s)

Furthermore, linear combinations of any two points of PG(n—k—1, s) generate
additional s — 1 points, so that for any fixed ¢,5 (1 <1i # j < q),

q

Z Hijr =s—1. (524)

For 1 <i < f, define

¢; = number of linearly dependent triplets {h;, h;, h,} such that ¢, j,r are
distinct members of {1,..., f} and j < r. (5.2.5)

The following identity shows that the computation of m;(T) is equivalent
to the computation of ¢;.

Lemma 5.2.2. For 1 <i < f, my(T) = 3(s — 1)(¢ — 2f + 1) + ¢.

Proof. For any fixed ¢ (1 <14 < f), let Ay, ..., Ag; denote sums over 6, with
respect to 5 and r, the ranges of summation being

(i) f+1<j<r<q,
(i) f+1<j#r<q,
(iii) 1<j#r<q, j#i, r#i
) 1<j#r<f, j#i, r#1,
(v) 1<j<f, f+1<r<gq, j#i,
(vi) f+1<j<q 1<r<f, r#i,

respectively. By (5.2.2) and the definition of ¢;,
1

1
Ay = §A2i7 Asy = Agi, ¢s = §A4i- (5.2.6)
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Now, T'={hysy1,...,hq} and hence V(T) = (hj41,...,hy). Since any 2fi
pencil b has two nonzero entries the first of which can be taken as 1, it is
clear that V(T')b must be of the form h; + Ah, for some j,r (f+1 < j <
r < q), where X is the second nonzero entry of b. Hence by Lemma 5.2.1, for
1 <4< f, m(T) equals the number of choices of 4,7 (f+1 < j <r <gq) and
A(# 0) € GF(s) such that h; + Ah, is proportional to h;, i.e., by (5.2.1),

=D 2 D> G,

fH1<j <r<q A (F0)eEGF(s)

so that using (5.2.3), (5.2.6), and (i)—(vi) above,

Z Z Oijr = A1y = %Azi

fH1<5 <r<q

1 1
= g(ASi — Ay — Asi — Agi) = 5(4% — Ay — 245;). (5.2.7)

For fixed 4,5 (1 <1i#j < f), by (5.2.4),

q q f f
Z eiﬂ = Z aijr - Z eijr =s—1- Z 92‘]‘7«. (5.2.8)
=i+ T;=i:1j 7::111 r#i,j

Summing (5.2.8) over j (1 < j < f,j # i) and recalling (iv) and (v) above,
As;=(s—1)(f — 1) — Ay (5.2.9)

Similarly, for fixed i (1 < i < f), summing (5.2.4) over j (1 < j <q,j #1),
Az =(s—1)(¢—1). (5.2.10)

If one substitutes (5.2.9) and (5.2.10) in (5.2.7) and then employs the last
relation in (5.2.6), the result follows. O

Example 5.1.1 (continued). To illustrate the above ideas, consider again
the design T} in Example 5.1.1. Recall from Example 2.5.1 that the treatment
combinations z in T3 satisfy Byx = 0, where

11020
Bl_[12102]'

The row spaces of By and

10011

Gi=]10101 2
00101

are orthogonal complements of each other. As in the proof of Theorem 2.7.1,

interpreting the columns of G as points of PG(2,3), the set T} can be ex-
plicitly described as
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Ty = {(1,0,0),(0,1,0),(0,0,1)",(1,1,0),(1,2,1)’}.
Thus V(T1) = Gy, and
T, ={(1,2,0),(1,0,1),(1,0,2)",(0,1,1)",(0,1,2)",(1,1,1)",(1,1,2),(1,2,2)'}.

The eight points of T'; correspond to the eight alias sets of T} listed in the pre-
vious section. Consider the first set, which is given by 122 = 14 = 24 = 352 =
---. Writing any pencil b in this alias set in vector notation, V(T1)b (= G1b)
represents the point (1,2,0)’ of T;. Thus this alias set corresponds to the first
point (1,2,0)" of Ty. Denote the eight points of Ty by hy, ..., hg in the order in
which they are listed above, and observe that there are six linearly dependent
triplets containing h; = (1,2,0)" and two other points of T';. These triplets are
{hla h27 h4}7 {hh h27 h7}a {hlla h47 h7}7 {hh h37 h5}a {hl, h’37 h’6}7 {hh h5; hﬁ}

Thus ¢ = 6. Since s = 3, ¢ = 13, and f = 8 in this example, for i = 1,
the right-hand side of the identity in Lemma 5.2.2 now equals ¢1 — 2 = 4,
which is the same as the left-hand side, namely, mq(7}). Similarly, one can
verify from first principles that the conclusion of Lemma 5.2.2 holds for each
of the remaining seven alias sets listed earlier. O

Let ¢(T) = (¢1,...,by) , where ¢; is defined in (5.2.5). Theorem 5.1.1 and
Lemma 5.2.2 yield the following important result.

Theorem 5.2.1. Given two s"k designs Ty and Ty, if &(T1) is upper weakly
magjorized by ¢(T2) and not obtainable from ¢(T'2) by permuting its elements,
then Ty dominates Ty with respect to estimation capacity.

One needs to consider only the complementary set T, of cardinality £, to get
#(T). Thus Lemma 5.2.2 and Theorem 5.2.1 can substantially simplify the
study of estimation capacity, particularly when f is small, a situation that
corresponds to the nearly saturated cases. While this is in the spirit of the
last two chapters, a new feature is that the aliasing pattern has to be explicitly
taken care of.

In particular, for f = 1 or 2, all designs are isomorphic and hence, as with
the MA criterion, they are equivalent with respect to estimation capacity.
This is clear also from (5.1.1) and Lemma 5.2.2 if one notes that ¢; = 0 for
each ¢ when f = 1 or 2. In the rest of this chapter, therefore, attention will
be focused on the situation f > 3.

5.3 Estimation Capacity in 2" Factorials

Throughout this section, the case s = 2 is considered. Three points of PG(n—
k —1,2) are linearly dependent if and only if they add up to the null vector.
Clearly, three such points form a 1-flat or a line; cf. Section 4.4. Thus for
1 < i < f, one can geometrically interpret ¢; as the number of lines that
pass through the ith point of T' and two other points of 7. Moreover, since
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each line contains three points, Zle ¢; equals thrice the total number of lines
contained in T. Theorem 5.2.1 therefore suggests that a 2"~ design should
perform well with regard to estimation capacity if it keeps the number of
lines contained in T large and distributes these lines over the points of T as
uniformly as possible. Taking s = 2 in (4.3.3) or directly from Section 3.3, it
is evident that the number of lines contained in 7T is the same as A3(T).

Lemma 5.3.1 (Chen and Hedayat, 1996), on subsets of PG(n — k — 1,2)
that contain the maximum number of lines, or equivalently maximize Az(T),
will be very useful in this section. Its proof is ingenious but somewhat long
and hence omitted here. In what follows, an r-set or an r-subset means a set
or a subset of cardinality r.

Lemma 5.3.1. Let 2¥7! < f < 2¥(2 < w < n — k). Then an f-subset T
of PG(n — k — 1,2) contains the mazimum number of lines if and only if
T = F — G, i.e., the complement of G in F, where F is any (w — 1)-flat of
PGn—k—1,2) and G is a (2% — 1 — f)-subset of F such that G contains no
line at all.

It is not hard to see that one can always find a subset G as envisaged in
Lemma 5.3.1. Let h(M), ... h(®) be linearly independent points in a (w — 1)-
flat F, and define Gy = F— Fy, where Fy is the (w — 2)-flat generated by
R, ... h(®=1 Then Gy contains no line at all since its points are of the form

h(") 4 a linear combination of AV, ... AW~

Now f >2v"1 je, 2% —1— f<2*"!—1 and Gy has cardinality 2*~'. So
it is enough to choose G as any (2% — 1 — f)-subset of Gp.

Theorem 5.3.1. Suppose 2~ < f <2¥(2<w <n—k) and F is a (w—1)-
flat of PG(n—k—1,2). Furthermore, suppose there exists a (2% —1— f)-subset
G* of F such that no four points of G* are linearly dependent. Then the 2"
design T™*, where T =F— G*, has maximum estimation capacity (MEC). In
this case, if a design T has MEC, then T must have the structure described
above.

Proof. Consider any (2% —1— f)-subset of F, say G, that contains no line, and
let T = F —G. Since F is a (w — 1)-flat, each of its points belongs to 2*~% —1
lines that are contained in F. Hence for 1 < i < f, there are 2~ — 1 lines,
contained in F, passing through the ith point of 7 (C F). Three mutually
exclusive and exhaustive possibilities arise regarding the other two points in
any such line:

(i) both belong to T,

(i) one belongs to T and the other to G,

(iii) both belong to G.

By definition, the possibility (i) accounts for ¢; lines. Also, let there be 7; lines
of type (iii), i.e., passing through the ith point of 7" and two points of G. Since
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two lines can have at most one point in common, these r; lines together cover
2r; points of G. Each of the remaining (2 —1— f —2r;) points of G accounts for
a line of type (ii). This enumeration yields 2¥ =1 —1 = ¢;+(2¥ —1— f —2r;)+7;,
that is,

Gi=f—2"""+r, 1<i<f. (5.3.1)

Now, no four points of G* are linearly dependent. Hence G* contains no
line, and for any four points hy),...,hu € G, the lines determined by
(h@1), h2y) and (h(s), h(4y) do not intersect. Consequently, for T =F-¢*,
each r; is either 1 or 0, i.e., by (5.3.1), ¢1,..., ¢ differ form one another
by at most unity. Also by Lemma 5.3.1, T contains the maximum possible
number of lines, i.e., maximizes Zlf:l ¢;. Tt is therefore clear that ¢(T) is
upper weakly majorized by ¢(T) for all f-subsets T of PG(n — k — 1,2).
Hence by Theorem 5.2.1, the design 7%, where T* is the complement of T  in
PG(n —k—1,2), has MEC.

If any other T also represents a design with MEC, then ¢(T) can be
obtained from qS(T*) by permuting its elements. Then T, like T*, contains the
maximum possible number of lines, so that by Lemma 5.3.1, T = F —G, where
F is some (w — 1)-flat and G(C F) contains no line at all. Also, since ¢(T)
is a permutation of ¢(T"), by (5.3.1) each r; is either 1 or 0 with reference
to such G. Thus given any point of T, there exists at most one line passing
through that point and two points of G. Since G contains no line, it follows
that for any four points A1y, ..., h4) € G, the lines determined by the pairs
(h(1), h2y) and (h(s), h(4)) do not intersect. Consequently, no four points of G
are linearly dependent. O

In the setup of Theorem 5.3.1, V(T™*) satisfies the requirement of having
full row rank whenever w < n — k. This follows using the same argument as
with Theorem 4.4.2.

Some applications of Theorem 5.3.1 are now considered. For f = 2% —
1 (2 <w < n—k), the design given by T* has MEC if and only if T is a
(w—1)-flat. For f =2% —2,2% -3, or 2% —4 (3 <w < n—k), T* represents
a design with MEC if and only if T" is obtained by deleting () any one point,
(#4) any two points, or (i4i) any three noncollinear points from a (w — 1)-flat.
In each of these cases, by Lemma 5.3.1, the structure of T is the only one that
can maximize the number of lines therein. Hence recalling the complementary
design theory developed in Chapter 3, T has MA as well. The cases considered
above cover, in particular, the nearly saturated situations given by 3 < f < 7,
since 3 =22 — 1,4 =23 — 4, and so on.

For f = 2% —5 (4 <w < n—k), T* has MEC if and only if T" is obtained
by deleting any four linearly independent points from a (w — 1)-flat. The same
arguments as with the case f = 11 in Section 3.3 show that such a design has
MA.

For f = 2% —6 (4 < w < n—k), T* has MEC if T is obtained by
deleting from a (w — 1)-flat any five points of the form A", h(® p(3) A,
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and B + h® + hB) 4+ @ where AV, ... b are linearly independent.
However, unless w = 4, this is not the only structure of T to ensure MEC. For
example, when w > 5, let TI be obtained by deleting five linearly independent
points from a (w — 1)-flat. Then T also has MEC. It can be seen as before
that 77 has MA as well. On the other hand, 7™ is not an MA design unless
w = 4. For f =2% —6, if w(> 4) equals n — k, will V(T*) or V(T7) still
have full row rank? To answer this question, note that if w = n — k, then
n=(2""%—-1)— f =5, and since n — k = w > 4, one must have k = 1.
Thus w = n — k = 4, so that T} does not arise and 7™ consists of the five
points AN, ... h® and B 4+ ... + AW Since n — k = 4 and RV ... A*
are linearly independent, V(7™) indeed has full row rank.

Example 5.3.1. Let n = 21, k = 16. Then f = (2" * —1) —n = 10 = 2* - 6.
Using the compact notation, let F be the 3-flat generated by the points 1, 2,
3, and 4. Then by the discussion in the last paragraph, the 22'~16 design T*,

where B
T = {1,2,3,4,12,13,14, 23,24, 34}

is obtained by deleting the four linearly independent points 123, 124, 134, 234
and their sum 1234 from F, has MEC. Here f = 10 and from Section 3.3 it is
clear that 7" has MA as well. O

Further examples showing the agreement between the two criteria of MA
and MEC abound. For illustration, we revisit the 16-run 2" % designs. For 5 <
n < 12, all nonisomorphic 16-run designs were listed and ranked with respect
to aberration in Table 3A.2. Using the majorization argument of Theorem
5.2.1, from that table it can be seen that the MA design uniquely has MEC
over this range of n except for n = 6 and 7. The case n = 9 is illustrated in
Example 5.3.2 below. One exceptional case n = 6 is treated in Example 5.3.3.
The other exceptional case n = 7 is given in an exercise.

Example 5.3.2. Let n = 9, k = 5. Consider the five 2°7° designs 9-5.1, ...,
9-5.5 listed in Table 3A.2. These are ranked according to aberration, i.e., 9-5.1
has MA whereas 9-5.5 performs the worst. Let T4, ..., T5 represent the set T
for the five designs. Using the same notation as in Example 5.3.1, then

T, = {23,123,24,124, 34,134}, Ty = {23,123,14,124, 134,234},
Ts = {123,24,124,34,134,1234}, T4 = {123,124, 34,134,234, 1234},
Ts = {24,124,34,134,234,1234}.

Observe that T contains four lines, namely, {23,24,34}, {23,124,134},

{123,24,134}, and {123,124,34}. Out of these four lines, two pass through
any point of T';. Hence ¢(T1) = (2,2,2,2,2,2)". Similarly,

¢(TQ) = (13 17 1, ]-7 ]-7 ]-)la ¢(T3> = (27 ]-7 ]-a 13 1; 0)/,

¢(T4) = (15 17 17 07 07 O),a ¢(T5) = (07 07 Oa Oa 0) O)/
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Thus, for 1 < j < 4, ¢(T;) is upper weakly majorized by ¢(T;;1) and not
obtainable from qS(TjH) by permuting its elements. Hence by Theorem 5.2.1,
the MA design 9-5.1 has MEC as well. Moreover, in this example the two
criteria of aberration and estimation capacity yield identical ranking of the
designs. |

Example 5.3.3. Let n = 6, k = 2. Consider the four 26=2 designs 6-2.1,
6-2.4 listed in Table 3A.2. Let T,..., T4 represent the set T for these four
designs respectively. As in the last example, it can be checked that

&(T1) = (1,1,3,3,3,3,3,3,4), o(T2) = (2,2,2,2,2,2,3,3,3),
¢(T3) = (27 27 27 2) 2) 27 2, 27 2)/? ¢(T4) = (]‘7 ]‘7 27 2) 2) 27 27 37 3)/)

up to a permutation of their elements. The majorization argument of Theorem
5.2.1 shows that both 6-2.3 and 6-2.4 are dominated by 6-2.2 with respect to
estimation capacity. Therefore, one needs only to compare 6-2.1 and 6-2.2.
Since neither of ¢(T;) and ¢(T3) is upper weakly majorized by the other,
one has to compute F,(T1) and E,(T3) explicitly for various r, using (5.1.1)
and Lemma 5.2.2. Here s = 2, ¢ = 15, f = 9, and Lemma 5.2.2 yields
m;(T) = ¢; — 1 for each i. Hence

m(Ty) = (0,0,2,2,2,2,2,2,3), m(Tz)=(1,1,1,1,1,1,2,2,2)
and by (5.1.1),
(E:(Th))2_, = (15,96, 340,720,912, 640, 192, 0, 0)

and
(Ei(Tg))?:1 = (12,63, 190, 363, 456, 377,198, 60, 8).

Since f =9, clearly E.(T1) = E.(T2) = 0 for r > 9. Hence the MA design
6-2.1 maximizes E.(T) for 1 < r < 6, whereas the next best design 6-2.2
maximizes E,(T) for r = 7,8,9. O

Cheng, Steinberg, and Sun (1999) and Cheng and Mukerjee (1998) re-
ported similar studies concerning 32-run 2"~* designs. Again the MA designs
have MEC whenever n < 8 or n > 16.

The results in this section show that the criteria of MA and MEC are in
general agreement. On the other hand, the MaxC2 criterion as introduced
in Section 3.4 can be in conflict with the MA criterion as demonstrated in
Example 3.4.1 and supported by the design tables at the end of Chapter 3.
More specifically, in Example 3.4.1, the 29=% MA design dy has eight clear
2fi’s, while the second best 2°~% design d;, according to the MA criterion, has
15 clear 2fi’s. It can be verified that the E,.(T") values of dy are larger than
those of d; and thus dy dominates d; with respect to estimation capacity
(details left in an exercise). Therefore the two criteria of MEC and MaxC2
are not in general agreement and give different goodness measures of a design.
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The aim of MaxC2 is to find a single model consisting of all the main effects
and as many 2fi’s as possible that can be estimated without being aliased.
The definition of clear effects ensures that the estimability of effects here does
not require the 2fi’s not in the model to be absent. Through the maximization
of the F,.(T') values, the aim of MEC is to get as many models as possible in
which all the main effects and r 2fi’s are estimable. For MEC the estimability
of effects requires all the 2fi’s not in the model to be absent. Because of this
major difference, the behavior of the two criteria can be very different. To
further understand why these criteria perform differently, more research is
needed on their implications in data analysis.

5.4 Estimation Capacity in s™ Factorials

We now turn to the case of general prime or prime power s. Consider an
s"~k design T and as before, write T = {hi,...;he}, T = {hyq1,..., he},
and V(T) = (hi,...,hs). To avoid trivialities, let f > 3. Then the following
lemma holds.

Lemma 5.4.1. (a) For 1 <i< f,

¢; < =(f — 1) min{f — 2,5 — 1}. (5.4.1)

N | =

(b) For 3 < f < s+1, equality holds in (5.4.1) for every i if and only if
rank[V (T)] = 2.

(¢) For f > s+ 1, equality holds in (5.4.1) for every i if and only if
f=(6*-1)/(s=1) and T is a (w — 1)-flat with w > 3.

Proof. (a) By the last identity in (5.2.6), for 1 < ¢ < f,

1
6 =3 SN b, (5.4.2)

1<j#r<f
J,r #F i

where the indicators 6;;, are defined in (5.2.2). Since 6,;, < 1 for each i, j,,

(5.4.2) yields
¢i < S(f = D(f = 2). (5.4.3)

Again, by (5.2.4) and (5.4.2),

1
2

f f f q
1 1 1
¢i = 3 g E Oijr | < 5 E E ijr | = §(f -1(s=1). (5.4.4)
27 A

Combining (5.4.3) and (5.4.4), the inequality (5.4.1) follows.
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(b) For 3 < f <s+1, (5.4.1) reduces to (5.4.3), where equality holds for
every ¢ if and only if 6;;, = 1 for every choice of distinct 4, j,  from {1,..., f},
i.e., if and only if every three points of T are linearly dependent. Obviously
this happens if and only if rank[V (T)] = 2.

(c) For f > s+ 1, (5.4.1) reduces to (5.4.4), where equality holds if and
only if 321, 0ijr = 0 for every 4,5 € {1,...,f}, i # j. This happens
if and only if no two points of T generate any point outside T as a linear
combination; that is, T is a (w —1)-flat and f = (s* —1)/(s— 1) where w > 3
as f > s+ 1. O

A proof of Lemma 4.4.3 follows from Lemma 5.4.1. From (4.3.3), ob-
serve that A3(T) equals the number of linearly dependent triplets that can
be formed out of the points of T. On the other hand, by the definition
of ¢;, any such dependent triplet is counted thrice in Z'Z:l ¢;. Therefore,
A3(T) = 120, ¢4, and Lemma 4.4.3 is immediate from Lemma 5.4.1.

In particular, if n — k = 2, then ¢ = s+ 1. Hence f < s+ 1 and trivially
for every choice of T, the 2 x f matrix V(T) has rank two. Consequently, by
Lemma 5.4.1 (a), (b), together with (5.1.1) and Lemma 5.2.2, all designs are
equivalent with respect to estimation capacity. As noted in Section 4.4, they
are all equivalent under the MA criterion as well. For n — &k > 3, the following
results hold as immediate consequences of Theorem 5.2.1 and Lemma 5.4.1.

Theorem 5.4.1. Let n —k >3 and 3 < f < s+ 1. Then an gn—k design T

has mazimum estimation capacity if and only if rank [V(T)] = 2.

Theorem 5.4.2. Let f = (s*—1)/(s—1), where 3 <w < n—k. Then an s"~*
design T has maximum estimation capacity if and only if T is a (w — 1)-flat.

A comparison with Theorems 4.4.1 and 4.4.2 reveals that under the setup
of the last two theorems, the two criteria of MEC and MA are in perfect
agreement. In particular, the 4714 and 327723 MA designs considered in
Examples 4.4.1 and 4.4.2 have MEC as well.

Further evidence in support of the agreement between the two criteria
of MA and MEC is obtained if one revisits the 27-run 3"~* designs. Then
4 <n <13, n—k =3, and all such designs are isomorphic for n = 11, 12,
and 13 (i.e., f =2, 1, and 0). For 4 < n < 10, all nonisomorphic 27-run 3"~%
designs were listed and ranked with respect to aberration in Table 4A.2. One
can check that for each n in this range not only the MA design has MEC, but
also the two criteria lead to identical ranking of the designs. For this purpose,
the majorization argument of Theorem 5.2.1 works throughout, except for two
pairs of designs, where (5.1.1) has to be invoked explicitly. Returning to the
design 77 in Example 5.1.1, note that 73 is isomorphic to the design 5-2.1 of
Table 4A.2. Hence as discussed above, T7 has MEC.

We conclude this section with the following example.

Example 5.4.1. Let n = 8, k = 5. Consider the three 3%3~° designs 8-5.1, 8.5-
2, and 8-5.3 listed in Table 4A.2. These are ranked according to aberration,
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Le., 8-5.1 has MA, 8-5.2 is the next best, and so on. Let Ty, T, and T
represent the set 1" for these three designs respectively. Using the compact
notation, we have

T, = {12%,13,23,123%,12%3?}, Ty = {12,13,23,1232,1223%},
T3 = {13,23,123,132,123%}.
Now T'; contains four linearly dependent triplets, namely,
{12213, 23}, {122, 13, 123%}, {122, 23, 123%}, {13, 23, 123%}.

Hence ¢(T1) = (3,3,3,3,0). Similarly, ¢(T2) = (1,2,1,1,1), ¢(T3) =
(1,1,0,0,1)". Thus both ¢(T) and ¢(T5) are upper weakly majorized by
#(T3). By Theorem 5.2.1, both 8-5.1 and 8-5.2 dominate 8-5.3 with respect to
estimation capacity. On the other hand, neither of ¢(T;) and ¢(T2) is upper
weakly majorized by the other. Therefore, in order to compare 8-5.1 and 8-
5.2, one has to obtain E,.(T1) and E,.(T») explicitly for various r (details left
as exercise). Based on these values, 8-5.1 dominates 8-5.2. Therefore, the two
criteria yield identical ranking of the designs considered. O

Exercises

5.1 Show that every s”~* design of resolution five or higher has MEC.

5.2 For f = 2, verify from first principles that E5(T') is a Schur concave
function of m(T).

5.3 Obtain the alias sets of the 26=2 design with the defining relation I =
1234 = 1256 = 3456. For each alias set, identify the corresponding point
of PG(3,2).

5.4 Verify Lemma 5.2.2 for the alias set 13 = 25 = --- in Example 5.1.1.

5.5 For f =2%—2 (2 <w < n—k), show that a set T as envisaged in Lemma
5.3.1 contains 2(2¥~1 —1)(2¥~! — 2) lines.

5.6 Consider the five 2773 designs 7-3.1, ..., 7-3.5 listed in Table 3A.2. Let
Ti,...,T5 be the set T for these five designs respectively.

(a) Compute ¢(T};) for 1 <i < 5.

(b) Based on the results in (a) and Theorem 5.2.1, show that each of 7-3.3,
7-3.4, and 7-3.5 is dominated by 7-3.2 with respect to estimation capacity.
(c) Use (5.1.1) and Lemma 5.2.2 to compute E,.(T1) and E,(T») for r < 8.
Show that the MA design 7-3.1 maximizes E,.(T) for 1 < r < 7, whereas
the next best design 7-3.2 maximizes Es(T).

5.7 For the designs 8-5.1 and 8-5.2 in Example 5.4.1, obtain m(7Ty), m(Tz),
and hence E,.(T1) and E,.(T3) for various r by using (5.1.1) and Lemma
5.2.2. Based on these, show that 8-5.1 dominates 8-5.2 and has MEC.

5.8 Represent the 2°~% designs dy and d; in Example 3.4.1 by sets Ty and T}
of PG(4,2). Compute ¢(T) and ¢(T1), and hence E,.(Ty) and E,.(Ty) for
various r by using (5.1.1) and Lemma 5.2.2. Based on these, show that dy
dominates d; according to the criterion of estimation capacity.
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Minimum Aberration Designs
for Mixed Factorials

Extension of the ideas in Chapters 3 and 4 to designs with factors at different
numbers of levels is the focus of this chapter. The important special case
of mixed two- and four-level designs is first discussed. An extension of the
minimum aberration criterion is considered. More generally, designs with one
factor at s” levels and n factors at s levels, or one factor at s™ levels, a
second factor at s™ levels, and n factors at s levels, where s is a prime or
prime power, are considered. These designs can be conveniently described
and their properties obtained using finite projective geometry. The method
of complementary sets is again seen to provide a general approach for finding
minimum aberration designs in such settings.

6.1 Construction of 47 x 2" Designs via the Method
of Replacement

Among fractional factorial designs with factors at different numbers of levels,
those with factors at two and four levels have the simplest mathematical
structure. We refer to these designs as mixed two- and four-level designs, or
simply as 4P x 2" designs, where p denotes the number of four-level factors
and n the number of two-level factors. To facilitate the discussion on 4P x 2"
designs, we need to extend the definition of orthogonal arrays as given in
Section 2.6.

