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Abstract

Use of the (M,S) criterion to select and classify factorial designsis proposed and studied.

The criterion is easy to deal with computationally and it is independent of the choice of

treatment contrasts. It can be applied to two-level designs as well as multi-level symmetri-

cal and asymmetrical designs. An important connection between the (M,S) and minimum

aberration criteria is derived for regular fractional factorial designs. Relations between

the (M,S) criterion and generalized minimum aberration criteria on nonregular designs are

also discussed. The (M,S) criterion is then applied to study the projective properties of

some nonregular designs.
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1. Introduction

Screening designs are popularly used in practice to identify afew signi�cant factors

among many potential candidate factors. A fundamental question in physical experimen-

tation as well as scienti�c research is how to select the best design. A lot of research has

been done and many criteria have been proposed. Box and Hunter (1961) proposed the

maximum resolution criterion for regular fractional factorial designs. Fries and Hunter

(1980) extended Box and Hunter's criterion and suggested the minimum aberration (MA)

criterion. The MA criterion is the most popular criterion in design selection and it has

many good properties such as model robustness. For details, see Cheng, Steinberg and

Sun (1999) and references therein. In this paper, (M,S)-optimality will be used to select

two-level factorial designs. The (M,S) procedure (Eccleston and Hedayat, 1974) has been
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widely used and advocated in optimal design literature. Shah and Sinha (1989) has many

examples of theory and applications of (M,S)-optimality.

For a two-level designd with N runs of n factors, consider the following linear model

E[y(x1; x2; : : : ; xn )] = � 0 +
nX

i =1

� i x i +
n� 1X

i =1

nX

j = i +1

� ij x i x j ; (1)

where y(x1; x2; : : : ; xn ) is the observed response of treatment (x1; x2; : : : ; xn ), x i is the

level of factor i and takes the value� 1 or 1 (i = 1; : : : ; n): � 0 is the grand mean,� i is the

main e�ect of factor i , � ij is the interaction between factorsi and j , and so on. All the

three-factor or higher-order interactions are omitted in model (1). Model (1) can also be

written in matrix form, i.e.,

Y = X 1� 1 + X 2� 2 + �; (2)

whereY is an N � 1 vector of observations,X 1 = ( 1N ; x1; � � � ; xn ); 1N denotes anN � 1

vector of 1's, � 0
1 = ( � 0; � 1; � � � ; � n ) represents the grand mean and then main e�ects.

� 2 is the vector of
� n

2

�
two-factor interaction (2�'s) parameters, X 2 is the corresponding

coe�cient matrix of 2�'s and � is a vector of independent random errors with mean 0 and

constant variance� 2: In general� 1 can be any parameter subset that is of primary interest,

with � 2 representing \secondary" parameters. For example, for a designof resolution V � 1

could contain all main e�ects and 2�'s and � 2 could contain three-factor (and even higher-

order) interactions. Under the assumption of normality of errors, the Fisher information

matrix of � 2 adjusted for � 1 is

Cd = X 0
2X 2 � (X 0

1X 2)0(X 0
1X 1)� 1(X 0

1X 2):

Since Cd is symmetric, we denoteC0
dCd as C2

d in the following discussion. The (M,S)

criterion �rst identi�es a subclass of designs that maximize trace(Cd) and then �nds designs

within this subclass that minimize trace(C2
d). If a design has the maximum trace(Cd) and

minimum trace(C2
d) within a class of designs,D, it is called an (M,S)-optimal design inD.

For a 2n� p regular design with one replicate,

X 0
1X 1 = 2n� pI n+1 ;

whereI n+1 is the (n + 1)-dimensional identity matrix. Thus,

Cd = X 0
2X 2 � 2� (n� p)(X 0

1X 2)0(X 0
1X 2):
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It is important to note that, even though the (M,S) criterion de�ned here is based on

model (2) and only for two-level designs, trace(Cd) and trace(C2
d) are actually independent

of the choice of orthonormal contrasts [see Remark 2.3.1 of Deyand Mukerjee (1999)].

Therefore, the (M,S) criterion can be applied to multi-level symmetrical and asymmetrical

designs as well. Cheng, Deng, and Tang (2002) and Mandal and Mukerjee (2004) studied

(M,S)-optimality in factorial designs. They considered the joint information on � 1 and � 2

while our focus is the conditional information on� 2 given � 1: The (M,S) criterion proposed

in this paper is especially useful in the scenario in which main e�ects are of primary interest

but the experimenter would like to have as much information on 2�'s as possible under the

assumption that three-factor and higher-order interactionsare negligible. As is shown in

the following, trace(Cd) and trace(C2
d) contain not only the contamination information of

2�'s on main e�ects but information on 2�'s themselves as well.

2. (M,S)-Optimality in Selecting Regular Designs

Minimum aberration has been a popular criterion in choosing regular fractional factorial

designs. The purpose of this section is to explore the detailed relationship between (M,S)

and MA criteria when selecting regular designs of two-level factors. Jacroux (2004) brie
y

discussed the connection between the two criteria for regular designs of resolution III or

higher, but his formulation only holds for designs of resolution IV or resolution III designs

in which each main e�ect is aliased with exactly one 2�.