Definition 6.1.1. An orthogonal array OA(N,n,s* ...siv,g) of strength g
is an N Xn array, n = ny+- - -+ny, in which n; columns have s; symbols each
(1 <i<u), and all possible combinations of symbols appear equally often as
rows in every N X g subarray.

For u > 1, the array is called an asymmetrical or mixed-level orthogonal
array. For v = 1, all columns have the same number of symbols and the array
reduces to the one given in Definition 2.6.1. In the latter case, it is called a
symmetrical orthogonal array.
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In particular, an OA(N,n, ' ... s, 2) of strength two is denoted simply
by OA(N, syt ... s0m).

The simplest way to construct a fractional factorial 4P x 2™ design is to
start with a two-level design given by a symmetrical orthogonal array with
two symbols (cf. Theorem 2.6.2) and replace three of its columns by a four-
symbol column. To illustrate this method, consider the 27~* design given by
the array on the right-hand side of Table 6.1. Since column 3 of the array is
equal to the sum of columns 1 and 2 modulo 2, we can replace these three
columns by a four-symbol column with the following replacement rule for each
row corresponding to these columns:

(000) >0, (011)—1, (101) —2, (110)— 3. (6.1.1)

The resulting array, given on the left-hand side of Table 6.1, has one four-
symbol column denoted by Ty and four two-symbol columns denoted by 4, 5,
6, 7. Following Definition 6.1.1, this array is an OA(8,4'2%) of strength two.
Interpreting its rows as treatment combinations, one gets a 4 x 2% design with
8 runs. Note that the 27~% design can also be denoted by OA(8,27), and the
latter notation is used in Table 6.1 for consistency.

Table 6.1 Construction of OA(8,4'2%) from OA(8,27)
To 4567 1234567
0 0000O0 00000O0O0
0 1111 0001111
1 0011 0110011
1 1100«—0111100
2 0101 1010101
21010 1011010
3 0110 1100110
31001 1101001

The replacement rule in (6.1.1) can be repeatedly applied to generate ad-
ditional four-symbol columns. First, note that the three two-symbol columns
in the above construction correspond to three dependent elements of the set
Hj introduced in Section 3.3, such that the product of any two of these ele-
ments equals the third. To describe the general procedure, we use the 2™ — 1
elements of H,, in (3.3.1) to represent the 2™ — 1 factors of the saturated
2~F design with v = 2™ — 1 and k = v — m. By Theorem 2.6.2, this sat-
urated design is represented by a two-symbol symmetrical orthogonal array
OA(2™, 2¥) of strength two, where each column of the array corresponds to a
factor. Suppose that among the 2™ — 1 elements of H,,, there are p mutually
exclusive sets of elements of the form {a;, b;, a;b;}. We can apply the rule
in (6.1.1) to each of the corresponding p sets of columns of the OA(2™,2") to
generate p four-symbol columns. By retaining the other v — 3p two-symbol
columuns of the original array, we obtain an OA(2™,4P2™), with n = v — 3p.
As before, this mixed-level array gives a 4P x 2" design that is saturated in
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the sense that 3p + n = v. Unsaturated designs can be obtained by dropping
some of the factors (columns) in the saturated 4P x 2™ design. This technique
of construction is called the method of replacement. The maximum number of
four-symbol columns p attainable by this method is (2™ —1)/3 for even m and
(2™ —5)/3 for odd m. For a proof of this result and the explicit construction
of the p mutually exclusive sets, see Wu (1989).

Example 6.1.1. The method is illustrated by the construction of a 43 x 26 de-
sign with 16 runs. Start with the 21°~!1 design whose 15 factors (columns) cor-
respond to theelements of Hy ={1,2,12,3,13,23,123, 4,14, 24,124, 34,134, 234,
1234}. By replacing the three sets of columns represented by {1,2,12},
{3,4,34}, and {123,134, 24} by three four-symbol columns and retaining the
other six two-symbol columns corresponding to 13,23, 14,124,234,1234, we
obtain the desired 43 x 26 design. 0

Among the 4P x 2™ designs so constructed, which one is “optimal” and
what optimality criterion should be used? An obvious approach is to define an
extension of the minimum aberration (MA) criterion and to find MA designs
accordingly. This will be addressed in the next section.

6.2 Minimum Aberration 4P X 2" Designs
with p =1, 2

The MA criterion for 2"~* designs requires suitable modification for 47 x 27
designs because the words in the defining relation that involve the four-level
factors need to be treated differently from those involving only the two-level
factors. To illustrate this difference, we first consider the problem of selecting
a 4 x 2* design with 16 runs. Using the same notation as in Example 6.1.1,
the four-level factor can be represented by the set

To = {1,2,12}

of Hy. The choice of a 4 x 2% design now amounts to choosing four elements
from the remaining 12 elements of Hy for the four two-level factors. First,
consider the design

dy = d (T, 3,4,23,134), (6.2.1)

which consists of the four-level factor given by T, and four two-level factors
represented by 3, 4, 23, 134. It is easy to see that the four elements 3, 4, 23,
134 are independent. In order to obtain the defining relation of the design d;,
we note that the three degrees of freedom associated with the main effect of
the four-level factor correspond to the elements 1, 2, and 12 of Tj. This is intu-
itively clear from the replacement rule in (6.1.1) and will also be evident from
the more general discussion in the next section. For notational convenience,
write
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=1 72=2 v =12

Obviously, v3 = v1v2. We also denote the elements representing the four two-
level factors by c1,cs2,c3,¢q4, 1.€., c1 = 3, co = 4, c3 = 23, and ¢4 = 134. Then
the aliasing relation o = ¢jc¢3 follows from 2 = (3)(23). Thus the word yac¢1c3
appears in the defining relation of d;. In this manner, it is easy to see that dy
has the following defining relation:

I = y1c109¢4 = Y2C1C3 = Y3C2C3C4. (6.2.2)
For comparison, consider an alternative design
dy = d (Tp, 3,4, 34,124).
A similar argument shows that do has the following defining relation:
I = c1co03 = y3Ca¢4 = 7Y3C103¢4. (6.2.3)

If the MA criterion for two-level designs is adopted, d; would have less
aberration than do because the As value for dy is one, while the A3 value
for dsy is two. This conclusion is based on the assumption that all words of
the same length are of equal importance. Wu and Zhang (1993) proposed a
refinement of the standard MA criterion by classifying the words into different
types. For 4 x 2™ designs, there are two types of words: those involving only
two-level factors are called type 0, and those involving the four-level factor (as
represented by one of the v;’s) and some two-level factors are called type 1.
(Note that any two ~;’s that appear in a word can be replaced by the third ~;
because of the relation I = ;7v27y3. This justifies the consideration of only one
v; in the definition of type-1 words.) It can be argued that a type-1 word is
usually less serious than a type-0 word of the same length. Because the four-
level factor has three degrees of freedom as represented by ~1, v2, and ~s, it
rarely happens that all three ~;’s are important. Therefore, a priori knowledge
may allow the experimenter to choose the least important ; to be included
in a type-1 word in the defining relation. Such an assignment would make the
effect aliasings implied by a type-1 word less severe than those implied by
a type-0 word of the same length. This consideration leads to the following
extension of the MA criterion for 4 x 2" designs.

For a 4 x 2™ design d, let A;0(d) and A;1(d) be the numbers of type-0 and
type-1 words of length ¢ in its defining relation. The vector

W(d) = {Ai(d)};>: (6.2.4)

where A4;(d) = (Ai(d), Ai1(d)), is the wordlength pattern of d. The resolution
of d is defined to be the smallest ¢ such that A;;(d) is positive for at least one
j. In view of the foregoing discussion on the two types of words, it is more
important to have a smaller A,y than a smaller A;; for the same 3. This leads
to the following criterion (Wu and Zhang, 1993).
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Definition 6.2.1. Let di and dy be two 4 X 2™ designs with the same run size
and u be the smallest integer such that A, (dy) # Au(da). If Ayo(dr) < Auo(dz)
or Ayo(di) = Auo(da) but Ayi(di) < Aui(da), then dy is said to have less
aberration of type 0 than ds. A design d has minimum aberration of type 0 if
no other design has less aberration of type 0 than d.

It is easy to see that for the design d; in (6.2.2), Azo = 0, 431 = 1, Ayp =0,
A41 = 2, while for d2 in (623), A30 = A31 = 1, A40 = 0,A41 = 1. Thus dl
has less aberration of type 0 than ds.

To extend Definition 6.2.1 to 42 x 2" designs, we first note that the two
four-level factors can be represented by

Tor = {1,2,12} and Ty = {3,4,34}.

Now, there are three types of words. Type 0 is defined as before. Type 1
involves one four-level factor, as represented by one element of Ty, or Tyo,
and some two-level factors. Finally, type 2 involves both four-level factors,
as represented by one element of Tp; and one element of Ty, and some two
level factors. For a 4% x 2" design d, let A;;(d) be the number of type-j words
of length 7 in its defining relation, and W (d) = {Ai(d)},~,, where A;(d) =
(Aio(d), Aj1(d), As2(d)). The resolution of d is defined to be the smallest i such
that A;;(d) is positive for at least one j. As argued previously, for the same
length, a word of type 0 is most serious while a word of type 2 is least serious.
This leads to the following criterion.

Definition 6.2.2. Let di and do be two 4% x 2" designs with the same run size
and u be the smallest integer such that A,(dy) # Au(dz2). Suppose that one
of the following three conditions holds: (i) Auo(d1) < Awo(d2); () Awo(di) =
Ao(dz), Aui(dr) < Aui(da); (iii) Auo(di) = Awo(d2), Aui(dr) = Aur(da),
Aua(dy) < Au2(ds). Then dy is said to have less aberration of type 0 than
do. A design d has minimum aberration of type 0 if no other design has less
aberration of type 0 than d.

Example 6.2.1. Consider two 42 x 23 designs with 16 runs, d; = d(Tp1, Too,
14,23,234) and ds = d(To1,Toz2, 14,23,1234). For either design, denote the
three elements representing the two-level factors by cq,co,c3;e.8.,¢1 = 14,
co = 23, c3 = 234 for dy. As before, the three elements of T; can be repre-
sented by v1 = 1, 9 = 2, 73 = 12. Similarly, the three elements of Ty can be
represented by 81 = 3, B2 = 4, and 3 = 34 with the relation 83 = (10s. It
can be easily verified that d; has the following defining relation:

I = y182c1 = Y2102 = 12833 = 3B3c1C0 = y3B1c103 = PBacacs = Y1C1C2C3.

Therefore, for dl, A30 = 0, Agl = ]., A32 = 3, A40 = 07 A41 = 1, and A42
= 2. Similar calculations show that for ds, A3zg = 1, A3; = 0, A3y = 3,
Ayg = Ay =0, and Ays = 3. Thus d; has a smaller value of Azp, and hence
has less aberration of type 0 than ds. O
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Tables of 4 x 2™ and 4% x 2" designs having MA of type 0 and with 16,
32, and 64 runs were reported in Wu and Hamada (2000). For completeness,
these optimal designs are adapted from the original source and presented
in Tables 6.2-6.7. In these tables, the column “Design Generators” lists the
elements that generate (i.e., define) the design. For example, the design d; in
(6.2.1) has Ty, 3, 4, 23, 134 as its generators. It can be found in Table 6.2
with n = 4. It is thus an MA design of type 0. Table 6.5 with n = 3 shows
that the design d; in Example 6.2.1 also enjoys the same property.

Most of the theoretical results on MA designs for mixed factorials are
obtained by employing the technique of complementary sets, which will be
discussed in the remaining sections under a general framework. Following Wu
and Zhang (1993), here we will present one result on 4 x 2" designs that does
not rely on the use of this technique and helps in reducing the design search
in the context of Tables 6.2—6.4, which appear at the end of this section.

Consider a 4 x 2™ design d* with 2™ runs, where m < n+ 2. Suppose d* is
represented by Ty = {7v1,72,73}, where 71 = 1, 75 = 2, 3 = 12, and n other
elements c¢q,...,c, of H,,. As before, Ty corresponds to the four-level factor
and ¢y, ...,c, correspond to the n two-level factors in d*. Let kK = n+ 2 —m,
so that d* is a 1/2F fraction of a 4 x 2" factorial. Write [ = n + 2, and let
d be a 2'7% design represented by the I elements 1,72, c¢1,. .., ¢y of Hy,; cf.
Theorem 3.3.1(a). Of course, the set {y1,72,¢1,-..,¢n} is supposed to contain
m independent elements.

Theorem 6.2.1 below shows how the MA property of the 4 x 2™ design d* is
influenced by the characteristics of the two-level design d. Denote the defining
relations of d and d* by DR(d) and DR(d*) respectively. Let My, My, Mo,
and Miy denote respectively the sets of words in DR(d) that involve neither
1 nor g, only 1 but not 7o, only 2 but not ~;, and both ~; and ~. The
following facts are now evident from the correspondence between d and d*:

(i) any word in My U My U My appears as it is in DR(d*);

(ii) any word in Mjo appears in DR(d*) with 172 replaced by vs;
(iii)any word in My becomes a word of type 0 in DR(d*);

(iv)any word in M; U My U M2 becomes a word of type 1 in DR(d").

As an illustration, if d* is taken as the design d; in (6.2.1), then d is represented
by the elements 1 =1, 72 =2, ¢; = 3, ¢ =4, ¢c3 = 23, and ¢4 = 134 of Hy.
Thus DR(d) is given by

I = Y1C1C2C4 = 7Y2C1C3 = 7Y17Y2C2C3Cy, (625)
and each of M, M,, and M5 is a singleton set consisting of the words

Y1€1C2¢y, Yac1C3, and y1y2c2c3cq Tespectively. A comparison between (6.2.2)
and (6.2.5) illustrates the facts (i)—(iv) above.

Theorem 6.2.1. (a) Let k = 1. Then a 4 X 2™ design d* has minimum aber-
ration of type 0 if and only if the only word in DR(d) is either yic1 ...c, or
Y2€C1 ... Cp OT Y17Y2C1 ... Cpy.
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(b) Let k > 2. Then in order that d* have minimum aberration of type 0, it is
necessary that each of the sets My, My, and Mo be nonempty.

Proof. (a) In this case, there is only one word in DR(d*). By (i), (ii), and (iv)
above, this word has maximum length, n + 1, and is of type 1 if and only if
DR(d) is as envisaged.
(b) For notational simplicity, we prove the result for ¥ = 2. The proof for
general k (> 2) involves the same ideas and is left as an exercise. With k = 2,
there are two independent words in DR(d), say wy and ws, i.e., DR(d) is given
by

I = W] = W2 = wWiwo. (626)

Suppose at least one of M, Ms, and Mz is empty. By (6.2.6), then either
each of these three sets is empty or exactly one of them is nonempty.

_ First suppose each of My, Ma, and Mz is empty. Then wi,ws € My. Let
d be a 2!7F design, k = 2, given by the defining relation

I = Y1W1 = W2 = Y1WiW2. (627)

Define d* as the 4 x 2" design corresponding to d. By the fact (i) above,
DR(d*) and DR(d*) are again given by (6.2.6) and (6.2.7) respectively. Since
w1, ws € My, by (iii) and (iv) above, the words wy and wyiws in DR(d*) are of
type 0, whereas the words y;w; and y1wjws in DR(dtk) are of type 1; moreover,
the lengths of the latter two words are one more than those of the former two
words respectively. Hence d* has less aberration of type 0 than d*.

Consider next the situation in which exactly one of My, My, and M5 is
nonempty. Suppose only Mjs is nonempty (the other cases can be treated
similarly). Then both w; and we belong to My U M5 and at least one of them
belongs to Mis. Let wo € Mo, i.e.,

wa = Y17Y2Wa, (628)

where Wy involves neither v; nor ~,. Without loss of generality, it may be
assumed that w; € My, for otherwise, w; € M2, wiws € My, and one can
take {wjws,ws} as a spanning set of DR(d). Define a two-level design d and
the corresponding 4 x 2™ design d* exactly as in the last paragraph. Using

(6.2.8), the defining relations (6.2.6) and (6.2.7) of d and d can be expressed
as
I = w1 = 1172wz = My2wi1w2

and

I = w1 = 117202 = YawiWa,

respectively. Hence by (i) and (ii) above, the defining relations of the corre-
sponding 4 x 2" designs d* and d* are given by



132 6 Minimum Aberration Designs for Mixed Factorials
I = w; = 73wz = Y3w1w2

and

I = yiwi = y3Wo = YowWa,

respectively. As in the last paragraph, now it is easily seen that d* has less

aberration of type 0 than d*.

Table 6.2 MA(type 0) 4 x 2™ designs with 16 runs, 3 <n <11

n  Resolution Design Generators

3 4 To, 3,4, 134

4 3 To, 3, 4, 23, 134

5 3 To, 3, 4, 23, 24, 134

6 3 Ty, 3, 4, 23, 24, 134, 1234

7 3 Ty, 3,4, 13, 14, 23, 24, 124

8 3 Ty, 3,4, 13, 14, 23, 24, 123, 124

9 3 To, 3, 4, 13, 23, 34, 123, 134, 234, 1234

10 3 To, 3, 4, 13, 14, 23, 34, 123, 134, 234,
1234

11 3 To, 3, 4, 13, 14, 23, 24, 34, 123, 134,
234, 1234

Note: Ty = {1,2,12} for Tables 6.2-6.4.

Table 6.3 MA(type 0) 4 x 2" designs with 32 runs, 4 <n <9

Resolution Design Generators
5 To, 3, 4, 5, 1345
To, 3, 4, 5, 245, 1345
Ty, 3, 4, 5, 235, 245, 1345
To, 3, 4, 5, 234, 235, 245, 1345
To, 3,4, 5, 13, 145, 234, 235, 12345
To, 3,4, 5, 13, 14, 234, 235, 245, 1345

n
4
)
6
7
8
9

W W b =

Table 6.4 MA(type 0) 4 x 2" designs with 64 runs, 5<n <9

n  Resolution Design Generators

5 6 To, 3, 4, 5, 6, 123456

6 5 To, 3, 4, 5, 6, 1345, 2456

7 4 To, 3, 4, 5, 6, 1345, 2346, 12356

8 4 To, 3, 4, 5, 6, 356, 1345, 2456, 12346

9 4 To, 3, 4, 5, 6, 356, 1235, 1345, 2456, 12346

O
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MA (type 0) 4% x 2™ designs with 16 runs, 1 <n < 8

Design Generators

0~ O U WS

To1, Toz, 14

Tor, Toa, 14, 23

Tor, Tos, 14, 23, 234

Tor, Tos, 14, 23, 124, 234

Tor, Toa, 14, 23, 24, 124, 234

Tor, Toa, 13, 14, 23, 24, 134, 234

Tor, Tos, 13, 14, 23, 24, 124, 134, 234

Tor, Tos, 13, 14, 23, 24, 124, 134, 234, 1234

Note: All designs in this table have resolution three. To; = {1,2,12} and
To2 = {3,4, 34} for Tables 6.5-6.7.

Table 6.6 MA (type 0) 42 x 2" designs with 32 runs, 2 <n < 10

n  Resolution Design Generators

2 4 To1, Toz2, 5, 235

3 4 To1, To2, 5, 235, 1245

4 4 To1, To2, 5, 235, 1245, 1345

5 3 To1, To2, 5, 14, 235, 1245, 1345

6 3 To1, To2, 5, 14, 234, 235, 1245, 1345

7 3 To1, To2, 5, 13, 14, 234, 235, 1245, 1345

8 3 To1, Toz, 5, 13, 14, 234, 235, 1234, 1245, 1345

9 3 To1, To2, 5, 13, 14, 15, 234, 235, 1234, 1245, 1345

10 3 To1, Toz2, 5, 13, 14, 15, 234, 235, 345, 1234, 1245, 1345
Table 6.7 MA (type 0) 4% x 2" designs with 64 runs, 3 <n <7

n  Resolution Design Generators

3 5 To1, To2, 5, 6, 123456,

4 4 To1, Tz, 5, 6, 1356, 2456

5 4 To1, Toz2, 5, 6, 1356, 2456, 2346

6 4 To1, Toz2, 5, 6, 1356, 2456, 2346, 1235

7 4 To1, To2, 5, 6, 1356, 2456, 2346, 1235, 1246

6.3 Designs for (s") X s™ Factorials: Preliminaries

Consider an (s") x s™ factorial with one factor, say Fp, at s” levels and n

factors, say Fi,...

, Fy, at s levels each. Here r (> 2) is an integer and s is

a prime or prime power. The special case s = r = 2 covers 4 x 2" factorials
discussed in Section 6.2. Typically s is small, say 2 or 3, and n is large. This
is in keeping with some practical applications of mixed factorials that involve
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a large number of factors, each with a small number of levels and very few
factors, like Fy, with more levels. The developments in this and the next two
sections follow Mukerjee and Wu (2001).

As in the previous chapters, a finite projective geometric formulation plays
a key role in the study of regular fractions of an (s") x s™ factorial. This
formulation calls for an appropriate representation for the s™t" treatment
combinations in such a factorial. Let ¢t = (s" —1)/(s — 1) and let R (*) denote
the row space of a matrix. Then one has the following lemma, which helps in
handling the s"-level factor Fj.

Lemma 6.3.1. Let V. be an r X t matriz with columns given by the points of
PG(r —1,s). Then

(a) there are s” vectors in R(V,.),
(b) for any fired o € GF(s) and any j (1 < j <t), there are s"~1 vectors in
R(V,) with jth element equal to a.

Proof. By Lemma 2.7.2 (a), V. has full row rank and hence (a) follows. Also,
by the definition of V,., no two of its columns are linearly dependent. Hence
as in the proof of Theorem 2.6.2, the s” vectors in R(V;.) form a symmetrical
orthogonal array OA(s", t,s,2). Since each element of GF(s) occurs s"~! times
in every column of this array, (b) follows. O

In view of Lemma 6.3.1(a), the s" levels of Fy can be identified with the
s" vectors in R(V;.); for a 4 x 2" factorial, this is in agreement with (6.1.1)
since then s = r = 2 and

R(V2) = {(0,0,0),(0,1,1),(1,0,1),(1,1,0)}.

As usual, the s levels of each other factor can be represented by the elements
of GF(s). Thus

X = {(iﬂl, ey Ly T 1y e e - 7xt+n)/ : (1’1, ce ,.’ﬂt) € R(VT),
Tiglye--, Tidn € GF(S)} (631)
represents the collection of the s"™" treatment combinations in an (s”) x s"

factorial. Clearly, (x1,...,x¢) refers to a level of Fy and x4y, refers to a level

Example 6.3.1. For a 9 x 33 factorial, s = 3, r = 2, n = 3, t = 4, and
consideration of the points of PG(1,3) yields

1011
‘/2{0112]'

Hence R(V2) consists of nine vectors, namely,
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0,1,
2,1

2,1), (1 1), (1,1,2,0),
b )7 ( b 70’ 1)’ (2’ ) 70 .

)

Consequently, in accordance with (6.3.1), the treatment combinations in a
9x 33 factorial can be represented by (1, ...,27) , where (z1,...,24) € R(V2),
and x5, zg, z7 € {0,1,2}. |

We are now in a position to introduce a regular fraction of an (s") x s"
factorial. In the spirit of Theorem 2.7.1, this is done via a geometric approach.
Suppose it is desired to have a fraction consisting of s™ treatment combina-
tions, where r < m < r+n. Let P denote the set of the (s™—1)/(s—1) points
of PG(m —1,s). As in the preceding chapters, for any nonempty subset @ of
P, let V(Q) be a matrix with columns given by the points of Q. Define T
as the (r — 1)-flat of P that is generated by ey,...,e,, where ej,..., e, are
the m x 1 unit vectors over GF(s). Since r < m, the flat Ty is well defined.
Furthermore, it is easily seen that

V(Ty) = [ ‘g } : (6.3.2)

where V. is defined in Lemma 6.3.1 and 0 is the null matrix of order (m—r) xt.
Let T be an n-subset of P such that Ty and T are disjoint and the matrix

V(ToUuT) = [V(Ty) V(T)] (6.3.3)

has full row rank. Then there are s™ vectors in R[V(Tp U T)]. By (6.3.1)—
(6.3.3), the transpose of each of these vectors belongs to X and hence rep-
resents a treatment combination of an (s") x s™ factorial. The collection of
the s™ treatment combinations (or runs) so obtained gives a regular fraction,
to be denoted by d = d(Ty,T), of such a factorial. For the special case of a
4 x 2™ factorial considered in Section 6.2, the elements of H,, represent the
points of PG(m — 1,2), Ty = {1,2,12} represents the four-level factor, and
T, consisting of n elements from the rest of H,,, represents the n two-level
factors. In the remainder of the chapter, a regular fraction as introduced here
is simply called a design. The number s™ is called its run size.

Considering the cardinalities of Ty, T', and P, the above construction is
possible if and only if

sr—1+ <sm—1
n
s—1 - s—1

, ley s+ n(s—1) <s™

This condition is supposed to hold throughout this and the next section. This
construction is motivated by the approach of Wu, Zhang, and Wang (1992)
for the construction of asymmetrical orthogonal arrays. Indeed, if the s™ runs
in d(Ty,T) are written as rows and in each of them the subvector (x1,...,x¢)
is replaced by a single symbol representing the corresponding level of F{, then
one gets an asymmetrical orthogonal array OA(s™, (s”)'s™) of strength two.
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Example 6.3.1 (continued). Continuing with the 9 x 3% factorial, sup-
pose it is desired to have a design with 27 runs. Then m = 3 and Ty =
{(1,0,0),(0,1,0), (1,1,0),(1,2,0)'}, which is compatible with (6.3.2). Take
T=1{(1,1,2),(1,2,1), (1,2,2)'}. Then Ty and T are disjoint and the matrix

1011111
V(TuT)=|0112 122 (6.3.4)
0000212

has full row rank. Hence consideration of the vectors in R[V (T U T)] serves
the purpose. O

In order to study the properties of a regular fraction or design as introduced
above, one needs to extend the concept of pencils to the present setup. With
reference to an (s") x s™ factorial, a pencil is a nonnull vector of the form
b = (bi,...,bt,bit1,. .., b)), where b; € GF(s) for every ¢ and among
by,...,b:, at most one is nonzero.

Lemma 6.3.2. For any pencil b = (by,...,bs,biq1,...,biyn) and any « €
GF(s), the set {z: x € X,b'z = a} has cardinality s"T"1.

Proof. First suppose by = --- = by = 0. Then among by41,...,b1, at least
one, say byy1, is nonzero. Therefore, as in the proof of Lemma 2.3.1, for any
x = (T1,...,%t, Teg1,---,Teyn) belonging to the set under consideration,
T4 is uniquely determined by zjio,...,Zsy,. Since there are s~ ! choices
of Tyyo,..., 41y and s" choices of (x1,...,x;), the result follows.

Next suppose by, ...,b; are not all zeros. Without loss of generality, let
by # 0. Then by = --- = by = 0. Again as in the proof of Lemma 2.3.1, for
any x belonging to the set under consideration, x; is uniquely determined by
ZTi41,-- -y Lepn- There are now s™ choices of xy41, ..., T4y, Furthermore, by
(6.3.1) and Lemma 6.3.1(b), corresponding to the unique z; associated with
any such choice, there are s"~! possibilities for (1, ..., ;). Hence the result
follows. ([l

In view of Lemma 6.3.2, treatment contrasts belonging to a pencil b can
be defined as in (2.3.4). Clearly, there are s — 1 linearly independent treat-
ment contrasts belonging to any pencil. Also, as in Section 2.3, pencils with
proportional entries induce the same partition of X and are hence considered
identical. Hereafter only distinct pencils are considered in any given context
even when this is not stated explicitly.

In particular, if by41 = -+ = b1, = 0 in a pencil b, then one of by, ..., b;
is nonzero. In this case, proceeding along the lines of Theorem 2.3.2 and using
Lemma 6.3.1(b), it can be seen that any treatment contrast belonging to b
also belongs to the main effect of Fj. Hence the pencil b itself is said to belong
to the main effect of Fy. Since there are t = (s" — 1)/(s — 1) pencils of this
kind, each of which carries s —1 linearly independent treatment contrasts, this
accounts for the s” — 1 linearly independent treatment contrasts belonging to
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the main effect of Fy. This agrees with Section 6.2, where for a 4 x 2" factorial
(i.e., s =7 = 2), it was noted that the main effect of the four-level factor has
three (:(22 -1/(2- 1)) components represented by 1, 2, and 12. Similarly,
a pencil b with byy; # 0 for some ¢ (1 <4 < n)and b; =0 for every j #t+1
represents the main effect of the s-level factor Fj.

Any pencil with ¢ (> 2) nonzero entries belongs to an i-factor interaction
in the same sense as above. Such a pencil b can involve only some of the s-level
factors F1i,..., F, or the s"-level factor Fy together with some of Fi,..., F,.
In the former case, by = --- = b; = 0 and in the latter case one of by,...,b;
is nonzero. Following the same terminology as in Section 6.2, pencils of these
two types are called type 0 and type 1 respectively.

As in Theorem 2.7.1(b), a pencil b is a defining pencil of the design d =
d(Ty, T) if

V(TouT)b=0. (6.3.5)

Since Ty and T are disjoint sets of points of P, the columns of V(T U T)
are nonnull and no two of them are proportional to each other. Hence every
defining pencil of d has at least three nonzero entries, i.e., belongs to an
interaction involving at least three factors. Thus d has resolution three or
higher. For ¢ > 3, in the spirit of Section 6.2, let A;0(d) and A;1(d) denote the
numbers of (distinct) defining pencils of d that have ¢ nonzero entries and are
of types 0 and 1 respectively.

Example 6.3.1 (continued). By (6.3.4) and (6.3.5), the defining pencils of
the design considered in the example are

(17030’0717170)/7 (0’1’070717072),’ (0’0’071707 1’ 1)’7 (0’0717072’1’2)/'

Each of these is of type 1. Hence counting the numbers of nonzero entries in
these pencils, one gets Aso(d) =0, Az1(d) =3, Aso(d) =0, An(d)=1. O

Along the lines of Section 4.4, two designs d (Tp,T1) and d (Tp,T>) in the
present setup are isomorphic if there exists a nonsingular transformation that
maps each point of Tj to some point of Ty up to proportionality, and each
point of T} to some point of 75 up to proportionality. From (6.3.5), it can be
seen that isomorphic designs have the same A;p and A;; for every i.

We now present some notation and lemmas that will be needed in the next
section. Consider any nonempty subset @) of P. Let ¢ be the cardinality of @,
and for ¢ > 1, let 2;, be the set of ¢ x 1 vectors over GF'(s) having ¢ nonzero
elements. For ¢ > 1, define

Gi(Q) = (s =)' #{A: X € 2ig,V(QA =0}, (6.3.6)

where # denotes the cardinality of a set. Furthermore, when @) and T are
disjoint, define for i > 1,

Hi(Ty,Q) = (s — 1) 4 {A: X € 25, V(Q)A is nonnull and
proportional to some point of Tg}. (6.3.7)
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Clearly G1(Q) = G2(Q) = 0. Similarly, when @ and Ty are disjoint,
Hl(TQ,Q) =0. AISO,

Gi(Q) = Hy{(Ty,Q) =0 for i>q. (6.3.8)

Since pencils with proportional entries are identical, it is not hard to see
that (6.3.5)—(6.3.7) lead to the important relationships for any design d =
d(Ty, T),

Alo(d) = GZ(T), Ail (d) = Hi—l(TO; T), for i Z 3. (639)

Lemma 6.3.3. If Ty and Q are disjoint, then
(a) G3(To U Q) = constant + G3(Q) + H2(To, Q),
(b) G4(T0 U Q) = constant + G4(Q) + Hg(To, Q) + %(Sr — S)HQ(To, Q)

Lemma 6.3.4. Let Q = P — Q be nonempty. Then

(a) G3(Q) = constant — G3(Q), B B
(b) G4(Q) = constant + (3s — 5)G3(Q) + G4(Q).

The constants in these lemmas may depend on s, 7, ¢, and m, but not on
the particular choice of ). Lemma 6.3.3 is a special case of a more general
result reported by Mukerjee and Wu (1999) in a different context; the inter-
ested reader may see the original source for details. Comparing (6.3.6) with
(4.3.1), Lemma 6.3.4 is immediate from Corollary 4.3.2 and the fact noted in
the concluding paragraph of Section 4.3. B

For a design d = d(Tp,T), let T = P — (Ty UT). The cardinality of T is

f= (" =) /(s—1) .

For f = 0, there is only one design; for f = 1, all designs are isomorphic.
Hence only f > 2 is considered hereafter. Also, to avoid trivialities, let n > 3.
Then, as a consequence of the last two lemmas, the following result holds.

Lemma 6.3.5. With reference to an (s") x s™ factorial, let d = d(Tp,T) be a
design having run size s™ and T = P — (Ty UT). Then

(a) Asp(d) = constant — G3(Ty UT),

(b) Asy(d) = constant + G3(To UT) — G3(T),

(¢) Aso(d) = constant + (3s — 5)Gs(To UT) + G4(Ty UT),

(d) Agi(d) = constant — L (s + 5s — 10){G3(Tp UT) — G3(T)}

—G4(Ty UT) + Gy(T).

Proof. Since Ty UT = P — T, (a) and (c) are immediate from (6.3.9) and
Lemma 6.3.4. Next by (6.3.9) and Lemma 6.3.3,

As1(d) = Ho(Ty, T) = constant + G3(To UT) — G3(T),
1
A41(d) = Hg(T(),T) = constant + G4(T0 uT) — G4(T) — i(ST - S)HQ(T(MT)

= constant + G4(Tp UT) — G4(T) — = (s" — s){G3(To U T) — G3(T)}.

o~ = ~—

Hence recalling the definition of 7', (b) and (d) follow from Lemma 6.3.4. [
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From the proof of Lemma 6.3.5, it is clear that the constants involved
therein may depend on s, r, n, and m but not on the particular choice of
T. In the practically important nearly saturated cases that correspond to
relatively small f, it is much easier to handle T than 7. Thus the above
lemma greatly facilitates the study of MA designs. This will be considered in
the next section.

6.4 Minimum Aberration Designs for (s") X s™ Factorials

We begin by considering the situation in which pencils of type 0 are considered
more important than those of type 1. As indicated in Section 6.2, this can
happen commonly in practice. The case in which pencils of the two types are
equally important will also be discussed briefly later in this section.

With reference to an (s") x s™ factorial, consider designs d; and ds
both having run size s™. Let u be the smallest integer such that (A, (dy),
Aul(dl)) #* (Auo(dQ),Aul(dg)) As in Definition 6.2.1, if Auo(d1) < Auo(dg)
or Ayo(di) = Auo(da) but Aui(di) < Ayui(da), then dp is said to have less
aberration of type 0 than dy. An MA design of type 0 is a design such that
no other design has less aberration of type 0 than it.

Define the following classes of designs:

Dy = {d = d(T,,T) : d maximizes G3(Tp UT)},
Dy ={d:d e Dy, dmaximizes G3(T) over Dy},
Ds ={d:d e Dy, dminimizes G4(Tp UT) over Dy},

Dy ={d:de€ D3, dminimizes G4(T') over Ds}.
Then the following useful result is evident from Lemma 6.3.5.

Theorem 6.4.1. For any ¢ (1 < i < 4), suppose d belongs to D; and, up to
isomorphism, is the unique member of D;. Then d is a minimum aberration
design of type 0.

Corollary 6.4.1. Let f = 2. Then d = d(Ty,T) is a minimum aberration
design of type 0 provided T = P — (To UT) is of the form
T = {h1, hy + aho}, (6.4.1)
for some hy & Ty, ho € Ty, and a(#£0) € GF(s).
Proof. Since f =2, by (6.3.8) and Lemma 6.3.3(a),
G3(Ty UT) = constant + Hy(Tp, T). (6.4.2)

Since Ty is a flat and Ty and T are disjoint, it follows from (6.3.7) that
H,(Tpy,T) equals unity if T is as in (6.4.1) and zero otherwise. The result
now follows from Theorem 6.4.1 (with ¢ = 1) and (6.4.2) noting that all de-
signs with T as in (6.4.1) are isomorphic. O
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For f =2 and m —r > 2, not all designs have T as in (6.4.1). Another
choice of T is {hy,ho}, where hy & Ty, hy & Ty, and V(Tp U {hy, ho}) has
rank r + 2. Hence even for f = 2, one can discriminate among rival designs
with respect to the MA criterion of type 0. This may be contrasted with the
case of symmetrical factorials, where as noted in Section 4.4, all designs are
equivalent under the MA criterion when f = 2. With ¢ = 1, Theorem 6.4.1
yields another corollary as follows.

Corollary 6.4.2. Let f = (s¥ —s")/(s — 1), where w > r. Then d = d(Ty,T')
is a minimum aberration design of type 0 provided To UT is a (w — 1)-flat of
P, where T =P — (ToUT).

Proof. For f as stated, the cardinality of Ty UT equals (s* — 1)/(s — 1),
which is the same as the cardinality of a (w — 1)-flat of P. Hence by (6.3.6),
G3(ThyU T) is maximum if and only if Ty UT is a (w — 1)-flat of P; cf. Lemma
4.4.3. Since all such choices of T yield isomorphic designs, the result follows
from Theorem 6.4.1 (with i = 1). O

As a consequence of Theorem 6.4.1, Mukerjee and Wu (2001) also reported
the following result. Its proof is somewhat long and hence omitted. Recall that
Tp is the (r — 1)-flat spanned by ey,...,e,, where e1,..., e, are the m x 1
unit vectors over GF(s).

Theorem 6.4.2. Let s = 2 and f = 2% — 2" — u, where w > r and 1 <
u < 3. Let hypy1,...,hy be any w — r points of P such that the w points
€1y ryhri1, ..., hy are linearly independent, and let Ty be a (w — 1)-flat
of P spanned by these w points. Let T=T — (To U Q), where

(a) Q@ ={h,y1} ifu=1,

(b) Q={hrs1,e1+hrp1} ifu=2andw=r+1,

(c) Q=A{hrs1,hrs2} ifu=2 and w>r+1,

(d) Q@ ={hry1,e1 4+ hry1,e2+hey1} ifu=3 andw=r+1,
(e) Q= {hrsi1,hrq2,€1+ hpy1 + hppo} ifu=3 and w =r + 2,
(f) Q = {hry1, hri2, hri3} if u=3 and w > r + 2.

Then d = d(Ty,T) is a minimum aberration design of type 0, where T =
P—(ToUT).

Example 6.4.1. With reference to a 4 x 22° factorial, suppose it is desired
to have a design with run size 32. Then s = r = 2, n = 25, m = 5, and
f=32—4—-25=3. Since f =3 =23 —22 — 1, Theorem 6.4.2 is applicable
with w = 3, u = 1. Take hg = e; + e5 + e3. Then e, es, and hg are linearly
independent, and

Ty = {e1,e2,e3,e1 +ez,e1 +e3,ea+e3,e1+ex+es}, Tp={er, ez, e +ea}.

By Theorem 6.4.2(a), @ = {hs} = {e1 + e2 + e3}, so that T="T — (To U
Q) = {es,e1 + e3,e2 + e3}. Here P = PG(4,2). Therefore d(Tp,T), where
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T = PG(4,2) — (To UT) with Ty and T as shown above is an MA design of
type 0. (]

Some useful special cases are now discussed. Considering 4 x 2" factorials,
one has s = r = 2 and for f = 3,4,9,10,11, 12, MA designs of type 0 are given
by Corollary 6.4.2 or Theorem 6.4.2. This is evident because 4 = 23 —22, 9 =
24 — 22 _3 and so on. For f =5, 6, 7, and 8, MA designs of type 0 can be
obtained directly from Theorem 6.4.1. Table 6.8 lists the set ' = P — (Tp UT)
for these MA designs of type 0 and indicates how they are obtained. Using
the compact notation, Top = {1,2,12} in Table 6.8 as r = s = 2. Hence if m
is given, then for any f covered by this table, the set T" corresponding to an
MA design of type 0 can be easily obtained as T'= P — (T, UT).

Table 6.8 The sets T’ for MA designs of type 0 for 4 x 2™ factorials

f T Source

3 {3, 13, 23} Theorem 6.4.2(a)

4 (3, 13, 23, 123} Corollary 6.4.2

5 {3, 13, 23, 123, 4} Theorem 6.4.1 (i = 1)
6 (3, 13, 4, 14, 34, 134} Theorem 6.4.1 (i = 2)
7 {3, 13, 4, 14, 24, 34, 134} Theorem 6.4.1 (i = 2)
8 (3,13, 23, 4, 14, 24, 34, 134} Theorem 6.4.1 (i = 2)
9 (3, 23, 123, 4, 14, 24, 34, 134, 234} Theorem 6.4.2 (¢)
10 (3,13, 23, 123, 4, 14, 24, 34, 134, 234} Theorem 6.4.2 (c)
11 {3, 13,23, 123, 4, 14, 24, 124, 34, 134, 234} Theorem 6.4.2 (a)
12 {3, 13, 23, 123, 4, 14, 24, 124, 34, 134, 234, 1234} Corollary 6.4.2

Note: Ty = {1,2,12}.

In particular, if m = 5 in the setup of Table 6.8, i.e., the run size is 32,
then f = 25 — 22 —n = 28 — n. Thus Table 6.8 gives MA 4 x 2" designs of
type 0 over the range 16 < n < 25 and hence supplements Tables 6.3, which
covers 4 <n < 9.

For 8 x 2™ factorials, if 5 < f < 8, then MA designs of type 0 are given
by Corollary 6.4.2 or Theorem 6.4.2. On the other hand, for f = 3 or 4,
such designs are given by Ty = {1,2,12,3,13,23,123} and T = {4, 14,24} or
T = {4,14, 24, 34} respectively; this follows from Theorem 6.4.1 with i =1 or
3 respectively.

Turning to 9 x 3™ factorials, Corollary 6.4.2 yields an MA design of type
0 for f =9 [= (32 —32)/(3 —1)]. On the other hand, Table 6.9 gives the
set T = P — (Ty UT) for such designs over the range 3 < f < 8. This ta-
ble is obtained using Theorem 6.4.1 with ¢ = 1. In the setup of Table 6.9,
To = {1,2,12,122}. Hence if m is given, then for any f covered by this table,
the set T' corresponding to an MA design of type 0 can be easily obtained as
T=P—(ToUT).
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Table 6.9 The sets T for MA designs of type 0 for 9 x 3™ factorials

f T

3 {3,1223,1223%}

4 {3,1223,12%32,232}
5 {3,132,23,1223,12232}
6
7
8

{3,13,23,123,132, 232}
{3,13,23,123, 132,232, 1232}
{3,13,23,123,132, 232, 1232, 12232}

Note: Ty = {1,2,12,122}

As an illustration, we revisit Example 6.3.1. Then s = 3, r = 2, n = 3,
m =3, and f = (33-32)/(3—1)—3 = 6. For f = 6, Table 6.9 shows that T' =
{3,13,23,123,13%,23%}. Here P = PG(2,3). Hence the set T corresponding
to an MA design of type 0 is given by P — (To UT) = {1232,1223,12232}. It is
now immediate from (6.3.4) that the design considered earlier in this example
is an MA design of type 0.

Before concluding this section, we briefly discuss the situation in which
pencils of types 0 and 1 are equally important. Then it is appropriate to
consider minimum overall aberration designs, which are defined as follows.
With reference to an (s") x s™ factorial, consider designs dy and dz both
having run size s™. Let u be the smallest integer such that A,o(d1)+ A1 (dr) #
Au(](dg) + Aul(dg) If Au()(dl) + Aul(dl) < Au(](dg) + Aul(dg), then d1 is said
to have less overall aberration than do. A minimum overall aberration (MOA)
design is a design such that no other design has less overall aberration than
it.

Lemma 6.4.1. With reference to an (s") x s" factorial, let d = d(Tp, T) be a
design having run size s™ and T = P — (To UT). Then

(a) Aso(d) + Az (d) = constant — G5 (T),

(b) Aso(d)+As (d) = constant+(3s—5)Gs(T)+G4(T)— 3(s"—s)Hy(Tp, T).

Proof. Part (a) is immediate from Lemma 6.3.5 (a) and (b). By Lemma 6.3.5
(¢) and (d),

A4O(d)—|—A41(d):constant—%(sr—s)Gg(TOUf) ;(3 +55—10)G3(T)+G4(T).

Applying Lemma 6.3.3(a) to the second term in the right-hand side, (b) fol-
lows. ]

One can obtain an analogue of Theorem 6.4.1 from the above lemma and
use it to derive further results. For example, with f = 2, it can be seen that
d(Tp,T) is an MOA design if and only if T = P — (To UT) is of the form
(6.4.1). For 4 x 2" factorials, Table 6.10 gives the set T for MOA designs over
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the range 3 < f < 12. It also indicates the parts of Lemma 6.4.1 that are
needed for the derivation of such designs. In Table 6.10, Ty = {1,2,12}. If m
is given, then for any f covered by this table, the set T corresponding to an
MOA design can be easily obtained as before. A comparison of Tables 6.10
and 6.8 reveals that in most cases the criteria of MOA and MA of type 0 yield
different results.

Table 6.10 The sets T for MOA designs for 4 x 2™ factorials

f T Needed Part(s) of Lemma 6.4.1
3 {3,4,34} (a)
4 {3,4,34,13} (a),(b)
5 {3,4,34,14,134} (a),(b)
6 {3,4,34,13,14,134} (a),(b)

7 (m=4) {3,4,34,13,14,134, 24} (a)

7 (m >5) {3,4,34,5,35,45, 345} (a)

8 (m=14) {3,4,34,13,14, 134,23, 24} (a)

8 (m >5) {3,4,34,5,35,45, 345,13} (a),(b)

9 (m=4) {3,4,34,13,14,134, 23, 24, 234} (a)

9 (m >5) {3,4,34,5,35,45, 345, 14, 134} (a),(b)
10 {3,4,34,5,35,45, 134, 135, 145, 1345} (a),(b)
11 {3,4,34,5,35,45, 345,134, 135, 145, 1345} (a),(b)
12 {3,4,34,5,35,45,345,13, 14, 134, 15, 1345} (a),(b)

Note: Ty = {1,2,12}.

We further remark that the matrix V(T U T') has full row rank for any
MA design of type 0 as envisaged in Corollary 6.4.1, Corollary 6.4.2, Theorem
6.4.2, and Tables 6.8, 6.9. The same holds also for any MOA design given in
Table 6.10.

6.5 Designs for (s"') X (s"?) x s"™ Factorials

As noted in Section 6.3, mixed factorials typically involve several factors,
each with a small number of levels and rather few factors with more levels.
From this perspective, regular fractions of an (s") x (s"2) x s™ factorial are
considered in this section. Such a factorial has one factor, say Fpy1, at s™ levels,
another factor, say Fpyo, at s™ levels, and additional n factors, say Fi, ..., Fy,
at s levels each. Here r1 (> 2), ro (> 2) are integers and s (> 2) is a prime
or prime power. The special case s = 7 = 75 = 2 covers 42 x 2" factorials
discussed in Section 6.2.

The developments in this section closely follow the last two sections. For
i=1,2,let t; = (s" —1)/(s — 1) and V;,, be the r; x ¢; matrix with columns
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given by points of PG(r;—1, s). Then, in view of Lemma 6.3.1 and analogously
to (6.3.1),

’

X = {(Ih sy Tty Tty 41y ooy Tty 4ty Ltytot1ly - oy 517t1+t2+n) :
(3717 s ,xh) € R(VT1)7 (xt1+1’ s 7xt1+t2) € R(VTz)’
Tti4tod1y+ -y Lty+tatn € GF(S)} (651)

represents the collection of the s" 772" treatment combinations in an (s™) x
(s™)xs™ factorial. Here (1, . .., x, ) refers to alevel of Fo1, (T4, 41, - -+ Tty +t,)
refers to a level of Fo, and @y, 41,4 refers to a level of F; (1 <14 <n).

Example 6.5.1. For a 42 x 23 factorial, s = 2, r; = rp =2, n = 3, t; =
to = 3, and as in Section 6.3, R(V2) = {(0,0,0),(0,1,1),(1,0,1),(1,1,0)}.
Thus by (6.5.1), the treatment combinations in a 42 x 23 factorial can be
represented by (z1,...,x9) , where (21,22, 23) € R(Va), (24,25, 26) € R(V2)
and z7,xs,z9 € {0,1}. O

With reference to an (s™) x (s"2) x s™ factorial, a pencil is a nonnull vector
of the form

’

b= (b17 LR bt1 ) bt1+17 BN} bt1+t27bt1+t2+1a R bt1+t2+n) )
where b; € GF(s) for all 4, among by,...,b;, at most one is nonzero, and
among b, 41, - .., b, 1+, at most one is nonzero. Pencils with proportional en-

tries are considered identical. As in Section 6.3, a pencil with ¢ nonzero entries
belongs to a main effect if ¢ = 1 and to an i-factor interaction if ¢ > 2. For any
pencil b belonging to an interaction, one of the following three cases arises:

(0) it involves only some of F, ..., F,, i.e., by = = by 1y, = 0;

(1) it involves one of Fy; and Fpy and some of Fi, ..., F,, i.e., either one of
b1,...,b, is nonzero and by, 41 = -+ = by, 44, = 0, or one of by, 11,..., by, 44,
is nonzero and by =--- = by, = 0;

(2) it involves both Fy; and Fyy and possibly some of Fi,..., F,, i.e., one of
b1,...,bs, is nonzero and one of by, 41,. .., bs, ++, is also nonzero.

Following the terminology of Section 6.2, pencils of these three types are called
type 0, type 1, and type 2 respectively.

The concept of a regular fraction will now be extended to an (s™) x (s72) x
s™ factorial. Suppose it is desired to have a fraction consisting of s treatment
combinations, where r1 + 19 < m < r1 + ro + n. Let P denote the set of the
(s™ —1)/(s — 1) points of PG(m — 1, s), and for any nonempty subset @ of
P, let the matrix V(Q) be defined as in Section 6.3. Let To; and Tpo be the
(r1 — 1)- and (ro — 1)-flats of P spanned by e1,...,er, and €41, €r 41y
respectively, where eq, ..., e, are the m x 1 unit vectors over GF(s). Since
r1 + ro < m, both Ty, and Ty are well defined. Furthermore, analogously to
(6.3.2),
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V.
V(To1) = 01 ; (6.5.2)
where 0 is the null matrix of order (m — r1) x t1, and
oM
V(To2) = | Viu | (6.5.3)
0

where 0 and 0 are null matrices of orders r, X to and (m—1r1 —1rg) X to
respectively. Let T be an n-subset of P such that Tyq, Too, and T are disjoint
and the matrix

V(To1 UTpa UT) = [V(To1) V(To) V(T)] (6.5.4)

has full row rank. Then there are s™ vectors in R[V(Tp1 U Toe U T)]. By
(6.5.1)—(6.5.4), the transpose of each of these vectors belongs to X and hence
represents a treatment combination of an (s™) x (s72) x s™ factorial. The
collection of the s™ treatment combinations (or runs) so obtained gives a
reqular fraction, to be denoted by d = d(Tp1,To2,T), of such a factorial. For
the special case of a 42 x 2" factorial (i.e., s = r; = 5 = 2), the elements of
H,, represent the points of PG(m—1,2); To1 = {1,2,12}, and Ty = {3,4, 34}
represent the two four-level factors; and T, consisting of n elements from the
rest of H,,, represents the n two-level factors. Again, hereafter in this section,
a regular fraction is simply called a design.

Considering the cardinalities of Ty, To2, T, and P, the above construction
is possible if and only if r; + o < m, and

st—1 s -—1 s™—1

e, sT+s?4+n(s—1)—1<s™

These conditions are supposed to hold throughout this section. This construc-
tion is motivated by the approach of Wu, Zhang, and Wang (1992).
A pencil b is a defining pencil of d = d(To1,To2,T) if

V(T01 UTha U T)b =0. (655)

As in Section 6.3, any pencil satisfying (6.5.5) has at least three nonzero
entries, i.e., d has resolution three or higher. For ¢ > 3, let A;o(d), A4;1(d),
and A;2(d) denote the numbers of (distinct) defining pencils of d that have ¢
nonzero entries and are of types 0, 1, and 2 respectively. In the present setup,
two designs d(To1,To2,T1) and d(To1,To2,To) are isomorphic if there exists
a nonsingular transformation that maps each point of Tp; to some point of
To;(j = 1,2) up to proportionality, and each point of 77 to some point of
T up to proportionality. Furthermore, if 71 = ro, then two such designs are
isomorphic also when there exists a nonsingular transformation that maps
each point of Ty; to some point of Tyo, each point of Ty to some point of Ty,
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and each point of T7 to some point of T5, up to proportionality. From (6.5.5),
it can be seen that isomorphic designs have the same A;q, A;1, and A;o for
every 1.