For a 2n� p regular fractional factorial design, sayd; let Wi (d) be the number of words

of length i in the de�ning relation. Then W(d) = ( W1(d); � � � ; Wn (d)) is the wordlength

pattern of designd: For any two designsd1 and d2, let l be the smallest integer such that

Wl (d1) 6= Wl (d2), then d1 is said to have less aberration thand2 if Wl (d1) < W l (d2): If no

design has less aberration thand1, then d1 is called the MA design.

In a 2n� p design d of resolution III or higher, following Cheng, Steinberg, andSun

(1999), 2p � 1 of the 2n � 1 factorial e�ects appear in the de�ning relation. The remaining

2n � 2p e�ects are partitioned into g = 2n� p � 1 alias sets each of size 2p, wheren of the g

alias sets contain main e�ects (one each). Letf = g� n and the f alias sets not containing

main e�ects beM 1; � � � ; M f : Also let the n alias sets containing main e�ects beM f +1 ; � � � ;
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M g: For 1 � i � g; let mi (d) be the number of 2�'s in M i : Then

gX

i = f +1

mi (d) = 3 W3(d)

because each three-letter word in the de�ning relation generates three 2�'s that are aliased

with (the corresponding) main e�ects. Note that the diagonal element of (X 0
1X 2)0(X 0

1X 2) is

4n� p if the 2� is aliased with a main e�ect, and zero otherwise (since the design resolution

is at least III, there cannot be two main e�ects aliased with thesame 2�). The o�-diagonal

element is zero if the two 2�'s are not aliased with a main e�ectand 4n� p if they are both

aliased with the same main e�ect. Similarly, the (i; i )th diagonal element ofX 0
2X 2 is 2n� p;

and the (i; j )th o�-diagonal element is zero if the i th and j th 2�'s are not aliased with

each other and 2n� p if they are. Hence, trace(Cd) is equal to the number of 2�'s that are

not aliased with main e�ects (i.e., 2�'s in M 1; � � � ; M f ) multiplied by 2 n� p; and

trace(C2
d) =

"
fX

i =1

mi (d) + 2 �
fX

i =1

�
mi (d)

2

� #

4n� p = 4n� p
fX

i =1

mi (d)2:

Recall that (equation (2.2) in Cheng, Steinberg, and Sun, 1999)

6W4(d) =
gX

i =1

mi (d)2 �
�

n
2

�
:

Thus

trace(C2
d) =

" �
n
2

�
�

gX

i = f +1

mi (d)2 + 6W4(d)

#

4n� p: (3)

Therefore, we have the following theorem.

Theorem 1. For any regular two-level design d of resolution III or higher,

1. trace(Cd) = 2 n� p
P f

i =1 mi (d) = 2 n� p
�� n

2

�
� 3W3(d)

�
:

2. trace(C2
d) = 4 n� p

P f
i =1 mi (d)2 = 4n� p

h� n
2

�
�

P g
i = f +1 mi (d)2 + 6W4(d)

i
:

Theorem 1 shows that the (M,S) criterion selects the design thatmaximizes
P f

i =1 mi (d)

(or, equivalently, minimizesW3(d)) �rst and then minimizes
P f

i =1 mi (d)2, while the MA

criterion minimizes W3(d) �rst and then minimizes W4(d) (or, equivalently, minimizes
P g

i =1 mi (d)2). The following example shows that these two criteria are not equivalent

when used in design selection.
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Example 1. Consider the following two 211� 6
III designs.

d1 : F = AB; G = AC; H = AD; J = BE; K = CDE; L = ABCDE

d2 : F = AB; G = AC; H = AD; J = AE; K = BCDE; L = ABCDE

It can be shown thatW(d1) = (0 ; 0; 5; 9; 17; 19; 7; 2; 3; 1) andW(d2) = (0 ; 0; 5; 10; 16; 16; 10; 5; 1):

Let m(d) = ( m1(d); � � � ; m31(d)): Then

m(d1) = (3 ; 3; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 1; 1; 3; 2; 2; 1; 1; 1; 1; 1; 1; 1; 1);

m(d2) = (2 ; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 2; 5; 1; 1; 1; 1; 1; 1; 1; 1; 1; 1);

trace(Cd1 ) =
P 20

i =1 mi (d1) = 40 � 211� 6 = trace(Cd2 ) =
P 20

i =1 mi (d2);

trace(C2
d1

) =
P 20

i =1 mi (d1)2 = 84 � 411� 6; trace(C2
d2

) =
P 20

i =1 mi (d2)2 = 80 � 411� 6;
P 31

i =1 mi (d1)2 = 109; and
P 31

i =1 mi (d2)2 = 115:

Therefore, the MA criterion will choosed1 over d2 while the (M,S) criterion selectsd2 over

d1: Neither of these designs is optimal by either criterion, but thedi�erence between them

illustrates the nature of the MA and (M,S) criteria. The MA criterion favors designs that

treat all factors equally by making the alias chains of low order e�ects roughly equal in

length. In contrast, the (M,S) criterion seems to put some 2�'s into longer alias chains with

main e�ects in order to keep the uniformity of 2�'s distributi on across the alias chains that

don't contain main e�ects. Note that, in this example, both d1 and d2 have maximized

Jacroux's E (the number of estimable contrasts that contain atleast one main e�ect or

2�) at 31.