Example 6.5.2. Using the projective geometric formulation, we revisit the
4% x 23 design d; with 16 runs, as considered in Example 6.2.1. Then
S = T = TI'g = 2, n = 37 m = 47 and d1 = d(jv()l,jjog,jj)7 where T01 =
{(L 07 07 0)/7 (Oa 1a 07 0)/’ (1a 1; 07 0)/}a T02 :{(07 Oa 13 O)/a (0’ 07 07 1)/a (Oa 0, ]-7 1)/},
and T = {(1,0,0,1), (0, 1,1,0)’, (0,1,1,1)}. Clearly, To1, To2, and T are dis-
joint and the matrix

101000100
011000011

VT UToeUD = | 0 6 010101 1 (6.5.6)
000011101

has full row rank. Hence consideration of R[V (Tp1 UTp2 UT)] yields the design
dy. By (6.5.5) and (6.5.6) the defining pencils of d; are

(1,0,0,0,1,0,1,0,0)", (0,1,0,1,0,0,0,1,0)", (0,1,0,0,0,1,0,0,1)’,
(0,0,1,0,0,1,1,1,0), (0,0,1,1,0,0,1,0,1)", (0,0,0,0,1,0,0,1,1)’,
(1,0,0,0,0,0,1,1,1)’,

which agree with the defining relation of d; shown in Example 6.2.1. Among
the pencils listed above, the last two are of type 1 and the rest are of
type 2. Hence counting the numbers of nonzero entries in these pencils, one
gets Aso(di) = 0, Asi(dy) = 1, Asa(dr) = 3, Aso(dr) = 0, Asu(dy) =
1, Aga(dy) = 2, Aso(dr) = As1(d1) = As2(d1) = 0. These again agree with
Example 6.2.1. O

As argued in Section 6.2, we suppose that pencils of type 0 are most
important and those of type 2 are least important. Then it is appropriate to
consider MA designs of type 0, which are defined as follows. With reference
to an (s™) x (s2) x s™ factorial, consider designs d; and ds both having run
size s™. Let u be the smallest integer such that (A,o(d1), Au1(d1), Auz(dr)) #
(Auo(d2)7Au1(d2),Aug(dg)). As in Definition 6.2.2, if either (l) AuO(dl) <
Auo(dg) or (ll) AuO(dl) = Auo(dQ) but Aul (dl) < Aul(dg) or (111) AuO(dl) =
Auo(dg), Aul(dl) = Aul(dg) but Aug(dl) < Aug(dg), then d; is said to have
less aberration of type 0 than do. An MA design of type 0 is a design such
that no other design has less aberration of type 0 than it.

Consideration of complementary sets again facilitates the study of MA
designs of type 0. To that effect, some notation is needed. For any nonempty
Q(C P) of cardinality ¢, define G;(Q) via (6.3.6). If, in addition, @ and Tp; or
Q@ and Tp, are disjoint, define H;(Tp1, Q) or H;(Tp2, @) as in (6.3.7), replacing
Ty there by Tp; or Tpe respectively. Furthermore, if @, Tp;, and Ty are all
disjoint, define for i > 1,
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Ki(To1, To2, Q) = (s — 1) 7' {\ : X\ € 024, there exist nonzero a; € GF(s)
and h; € Ty, (j = 1,2) such that V(Q)\ = a1hy + azhs}.

Note that K;(Tp1,Tp2,Q) =0if i > q.
Considering a design d = d(To1,To2,T), by (6.5.5) and analogously to
(6.3.9),

Ai(d) = Gi(T), Ai(d) = Hi—1(To1,T) + Hi—1(To2, T),
Aga(d) = K;_o(To1, Tos, T), fori > 3. (6.5.7)
Let T = P — (Tpy U Tz UT). The cardinality of T equals
f (Mo — s 1) (s 1) —
Let

@ (Tor, Toz, T) = K1 (Tor, Toa, T) — Gs(T),
Wy(Tor, Toz, T) = 2G4(T) + Hs(Ton, T) + Hs(Toa, T).

Since there is only one design when f = 0, hereafter suppose f > 1. Also to
avoid trivialities, let n > 2.

Lemma 6.5.1. With reference to an (s™) x (s™) x s™ factorial, let d =
d(To1,To2,T) be a design having run size s™. Then

(a) Asp(d) = constant — G3(Tp U Tpe U T),

(b) Asy(d) = constant + Gs(Thy U Tpa UT) + ¥y (Toy, Toa, T),

(¢) Asa(d) = constant — K7(To1, Toz, Tv)7

(d) As(d) = constant + (3s — 5)Gs(To1 U Toa UT) + Ga(Toy U Toa UT),
(¢) As(d) = constant — (3s — 5){Gs(Tor UToa UT) + ¥y (To1, To2, T)}

1
_5( Tl + ST2 — 2S)K1(T01,T02, ) — 2G4(T01 U T02 UT)

+0(Tor, Toa, T),
(f) A42(d) = constant + (Srl + ST2 + s — 5)K1 (T()l, TOQ, f)
+K2(T01aT027T)'
The constants in Lemma 6.5.1 may depend on s, 71, 2, n, and m, but not
on the particular choice of T. The proof of this lemma utilizes (6.5.7). It is

available in Mukerjee and Wu (2001) and omitted here. Define the following
classes of designs:
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Al = {d = d(T‘Ol7 T027 T) : d maximizes G3(T01 U T02 U f)},
Ay = {d :d e Al, d minimizes ¥y (T017T027T) over Al},

A3 = {d :d e Ag, d maximizes K; (TQl,TOQ,T) over A2}7
Ay = {d :d e Ag, d minimizes G4(T01 UTpa U T) over Ag},

A5 = {d :d e A4, d minimizes WQ(T()l,TQQ,f) over A4},

Ag ={d:d e As, dminimizes K2(To1,To2,T) over As}.

Recalling the definition of MA designs of type 0, Lemma 6.5.1 yields the
following result, which serves as a useful tool for finding such designs.

Theorem 6.5.1. For any i (1 < i < 6), suppose d belongs to A; and, up to
isomorphism, is the unique member of A;. Then d is a minimum aberration
design of type 0.

The above result is analogous to Theorem 6.4.1 and, like the latter, leads
to the following corollaries when applied with ¢ = 1.

Corollary 6.5.1. Let f = 1. Then d = d(Tp1, T2, T) is a minimum aber-
ration design of type 0 provided T = P — (Toy U Toa UT) is of the form
T = {hy + ahs} for some h; € To;(j = 1,2) and (5 0) € GF(s).

Corollary 6.5.2. Let f = (s* —s™ — s 4+ 1)/(s — 1), where w > 11 + 7.
Then d = d(To1, To2,T) is a minimum aberration design of type 0 provided
Tor UToo UT is a (w—1)- flat of P, where T = P — (To1 UTp2 UT).

If m > r1 + 7o then for f = 1, not all designs have T as in Corollary
6.5.1, so that even for f = 1 discrimination among designs is possible on the
basis of the MA criterion of type 0. In general, Theorem 6.5.1 considerably
simplifies the identification of MA designs of type 0 when f is small. As a
specific application, consider 42 x 2" factorials. Then s = r; = ry = 2 and
Corollaries 6.5.1 and 6.5.2 settle the cases f = 1 and f = 9 respectively.
For 2 < f < 8, Table 6.11 gives the set T = P — (Tp1 U To2 U T) for MA
designs of type 0 and indicates how they are obtained via Theorem 6.5.1.
This table uses the same notation as in Tables 6.8 and 6.10. Thus, in this
table, To; = {1,2,12}, Too = {3,4, 34}, so that if m is given, then for any f
covered by the table, the set T' corresponding to an MA design of type 0 can
be easily obtained as T'= P — (Tp1 U T2 UT). For any MA design, as given
by Corollary 6.5.1, Corollary 6.5.2, and Table 6.11, it can be seen that the
matrix V(T U Toe UT) has full row rank.
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Table 6.11 The sets T' for MA designs of type 0 for 42 x 2" factorials

/ T Use Theorem 6.5.1 with i =

2 {13,23}

3 {13,23,123}
4 {13,23,14, 24}
5 {13,23,14,24,1234}
6
7
8

{13,23,123, 14, 24, 1234}
{13,23,123, 14,24, 134, 1234}
{13,23,123,14,24,124,134, 1234} 1

Note: To; = {1,2,12} and To2 = {3,4, 34}.

NI O NN

As an illustration, we consider the problem of finding an MA design of
type 0, with 16 runs, for a 42 x 2% factorial. Then s = 2, 11 = ry = 2,
n=6 m=4 and f = (2 =22 - 224+ 1) — 6 = 3. For f = 3, Table 6.11
shows that 7 = {13,23,123}. Here P = PG(3,2). Hence the set T corre-
sponding to an MA design of type 0 is given by T'= P — (Tp1 U Tp2 U T) =
{14,24,124,134,234,1234}.

In particular, if m = 5 in the setup of Table 6.11, i.e., the run size is 32,
then f = (2°—22-22+1) —n = 25—n. Table 6.11 then gives MA designs of
type 0 for 42 x 2™ factorials over the range 17 < n < 23 and hence supplements
Table 6.6, which covers 2 < n < 10.

To conclude the chapter, we mention some other related work. Zhang and
Shao (2001) reported further results on MA designs for mixed factorials. Muk-
erjee, Chan, and Fang (2000) extended the criterion of maximum estimation
capacity to mixed factorials taking cognizance of the distinction among pen-
cils of type 0, 1, etc., and, in the spirit of Chapter 5, observed that the results
tend to agree with those under the MA criterion.

Exercises

6.1 Show that the four-symbol column obtained by applying the method
of replacement to any two-symbol orthogonal array of strength two is
orthogonal to the remaining two-symbol columns of the array.

6.2 Derive the defining relation for the 42 x 23 design do in Example 6.2.1
and use it to confirm the A;; values in Example 6.2.1.

6.3 Prove from first principles that the 42 x 23 design d; in Example 6.2.1
has MA of type 0.

6.4 Prove Theorem 6.2.1(b) for k£ = 3. Hence indicate the proof for general
k> 2.

6.5 Using Theorem 6.2.1 (b), show that the design ds whose defining relation
is shown in (6.2.3) does not have MA of type 0.
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6.6

6.7

6.8

6.9

6.10

6.11

6.12
6.13

6 Minimum Aberration Designs for Mixed Factorials

Consider a 4 x 2™ design d* with run size 2. Suppose d* is represented
by To = {71,72,73}, where 71 = 1, 79 = 2, 73 = 12, and n other elements
C1,...,¢y of H,,. Assume that

(i) each of v3,¢1,...,c, appears in some word in the defining relation
DR(d*) of d*,
(ii) the set {y1,72,¢1,...,¢n} contains m independent elements.

(a) Show that >..,iA;(d*) = (n+ 2)2"T1=™ — C, where A4;(d*) =
Aio(d*) + A;1(d*), and C is the number of words in DR(d*) containing
3. [Hint: use (3.2.2) and the discussion before (6.2.5).]

(b) Show that C' = 2"*1=™ if ~; and 7, do not appear in any word in
DR(d*), and that C' = 2"~™ otherwise.

Under appropriate assumptions, extend the results in the previous exer-
cise to 42 x 2" designs with run size 2™.

The MA criterion given in Definition 6.2.1 is called type 0 because it first
compares the values of A,g. For 4 x 2™ designs, if the roles of A,¢ and
A1 are reversed in the definition, the resulting criterion is called MA
of type 1. A third alternative is to use the minimum overall aberration
criterion introduced in Section 6.4.

(a) Describe situations in which either of these two alternative criteria
make more sense.

(b) Considering 4 x 27 designs with 16 runs, show that the design
d(To, 3,4,14,23,34,123,134) has less aberration of type 1 than the design
d(To,3,4,13,14,23,24,124). Which design has less overall aberration?
For 4P x 2™ designs with general p, extend the definition of type-j words
to 0 < j < p. Based on the extended definitions, define the MA criterion
of type 0 for 4P x 2" designs.

Prove Lemma 6.3.3(a) by using definitions and combinatorial arguments.
Considering 4 x 2" factorials with 17 < n < 19, use Theorem 6.4.2 to
obtain MA designs of type 0 when the run size is 32.

Prove Lemma 6.5.1(c) by using definitions and combinatorial arguments.
Prove Corollary 6.5.1.
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Block Designs for Symmetrical Factorials

Block designs for factorial experiments are studied in this chapter. They are
useful when the experimental units are not homogeneous. The simpler case of
two-level full factorials is considered first. Then the problem of blocking for
fractions of general symmetrical factorials is taken up and a finite projective
geometric formulation is obtained. Various optimality criteria are discussed
and the method of complementary sets is developed for finding optimal de-
signs. A collection of design tables is given.

7.1 Optimal Block Designs for Full Factorials

The designs studied in the previous chapters involve a completely random allo-
cation of the selected treatment combinations to the experimental units. This
kind of allocation is appropriate only if the experimental units are homoge-
neous. However, such homogeneity may not always be guaranteed especially
when the size of the experiment is relatively large. A practical design strategy
is then to partition the experimental units into homogeneous groups, known
as blocks, and restrict randomization separately to each block. Consequently,
a design should dictate not only the treatment combinations to be included in
the experiment but also their allocation to the blocks. Blocks are often formed
as natural groupings of experimental units such as batches of materials, plots
of land, time periods, etc. Block designs for symmetrical factorials are con-
sidered in this chapter. Throughout, the additivity of the block and treatment
effects is assumed.

While blocking is expected to partition the experimental units into ho-
mogeneous groups, there can be significant heterogeneity from one block to
another. Therefore, the block effects are potentially as substantial as even the
factorial main effects. On the other hand, although the block effects can be
quite nontrivial, they are, as such, of no interest to the experimenter. Interest
lies only in the factorial effects that are rank-ordered according to the effect
hierarchy principle. A major concern now is the extent to which the presence
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of blocks can affect the estimation of the factorial effects. This distinction
between the block and factorial effects is fundamental to the development of
the design criteria to be discussed in this chapter.

Following Sun, Wu, and Chen (1997), we consider in this section the sim-
pler problem of finding optimal block designs for two-level full factorials. As
in Section 3.1, any factorial effect can be conveniently denoted by %, ... 1,.

Example 7.1.1. To motivate the ideas, consider the problem of designing
a full 2° factorial in 8(= 23) blocks. Start with three independent factorial
effects, say,

by =135, by =235, b3 =1234. (7.1.1)

For any treatment combination, there are 23(= 8) possibilities, depending on
whether it appears with a plus or minus sign in b1, b2, and bs. This entails
a partitioning of the 2° treatment combinations into eight classes, each of
size four. One can assign each class so formed to one block to get the eight
blocks. Clearly, the treatment combinations in the same block appear with the
same sign in any b;(¢ = 1,2,3). Hence the treatment contrasts representing
b1,b2, b3 are also contrasts among blocks. As a consequence, these factorial
effects are entangled or confounded with blocks. They cannot be estimated in
the presence of block effects. In fact, it is easily seen that this happens for not
only by, bo, b3 but also the factorial effects that they generate. In other words,
the factorial effects

biby = (135)(235) = 12, bibs = (135)(1234) = 245,

bobs = (235)(1234) = 145, bybobs = (135)(235)(1234) =34, (1)

are also confounded with blocks.

What happens for the remaining factorial effects? One can check that
half the treatment combinations in any block appear with a plus sign and
the remaining half with a minus sign in any of these factorial effects. Hence
they remain estimable even in the presence of block effects, i.e., they are
unconfounded with blocks. O

A more rigorous explanation for the phenomenon of confounding appears
in the next section with reference to a general setting. In Example 7.1.1,
there are altogether seven confounded factorial effects as shown in (7.1.1) and
(7.1.2). Together with the identity element I, they form a group called the
block defining contrast subgroup. It is the blocking counterpart of the (treat-
ment) defining contrast subgroup of a 2"~ design. Generally, as with 27~%
designs, we can apply the minimum aberration (MA) criterion to the block
defining contrast subgroup on the basis of the effect hierarchy principle. For-
mally, for a block design d, let 3;(d) be the number of words of length 4 in the
block defining contrast subgroup, i.e., 5;(d) is the number of factorial effects of
order i that are confounded with blocks. We may use the wordlength pattern
(61(d), B2(d), B3(d),...) to characterize the properties of d. Obviously, it is
required that 81(d) = 0. The MA criterion, based on sequential minimization
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of B2(d), B5(d), ..., can be applied to rank-order block designs. A best design
according to this criterion is called a minimum aberration block design. Thus
all the tools and results for MA designs in the previous chapters can be used
here. Since the block defining contrast subgroup of a 2° design in 22 blocks
is equivalent to the (treatment) defining contrast subgroup of a 25=3 design,
from (7.1.1), (7.1.2), and the proof of Theorem 3.2.2 (for n = 5), we conclude
that the block design in Example 7.1.1 has MA because it has wordlength
pattern (0,2,4,1,0).

Because of the mathematical equivalence between 2" designs in 2¥ blocks
and 2"7% designs, there is no need to separately list tables of optimal block
designs for full factorials. These tables can be found in Sun, Wu, and Chen
(1997). But there are some differences that are worth noting. First, the MA
criterion has a stronger justification for the blocking problem because (;(d)
has a straightforward interpretation as the number of factorial effects of order
i that are “sacrificed” for blocking. The counterpart of 3;(d) in a 2"~* design
dis A;(d); see (2.5.3). The implication of A;(d) is more complicated and based
on the stringency of model assumptions under the effect hierarchy principle;
cf.Section 2.5. Second, while fB2(d) > 0 is allowable, Aa(d) > 0 is not. The
latter would imply the aliasing of two main effects, whereas the former merely
means that some two-factor interactions are confounded with blocks.

The previous discussion suggests that a direct definition of estimability can
be given for block designs for full factorials. Any such design is said to have
estimability of order F if E is the largest integer such that all factorial effects of
order FE or lower are estimable (i.e., not confounded with blocks). For example,
the design in Example 7.1.1 has F = 1 since two words of length two appear
in (7.1.2). Clearly, E + 1 equals the smallest integer R such that Sg(d) > 0.
For a 2" % design, this R would be the resolution of the design. So, why do
we not use the notion of resolution in this context? Recall the implications
of resolution as summarized in Theorem 2.5.1. For resolution three designs,
the main effects are estimable under the assumption that all interactions are
absent, while for resolution four designs, the same estimability holds under
the weaker assumption that all interactions involving three or more factors
are absent. Therefore, from the point of view of estimability, resolutions three
and four differ only in the assumptions on the absence of interactions. Both
correspond to £ = 1 in the context of blocking. The main difference in the
ideas underlying F and R is that the former does not require any assumption
regarding the absence of factorial effects, while the latter does. If a connection
has to be made between them, we can say that estimability of order E for
2" designs in 2¥ blocks corresponds to resolution 2E + 1 or 2FE + 2 for 27—
designs.

For simplicity in presentation, we have so far restricted our discussion
to the two-level case. Because the extension of the block defining contrast
subgroup from s = 2 to general prime power s is straightforward, it is clear
that the concepts of MA and estimability order are applicable more generally
to s™ block designs. To avoid repetition, this extension is not discussed here.
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The rest of this chapter is devoted to block designs for fractional factorials with
general s. Their study is far more complicated and difficult due to the presence
of two wordlength patterns, one arising from the choice of the fraction and
the other arising from blocking. An effective treatment of this problem calls
for the employment of formal mathematical tools such as those in Chapter 2.

7.2 Block Designs for Fractional Factorials

Consider a symmetrical s™ factorial, where s is a prime or prime power. As
in Chapter 2, a typical treatment combination is denoted by an n x 1 vector
x over GF(s). Also, an s"~* design is given by d(B) = {z : Bx = 0}, where
B is a k x n matrix, of full row rank, over GF(s). Suppose it is desired to
conduct the experiment in s” blocks, each of size s"7*~" where k 4+ r < n.
This can be achieved as follows. Let By be another matrix, of order » x n and
defined over GF(s), such that

rank (;) =k+r, (7.2.1)

and let A, be the set of r x 1 vectors over GF(s). Index the s” blocks by the s"
vectors in A,. For any A € A, place the treatment combinations = satisfying

Bx =0, Bz =), (7.2.2)

in the block indexed by A. The first equation in (7.2.2) dictates the treatment
combinations included in the experiment, while the second equation dictates
their allocation to the blocks. For s = 2, any pattern of plus and minus
signs, as considered in Example 7.1.1, corresponds to some A. By (7.2.1), the
(k+r) x n matrix (B" Bj))’ has full row rank. Hence from (7.2.2), it is easy to
see that each block has the desired size s"~*~"; cf. Lemma 2.3.1. Thus (7.2.2)
defines an s"~* design in s” blocks of equal size, or briefly, an (s"~*,s") block
design, which will be denoted by d(B, By).

Example 7.2.1. Let s =2, n =06, k =2, r = 2. With

111010 101100
b= 011101]’30_[110100’ (7.2:3)

the rank condition (7.2.1) holds. Consider, for instance, the block indexed by
(1,1)". By (7.2.2) and (7.2.3), this block consists of treatment combinations
x = (x1,...,26)" that satisfy

T+ x4+ x3+25 =0, zo+ax3+ 24+ 26 =0,

and
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r1+ax3+as=1 x1+x9+ 24 =1.

It is easily seen that these treatment combinations are (0,1,1,0,0,0)’, (0,0,0, 1,
0,1), (1,0,0,0,1,0)', and (1,1,1,1,1,1)". Similarly, the blocks indexed by
(0,0), (0,1), and (1,0)" are given by

{(0,0,0,0,0,0),(0,1,1,1,0,1)",(1,1,1,0,1,0)", (1,0,0,1,1,1)"},

{(1,1,0,1,0,0),(1,0,1,0,0,1)",(0,0,1,1,1,0),(0,1,0,0,1,1)'},
and

{(1,0,1,1,0,0),(1,1,0,0,0,1)",(0,1,0,1,1,0),(0,0,1,0,1,1)'},

respectively. O
Example 7.2.2. Let s=3, n=4, k=1, r = 2. With

1100
B[1111],Bo{1010], (7.2.4)
the rank condition (7.2.1) holds. As before, the block indexed by (2,2)’ consists

of treatment combinations x = (x1,...,24)" that satisfy

r1+axo+x3+x4=0, x14+x22=2, 21+ 73=2.

Thus this block is given by {(0,2,2,2)’,(1,1,1,0)’,(2,0,0,1)’'}. Similarly, the
other blocks can be obtained. O

The concepts of defining pencil and aliasing in the (s”~%, s") block design
d(B, By) are the same as those in the s"~* design d(B). In other words, a
defining pencil of d(B) is also a defining pencil of d(B, By), whereas pencils
that are aliases of each other in d(B) remain so in d(B, By). As in Section
2.4, no treatment contrast belonging to any defining pencil is estimable in
d(B, Bp). We now examine the status of d(B, By) relative to the estimation
of the other pencils, taking cognizance of the block effects. Recall that these
pencils are grouped into alias sets.

Consider any alias set A of d(B), or equivalently, of d(B, By). For any
pencil b € A, following (2.4.16), define the sets

Vi(b,B) ={z:Vz=a; and Bx =0}, 0<j <s—1, (7.2.5)

where «g, a1, ..., as_1 are the elements of GF(s). As noted in Remark 2.4.1,
V;(b, B) has cardinality s" %=1 for every j. Let R(-) denote the row space of
a matrix. Then one gets the following result, which is useful in the sequel.
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Lemma 7.2.1. (a) Either

b e R(]f) — R(B) for everybe A (7.2.6)
0
or 5
b ¢ R(B ) for every b € A. (7.2.7)
0

(b) If (7.2.6) holds, then for every b € A, each block of d(B, By) is contained
in one of the sets V;(b,B) (0 < j<s—1).

(c)If (7.2.7) holds, then for every b € A and every j (0 < j < s —1), each
block of d(B, By) intersects V;(b, B) in s"~k="=1 treatment combinations.

Proof.

(a) Consider any two pencils in .A. Then

(b—b") € R(B), (7.2.8)

for some representations b and b* of these pencils; cf.(2.4.9). Since b is not
a defining pencil, it does not belong to R(B). Therefore, b must satisfy
(7.2.6) or (7.2.7). Similarly, b* also satisfies (7.2.6) or (7.2.7). Again, by
(7.2.8), b satisfies (7.2.6) if and only if so does b*. This proves (a).

(b) If (7.2.6) holds, then for every b € A, it is evident from (7.2.2) that b’z
remains the same for all treatment combinations x in the same block. Since
these treatment combinations also satisfy Bz = 0, (b) follows from (7.2.5).

(c) If (7.2.7) holds, then by (7.2.1), the (k +r + 1) x n matrix (B’ Bj, b)’ has
full row rank for every b € A. Hence (c) is immediate from (7.2.2) and
(7.2.5). O

Consider now any treatment contrast L belonging to a pencil b in the
alias set A. Following (2.4.18), the part of L that involves only the treatment
combinations in d(B, By) is of the form

L(B):le{ 3 T(g;)}, (7.2.9)

i=0  zeV;(b,B)

where 7(z) is the effect of the treatment combination x and ly, 1, ...,ls—1 are
real numbers, not all zero, satisfying

lo+li+---+1ls_1=0. (7.2.10)

If (7.2.6) holds, then by Lemma 7.2.1(b), every block is contained in one of the
sets Vj(b, B). Consequently, by (7.2.9), the expectation of the observational
contrast corresponding to L(B) involves the block effects, and this vitiates
the estimation of L(B). On the other hand, if (7.2.7) holds, then by Lemma
7.2.1(c), every block has s"*~"~1 treatment combinations in common with
V;j(b,B), 0 < j < s — 1. Therefore, by (7.2.9) and (7.2.10), the block effects
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cancel out in the expectation of the observational contrast corresponding to
L(B), i.e., this contrast estimates L(B) even in the presence of the block
effects. From the points just noted, the following facts are evident:

(I) If (7.2.6) holds for any alias set A, then no treatment contrast belonging
to any pencil in A remains estimable in d(B, Bg) under the presence of
block effects. In this sense, the alias set A, as well as all pencils therein,
are said to be confounded with blocks.

(IDIf (7.2.7) holds for any alias set A, then Theorem 2.4.2 is applicable to A
even in the presence of block effects, i.e., any pencil b € A is estimable in
d(B, By) if and only if all other pencils in A are ignorable. In this sense, the
alias set A, as well as all pencils therein, are said to remain unconfounded
with blocks.

It is easy to see that there are (s" — 1)/(s — 1) alias sets that satisfy (7.2.6)
and hence are confounded with blocks. Since there are (s" =% —1)/(s—1) alias
sets altogether, this leaves (s" ™% — s")/(s — 1) alias sets that satisfy (7.2.7)
and hence remain unconfounded.

Example 7.2.2 (continued). Here s = 3, » = 2. Thus there are four alias
sets that are confounded with blocks. By (7.2.4) and (7.2.6), these are

{(17 170’ 0),’ (O) 07 17 1)/7 (1’ 17 27 2)/}’ {(1’ 0’ 17 O)/’ (07 170’ 1),’ (17 27 17 2)/}7

{(07 17 27 0),’ (1’ 2707 1)/7 (1’ 07 27 1)/}’ {(17 0’ 07 2)/’ (07 17 17 2),’ (17 27 270)/}'

None of the above alias sets contains a main effect pencil, i.e., all alias sets
containing main effect pencils satisfy (7.2.7). Also, from (7.2.4) it is easily seen
that no main effect pencil is aliased with another pencil involving fewer than
three factors. Therefore, by (II) above, every main effect pencil is estimable
in this block design when interactions involving three or more factors are
absent. (]

We now indicate an extension of the concept of resolution to block designs.
With reference to a block design d(B, By), let R be the minimum number of
nonzero entries in any defining pencil. Also, let 8+ 1 be the minimum number
of nonzero entries in any pencil that is confounded with blocks, i.e., satisfies
(7.2.6). If there are no blocks, then the resolution of a design is given by R.
In the same spirit, Mukerjee and Wu (1999) defined the resolution of a block
design d(B, By) as R*, where

B — { min(R,20 + 1), if R is odd, (7.2.11)

min(R, 20 + 2), if R is even.

If R* < 2 then either R < 2 or § = 0, i.e., either the (unblocked) design
d(B) has resolution at most two or a main effect pencil is confounded with
blocks in d(B, By). Thus a block design of resolution one or two fails to ensure
the estimability of all treatment contrasts belonging to the main effects even
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under the absence of all interactions. Hence we focus on designs of resolution
three or higher. Note that the concept of estimability order in Section 7.1
cannot be extended here because a pencil is no longer estimable merely if it is
unconfounded with blocks; as seen in (II) above, the status of its aliases also
plays a role in this regard.

The following result, analogous to Theorem 2.5.1, is not hard to deduce
from the fact (II) above using the same arguments as in Theorem 2.4.3.

Theorem 7.2.1. An (s"7F,s") block design of resolution R*(> 3) keeps all
treatment contrasts belonging to factorial effects involving f or fewer factors
estimable under the absence of all factorial effects involving R* — f or more
factors, whenever f satisfies 1 < f < %(R* —1).

Theorem 7.2.1 provides further justification for (7.2.11). For the block
design in Example 7.2.2, R = 4, and one can check that § = 1. Thus R* = 4,
and from Theorem 7.2.1 it is clear why every main effect pencil is estimable in
this design under the absence of interactions involving three or more factors.

7.3 A Projective Geometric Formulation

As with s” % designs, a projective geometric formulation facilitates the study
and tabulation of block designs. Following Mukerjee and Wu (1999) and Chen
and Cheng (1999), the formulation is given in Theorem 7.3.1 below. This
extends Theorem 2.7.1 to the present setup. Given any nonempty set of points
Q of a finite projective geometry, we continue to write V(Q) for the matrix
with columns given by the points of Q.

Definition 7.3.1. An ordered pair of subsets (Tp,T) of PG(n — k —1,s) is
called an (r—1,n) blocking pair if (a) Ty is an (r—1)-flat, (b) T has cardinality
n, (c) To and T are disjoint, and (d) V(T) has full row rank.

Theorem 7.3.1. Given any (s"%,s") block design d(B,By) of resolution
three or higher, there exists an (r — 1,n) blocking pair of subsets (To,T) of
PG(n—k —1,s) such that

(a) for every A € A,., a treatment combination x appears in the block, indexed
by A\, of d(B, Bo) if and only if

=EV(T) and N =¢&V(Ty), (7.3.1)

for some (n — k) x 1 vector & over GF(s), where T§ is a set of v linearly
independent points of Tp,

(b) any pencil b is a defining pencil of d(B, By) if and only if V(T)b =0,

(c¢) any two pencils are aliased with each other in d(B,By) if and only if
V(T)(b—b*) =0 for some representations b and b* of these pencils,



7.3 A Projective Geometric Formulation 159

(d) any pencil b that is not a defining pencil is confounded with blocks in
d(B, By) if and only if V(T)b is nonnull and proportional to some point
Of To.

Conversely, given any (r — 1,n) blocking pair of subsets (T, T) of PG(n —
k —1,s), there exists an (s"~F,s") block design d(B, By) of resolution three
or higher such that (a)-(d) hold.

Proof. Consider an (s"~* s") block design d(B, By) of resolution three or
higher. Since the k x n matrix B has full row rank, there exists an (n —k) xn
matrix G, defined over GF'(s), such that

rank(G) =n—k and BG =0, (7.3.2)

i.e., the row spaces of B and G are orthogonal complements of each other.
Define the (n — k) x r matrix

Go = GB). (7.3.3)
The following facts now emerge:

(i) no two columns of G are linearly dependent,
(ii) the r columns of G are linearly independent,
(iii)no column of G is spanned by the columns of Gy.

As in Theorem 2.7.1, fact (i) is obvious from (7.3.2) because d(B, By) has
resolution three or higher. In Exercises 7.6 and 7.7, the reader is asked to
verify (ii) and (iii).

By (i), the n columns of G represent points of PG(n — k — 1,s). Let T
be the set of these n points. Similarly, by (ii), the r columns of Gy represent
linearly independent points of PG(n — k — 1,s). Let T be the set of these
r points and Ty be the (r — 1)-flat generated by the points of Tg. Then by
(iii), To and T are disjoint, and by (7.3.2), V(T') = G has full row rank. Hence
(Tb,T) is an (r — 1,n) blocking pair of subsets of PG(n — k — 1, s).

With Ty, T, and T as above, it is not hard to verify (a)—(d). While (b)
and (c) are evident from (7.3.2), we ask the reader to verify (a) and (d) in
Exercises 7.8 and 7.9.

The converse can be proved by reversing the above steps. (I

To illustrate Theorem 7.3.1, we revisit the block design in Example 7.2.1.
It can be seen that the design has resolution four. The matrices B and By for
this design are shown in (7.2.3). Hence

G:

SO O =
SO = O
o= OO
_ o oo
O = =
e =)

satisfies (7.3.2), and by (7.3.3),
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!
1011
GO_{llOl]

The columns of G and Gg represent the points of T and T respectively.
Therefore, Tp = {(1,0,1,1)’,(1,1,0,1),(0,1,1,0)'}, and (Tp,T) is an (r—1,n)
blocking pair of subsets, with » = 2, n = 6. We now verify Theorem 7.3.1(a)
for the block indexed by (1,1)". Since V(T§) = Go, with A = (1,1)’, the
solutions of the second equation in (7.3.1) for & are (0,1,1,0), (0,0,0,1),
(1,0,0,0), and (1,1,1,1)". Since V(T') = G, the first equation in (7.3.1) now
shows that this block consists of the treatment combinations (0, 1,1,0,0,0)’,
(0,0,0,1,0,1), (1,0,0,0,1,0)', and (1,1,1,1,1,1)". This agrees with what was
noted earlier in Example 7.2.1 directly from (7.2.2). Similarly, with Tp, Ti,
and T as above, one can verify (a) for the other blocks, as well as (b)—(d).

Considering the cardinalities of Ty and T, it follows from Theorem 7.3.1
that given s, n, k, and r, an (s”‘k,sT) block design of resolution three or
higher exists if and only if

s"—1 snhk—1 . n—k

S_1+n§ ST e s +n(s—1) <s"" (7.3.4)
Observe that with m = n —k, (7.3.4) is the same as the corresponding condi-
tion in Section 6.3 in the context of an s™-run design for an (s”) x s™ factorial.
Indeed, (7.3.1) suggests that in an (s"~*, s") block design, one can identify the
blocks with the levels of an s"-level factor and thus the block design formally
corresponds to an s”~*-run design for an (s”) x s” factorial. However, there is
one major difference between the two settings. Whereas the s"-level factor is
itself of interest in Section 6.3, no such interest lies here in the block effects.
Consequently, as will be seen in the next section, the design criteria for block
designs are different from those in the last chapter.

Given an s"~* design d(B) of resolution at least three, Theorem 7.3.1
can be employed to find the mazimum possible blocking of d(B) so that the
resulting block design also has resolution three or higher. This can be done in
two steps:

(i) Following Theorem 2.7.1, represent d(B) by a set T' of n points of PG(n—
k —1,s) such that V(T) has full row rank.

(ii) Given T, find the largest r such that the complement of 7" in PG(n — k —
1, s) contains an (r — 1)-flat, say Ty. Then (T, T) is an (r — 1, n) blocking
pair of subsets. The block design corresponding to (7p,7'), as envisaged

in Theorem 7.3.1, has resolution three or higher and gives a maximum
possible blocking of d(B).

The following example is from Mukerjee and Wu (1999), who addressed the
issue of maximum blocking in some detail.

Example 7.3.1. Let s = 2, £ = 1, and to avoid trivialities, suppose n > 4.
Then (7.3.4) yields
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r<n-—2. (7.3.5)

Let Ty be the (n — 3)-flat of PG(n — 2,2) consisting of the points whose
coordinates add up to zero, e.g., Tp = {(1,1,0)’,(1,0,1)’,(0,1,1)'} for n = 4.
The 27! design d*) with the highest resolution n is represented by the set
of points T = {ey,...,e,_1,y} of PG(n —2,2), where ey,...,e,_1 are the
unit vectors, of order n — 1, over GF'(2), and y = e1 +-- -+ e,-1. If n is even,
then Ty and T™) are disjoint. Since Ty is an (n — 3)-flat, it follows that the
bound (7.3.5) is then attainable for dW, i.e., for evenn, d) can be partitioned
into 22 blocks so that the resulting block design continues to have resolution
three or higher.

For odd n, however, y € Ty, i.e., Ty and T™W are no longer disjoint.
Nevertheless, suppose the complement of T in PG(n — 2,2) contains an
(n—3)-flat, say T . Clearly, then the points of T, in conjunction with y(¢ T),
span PG(n — 2,2). This implies that e; = y + ¢;, 1 < i < n — 1, for some
qiy---3Gn_1 € T. Since n is odd, the n — 1 points ¢;(=e; +y), 1 <i<n—1,
are linearly independent. But this is impossible because they belong to an
(n — 3)-flat. Hence for odd n, dY) cannot be partitioned into 2”2 blocks so
that the resulting block design still has resolution three or higher. In this case,
however, it is possible to partition d() into 2”3 blocks so that the resulting
block design has the desired resolution. To see this, consider the (n—4)-flat T
consisting of the points of PG(n — 2,2) whose last coordinate is zero and all
other coordinates add up to zero, and observe that T, and T (1) are disjoint.

Interestingly, for odd n, the bound (7.3.5) can be attained for the 27!
design d® with the second highest resolution n — 1. This happens because
d® is represented by the set T = {e1,...,en_1,€1 + -+ en_s}, and Tp
and T are disjoint for odd n. O

7.4 Design Criteria

From now on, we consider only block designs of resolution three or higher,
i.e., the condition (7.3.4) is supposed to hold. By Theorem 7.3.1, any such
design is equivalent to a blocking pair of subsets (Tp,T) such that (a)—(d)
of the theorem are met. Thus the design itself may be denoted by d(Tp,T).
Given a block design d = d(Ty,T), for 1 < i < n, let A;(d) denote the number
of (distinct) defining pencils with ¢ nonzero entries; also, let A¥(d) denote
the number of (distinct) pencils, with 4 nonzero entries, that are not defining
pencils but confounded with blocks. Thus one gets two wordlength patterns

and
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W*(d) = (A1(d), A5(d), A3(d), .. ., AL (d)),

where A;(d) = Ax(d) = Aj(d) = 0, since the design has resolution three or
higher. Note that A}(d) is the natural counterpart of §;(d) of Section 7.1 in
the present context.

Under the effect hierarchy principle, a good design aims at keeping A;(d)
and A (d) small for smaller values of 7. To that effect, as in Section 2.5, one can
define an MA criterion separately with respect to either W(d) or W*(d). The
resulting designs are called MA(W) or MA(W*) designs respectively. Quite
often, however, there is no single design that is both MA (W) and MA(W™).
Example 7.4.1 below illustrates this point. Along the lines of the previous
chapters, in what follows, two (s"~*, s") block designs d(Ty1, T} ) and d(Tyz, T»)
are called isomorphic if there exists a nonsingular transformation that maps
each point of T; to some point of Ty up to proportionality, and each point of
T1 to some point of T3 up to proportionality. From Theorem 7.3.1, it is evident
that isomorphic designs have the same W (d) as well as the same W*(d).

Example 7.4.1. Let s =3, n =4, k =r = 1. Up to isomorphism, there are
five block designs. These are d; = d(Tp;, T;), 1 <1i <5, where

T =T, ={1,2,3,123}, T3=T,=T5=1{1,2,3,12},

Tor = {122}, Tpo = {12}, Toz = {1223}, Tos = {13}, Tos = {122},

using the compact notation for the points of a finite projective geometry. From
Theorem 7.3.1(b) and (d), one can check that

W(dy) =(0,0,0,1), W*(dy) = (0,1,2,0),
W(dQ) - (070707 1)3 W*(dZ) = (07 2,0, 1)7
W(d3) = (0707170)a W*(dB) = (07073a0)7
W(dy) = (0,0,1,0), W*(dy4) =(0,1,1,1),
W(ds) = (0,0,1,0), W*(ds) = (0,3,0,0).

Thus d; and dy are the MA (W) designs, while d3 is the MA(W™*) design. No
design has MA with respect to both W (d) and W*(d). O

Examples similar to the above abound. Hence it is unrealistic to look for a
design that is both MA(W) and MA(W*). As a way out, Sun, Wu, and Chen
(1997) and Mukerjee and Wu, (1999) considered the concept of admissibility.

Definition 7.4.1. Given s, n,k, and r, a block design d is said to be admissible
if there exists no other block design d' that is at least as good as d with respect
to one ofthe two wordlength patterns and better than d with respect to the
other, i.e., with reference to (i)—(iv) below, neither (i) and (iv) hold, nor (ii)
and (iii) hold, nor (iii) and (iv) hold.

(i) A;(d') = A;(d), 1 <i<my
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(i) A7(d') = A7(d), 1 <i<m;

(iil) there existsa positive integer u such that A;(d") =A;(d) for i < u, and
Ay (d') < Ay (d);

(iv) there exists a positive integer u* suchthat Af(d') =A% (d) fori < u*, and
A% (d) < A% (d).

The only admissible designs in Example 7.4.1 are dy and ds. A comparison
with d; shows that ds is inadmissible. Similarly, the inadmissibility of d4 and
ds follows from comparison with ds.

Theorem 7.4.1 below gives a simple sufficient condition for admissibility
as defined above. Consider an (s"*, s") block design d(Tp, T), where (Tp, T)
is an (r — 1,n) blocking pair of subsets of PG(n — k —1,s). Let

st —1 st —1

s—1 tn, K= s—1
Then N — K = n—k, and ToUT is a set of N points of PG(N — K —1,s). Also,
V(ToUT), like V(T), has full row rank. Therefore, by Theorem 2.7.1, To UT
represents an s~ design (with no blocks) of resolution three or higher.

N = + k.

Theorem 7.4.1. An (s"~% s") block design d(Ty,T) is admissible in the
sense of Definition 7.4.1 if To UT represents an sN 5 design with minimum
aberration.

The proof of the above theorem is available in Mukerjee and Wu (1999)
and omitted here. The reader may verify that in Example 7.4.1, the designs
dy and d3 satisfy the condition of Theorem 7.4.1, while the other designs do
not. It is particularly easy to apply this theorem in the nearly saturated cases,
where

N—-K _ 1 n—k r

S
= N (74.1)

is small, and consideration of complementary sets facilitates the understanding
of the sN =K design represented by Ty U T.

Example 7.4.2. (a) Let s =2, n =8, k =4, r = 2. Consider an (r — 1,n)
blocking pair of subsets (Tp,T'), where

To={1,2,12}, T ={23,123,14,24,124,134,234, 1234}.

Here N = 11, K = 7, f = 4, and the complement of Ty UT in PG(3,2) is
T = {3,4,34,13}. From Table 3.1 with f = 4, it is now clear that the 217
design represented by Top UT has MA. Hence by Theorem 7.4.1, the (2874, 22)
block design d(Tp,T') is admissible.

(b) Let s =3, n =6, k =3, r = 2. Consider an (r — 1,n) blocking pair of
subsets (Tp, T'), where

Ty = {1,2,12,12%}, T = {23,23% 123,123%,1223,1223%}.
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Here N = 10, K = 7, f = 3, and the complement of Ty UT in PG(2,3)is T =
{3,13,132}. Hence Theorem 4.4.1 shows that the 3'°~7 design represented
by To UT has MA. Therefore, by Theorem 7.4.1, the (35=3,3%) block design
d(Ty,T) is admissible. O

In the spirit of the previous chapters, the wordlength patterns of a block
design can be expressed in terms of the complementary set T as considered
in the last example. From Theorem 7.3.1(b) and (d), observe that for an
(s"* s™) block design d = d(Tp, T),

A,(d) = Gi(T), A;k (d) = Hi(To,T), 1 S 1 S n, (742)

with G;(T) and H;(Ty, T) as in (6.3.6) and (6.3.7). Let T be the complement
of ToUT in PG(n—k —1,s). Then by Lemma 6.3.3(a) and Lemma 6.3.4(a),

As(d) = G5(T) = constant — G5(Tp U T) = constant — Gs(T') — Hy(Ty, T),
(7.4.3)

A5(d) = Hy(Ty, T) = constant + G3(To UT) — G35(T)
= constant — G5(T) + G3(Ty UT) = constant + Ho(Tp, T).  (7.4.4)

Incidentally, Lemma 6.3.3 was stated in the last chapter with reference to a
particular (r — 1)-flat and a set @, but it holds generally for any (r — 1)-flat
Tp as long as Q and Tp are disjoint. If V(T ) has full row rank, then (Ty,T)
is an (r — 1, f) blocking pair and d = d(Tp,T) is an (s/ %", s") block design,
where k* = f — (n — k) and f is as in (7.4.1). In this case, using (7.4.2), one
can express (7.4.3) and (7.4.4) as

Ag(d) = constant — Ag(d) — Aj(d), (7.4.5)

and

Aj(d) = constant + Aj(d), (7.4.6)

respectively. Note that d may be regarded as the complementary design of d.
The constants in (7.4.3)—(7.4.6) may depend on s, n, k, and r, but not on
the particular choice of (Tp, T'). Counterparts of (7.4.5) and (7.4.6) for A4(d)
and A%(d) can be obtained with a little more algebra using (7.4.2) and part
(b) of Lemmas 6.3.3 and 6.3.4, in conjunction with part (a) of these lemmas.
The corresponding expressions for general A;(d) and A} (d) are, of course,
more involved. For two-level factorials, these are available in Chen and Cheng
(1999), who employed a coding-theoretic approach akin to that in Chapter 4.
For two-level factorials, Chen and Cheng (1999) proposed a design criterion
that combines the two wordlength patterns W (d) and W*(d), and then applies
the MA criterion to the combined wordlength pattern. Since A;(d) = As(d) =
Aj(d) = 0, in essence, their criterion calls for sequential minimization of

AF™P(d) = 3A3(d) + A3(d), AF™(d) = As(d), AL™(d) = 1045(d) + A3(d),
(7.4.7)
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and so on. This was motivated by consideration of estimation capacity as
applied to block designs. For instance, analogously to Theorem 5.1.2; Chen
and Cheng (1999) noted that there are (%) — AS°™"(d) two-factor interactions
(2fi’s) that are neither aliased with main effects nor confounded with blocks,
and that these 2fi’s tend to be uniformly distributed over the relevant alias
sets when A$P™P(d) is small. If A™P(d) = A$P™P(d) = 0, then no 2fi is
confounded with blocks or aliased with either any main effect or another 2fi.
They further observed that in this situation Ag°™P(d) equals the number of
three-factor interactions that are aliased with lower-order factorial effects or
confounded with blocks.

The next example illustrates the use of complementary sets in exploring
the MA criterion based on (7.4.7). We refer to Cheng and Mukerjee (2001) for
results on the estimation capacity of block designs, and to Cheng and Tang
(2005) for discussion on some variations of (7.4.7) from other perspectives.

Example 7.4.3. Let s =2, n =9, k =5, r = 2. Up to isomorphism, there
are four block designs, which correspond to

(a) Tp={1,2,12}, T ={3,13,23},
(b) Tp={1,2,12}, T ={3,4,34},
(c) Tp={1,2,12}, T ={3,4,13},
(d) Tp={1,2,12}, T = {3,4,134},

where T is the complement of Ty U T in PG(3,2). By (7.4.3), (7.4.4), and
(7.4.7), minimization of A$°™P(d) is equivalent to maximization of 3G3(T) +
2H5(Ty,T). Now, for (a)—(d) above, the pair (G3(T'), H2(Tp, T)) equals (0, 3),
(1, 0), (0, 1), and (0, 0) respectively. Thus, up to isomorphism, the design in
(a) uniquely minimizes AS°™P(d). Hence this is the MA design with respect
to the combined wordlength pattern considered in (7.4.7). O
While Chen and Cheng (1999) suggested combining W(d) and W*(d),
criteria based on interpenetration of the two wordlength patterns have also
been proposed in the literature. Sitter, Chen, and Feder (1997) considered the
interpenetration
Wit (4) = (As(d), A3(d), As(d), A3(d), As(d), A5(d),...).  (748)
On the other hand, Cheng and Wu (2002) considered
Wi () = (As(d), Aa(d), A3(d), As(d), Ao(d), A3(d), Ar(d),...)  (7.4.9)

and

Wi (d) = (As(d), A5 (d), Aa(d), As(d), A5 (d), Ag(d), A7(d),...).  (7.4.10)

int
Chen and Cheng (1999) also mentioned (7.4.10). The MA criterion can be ap-
plied as usual to any of (7.4.8)—(7.4.10). In each of the three criteria, the order-
ing of A;(d) for i > 3 and of A} (d) for i > 2 follows from the usual effect hierar-
chy principle. Where to insert an A (d) within the sequence (As(d), A4(d),...)
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will depend on a construal of the effect hierarchy principle for block designs.
Consider, for example, the justification for Wift)(d). Note that any pencil con-
tributing to A4(d) entails three pairs of aliased 2fi pencils, while any pencil
contributing to A3(d) entails the confounding of one 2fi pencil with blocks.
From this perspective, A4(d) is more serious than A%(d). A similar argument
justifies viewing Ag(d) more seriously than A%(d). Again, A%(d) is more serious
than As(d) because the latter does not entail the aliasing of any 2fi pencil with
main effect pencils or other 2fi pencils. A similar argument justifies viewing
A3%(d) more seriously than A7(d). On the other hand, in Wi(nlt) (d) and Wi(nst) (d),
A3(d) is considered to be more serious than A4(d) from a different viewpoint.
Details can be found in the three papers cited above.

It is not hard to verify that an MA design arising from any of (7.4.7)—
(7.4.10) is admissible in the sense of Definition 7.4.1. Do these approaches for
combining or interpenetrating W(d) and W*(d) lead to the same MA design?
This happens in Example 7.4.3, where the design in (a), which was earlier
seen to enjoy the MA property with respect to (7.4.7), uniquely maximizes
Gs(T) + Hy(Ty,T). By (7.4.3), therefore, it uniquely minimizes As(d) and
hence is the MA design with respect to (7.4.8)—(7.4.10) as well. However,
there are plenty of examples showing that this is not the case in general. One
such example is indicated in Exercise 7.12.

7.5 Description and Use of Block Design Tables

Tables of admissible block designs for s = 2 and 3 are presented in the ap-
pendix of this chapter. These tables are adapted from Sun, Wu, and Chen
(1997) and Cheng and Wu (2002). Following these authors, a more elaborate
definition of admissibility is adopted in the tables by bringing in the C'1 and
C?2 criteria in addition to W (d) and W*(d), where C1 and C2 are the num-
bers of clear main effect and 2fi pencils respectively. In the spirit of Section
3.4, a main effect or 2fi pencil is called clear if it is neither confounded with
blocks nor aliased with any other main effect or 2fi pencil. Notice that unlike
in Section 4.5, C'2 here refers to 2fi pencils rather than the 2fi’s themselves.
This change is imperative for borrowing the three-level block design tables
from Cheng and Wu (2002).

A good design should aim at keeping C'1 and C2 large in addition to
achieving less aberration with respect to W(d) and W*(d). From this view-
point, a block design d; is now called admissible if there exists no other block
design dy that is at least as good as dy with respect to each of W(d), W*(d),
C1, and C2, and better than d; with respect to one or more of these four
criteria.

For illustration, we revisit Example 7.4.1. For the designs d;,...,ds in
this example, the pair (C1,C2) equals (4,5), (4,6), (1,6), (1,5), and (1,6)
respectively. From this, together with the wordlength patterns for dy,...,ds
in Example 7.4.1, it is evident that dy, d2, and d3 are admissible according to
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the above definition. Recall that d; and d3 were earlier seen to be admissible
according to Definition 7.4.1. Consideration of C'1 and C2 in addition to W (d)
and W*(d) leads to the admissibility of dy as well, because dz has higher C2
than d; and higher C1 than ds, dy, ds.

Six tables of admissible block designs are presented in the appendix of this
chapter. Tables 7TA.1-7TA 4 give 16-, 32-, 64-, and 128-run designs for s = 2.
Tables 7TA.5 and 7TA.6 give 27- and 81-run designs for s = 3. Table TA.5 is
complete, i.e., it lists all nonisomorphic admissible block designs with 27 runs.
The cases n = 11,12 are omitted in Table 7TA.5 since the designs are unique
up to isomorphism. The other tables display selected admissible designs.

Designs of resolution three or higher are considered in Tables 7A.1-7A.6.
Accordingly, any design is described via an (r — 1,n) blocking pair of subsets
(T, T) of PG(n — k —1,s). Given n, k, and r, the ith admissible design in
any table is denoted by n — k/Br.i, where B signifies that it is a block design.
As with the design tables in Chapters 3 and 4, T' is supposed to contain
the independent points 1,2,...,m of PG(n — k — 1,s), where m = n — k,
and only the additional k& points of T are shown in the tables under the
column heading T,4q. Also, only r independent points of Ty are displayed
under the column heading 7. For ease in presentation, the points of the
finite projective geometry are indicated in the tables via their serial numbers,
the numbering schemes for the two- and three-level designs being as in Tables
3A.1 and 4A.1 respectively. Against each tabulated design, the wordlength
patterns W(d) and W*(d) as well as C1 and C2 are displayed. Since A;(d) =
As(d) = Aj(d) = 0 for each design, we show As(d),..., An(d) under W(d)
and A3(d),..., Ak (d) under W*(d). Use of the design tables is illustrated in
the following example.

Example 7.5.1. Let s =3, n =4, k =r = 1. Table 7A.5 lists three noniso-
morphic admissible block designs, namely 4-1/B1.1, 4-1/B1.2, and 4-1/B1.3.
Consider 4-1/B1.1. For this design, the columns T,qq4 and T show the points
with serial numbers 8 and 4 respectively. The numbering scheme displayed in
Table 4A.1 identifies these points as 123 and 122. Since T also contains the
independent points 1,2,3 of PG(2,3), it follows that T = {1,2,3,123} and
To = {122} for this design. Thus 4-1/B1.1 is the same as d; considered in
Example 7.4.1. Similarly, 4-1/B1.2 and 4-1/B1.3 are the same as d» and d3
respectively in that example. This agrees with what was noted earlier in this
section about dy, do, and ds. O

Exercises

7.1 Obtain all the blocks in Example 7.2.2.

7.2 In Example 7.2.1, obtain the alias sets that are confounded with blocks.
7.3 Show that there are (s” — 1)/(s — 1) alias sets that satisfy (7.2.6).

7.4 Show that the block design in Example 7.2.1 has resolution four.
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7.5
7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14
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Prove Theorem 7.2.1.

Refer to the proof of Theorem 7.3.1. Suppose a column of G is spanned
by the columns of Gy.

(a) From (7.3.3), observe that G(e — B}dp) = 0, where § is some r x 1
vector and e is an n X 1 unit vector, both over GF(s).

(b) Use (7.3.2) to conclude that

B
e e R( )
By

Argue that this is impossible in view of (7.2.6) since e represents a main
effect pencil and d(B, By) has resolution three or higher. Hence infer the
truth of fact (iii) in the proof.

Refer again to the proof of Theorem 7.3.1. Use (7.2.1) and arguments
similar to those in Exercise 7.6 to establish fact (ii) in the proof.

In order to verify Theorem 7.3.1(a), it suffices to show that (7.2.2) and
(7.3.1) are equivalent. Establish this using (7.3.2), (7.3.3), and the facts
that V(T) = G and V(T§) = Gp.

Observe that any pencil b satisfies (7.2.6) if and only if b = B'6 + B{do,
for some vectors 6 and g such that dp # 0. Hence use (7.3.2) and (7.3.3)
to verify Theorem 7.3.1(d).

For the block design in Example 7.2.2, obtain the sets Ty and T as
envisaged in Theorem 7.3.1 and verify, from first principles, (a)—(d) of
the theorem.

For s > 3 and n > 3, consider any sn—1 design of resolution three or
higher.

(a) Show that the design is represented, up to isomorphism, by a set of
points T'={ey,...,en—1,y} of PG(n —2,s), where ey, ...,e,_1 are the
unit vectors of order n — 1 over GF(s), and y = (y1,...,Yn—1)" is some
other point.

(b) Without loss of generality, suppose y; # 0. Because s > 3, there
exists a(# 0) € GF(s) such that o # 37 *(y2 + --- 4 Yn_1). Show that
the n — 2 points e; + ae;, 2 < i < n — 1, are linearly independent.

(¢) Show that the (n — 3)-flat spanned by the n — 2 points in (b) does
not intersect T'. Hence conclude that the s”~! design can be partitioned
into s"~2 blocks such that the resulting block design also has resolution
three or higher.

Enumerate, up to isomorphism, all (25~1,2!) block designs of resolution
three or higher. Verify that none of these designs has MA with respect
to both W(d) and W*(d). Identify the admissible designs in the sense
of Definition 7.4.1. Show that the same MA design does not arise from
each of (7.4.7)—(7.4.10).

Verify that the designs d; and d3 in Example 7.4.1 satisfy the condition
of Theorem 7.4.1.

Derive the counterparts of (7.4.5) and (7.4.6) for A4(d) and A%(d).



Table 7A.1 Selected two-level admissible block designs with

Appendix 7TA

Appendix 7TA Tables of Two- and Three-Level
Admissible Block Designs

16 runs
Design T.ad W(d) Ty W*(d) cl1 C2
5-1/B1.1 15 001 3 1100 5 9
51/Bl.2 7 010 11 0200 5 4
5-1/B1.3 3 100 13 0110 2 7
5-1/B2.1 15 001 35 3300 5 7
51/B2.2 7 010 13 14 2400 5 4
5-1/B2.3 3 100 515 2310 2 5
5-1/B3.1 7 010 91012 10040 5 0
6-2/B1.1 711 0300 13 04000 6 0
6-2/B1.2 313 1110 6 12100 3 5
6-2/B1.3 313 1110 5 21010 3 6
6-2/B14 35 2100 14 02200 1 5
6-2/B2.1 711 0300 13 14 38001 6 0
6-2/B2.2 313 1110 10 15 45210 3 4
6-2/B2.3 313 1110 59 63030 3 6
6-2/B3.1 711 0300 569 1501201 6 0
7-3/B1.1 71113 07000 14 070001 7 0
7-3/B1.2 3514 23200 9 142010 2 1
7-3/B1.3 3514 23200 10 222200 2 2
7-3/Bl4 3510 32110 12 133100 0 3
7-3/B1.5 3510 32110 6 231110 0 4
7-3/B1.6 359 33001 14 044000 0 0
7-3/B1.7 356 43000 15 034001 1 6

169
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Table 7A.1 (continued)

Design ~ Thaad W(d) Ty W*(d) cl1 C2
7-3/B2.1 71113 07000 35 9012030 7 0
7-3/B2.2 3514 23200 915 5104230 2 0
7-3/B2.3 3514 23200 1013 676401 2 2
7-3/B24 356 43000 914 584430 1 4
7-3/B3.1 71113 07000 359 21028070 7 0
8-4/B1.1 7111314 0140001 3 4080400 8 0
8-4/B1.2 35914 374010 15 1740310 1 0
8-4/B1.3 35914 374010 6 3344110 1 1
8-4/B14 356 15 464001 9 2444200 2 0
8-4/B1.5 3567 770010 9 1344310 1 6
8-4/B2.1 71113 14 0140001 35 1202401200 8 0
8-4/B2.2 35914 374010 610 991212330 1 1
8-4/B2.3 351012 454200 1113 714108720 0 0
8-4/B24 356 15 464001 914 812812800 2 0
8-4/B2,5 3569 552210 1013 7131010710 0 2
8-4/B3.1 71113 14 0140001 359 2805602800 8 0
9-5/B1.1 3591415 41480410 6 44884400 0 0
9-5/B1.2 35101215 6996001 6 37667300 0 0
9-5/B1.3 356914 61084210 15 28846400 0 0
9-5/B14 356910 7966300 13 27964310 0 0
9-5/B2.1 3591415 41480410 610 12122424121200 0 0
9-5/B2.2 35101215 6996001 611 921181821900 0 0
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Table 7A.2 Selected two-level admissible block designs with 32

runs
Design Toaa W(d) Ty W*(d) Ccl1 C2
6-1/B1.1 31 0001 7 02000 6 15
6-1/B1.2 15 0010 19 01100 6 15
6-1/B1.3 7 0100 27 00200 6 9
6-1/B2.1 31 0001 13 14 14100 6 14
6-1/B2.2 15 0010 21 22 13200 6 14
6-1/B2.3 7 0100 11 30 04200 6 9
6-1/B3.1 31 0001 212225 38300 6 12
6-1/B3.2 7 0100 131427 38201 6 8
6-1/B3.3 3 1000 152228 37301 3 9
6-1/B4.1 31 0001 35917 1501500 6 0
6-1/B4.2 7 0100 35917 1501401 6 0
7-2/B1.1 727 01200 13 022000 7 15
7-2/B12 711 03000 29 004000 7 6
7-2/B1.3 329 10110 14 022000 4 18
7-2/Bl4 313 11100 22 012100 4 12
7-2/B1.5 35 21000 30 002200 2 11
7-2/B2.1 727 01200 2130 164010 7T 14
7-2/B22 727 01200 1314 254001 7 15
7-2/B2.3 711 03000 1930 074001 7 6
7-2/B24 329 10110 2226 155100 4 17
7-2/B25 328 11001 1322 066000 4 12
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Table 7A.2 (continued)

Design Taad W(d) Ty W*(d) cl1 C2
7-2/B3.1 727 01200 142229 5126230 7 12
7-2/B3.2 725 02010 212228 5125420 7 8
7-2/B3.3 329 10110 182327 5117320 4 13
7-2/B4.1 725 02010 35917 21033060 7 0
7-2/B4.2 711 03000 35917 21032070 7 0
8-3/B1.1 71129 034000 19 0340010 8 13
8-3/Bl12 71119 060001 29 0080000 8 0
8-3/B1.3 71113 070000 30 0070001 8 7
8-3/Bl4 31322 123100 25 0331100 5 13
8-3/B15 3530 212200 15 0340010 3 18
8-3/B1.6 31221 212200 26 0242000 2 16
8-3/B2.1 71129 034000 1930 11080320 8§ 12
8-3/B22 71129 034000 59 6366030 8 13
8-3/B2.3 31322 123100 2528 2873310 5 13
8-3/B24 3530 212200 2325 18102120 3 17
8-3/B3.1 71129 034000 141718 8161112801 8 8
8-3/B3.2 71129 034000 182330 9121612340 8 10
8-3/B3.3 71129 034000 569 1561216160 8 13
8-3/B34 31322 123100 172631 717139820 5 10
8-3/B35 3530 212200 91518 7161410720 3 13
8-3/B3.6 31221 212200 102730 8141314601 2 14
8-3/B3.7 3524 310210 151820 7151412710 0 10
8-3/B4.1 71121 050200 35917 2806502601 8 0
8-3/B4.2 71119 060001 35917 2806402800 8 0
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Table 7A.2 (continued)

Design Tadd W(d) o W*(d) cl1 C2
9-4/B1.1 7111929 0680010 30 04800400 9 8
9-4/B1.2 7111330 0770001 17 13443100 9 14
9-4/B1.3 7111330 0770001 3 31441300 9 15
9-4/B14 7111314 01400010 19 04080400 9 8
9-4/B1.5 3132126 1562100 28 05522110 6 9
9-4/B1.6 3132125 1740300 30 03740110 6 12
9-4/B1.7 35930 3344100 15 05700310 2 15
9-4/B1.8 35631 4334001 9 13443100 3 20
9-4/B19 35631 4334001 7 35005300 3 21
9-4/B1.10 356 24 5304300 15 03740110 0 18
9-4/B2.1 7111929 0680010 530 481684800 9 8
9-4/B22 7111330 0770001 1731 3138813300 9 12
9-4/B2.3 7111330 0770001 1718 5712127500 9 13
9-4/B24 7111330 0770001 35 9312123900 9 15
9-4/B2.5 356 31 4334001 917 3912129300 3 18
9-4/B2.6 35631 4334001 914 5118811500 3 19
9-4/B3.1 7111929 0680010 5930 121632241216 00 9 8
9-4/B3.2 7111330 0770001 171820 13152828151300 9 11
9-4/B3.3 7111330 0770001 359 217282872100 9 15
9-4/B34 7112125 0906000 131431 927182721901 9 0
9-4/B3.5 7111319 01004010 252628 1024183218820 9 2
9-4/B3.6 35631 4334001 91418 923242423900 3 15
9-4/B4.1 7112125 0906000 35917 360117078090 9 0
9-4/B42 7111319 01004010 35917 360116080080 9 0
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Table 7A.3 Selected two-level admissible block designs with

64 runs
Design Toaa W(d) Ty W*(d) cl1 C2
7-1/B1.1 63 00001 7 011000 7 21
7-1/B1.2 31 00010 39 002000 7 21
7-1/B1.3 15 00100 51 001100 7 21
7-1/B14 7 01000 59 000200 7 15
7-1/B2.1 63 00001 725 033000 7 21
7-1/B2.2 31 00010 41 46 032100 7 21
7-1/B2.3 7 01000 27 45 006000 7 15
7-1/B3.1 63 00001 7 25 42 077000 7 21
7-1/B3.2 7 01000 30 45 56 076001 7 15
7-1/B4.1 63 00001 352440 699600 7 15
7-1/B4.2 31 00010 3122133 5127420 7 16
7-1/B4.3 15 00100 3524141 5127330 7 16
7-1/B5.1 31 00010 3591733 21035060 7 0
7-1/B5.2 7 01000 3591733 21034070 7 0
8-2/B1.1 1551 002100 21 0121000 8 28
82/B12 759 010200 29 0040000 8 22
8-2/B1.3 727 012000 45 0022000 8 22
8-2/B14 711 030000 61 0004000 8 13
8-2/B2.1 1551 002100 2142 0452100 8 28
8-2/B22 759 010200 2553 0444000 8 22
82/B23 757 011010 2644 0363000 8 22
8-2/B24 756 020001 2745 00120000 8 16
82/B3.1 1551 002100 414261 28106101 8 26
8-2/B3.2 759 010200 374654 110104120 8 21
8-2/B4.1 1551 002100 591834 7181510820 8 21
8-2/B42 759 010200 591835 7181412720 8 17
82/B43 757 011010 3122137 7181411910 8 17
82/B51 759 010200 3591733 2806902601 8 0
82/B52 756 020001 3591733 2806802800 8 0
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Table 7A.3 (continued)

Design Tada W (d) To W*(d) cl1 C2
9-3/B1.1 72745 0142000 51 01420100 9 30
9-3/Bl.2 72543 0231100 52 01331000 9 24
9-3/B1.3 72743 0240010 53 00440000 9 24
9-3/B1.4 71113 0700000 62 00070001 9 15
9-3/B2.1 72745 0142000 4963 06854001 9 30
9-3/B2.2 72543 0231100 4960 06853110 9 24
9-3/B2.3 72743 0240010 1362 041240400 9 24
9-3/B2.4 71153 0320200 4559 041160210 9 21
9-3/B3.1 72745 0142000 355362 2141788610 9 28
9-3/B3.2 72745 0142000 495060 313141111301 9 29
9-3/B3.3 72745 0142000 495052 61091612210 9 30
9-3/B34 72543 0231100 374649 2141699510 9 22
9-3/B3.5 72743 0240010 495060 21416810600 9 24
9-3/B4.1 72745 0142000 3131737 927262325901 9 23
9-3/B4.2 72745 0142000 35948 1220253618450 9 24
9-3/B5.1 71161 0304000 3591733 360123080090 9 0
9-3/B5.2 71149 0402010 3591733 360122082080 9 0
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Table 7A.4 Selected two-level admissible block designs with
128 runs
Design Toda W(d) Ty W*(d) c1 C2
8-1/B1.1 127 000001 15 0020000 8 28
8-1/B1.2 63 000010 71 0011000 8 28
8-1/B1.3 31 000100 103 0002000 8 28
8-1/B14 7 010000 123 0000200 8 22
8-1/B2.1 127 000001 15 51 0060000 8 28
8-1/B2.2 31 000100 39 108 0050100 8 28
8-1/B2.3 15 001000 51 85 0033000 8 28
8-1/B3.1 127 000001 15 51 85 00140000 8 28
8-1/B3.2 7 010000 27 45 120 00130001 8 22
8-1/B4.1 127 000001 31249 84 28108200 8 26
8-1/B4.2 63 000010 7 25 42 65 110114310 8 27
8-1/B4.3 31 000100 3135285 110114220 8 27
8-1/B4.4 15 001000 3214177 110113320 8 27
8-1/B5.1 127 000001 35948381 8161416800 8 20
8-1/B5.2 63 000010 35244073 7181512910 g8 21
8-1/B5.3 31 000100 312213368 7181512820 8 21
8-1/B5.4 15 001000 35244073 7181511920 8 21
8-1/B6.1 127 000001 359173365 2807002800 8 0
8-1/B6.2 31 000100 359173365 2807002701 8 0
9-2/B1.1 31103 0003000 43 00301000 9 36
9-2/B1.2 15115 0011100 53 00220000 9 36
9-2/B1.3 1551 0021000 85 00121000 9 36
9-2/B14 727 0120000 109 00022000 9 30
9-2/B1.5 711 0300000 125 00004000 9 21
9-2/B2.1 31103 0003000 4385 00903000 9 36
9-2/B2.2 15113 0020010 5490 00660000 9 36
9-2/B2.3 727 0120000 45120 00560010 9 30
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Table 7A.4 (continued)

Design Taad W(d) T W*(d) cCl1 C2
9-2/B3.1 31103 0003000 414685 06993001 9 36
9-2/B3.2 15113 0020010 195490 041460400 9 36
9-2/B4.1 31103 0003000 3133784 21418127610 9 34
9-2/B4.2 15115 0011100 5183573 21418119510 9 34
9-2/B4.3 15113 0020010 6193574 214181010600 9 34
9-2/B44 1551 0021000 3204169 21418109610 9 34
9-2/B5.1 31103 0003000 79183366 927272724901 9 27
9-2/B5.2 15115 0011100 35244073 927272626801 9 27
9-2/B53 1551 0021000 59183467 927272526901 9 27
9-2/B6.1 31103 0003000 359173365 360126081090 9 0
9-2/B6.2 7121 0101010 359173365 360125083080 9 0
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Fractional Factorial Split-Plot Designs

Fractional factorial split-plot designs are considered in this chapter. They are
used when the levels of some factors are difficult to change, and as a result,
a completely random allocation of the treatment combinations to the experi-
mental units is not feasible. The special features of these designs are discussed
and a finite projective geometric formulation is given. An extension of the min-
imum aberration criterion is considered for selecting optimal designs. Tables
of optimal designs are also provided.

8.1 Description and Salient Features

Regular s” % designs, introduced in Chapter 2 and studied at length in Chap-
ters 3-5, have the following important characteristics:

(a) All factors have the same status.
(b) The experiment based on any such design involves a completely random
allocation of the s"* treatment combinations to the experimental units.

Of course, (b) is appropriate only when the experimental units are homoge-
neous; otherwise, one has to adopt a restricted randomization via blocking as
discussed in the previous chapter.

We now focus on situations in which neither (a) holds nor (b) is appro-
priate even with homogeneous experimental units. Consider an s™ factorial
involving factors Fi,..., F,, each at s levels, where s is a prime or prime
power. Suppose that among the n factors, there are ny (1 < n; < n) whose
levels are very difficult or expensive to change. Without loss of generality, let
these be Fi,..., F,,. The levels of the remaining ny (= n — ny) factors are
easy to change. For reasons to be explained later, the hard-to-change factors
Fy, ..., F,, are called whole plot (WP) factors and the rest are called subplot
(SP) factors. Obviously, the factors no longer have the same status and (a) is
violated. Furthermore, a completely random allocation as in (b) is inadvisable
since that might entail too many level changes of the WP factors, thus making
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the experiment unduly expensive or infeasible. Fractional factorial split-plot
(FFSP) designs represent a practical option in such situations. These designs
take due cognizance of the distinction between the WP and SP factors and
have two salient features, both targeted to reducing the experimental cost:

(i) They involve not only a fixed number of treatment combinations but also
a fixed number of WP factor settings.

(ii) They allow a two-phase randomization, as opposed to a complete ran-
domization.

In (i), a “WP factor setting” means a combination of levels of the WP factors.
In a similar sense, the term “SP factor setting” will be used later. It will
be seen in the next section that additional distinguishing features of FFSP
designs, concerning isomorphism and estimation efficiency, emerge from (i)
and (ii) above. An illuminating discussion on the use of split-plot designs in
industrial experiments is available in Box and Jones (1992). Further practical
applications have been indicated by Huang, Chen, and Voelkel (1998) and
Bingham and Sitter (1999a, 2001), among others.

Continuing with the above setup, a fuller description of FFSP designs
is now in order. In the spirit of Chapter 2, only regular FFSP designs are
considered. As before, a typical treatment combination x is an n x 1 vector
over GF(s). The experimental units are assumed to be homogeneous and
blocking is not considered.

Suppose the available resources allow experimentation with a total of
sMtr2—k1=k2 treatment combinations. It is also stipulated that these treat-
ment combinations should involve a fixed number, s"* =%, of WP factor set-
tings. Here 0 < k1 < mn1, 0 < ky < mng, and ky + ko > 1. An FFSP design
meeting the above specifications is given by

d(B) = {z : Bx = 0}, (8.1.1)
where B0
B= [B; Bay ] (8.1.2)

is a matrix over GF(s), with By, Ba1, and Bas of orders k; X ny, ko X ny,
and ks X mo respectively such that

rank(B1) = k1, rank(Bag) = ka. (8.1.3)

If k; = 0 or ko = 0, then the corresponding block of rows in (8.1.2), as well
as the corresponding rank condition in (8.1.3), do not arise.

Indeed, (8.1.1) is formally similar to equation (2.4.1) describing an s
design, but the important new feature is that B must have the structure
(8.1.2) and satisfy (8.1.3). A design, as specified by (8.1.1)—(8.1.3), is called
an s(mtn2)—(k1+k2) FESP design.

n—k
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Theorem 8.1.1. An s(mtn2)=(kitk) FESP design has the following proper-
ties:

(a) The design involves a total of s"1Tm2)=(kitk2) treqtment combinations.

(b) These treatment combinations involve s™ %1 WP factor settings.

(c) Each such WP factor setting appears in conjunction with s"2~*2 SP factor
settings.

Proof. By (8.1.2) and (8.1.3), the k; + ko rows of B are linearly independent.
Hence, (a) follows from (8.1.1) using the same argument as in Lemma 2.3.2.
To prove (b) and (c), partition any treatment combination z as z = (z()’,
@) where () has n; elements (i = 1,2). Clearly, the elements of z(!)
represent the levels of the WP factors, while those of z(?) represent the levels
of the SP factors. Suppose k; and ks are both positive. Then by (8.1.2), (8.1.1)

holds if and only if
Bz =0 (8.1.4)

and
BQQ$(2) = —Bgll‘(l). (815)

Since Bj; has order k; X nq, the first rank condition in (8.1.3) implies that
there are s™ %1 solutions of (8.1.4) for 2, proving (b). Given any such
solution for #(1), the second rank condition in (8.1.3) similarly shows that
there are s"2~*2 solutions of (8.1.5) for x(?). This proves (c). It is easily seen
that similar arguments work when either k; = 0 or ko = 0. O

Equation (8.1.5) suggests that in an FFSP design, different WP factor settings
can appear in conjunction with different SP factor settings. This is also evident
from the following example.

Example 8.1.1. Let s =2, n; =2, ny =4, k; =0, ky = 2, and consider the
224+49)—(0+2) FFSP design dy = d(By), where

11 010
Bo=|1 01101l (8.1.6)
Here k; = 0 and hence the first k; rows in (8.1.2) as well as the first rank
condition in (8.1.3) do not arise. Therefore, (8.1.6) is compatible with (8.1.2),
with the matrices Ba; and By given respectively by the first ny (= 2) and
the last ns (= 4) columns of (8.1.6). Clearly, then the second rank condition
in (8.1.3) is satisfied. By (8.1.1) and (8.1.6), doy consists of the 16 treatment

combinations z = (z1,...,x¢) satisfying
T5 =1 + 22 + T3, Te = X1 + T3 + 4. (8.1.7)

Hence it is readily seen that in keeping with Theorem 8.1.1, dy involves four
settings of the WP factors F; and F5, and that each such setting appears
in conjunction with four settings of the SP factors F3, ..., Fg. For example,
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the WP factor setting (0,0) appears in conjunction with the SP factor set-
tings (0,0,0,0), (0,1,0,1), (1,0,1,1), and (1,1, 1,0). Similarly, the WP factor
setting (0,1) appears in conjunction with the SP factor settings (0,0,1,0),
(0,1,1,1), (1,0,0,1), (1,1,0,0), and so on. O

We are now in a position to describe the two-phase randomization in an
s(mtn2)—(k1+k2) PRSP design. This is done as follows:

(i) Randomly choose any of the s™~%1 WP factor settings.

(i) Run the experiment with the associated s"2~*2 SP factor settings. In
the process, keep the WP factors fixed at the setting chosen in (i) and
randomize only SP factor settings.

(iii) Repeat steps (i) and (ii) till all the s"1~*1 WP factor settings are covered.

The two-phase randomization is cost-effective since it is parsimonious in
changing the WP factor settings. Under this kind of randomization, each of
the s"1=F1 WP factor settings defines a whole plot (WP). Any WP incorpo-
rates s™ %2 individual treatment combinations, each representing a subplot
(SP), obtained through change in the SP factor settings. This explains the
rationale behind the terminology “WP factors” and “SP factors”.

8.2 Design Criteria

In view of (8.1.1), the concepts of defining pencil, defining contrast subgroup,
and aliasing for an FFSP design d(B) remain the same as in Section 2.4. The
concepts of resolution, wordlength pattern, and minimum aberration (MA)
are also the same as in Section 2.5.
Consider, for instance, the design dy in Example 8.1.1. By (8.1.6), dy has
the defining relation
I = 1235 = 1346 = 2456. (8.2.1)

Thus it has resolution four and wordlength pattern (0,0,0,3,0,0).

The concept of isomorphism for FFSP designs is similar to that for s™~
designs, with the additional requirement that the distinction between the
WP and SP factors be considered. Two 2("1+72)=(k1+k2) FESP designs are
isomorphic if the defining contrast subgroup of one design can be obtained
from that of the other by permuting the WP factor labels and /or the SP factor
labels. While this is in the spirit of the corresponding definition in Section 3.1,
permutation of factor labels has now to be considered separately for the WP
and SP factors. A more general definition of isomorphism for s-level FFSP
designs will be given in the next section.

k

Example 8.2.1. In the setup of Example 8.1.1, consider the 2(2+4—(0+2)
FFSP design dy = d(By), where

111010

Bi=l110101
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This design has the defining relation
I = 1235 = 1246 = 3456. (8.2.2)

Observe that (8.2.1) and (8.2.2) can be obtained from each other by inter-
changing the letters 2 and 3. Thus dy and d; would have been isomorphic to
each other had these been ordinary 2" designs. However, these are FFSP
designs and the letters 2 and 3, which correspond to a WP and an SP fac-
tor respectively, are not interchangeable. Consequently, dy and d; are not

isomorphic. A comparison with Theorem 3.2.1 shows that both designs have
MA. |

Because of the lack of interchangeability of the WP and SP factors, the
phenomenon observed in the last example is not uncommon in FFSP designs.
Hence an additional criterion is required for discrimination among rival non-
isomorphic MA designs. The two-phase randomization provides a clue in this
regard. For ease in further elucidation, a few simple concepts are introduced
first. A pencil is said to be of the WP type if it involves only the WP factors
(i.e., has the last ny entries zero), and of the SP type otherwise. Note that a
WP type pencil cannot involve any SP factor, whereas an SP type pencil can
involve both types of factors. An alias set is said to be a WP alias set if it
contains at least one WP type pencil, and an SP alias set if it contains only
SP type pencils. For example, it is readily seen from (8.2.1) that all the three
defining pencils of the design dy are of SP type. Furthermore,

1 = 235 = 346 = 12456,
2 = 135 = 12346 = 456,
12 = 35 = 2346 = 1456

are the WP alias sets of dg (since they contain the WP type pencils 1, 2, and
12 respectively), while
3 =125 = 146 = 23456

is an SP alias set of dg.

It is well known (Kempthorne, 1952) that the two-phase randomization
results in two sources of error in analysis of variance, one at the WP level
and the other at the SP level, the former being larger than the latter. If we
were considering a full factorial (i.e., ky = ko = 0), this would entail lower
estimation efficiency for WP type pencils compared to SP type pencils. In the
same manner, in an FFSP design, estimation from a WP alias set has a lower
efficiency than that from an SP alias set (Bingham and Sitter, 1999a, 2001).
As such, a good FFSP design should avoid assignment of SP type pencils,
especially those representing lower-order factorial effects, to WP alias sets.
In particular, no pencil representing the main effect of an SP factor should
appear in a WP alias set.

The aforesaid considerations led Bingham and Sitter (2001) to suggest a
follow-up criterion for FFSP designs as a supplement to the MA criterion.
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With reference to an FFSP design, for i = 1,2,..., let N; be the number of
pencils of the SP type that involve i factors and appear in WP alias sets.
The requirement mentioned in the last sentence of the previous paragraph is
equivalent to N7 = 0. In case there are nonisomorphic MA designs, Bingham
and Sitter (2001) proposed selecting one with the smallest Na.

The points noted above can be summarized as follows:

(i) an FFSP design must have N; = 0;
(ii) in case there are nonisomorphic MA designs, one with the smallest Ny
should be selected.

As an illustration, the 2(2+4)—(042) NMA designs dy and d; are considered
again. From (8.2.1) and (8.2.2), it is readily seen that both designs satisfy
N1 = 0. A look at the WP alias sets of dgy, as shown before, reveals that the
only SP type pencil that involves two factors and appears in a WP alias set
is 35. Hence Ny = 1 for dy. Similarly, the SP type pencils 35 and 46 appear in
a WP alias set of dy, so that Ny = 2 for dy. Hence although both dy and d;
have MA, dj is preferred to d; in the sense of having a smaller Ny. The fact
that dy and d; have different Ny values also highlights that these designs are
not isomorphic when one distinguishes between the WP and SP factors.

In the remainder of this chapter, FFSP designs are studied under the
MA criterion. The follow-up criterion of minimizing N5 is also used whenever
necessary. Throughout, attention is restricted to designs that have resolution
three or higher and satisfy Ny = 0.

8.3 A Projective Geometric Formulation

A projective geometric formulation that facilitates the study and tabulation
of optimal FFSP designs is given in this section. Let

t1 =n1 — kq, to = no — ko, t =11+ ta, (831)

and let P denote the set of the (st —1)/(s — 1) points of the finite projective
geometry PG(t — 1,s). Let eq,...,e; represent the ¢ x 1 unit vectors over
GF(s). Define Py as the (1 — 1)-flat of P that is generated by e; (1 < i < t;),
and P, as the complement of P; in P. As usual, for any nonempty subset @
of P, let V(Q) be a matrix with columns given by the points of Q. Also, let
R(-) denote the row space of a matrix.

Definition 8.3.1. An ordered pair of subsets (T1,T3) of P is called an eligible
(n1,mn2)-pair if (a) T; has cardinality n; (i = 1,2), (b)) T; C P, (i = 1,2), (¢)
rank[V(T1)] = t1, and (d) rank[V (T)] = t, where T =Ty U T5.

As a counterpart of Theorem 2.7.1 for s” % designs, the following result, due
to Mukerjee and Fang (2002), holds.
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Theorem 8.3.1. Given any s T72)=(k1+k2) FESP design d, having resolu-
tion three or higher and N1 = 0, there exists an eligible (n1,ns)-pair of subsets
(Th,Ts) of P such that with T =Ty UTs and

V() =[V(T1) V(Iz)], (8.3.2)

the following hold:

(a) the treatment combinations included in d are transposes of the vectors in
RIV(T)),

(b) the WP factor settings in d are given by the vectors in R[V (11)],

(c) any pencil b is a defining pencil of d if and only if V(T)b =0,

(d) any two pencils are aliased with each other in d if and only if V(T)(b —
b*) = 0 for some representations b and b* of these pencils.

Conversely, given any eligible (ny, ne)-pair of subsets (Th,Tz) of P, there exists
an smtn2)=(kitk:) PRSP design d, having resolution three or higher and
Ny =0, such that (a)-(d) hold, with V(T) defined as in (8.3.2).

Proof. Consider an s("1t72)=(ki+k2) FRSP design d = d(B) as specified by
(8.1.1)—(8.1.3). Then it is not hard to see that there exists a matrix

| Gu1 G2
G—[ 0 G22:| (8.3.3)

over GF(s), with G11, G12, and Gy of orders t; X ny,t; X ng, and ta X ng
respectively, such that

rank(GH) = tl, rank(Ggg) = tg, (834)

and
BG' =0. (8.3.5)

By (8.1.2) and (8.1.3), B has full row rank. Similarly, by (8.3.3) and (8.3.4),
G has full row rank. Also, [B’ G']’ is a square matrix in view of (8.3.1). Hence
by (8.3.5), the row spaces of B and G are orthogonal complements of each
other and the following hold:

(i) the treatment combinations included in d are transposes of the vectors
in R(G),

(ii) the WP factor settings in d are given by the vectors in R(G11),

(iii) any pencil b is a defining pencil of d if and only if Gb = 0,

(iv) any two pencils are aliased with each other in d if and only if G(b—b*) = 0
for some representations b and b* of these pencils,

(v) mno column of Gz is null.

Of these, (i), (iii), and (iv) are precisely as in Lemma 2.6.1, while (ii) is
immediate from (i) and (8.3.3). In Exercise 8.3, the reader is asked to establish

(v).
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Since d has resolution three or higher, (iii) implies that the columns of G
are nonnull and that no two of them are proportional to each other. Hence
these columns can be interpreted as points of P(= PG(t — 1,s)). Let T} and
T, be the sets of points given by the first n; and last ny columns, respectively,
of G. Then, with T =T, U T5,

v =[ %] ve=[g2]. vin=a a0

The first two equations in (8.3.6), together with fact (v), imply that T; C
P; (i =1,2). From (8.3.4) and (8.3.6), it is now clear that (77, T) is an eligible
(n1,n2)-pair of subsets of P. Since V(T') = G and R[]V (T1)] = R(G11), the
validity of (a)—(d) of the theorem is immediate from (i)—(iv) above.

The converse can be proved by reversing the above steps. O

In order to illustrate Theorem 8.3.1, we consider the design dy = d(By)
in Example 8.1.1. This design has resolution four and satisfies Ny = 0. By
(8.3.1), t1 =ny =2, ts =2, ng =4, and ¢t = 4. The matrix

OO O -
OO = O
o= OO
= o O O
O =
—_ = O

has the form (8.3.3), meets the rank conditions in (8.3.4), and satisfies ByG’ =
0. Hence interpreting the columns of G as points of PG(3,2), the design dj is
equivalent to the eligible (2,4)-pair of subsets (71, 7%), where

Tl = {(1? 07 07 0)/7 (07 1707 0)/}7
T» = {(0,0,1,0)",(0,0,0,1)",(1,1,1,0),(1,0,1,1)}.

It is easy to verify from first principles that (a)—(d) of Theorem 8.3.1 hold in
this example.

As indicated at the end of the last section, the only FFSP designs of
interest are those having resolution three or higher and N; = 0. Theorem
8.3.1 shows that in studying such designs, it is enough to consider eligible
(n1,n2)-pairs of subsets of P. The design corresponding to an eligible pair
of subsets (11,72) will be denoted by d(11,T%). Evidently, by (8.3.2) and
Theorem 8.3.1(a) and (b), the WP and SP factors correspond to the points
of T1 and T5 respectively. Considering the cardinalities of 77, T, P;, and Ps,
given ni, no, k1, and ko, such a design exists if and only if

st —1 st — st

s—1" - s—1"

ny < (8.3.7)

where t; = ny — k1 and t = ny +no — k1 — kao; cf. (8.3.1). Hereafter, the above
conditions are supposed to hold.
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Theorem 8.3.1 also paves the way for defining isomorphism of FFSP
designs for general s. Two s("1t72)=(Fitk2) FESP designs d(Ty1,T12) and
d(T51,Ta2) are isomorphic if there exists a nonsingular transformation that
maps each point of T7; to some point of T5; up to proportionality, and each
point of T15 to some point of T52 up to proportionality. While this is along the
lines of the definition given in Section 4.4 for s"~* designs, a new feature is the
distinction between the WP and SP factors. From Theorem 8.3.1, it follows
that isomorphic FFSP designs have not only the same wordlength pattern
but also the same N; for every i. For s = 2, one can verify that the above
definition of isomorphism is equivalent to the one given in the last section.

8.4 Use of Complementary Sets

As in the previous chapters, use of complementary sets often facilitates the
exploration of optimal FFSP designs. For an s("1+72)=(k1+k2) FESP design
d = d(T1,T3), let T and T be the complements of T} and Ty in P; and P,
respectively, and write T = T; UTy. The cardinalities of T, T, and T are
given respectively by

st —1 f st — st
— 2 =
s—1 ’ s—1

fi= —na, f=f+fe (8.4.1)

If f =0, then there is only one design, i.e., the one corresponding to T3 = P;
and Ty = P,. Also, it is not hard to see that all designs are isomorphic when
f =1. Hence only f > 2 is considered in what follows.

Let (A1(d),...,An(d)) denote the wordlength pattern of d = d(T4,Tz),
where A (d) = As(d) = 0. The following identities, involving the complemen-

tary set 7', are immediate from Corollary 4.3.2:

(a) As(d) = constant — Az(T), (8.4.2)

(b) As(d) = constant + (3s — 5)A3(T) + As(T), (8.4.3)

(¢) As(d) = constant — %{S""f —2(s—1)n+ (s —2)(12s — 17)} A3(T)
—(4s — T)A4(T) — A5(T), (8.4.4)

where the A;(T) are as in (4.3.3). Furthermore, denoting the Ny value of d by
Ny (d), it was shown in Mukerjee and Fang (2002) that

No(d) = constant + Ho(Py,T), (8.4.5)
where as in (6.3.7),

Hy(Py,To) = (s — 1) '#{\: X is fo x 1 over GF (s) with two nonzero
elements such that V(T'2)A is nonnull and proportional to some
point of P}, (8.4.6)
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and # denotes the cardinality of a set. The constants in (8.4.2)—(8.4.5) may
depend on s,n71,n9, k1, and ko but not on the particular choice of d.

The identities (8.4.2)-(8.4.5) are particularly useful when f; and f2 are
relatively small compared to n; and ns, and hence the complementary sets are
easier to handle. As in Chapter 4, (8.4.2)—(8.4.4) help in finding MA designs,
and then (8.4.5) may be needed for further discrimination if nonisomorphic
MA designs emerge. The possibility of employing (8.4.5) is a new feature of
FFSP designs. Another feature, compared to s”~* designs, is that an arbitrary
set of cardinality f cannot be a candidate for T when (8.4.2)—(8.4.4) are used.
It is required that T be decomposable as

T =T, UTs, (8.4.7)

where - -

#I;,=fiand T; C P, i=1,2. (8.4.8)
The next two examples illustrate these ideas. In the rest of this chapter in-
cluding the tables, the uniqueness of a design is up to isomorphism.

Example 8.4.1. Let s = 2, f; = 4, fo = 1. Since f; = 4, from (8.4.1) one
gets {1 > 3. There is a unique design associated with the maximum possible
As(T). This corresponds to

Tl = {61762,63761 +€2}7 TQ = {et1+1},

where, as before, ej,eq,... are the ¢ x 1 unit vectors. By (8.4.2), this is the
unique MA design. Here f = 5, and interpreting Table 3.1 in the present
notation, a 2% MA design is given by

T = {ha, ha, hs, h1 + ha, hy + hs}, (8.4.9)

where h1, ho, hg are linearly independent points of the finite projective geom-
etry P. With f; = 4 and f» = 1, however, the set T in (8.4.9) is not decom-
posable as in (8.4.7) and (8.4.8) and hence it cannot arise in the context of
FFSP designs. O

Example 8.4.2. Let s = 3, f1 = 1, fo = 4. Since f; = 1, from (8.4.1) one
gets t; > 2.

(a) If to = 1, then as in the last example, the unique MA design is given by
Ty ={ei}, To={ey41,e14e€n11,61+2e 41,0 +eq 41} (8.4.10)

(b) If t3 > 2, then up to isomorphism, there are three different designs asso-
ciated with the maximum possible A3(T"). One of these, say d;, is given
by (8.4.10). The other two, say, ds and d3, correspond to

Ty ={e1}, To={ey 41,61+ €r,41,€1 +2e4 41,6442},  (8.4.11)
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and

Ti={e1}, To={er41,€t42.€t,+1+ €t,42,€,+1 + 2e4, 12}, (8.4.12)

respectively. Here f = 5, and all these designs have the same A4(T) and
As(T). Hence by Theorem 4.3.1, they all have the same wordlength pat-
tern, and consequently, they are all MA designs. The follow-up criterion of
minimizing Ny is therefore needed at this stage. By (8.4.6) and (8.4.10)—
(8.4.12), the quantity Hy(Py,Ts) equals 6, 3, and 0 for dy,ds, and ds
respectively. Hence (8.4.5) implies that d3 uniquely minimizes the value
of Ny among MA designs. O

For the optimal designs in the last two examples, it is not hard to see that
the pair (77, T,) satisfies the rank conditions of Definition 8.3.1. In particular,
taking t; = 3 and t5 = 2, or t; = 4 and t2 = 1 in Example 8.4.1, one gets
the 203+23)=(0+21) ypd 9(11+15)—(7+14) FFSP designs with MA. Similarly, with
t, = ty = 2, Example 8.4.2 yields the 3(3+32)~(1+30) PRSP design with MA
and minimum N.

Further theoretical results on optimal FFSP designs are available in Bing-
ham and Sitter (1999b) and Mukerjee and Fang (2002). The latter also con-
sidered the criterion of maximum estimation capacity for FFSP designs.

8.5 Tables of Optimal Designs

Tables 8.1 and 8.2, adapted from Bingham and Sitter (1999a) and Mukerjee
and Fang (2002), show the sets 77 and T3 for optimal FFSP designs with (i)
s = 2 and 16 runs, and (ii) s = 3 and 27 runs, respectively. All possibilities for
ny,ng, ki1, ko satisfying (8.3.7) are considered, except for the cases ny + ng =
14,15 in Table 8.1, and ny +ne = 12,13 in Table 8.2. These cases correspond
to f =1 or 0 and are hence trivial. Interestingly, (8.3.7) rules out the case
(n1,n9) = (4,9) in Table 8.1. Each tabulated design has MA; it is either the
unique MA design or minimizes Ny among all MA designs. The footnotes of
the tables explain the sense in which each design is optimal. As in the previous
chapters, the tables use the compact notation for the points of P.

For smaller n; and ns, the optimal designs are obtained by direct search.
For relatively large nq, and no, use of complementary sets helps. The following
example illustrates the latter situation.

Example 8.5.1. Let s = 3. Consider the case ny =3, no =5, k1 =1, ko =4
in Table 8.2. By (8.3.1) and (8.4.1), t7 = 2, to = 1, t = 3, f1 = 1,
fo = 4. Therefore, (8.4.10) shows that the unique MA design is given by
T, = {1}, Ty = {3,13,13%,23}, or equivalently, by T3 = {2,12,122},
T, = {232,123,1232,1223,12232}, as reported in Table 8.2. a
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Table 8.1 The sets T1 and 15 for optimal two-level FFSP designs with 16 runs

ni na k1 ko t1 to T Ty Optimality
property
140113 {1} {2,3,4,1234} 1
2 30122 {1,2} {374,1234} 1
3 21022 {1,2,12} {3,4} 1
3 20131 {1,2,3} {4,1234} 1
4 1 1 0 31 {1,2,3,123} {4} 1
1 50213 {1} {2,3,123,4,124} 1
2 40 2 2 2 {1,2} {3,123,4,134} 2
33 1122 {1,2,12} {3,4,134} 1
3 3 0231 {1,2,3} {4,124,134} 1
4 2 1 131 {1,2,3,123} {4,124} 1
51 2031 {1,2,12,3,13} {4} 1
1 6 0313 {1} {2,3,123,4,124,134} 1
2 50 3 22 {1,2} {3,123,4,124,134} 1
3412 22 {1,2,12} {3,13,4,234} 1
3 40331 {1,2,3} {4,124,134,234} 1
4 3 1 2 31 {1,2,3,123} {4,124,134} 1
5 2 2131 {1,2,12;3,13} {4,234} 1
6 1 3 031 {1,2,12,3,13,23} {4} 1
1 70 413 {1} {2,3,123,4,124,134,234} 1
2 6 04 22 {1,2} {3,123,4,124,134,234} 1
3 513 22 {1,2,12} {3,13,4,14,234} 1
350431 {1,2,3} {4,14,24,34,1234} 1
4 41 3 31 {1,2,3,123} {4,124,134,234} 1
53 2 231 {1,2,12,3,13} {4,14,234} 1
6 2 3131 {1,2123,13,23} {4,1234} 1
71 4031 {1,2,12,3,13,23,123} {4} 1
1 8 0513 {1} {2712,3,23,4,24,13471234} 2
2 705 22 {1,2} {3,13,2374,124,34,1234} 1
3 6 1 4 22 {1,2,12} {3,13,4,14,234,1234} 1
3 6 05 31 {172,3} {4,14,24,1347234,1234} 1
4 5 1 4 31 {1,2,3,123} {4,14,24,34,1234} 1
54 2 331 {1,2,12,3,13} {4,14,234,1234} 1
6 3 3 231 {172,12,3,13,23} {4,14,234} 1
7 2 4131 {1,2,12,3,13,23,123} {4,14} 1
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Table 8.1(continued) The sets 71 and 7% for optimal two-level FFSP designs with

16 runs

ni1 na k1 ko t1 to Ty T Optimality
property
1 90613 {1} {2,12,3,13,23,4,24,134,1234} 2
2 8 06 22 {1,2} {3,13,23,4,14,24,134,234} 2
3 715 22 {1,2,12} {3,13,2374,14,234,1234} 1
3 706 31 {1,2,3} {4,14,24,124,34,134,234} 1
4 6 1 531 {1,2,3,123} {4,14,24,124,34,1234} 1
5 5 2 431 {17271273,13} {4,14,24,23471234} 1
6 4 3 331 {1,2123,13,23} {4,14,234,1234} 1
7 3 4 2 31 {1,2,12,3,13,23,123} {4,14,24} 1
1100 71 3 {1} {2,12,3,13,23,4,14,24,134,234} 2
29 07 22 {1,2} {3,13,23,4,14,24,134,234,1234} 2
3 81 6 2 2 {1,2,12} {3,13,2374,14,24,134,234} 1
3 80731 {1,2,3} {4,14,24,124,34,134,234,1234} 1
4 716 31 {1,2,3,123} {4,14,24,124,34,134,234} 1
5 6 2531 {172,1273,13} {4,14,24,34,234,1234} 1
6 53 431 {1,2123,13,23} {4,14,24,134,234} 1
7 4 4 3 31 {1,2,12,3,13,23,123} {4,14,24,34} 1
1110 813 {1} {2,12,3,13,23,4,14,24,134,234,1234} 1
2100 8 2 2 {1,2} {3,13,23,123,4,14,24,124,34,1234} 1
391722 {1,2,12} {3,13,23,4,14,24,134,23471234} 1
4 8 1 7 31 {1,2,3,123} {4,14,24,124,34,134,234,1234} 1
5 7 26 31 {1,2,12;3,13} {4,14,24,124,34,134,234} 1
6 6 3 531 {1,2,12,3,13,23} {4,14,24,134,234,1234} 1
7 5 4 4 31 {1,2,12,3,13,23,123} {4,14,24,124,34} 1
1120 91 3 {1} {2,12,3,13,23,12374,14,24,1247347234} 2
2110 9 2 2 {1,2} {3,13,23,123,4,14,24,124,34,134,1234} 1
3101 8 2 2 {1,2,12} {3,13,23,123,4,14,24,34,134,234} 2
5 8 2731 {1,2,12,3,13} {4,14,24,124,34,134,234,1234} 1
6 736 31 {1,2123,13,23} {4,14,24,124,34,134,234} 1
7 6 45 31 {1,2,12,3,13,23,123} {4,14,24,124,34,134} 1

1. Unique MA design.

2. MA design; uniquely minimizes N2 among all MA designs.
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Table 8.2 The sets 71 and 75 for optimal three-level FFSP designs with 27 runs

ni ng k1 ko t1 to T T> Optimality
property
130112 {1} {2,3,123} 1
20121 {1,2} {3,123} 1
311021 {1212} {3} 1
140212 {1} {2,3,23,12%3} 2
230221 {12} {3,13,123%} 3
321121 {1212} {3,1223} 1
4 1 20 21 {1,2,12,12%} {3} 1
150312 {1} {2,12,3,1223,12%3%} 1
2 40321 {12} {3,13,123%,12%3%} 1
331221 {1212} {3,12%3,1223%} 1
4 2 2 1 21 {1,2,12,12?} {3,13} 1
1 60412 {1} {2,12,3,13%,23%,1223%} 2
2 50421 {12} {3,13%,23,123,123%} 1
341321 {1212} {3,132,232,1223%} 3
4 3 2 2 21 {1,2,12,12%} {3,13,23} 1
1 70512 {1} {122,13,132,123,123%,1223,1223%} 1
2 6 05 21 {12,12% {23, 232,123,123%,1223,12%3%} 1
351 421 {212,12%} {232,123,1232,1223,12%3%} 1
4 4 2 3 21 {1,2,12,12?} {123,123%,1223,1223%} 1
1 80612 {1} {12,122,13,13%123,123%1223,1223%} 1
2 706 21 {12,12%} {132, 23,23%,123,123%,1223,12%3%} 1
3615 21 {21212%} {23,232,123,123%,1223,12%3%} 1
4 5 2 4 21 {1,2,12,12?} {232,123,1232,1223,12%3%} 1
190712 {1} {12,122,13,13% 23%,123,123%,12%3,1223%} 2
2 807 21 {12,12%} {13,132, 23,23%,123,123% 1223,1223%} 1
3716 21 {212,12%} {132,23,23%,123,123%,1223,1223%} 1
4 6 2 5 21 {1,2,12,12%} {23,232,123,123%,1223,12%3%} 1
1100 8 1 2 {1} {12,122,13,13% 23, 23%,123,123%,1223,12%3%} 2
2 908 21 {12,12%} {3,13,132, 23, 232,123,123% 12%3,1223?} 1
381 7 21 {212,12%} {13,132 23,232 123,123%12%3,1223%} 1
4 7 2 6 21 {1,212,12%} {132,23,23%,123,123%,1223,1223%} 1

1. Unique MA design.

MA design; uniquely minimizes N2 among all MA designs.

3. MA design; minimizes N2 among all MA designs. But there is another noniso-
morphic MA design with the same N; as the tabulated one for every i.

N
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Exercises

8.1

8.2

8.3

8.4
8.5

8.6

8.7

8.8

For the design in Example 8.2.1, obtain the sets T} and 75 as envisaged
in Theorem 8.3.1. Hence, from first principles, verify the truth of (a)—(d)
of the theorem for this design.

Verify the existence of a matrix G as envisaged in the proof of Theorem
8.3.1.

Refer again to the proof of Theorem 8.3.1. Suppose a column of G, say
the first column, is null.

(a) Use fact (iii) in the proof to show that the first column of G1a, say &,
is nonnull. Hence use (8.3.4) to conclude that there exists a nonnull vector
d over GF(s) such that G110 = &.

(b) Let e be the ng x 1 unit vector over GF(s) with 1 in the first position.
Define b = (0/,¢’)’ and b = (¢’,0')’, where the null subvectors in b(*)
and b are of orders n; and ny respectively. With G as in (8.3.3), show
that G(b™) — b)) = 0.

(c) Hence use fact (iv) in the proof to conclude that a pencil representing
the main effect of an SP factor appears in a WP alias set of the design.
Observe the impossibility of the conclusion in (¢) and hence infer the truth
of fact (v) in the proof.

Prove (8.4.5).

Using the method of complementary sets, show that there are two non-
isomorphic 2(3+26)—(1+23) FFSP designs with MA. Which of these has a
smaller No?

Forny =1,ny =10, k1 =0, ko = 7, use the method of complementary sets
to show that the FFSP design in Table 8.1 has MA and that it minimizes
Ny among all MA designs.

Do the same for the FFSP design shown in Table 8.2 with n; = 1, no = 10,
k1 =0, ks =8.

For s =3,n1 =2,ny =3, ky =0, ks = 2, obtain an FFSP design that is
not isomorphic to the one shown in Table 8.2 but has the same wordlength
pattern as well as the same N, for every 1.
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Robust Parameter Design

Robust parameter design is an effective tool for variation reduction. The plan-
ning aspect of this methodology is studied in this chapter. The distinction
between the control factors and the noise factors in parameter design exper-
iments is discussed. This leads to new priorities and criteria in the choice
of designs. Two experimental strategies, cross and single arrays, which play
major roles in this context, are explored in the light of the new priorities.

9.1 Control and Noise Factors

Robust parameter design (or parameter design) is a statistical/engineering
methodology (Taguchi, 1987) that aims at reducing the performance variation
of a product or process by appropriately choosing the setting of its control
factors so as to make it less sensitive to noise variation. Its effectiveness lies
in the exploitation of some significant control-by-noise interactions. Because
it is usually much easier and less costly to change the control factor setting
than to tighten the noise variation directly, the methodology has been widely
adopted in engineering practice and is now a commonly used tool in quality
engineering. Its success in manufacturing and high-tech industries has been
documented in many case studies compiled by companies and professional
societies.

The factors in parameter design experiments are divided into two types:
control factors and noise factors. Control factors are variables whose values
(i-e., levels) remain fixed once they are chosen. They include the design para-
meters in product and process design. By contrast, noise factors are variables
whose values (i.e., levels) are hard to control during the normal process or use
conditions. They include variation in product and process parameters, envi-
ronmental variation, load factors, user conditions, and degradation. Consider
the problem of improving the yield of a chemical process. Its control factors
can include reaction temperature and time, and type and concentration of
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catalyst; and its noise factors can include purity of reagent and purity of sol-
vent stream. The latter two are treated as noise factors because purity varies
from batch to batch and is thus hard to control.

From the design-theoretic point of view, the most interesting aspect of ro-
bust parameter design is the difference between the roles played by the control
and noise factors. As hinted above, the control-by-noise interactions are cru-
cial in achieving robustness. Thus this type of two-factor interactions (2fi’s)
must be placed in the same category of importance as the main effects. This
obviously violates the effect hierarchy principle. The importance of the control
main effects and the control-by-noise interactions is underscored by the roles
they play in the two-step procedure for parameter design optimization given
in (9.3.1) below. In the first step, the setting of some control factors is chosen
to reduce the sensitivity (e.g., variance) of the response to the noise variation;
in the second step, the setting of other control factors is chosen to adjust the
mean response value on target. The success of the first step implicitly hinges
on the existence of some significant control-by-noise interactions, whereas to
carry out the second step, the control main effects should be estimable.

Two experimental strategies, cross arrays and single arrays, are discussed
in this chapter. The distinction between the control and noise factors results in
new design priorities with an appropriate modification of the effect hierarchy
principle. The focus continues to be on the planning aspects. For details on
robust parameter design, see Chapters 10 and 11 of Wu and Hamada (2000).

9.2 Cross Arrays

A simple example is first presented to motivate the ideas. Suppose there are
four control factors Fi,..., F; and three noise factors Fj, Fg, F7, each of the
seven factors being at two levels. Let d¢ be a 2471 design involving the control
factors alone and specified by the defining relation I = 1234. Similarly, let dy
be a 237! design involving only the noise factors and specified by the defining
relation I = 567. Writing the treatment combinations in do and dy as rows,
these designs can be expressed as

0000
1100
1010 000
1001 110
do=1 09110 | =101
0101 011
0011
1111 |

An array such as d¢ that involves exclusively the control factors is called a
control array. Similarly, an array such as d that involves exclusively the noise
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factors is called a noise array. A cross array, involving all the seven factors, is
now given by the direct product of do and dpy. In other words, it is obtained
by combining every row of do with every row of dy and thus has run size
8 x 4 = 32. One can readily check that the cross array is a 2”72 design with
the defining relation

1 =1234 = 567 = 1234567. (9.2.1)

In general, a cross array d is the direct product of a control array de and a
noise array dy. Typically, as in the above example, do and dy are chosen as
orthogonal arrays. This ensures reasonable uniformity over the levels of the
noise factors so that running an experiment based on a cross array amounts to
performing a systematic Monte Carlo over the noise variation. For practical
reasons like small sample size, irregular design region, and large number of
factor levels, nonorthogonal arrays like Latin hypercubes or other space-filling
designs may sometimes be chosen for do and dy; see Santner, Williams, and
Notz (2003) for details.

Suppose there are altogether n(= n; + n9) factors Fy,..., F,, each at s
levels, s being a prime or prime power. The first n; factors are control factors
and the last ny are noise factors. Consider an s™ %1 design d¢ for the control
factors and an s™>~*2 design dy for the noise factors as given by

de = {2V : Biz®M =0}, dy = {z@ : Byz® =0},

where B; and By are k1 xny and ko X ng matrices, of full row rank, over GF(s).
The cross array d, arising from dc and dy, consists of the s"~* treatment
combinations x = (a:(l)',a:@),)’, where (1) is any solution of Byz(!) =0, z(®
is any solution of Byxz(® = 0, and k = k; + ko. Thus d itself is an s” % design
and one can write

d={z: Bz =0},
with

B= [ Bol gz ] : (9.2.2)

In the above development, do or dy can as well be a full factorial, in which
case the corresponding block of rows in (9.2.2) does not arise.

For any n x 1 vector b over GF(s), let b(!) and b be subvectors that corre-
spond to the control and noise factors. Then b(!) and b consist respectively
of the first n; and the last ng entries of b. Denoting the row space of a matrix
by R(.), it is clear from (9.2.2) that &' € R(B) if and only if b0 € R(B;) for
1 =1,2. This is equivalent to the following result.

Theorem 9.2.1. The vector b/ belongs to the defining contrast subgroup of d
if and only if b and b@" belong to the defining contrast subgroups of dc
and dy respectively.
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The above theorem is in agreement with (9.2.1) and, although straight-
forward, has interesting implications. For instance, it shows that the defining
pencils of d are of the form (b, 0/) or (0/,6®") or (b, 5(")’ where b
and b are any defining pencils of d¢ and dy. Thus the resolution of d equals
the minimum of the resolutions of dc and dy. We have noted earlier that the
main effects and the 2fi’s involving a control and a noise factor are the fac-
torial effects of greatest interest in parameter design experiments. Hence, as
in the previous chapters, d is hereafter stipulated to have resolution three or
higher, and to ensure this, it is assumed that the same holds for both dc and
dyn. The next result shows that d enjoys an attractive property.

Theorem 9.2.2. No 2fi pencil involving a control and a noise factor is aliased
in d with any main effect pencil or any other 2fi pencil.

Proof. Consider any 2fi pencil b involving a control and a noise factor. Let bbe
any other pencil with which b is aliased in d. As before, define the subvectors
b™® and b® relative to b, and the subvectors () and b relative to b. Since

b and b are aliased in d, by (2.4.9), (b—b)' € R(B), so that by Theorem 9.2.1,

oW — bMWY e R(By), (0? —b?Y e R(By). (9.2.3)

Because do and dy have resolution three or higher, for ¢ = 1,2, it follows
from (9.2.3) that b(*) — b(*) is either null or has at least three nonzero entries.
On the other hand, by the definition of b, there is exactly one nonzero entry in
b, Thus for i = 1,2, either b() equals b and hence has exactly one nonzero
entry or b(") has at least two nonzero entries. The first possibility, however,
cannot arise for both ¢ = 1 and i = 2, because then b = b, which is impos-
sible. Therefore, b must have at least three nonzero entries and the theorem
follows. O

It is possible to work out further ramifications and generalizations of Theo-
rem 9.2.2. In fact, this result has counterparts when d¢ and dy are mixed-level
designs, nonregular designs, or even nonorthogonal arrays. The details under
appropriate model assumptions are available in Shoemaker, Tsui, and Wu
(1991).

Theorem 9.2.2 can be restated as “in a cross array, all 2fi’s involving
a control and a moise factor are clear.” In view of the importance of such
interactions in achieving robustness, this is a very desirable property of cross
arrays. There is, however, no guarantee that the equally important control
main effects are clear. To ensure further estimability properties for the control
main effects, the control array needs to be chosen according to criteria like
resolution or minimum aberration (MA). This may lead to a large size of the
control array and thus of the cross array. (An economic alternative is to use
single arrays to be discussed in later sections.) A similar remark holds on the
choice of the noise array, but the required increase in run size may be less
prohibitive. This is especially so if the estimation of the noise main effects is
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not required as in the location—dispersion modeling approach to be discussed
in Section 9.3.

Another appealing feature of the cross array format is that it has a natural
layout for experimentation. Each setting of its control factors (i.e., level com-
bination in the control array) is crossed with all settings of its noise factors
(i-e., level combinations in the noise array). This makes it convenient to carry
out the experiment, especially when the levels of the noise factors are easier
to change than those of the control factors, e.g., in an experiment on plasma
etching, where the control factors, plasma temperature and etching time, are
applied to all wafers in a batch, while the location of the chips within each
wafer represents a noise factor.

9.3 Modeling Strategies

Two approaches for modeling data from a cross array experiment are now
discussed. These are called location and dispersion modeling and response
modeling. Details can be found in Wu and Hamada (2000, Chapter 10).

A typical observation arising from a cross array d may be denoted by
Y;;, which corresponds to the treatment combination given by the ith row of
dc and the jth row of dy. For every fixed i, let Y; be the mean and S; the
standard deviation of the Y;; over j. Clearly, the Y; and S; refer to the control
factor settings in do. The location and dispersion modeling approach builds
models separately for the Y; and the log S; in terms of the control factor main
effects and interactions. Observe that only the control factors can appear in
these models. With the objective of attaining a target value for the response
Y while minimizing performance variation due to noise factors, these models
can be used as follows.

Two-step procedure:

(i) Select the levels of the control factors appearing in the dispersion model
to minimize dispersion.
(ii) Select the levels of control factors appearing in the location model but not
in the dispersion model to bring the location on target.
(9.3.1)

Note that factors appearing in both models are not considered in step (ii)
because a change in the setting of any such factor will affect location as well
as dispersion.

Since the location and dispersion models involve the control factors alone,
the effect hierarchy principle of Section 2.5, as applied to the control factors,
is followed in building these models. Consequently, given dp, the choice of
d¢ is guided by the same ideas as for ordinary s”~* designs. In other words,
the same criteria and techniques as discussed in Chapters 2-5 can be used in
choosing d¢, and therefore this point is not further elaborated.
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A disadvantage of the location and dispersion modeling approach is that
modeling in terms of the control factors alone may mask important inter-
actions between the control and noise factors. Moreover, log S; may have a
nonlinear relationship with the control factors even if the original response
bears a linear relationship with the control and noise factors. From these con-
siderations, the response modeling approach (Welch, Yu, Kang, and Sacks,
1990; Shoemaker, Tsui and Wu, 1991) provides a viable alternative. In this
approach, the response is modeled, directly on the basis of the Y;;, as a func-
tion of both the control and noise factors. One can study the control-by-noise
interactions appearing in such a model to identify control factor settings at
which the fitted response has a relatively flat relationship with the noise fac-
tors. These are called robust settings. Then a robust setting at which the
fitted response tends to be close to the target (irrespective of the variation in
the noise factors) may be chosen for the control factors. Alternatively, from
the response model, one can obtain the variance of the fitted response under
suitable assumptions on the variation in the noise factors. This leads to a
transmitted variance model, which involves only the control factors and hence
can be used to find control factor settings with small transmitted variance.
From among the settings so identified, the one that brings the expectation of
the fitted response on target may be chosen for the control factors.

A response model can potentially involve any factor and not just the con-
trol factors. While this is as in the analysis of an ordinary s"~* design, a
key difference lies in the relative importance of the factorial effects for inclu-
sion in the model because the control and noise factors do not play the same
role. This necessitates a new effect ordering principle that takes care of this
distinction and yields new design criteria for cross arrays under the response
modeling approach. Since the choice of single arrays introduced in the next
section is also guided by the same principle, it makes sense to discuss this in a
unified framework. Therefore, a discussion of this principle and its application
to the study of optimal designs is postponed till Sections 9.5 and 9.6.

9.4 Single Arrays

The direct product structure of a cross array may sometimes result in an un-
duly large run size. Suppose, with three control factors and two noise factors,
each at two levels, it is desired to keep all main effects clear. It is easily seen
that then both dc and dy have to be full factorials. Consequently, the re-
sulting cross array is a full factorial with run size 8 x 4 = 32. On the other
hand, the 2°~! design I = 12345, with run size merely 16, has resolution
five and hence keeps all main effects as well as 2fi’s clear. The latter design,
which incorporates the control and noise factors without using a direct prod-
uct structure, is known as a single array and illustrates how single arrays can
significantly reduce the run size without sacrificing factorial effects of interest.
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As in the last section, now suppose there are n(= n; + ns) s-level factors.
The first ny of these are control factors and the rest are noise factors. A single
array is simply an s” % design

d={z: Bx =0}, (9.4.1)

where B is a k x n matrix, of full row rank, over GF(s). The distinction
between the control and noise factors is, however, a new feature, which must
be carefully accounted for in defining design isomorphism or developing design
criteria for single arrays. For the same reasons as before, single arrays of
resolution three or higher are considered in the sequel.

In particular, if B in (9.4.1) has the block diagonal structure (9.2.2), then
a single array reduces to a cross array. Of course, B need not have this form
in general, and consequently single arrays are more flexible than cross arrays.
The location and dispersion modeling approach of the last section requires
that the same noise factor settings appear in conjunction with every setting of
the control factors. Hence this approach cannot be employed to a single array
unless it is also a cross array. The response modeling approach is, therefore,
recommended for experiments based on single arrays. In the same manner
as indicated in Section 9.3, it is applicable to any single array irrespective of
whether B has the form (9.2.2).

Because single arrays cover cross arrays as a special case and the response
modeling approach is applicable to both, the optimal design problem under
this approach may conveniently be studied in the unified framework of single
arrays with the understanding that an optimal design may well turn out to be
a cross array in a specific situation. Before this is taken up in some detail in
the next two sections, it will be helpful to examine the notion of isomorphism
for single arrays.

With all factors at two levels, two single arrays are isomorphic if the defin-
ing contrast subgroup of one can be obtained from that of the other by per-
muting the control factor labels and/or the noise factor labels. Observe that
permutation of factor labels is restricted separately to the control and noise
factors. This is the same as in the last chapter, where the whole plot and
subplot factors were considered separately in defining isomorphism. In a sim-
ilar manner, for s-level factors, isomorphism of single arrays can be defined
following Section 8.3. Clearly, if two ordinary s”~* designs are nonisomorphic
when all factors have the same status, then single arrays given by these de-
signs are again nonisomorphic. However, it is noteworthy that the same s"~*
design may also entail nonisomorphic single arrays depending on which factors
are taken as control factors and which are taken as noise factors. The next
example (Wu and Zhu, 2003) illustrates these points.

Example 9.4.1. Suppose there are three control factors Fi, Fy, F3 and three
noise factors Fy, Fs, Fg, each at two levels. All nonisomorphic single arrays are
enumerated below for £k = 2. Here n = 6 and Table 3A.2 lists all nonisomorphic
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26=2 designs. It is easily seen that the first of these, namely the design 6-2.1,
has the defining relation

I = 1235 = 1246 = 3456. (9.4.2)
From (9.4.2), the mappings
1= F,2—>F, 3—>F;4—F,,5—Fs5 6— Fg

and
1—FN,2—F,, 3— F3,4— Fy, 5— F5, 6 — Fj

yield single arrays d; and do with the defining relations
dy : I =1235 = 1246 = 3456 (9.4.3)

and
do : I = 1345 = 1246 = 2356. (9.4.4)

In (9.4.3) and (9.4.4), the letters 1,...,6 correspond to the factors Fi,. .., Fg
respectively. Although (9.4.3) and (9.4.4) can be obtained from each other
by interchanging the letters 2 and 4, the single arrays dy and dy are not
isomorphic because 2, representing the control factor F», and 4, representing
the noise factor Fy, are not interchangeable. One can check that these are the
only nonisomorphic single arrays that arise from (9.4.2).
Similarly, the design 6-2.2 in Table 3A.2 yields the six nonisomorphic single

arrays

ds: I =123 = 1456 = 23456,

dy: I =124 = 1356 = 23456,

ds : I =145 = 1236 = 23456,

dg : I =456 = 1234 = 12356,

d7 : I =145 = 2346 = 12356,

dg : I =124 = 3456 = 12356,

while the design 6-2.3 leads to the two nonisomorphic single arrays

dg: I =123 =456 = 123456,
dig: I =124 = 356 = 123456.

Finally, the design 6-2.4 entails six nonisomorphic single arrays:

dir: I =123 =145 = 2345,
dio: I =124 =135 = 2345,
d13 : 1 =124 =156 = 2456,
dig: I =124 = 456 = 1256,
dis: I =145 = 246 = 1256,
dig : I =124 = 345 = 1235.

Thus there are altogether 16 nonisomorphic single arrays in this example. [J
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Before concluding this section, we briefly discuss a version of a single array,
known as a compound array. Following Rosenbaum (1994, 1996) and Hedayat
and Stufken (1999), a compound array can be defined generally as a kind
of orthogonal array that may not even be a regular fraction. In the present
context, this definition boils down to that of a single array d for which the
matrix B in (9.4.1) has the form

By 0
B= , 9.4.5

{ Bar B } (9:4.5)
where B11, Ba1, and Bas are of orders k1 Xnq, ko xXnqp, and ko Xno respectively,
with k1 + ke = k, and B;; and Bag have full row rank. The structure (9.4.5) is
formally the same as (8.1.2) for fractional factorial split-plot (FFSP) deigns,
and hence by Theorem 8.1.1, the following hold:

(i) the treatment combinations in d involve s™1~*1 control factor settings;
(i) each such control factor setting appears in conjunction with s"2~*2 noise
factor settings in d.

Despite the formal similarity between (9.4.5) and (8.1.2), the control and noise
factors do not quite play the roles of the whole plot and subplot factors in
FFSP designs. For example, there is no two-phase randomization here.

In particular, if By; = 0 then a compound array reduces to a cross array.
In this case, every control factor setting appears in conjunction with the same
set of noise factor settings in d. However, this need not happen in general,
since Bo; may be nonnull. It is easily seen that among the single arrays listed
in Example 9.4.1, ds, dg, and dy; are compound arrays and dg is a cross array.

With reference to (9.4.5), suppose the s™*~%1 s"2=%2 and s"~* designs
given by

{2 : Bz =0}, {2® : Byae® =0}, and {z : Bz = 0}

have resolutions R;, Rs, and R respectively. Let g1 = Ry — 1, go = Rs — 1,
and ¢ = R — 1. Then by Theorem 2.6.2, the s™ %1 control factor settings
in (i) above, when written as rows, form an orthogonal array of strength g;.
Similarly, each set of s™27*2 noise factor settings, which appear with the same
control factor setting as indicated in (ii) above, represents an orthogonal array
of strength go. Furthermore, the compound array itself forms an orthogonal
array of strength g. Although the strengths g1, g2, and g are important com-
binatorial features of a compound array, they do not completely determine
the design characteristics that are relevant to the present context. For ex-
ample, both the compound arrays ds and dg arising in Example 9.4.1 have
(91,92,9) = (2,2,2), but as seen in Section 9.6 (see (9.6.3)), they do not be-
have identically with regard to clear effects of interest. For this reason, from
now on, single arrays are considered in general without any specific attention
to compound arrays.
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9.5 Effect Ordering Principle

The twin objectives of bringing the mean response on target and reducing
variation dictate the effect ordering principle in robust parameter design. A
generic notation is followed to denote any control factor main effect by C, any
noise factor main effect by N, any 2fi involving a control and a noise factor
by C'N, and so on.

Among the factorial effects, C' is the most crucial one for mean response
adjustment, whereas C'N is expected to have the maximum impact on vari-
ation reduction. If one works with a response model, then N can also play a
role as important as C'N in variation reduction. Besides, being a main effect,
N is potentially substantial and its aliasing with other effects of interest can
severely impair the utility of a design. From these considerations, C, N, and
CN are viewed as the most important factorial effects. In contrast with the
effect hierarchy principle, any 2fi C N now enjoys the same status as the main
effects. In order of importance, next come CC and CCN, and then come
CCNN, CNN, and NN. The impact of CC on mean response adjustment is
supposed to be on a par with that of CCN in variation reduction, and hence
they are grouped together. On the other hand, CCN involves only one noise
factor, and therefore it is perceived as more important than CCNN, CNN,
and NN with regard to variation reduction.

In general, following Wu and Zhu (2003), it is possible to develop a numer-
ical rule for ranking the factorial effects in order of importance. The weight
of any effect involving ¢ control factors and j noise factors is defined as

1 if max(i,j) =1,
W(i,j) =1« 1 if7>jand > 2, (9.5.1)
j+3i ifi<jandj>2
Forw =1,2,2.5,..., let K, be the set of factorial effects with weight w. Then

K, ={C,N,CN}, Ky ={CC,CCN}, Ky5 ={CCNN,CNN,NN},
(9.5.2)
and so on. The above discussion may now be summarized by the following
effect ordering principle:

(i) Factorial effects with smaller weights are considered more important than
those with larger weights.
(ii) Factorial effects with the same weight are considered equally important.

Although the effect ordering principle is based on special consideration for
parameter design, it should be used with some discretion. For example, there
may be practical situations in which adequate prior knowledge is available
about the relative importance of the factorial effects so as to warrant a modi-
fication of this principle. Indeed, Bingham and Sitter (2003) proposed an alter-
native effect ordering scheme via a different argument and weight-assignment.
At any rate, even with such other effect ordering, the development of design
criteria should essentially follow the lines of the next section.
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9.6 Design Criteria

The effect ordering principle leads to design criteria appropriate for single
arrays, and hence for cross arrays, under the response modeling approach.
In order to give a flavor of the main ideas while avoiding heavy notation and
algebra, we consider two-level factorials and assume the absence of interactions
involving three or more factors. Then by (9.5.1) and (9.5.2),

K, ={C,N,CN}, K,={CC}, Ky5={NN}, (9.6.1)

and K, is empty for w > 2.5. The following six types of aliasing patterns
arise from (9.6.1):

I 1~1, (1) 1~2, (II) 1~25,
IV) 2~2, (V) 2~25 (VI) 2.5~ 25.

Here aliasing of two different effects from K is denoted by 1 ~ 1, aliasing
of an effect from K; with an effect from K5 is denoted by 1 ~ 2, and so on.
In keeping with the effect ordering principle, (I) is considered most severe,
(IT) less severe than (I), and so forth, with (VI) being the least severe. For
any single array d, defining J1(d), ..., Js(d) as the numbers of aliased pairs of
types (I)=(VI) respectively, the following design criterion, due to Wu and Zhu
(2003), now emerges naturally.

Definition 9.6.1. Let di and do be two single arrays for the same ny, na,
and k.

(a) If J;(d1) = Ji(d2), 1 <1i <6, then di and dy are said to be J-equivalent.

(b) Otherwise, let v be the smallest integer such that J.(dy) # J.-(d2). If
Jr(dy) < J.(dg), then dy is said to have less J-aberration than ds.

(c) If no other single array has less J-aberration than di, then dy is said to
have minimum J-aberration.

Application of the above criterion calls for expressing the J; = J;(d) (1 <
i < 6) in terms of the defining relation of d. For i > 0, j > 0, and (¢, j) # (0,0),
let A;; = A;;(d) be the number of words in the defining relation of d that
involve 4 control factors and j noise factors. Note that A;; = 0 for ¢ + j < 2,
because single arrays of resolution three or higher are being considered. Then

J1=2A21 +2A12 + 2422, J2 = A2 + 3430 + 3431, (9.6.2)

J3 = A1z + 3403 + 3413, Ju=3A40, J5 = Az, Jo = 3Ans. h
Since no two distinct main effects are aliased in d, by (9.6.1), any aliased pair
of type (I) must be either (C,CN) or (N,CN) or (CN,CN). The equation
for Jy in (9.6.2) now follows by noting that a word in the defining relation of
d accounts for

(i) two aliased pairs (C, CN) if it is of the form CCN,
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(ii) two aliased pairs (N, CN) if it is of the form CNN,
(iii)two aliased pairs (CN,CN) if it is of the form CCNN.

Other equations in (9.6.2) follow similarly and are left as an exercise. Example
9.6.1 below illustrates the use of these equations in applying the minimum J-
aberration criterion.

Practical considerations in specific situations may warrant minor re-
arrangement of the aliasing types (I)—(VI) with regard to their severity. For
instance, one may wish to interchange the ordering of (III) and (IV). This
kind of rearrangement will, in turn, necessitate a corresponding change in
the ordering of Ji, ..., Js in Definition 9.6.1. Nevertheless, (9.6.2) will remain
valid, and even with any such modified criterion, optimal single arrays may
be explored along the lines of the following example.

Example 9.6.1. Consider the setup of Example 9.4.1 with three control
factors and three noise factors, each at two levels, and & = 2. Among
the 16 nonisomorphic single arrays listed there, only ds, dg, and dg have
Ay = Ao = Ay = 0. Hence by (9.6.2), J; equals zero for these arrays and is
positive for the rest. All the three arrays ds, dg, and dg have A4y = Agqs = 0,
and their Asg, Agsz, A31, and Aq3 values are as follows:

d3: Azg=1, Ap3=0, A3 =0, Az=1,
de: Azg=0, Apz=1, A3 =1, A;3=0,
do: Aszo=1, Apz=1, A3 =0, Ai3=0.

Therefore, by (9.6.2), the vector (J1,...,Js) equals (0,3,3,0,0,0) for each of
them. Thus d3, dg, and dg are J-equivalent and they all have minimum J-
aberration. Recall that dg is actually a cross array. Interestingly, the minimum
J-aberration criterion eliminates the single arrays d; and ds, which when
viewed as ordinary 2672 designs, have MA. O

The single arrays ds, dg, and dg, which were seen to have minimum J-
aberration in the last example, enjoy another attractive property. It can be
checked that among all nonisomorphic single arrays, they alone maximize
c(C) 4 cl(N) + cl(CN), where for any such array, cl(C), cl(N), and cl(CN)
are the numbers of clear effects of types C', N, and C'N respectively. In fact,
the values of cl(C), cl(N), and cl(CN) for ds, dg, and dg are as follows:

ds: c(C)=0, c(N)=3, c(CN)=6,
de: c(C)=3, c(N)=0, c(CN) =6, (9.6.3)
dg: c(C)=0, cl(N)=0, c(CN)=09.

While they all have the same cl(C) + cl(N) + cl(CN), the above details may
be useful in further discrimination among them when additional knowledge
about the system is available. For instance, in many practical situations, it is
unlikely that all 2fi’s of type CN are important. If the six clear 2fi’s of this
type in dg can be chosen to represent the important ones, then dg has an edge
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over dg. If, in addition, one can reasonably assume the absence of 2fi’s of type
NN, then the noise main effects also become clear in dg and its advantage
over dg and ds becomes more pronounced.

Tables of single arrays that perform well with respect to the J-criterion and
clear effects are available in Wu and Zhu (2003) and Wu and Hamada (2000,
Chapter 10). These tables are obtained via enumeration of nonisomorphic
single arrays as demonstrated in Examples 9.4.1 and 9.6.1. It is not hard to
extend the J-criterion and the equations in (9.6.2) to the situation in which
only interactions involving four or more factors are assumed to be absent.
Although this can be done from first principles, certain general formulas given
by Wu and Zhu (2003) may help.

As in the previous chapters, it is possible to develop a theory, based on
complementary sets, for single arrays. For this purpose, one needs to consider,
along the lines of Theorem 2.7.1, a finite projective geometric formulation
in which the control and noise factors are identified with two disjoint sets
of points of the geometry. Let Ty and T be these two sets and T be the
complement of their union. Formulas for the A;; in terms of either T and T
or Ty and T can be derived. These results are useful when T has a relatively
small size. The details in this regard are available in Zhu (2003) and Zhu and
Wu (2006).

Exercises

9.1 Develop a stronger version of Theorem 9.2.2 when both d¢- and dy are
known to have resolution four or higher.

9.2 Suppose dc and dy are 271751 and 2"27F2 designs respectively in the
control and noise factors. Let Ho be a set of factorial effects that are
estimable in d¢ under the absence of all other factorial effects. Similarly,
define Hy with respect to dy. Write Hon for the collection of factorial
effects of the form F¢Fy, where Ec € Ho and Eny € Hy. For example,
if ny = ng = 3, HC = {F17F2,F3}, and HN = {F4,F4F6}, then

Hon = {F1Fy, FoF,, F3Fy, F\FyFg, Fo Fy F, F3FyFg}.

Let d be the cross array obtained from d¢ and dpy. Show that all factorial
effects in Ho U Hy U Heopn are estimable in d under the absence of all
other factorial effects.

9.3 Verify (9.6.3).

9.4 In Example 9.6.1, show that among all nonisomorphic single arrays, ds,
dg, and dg alone maximize cl(C) + ¢l(N) + cl(CN).

9.5 (a) With four control factors and two noise factors, each at two levels, and
k = 2, use Table 3A.2 to enumerate all nonisomorphic single arrays.
(b) From among the single arrays obtained in (a), find the one or ones
with minimum J-aberration.
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9.6 Verify the last five equations in (9.6.2).

9.7 Describe the sets K,,(w = 1,2,2.5,...) assuming only the absence of in-
teractions involving four or more factors. Under the same assumption,
obtain counterparts of the equations in (9.6.2) for two-level factorials.
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