One interesting question is whether (M,S)-optimal designs arealso MA designs and vice

versa. For designs of resolution IV or higher, it is easy to see thatmaximizing trace(Cd) and

then minimizing trace(C2
d) is equivalent to minimizing W3(d) and then minimizing W4(d).

Therefore, MA designs must be (M,S)-optimal. However, an (M,S)-optimal design is not

necessarily an MA design. For example, designs 26� 1
V I and 26� 1

V with de�ning relations

6 = 12345 and 6 = 1234 have word-length patterns (0; 0; 0; 0; 0; 1) and (0; 0; 0; 0; 1; 0)

respectively. Both designs have minimumW3(d) and W4(d); so they are (M,S)-optimal.

However, it is obvious that 26� 1
V is not an MA design. Actually, 26� 1

V is the smallest

(M,S)-optimal design that doesn't have minimum aberration. The major reason is that

the current setting of (M,S)-optimality doesn't cover information on three-factor or higher-

order interactions while the MA criterion considers interactions of any order. As is pointed

out above, three-factor or higher-order interactions could be included in� 2 if all main e�ects

and 2�'s are parameters of primary interest,� 1:
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Recall that a 2n� k design has resolution III if 2n� k� 1 + 1 � n � 2n� k � 1: For designs of

8, 16, and 32 runs with more than 4; 8; and 16 factors, respectively, a complete computer

search using the algorithm in Xu (2002) shows that the (M,S)-optimal design is unique

up to isomorphism (two designs areisomorphic if one can be obtained from the other by

relabeling factors, reordering runs or switching the levels of factors), and it is the MA

design. For designs of 64 runs with more than 32 factors, it is noteasy to identify all the

nonisomorphic designs. The concept of complementary designs proposed by Tang and Wu

(1996) could be used to reduce the complexity of the computation.

Let Hn� k be the collection of all 2n� k � 1 combinations generated byn � k independent

columns, then for any design d, the complementary design, say�d; consists of the remaining

2n� k � 1 � n columns in Hn� k : Tang and Wu show that W3(d) = constant � W3( �d) and

W4(d) = constant + W3( �d) + W4( �d): Therefore, to �nd all nonisomorphic resolution III

designs of 64 runs with minimumW3(d); we only need to �nd their complementary designs
�d with the maximum W3( �d): Since these complementary designs contain 1 to 31 factors,

we only need to �nd nonisomorphic designs with the maximumW3( �d) in H5 (Chen and

Hedayat, 1996). These complementary designs (only generatorsare given and the �ve

independent columns are 1; 2; 3; 4; and 5) are listed in Table 1.

Chen and Hedayat (1996) listed nonisomorphic complementary designs of 1 to 15 factors

with the maximum W3( �d) and Table 1 has complementary designs of 16 to 31 factors and

their wordlength pattern up to �ve-letter words ( M 10; M �
10; M11; and M �

11 are from Chen

and Hedayat, 1996 and are included for demonstration later). For example,M 25 stands for

the complementary design with 25 factors and the maximumW3( �d) = 80, the minimum

W4( �d) = 435 and the minimum W5( �d) = 1622 (if two designs have the sameW3( �d) and

W4( �d)). M � 1
25 to M � 3

25 are other nonisomorphic designs with the maximumW3( �d) = 80. It

is clear from the list of nonisomorphic complementary designs that there is only one design

up to isomorphism with maximum W3( �d) for 1 to 9; 12 to 18; 28 to 31 factors. Hence,

there is only one design up to isomorphism having minimumW3(d) with 62 to 54; 51 to

45; and 35 to 32 factors. Therefore, (M,S)-optimal and MA designs are the same in these

cases. For other cases where there are more than one nonisomorphic design, trace(Cd)

and trace(C2
d) are given in Table 2. Table 2 shows that (M,S)-optimal design is unique up

to isomorphism except for designs with 37 and 38 factors. There are two (M,S)-optimal

designs with 37 factors and they are the complementary designsof M 26 and M � 1
26 (denoted
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by H6 n M 26 and H6 n M � 1
26 ). By checking wordlength patterns ofM 26 and M � 1

26 , we know

that H6 n M 26 is MA and H6 n M � 1
26 is not. Similarly, there are two (M,S)-optimal designs

with 38 factors and they are the complementary designs ofM 25 and M � 1
25 , whereH6 n M 25

is MA and H6 n M � 1
25 is not. Therefore, (M,S)-optimal designs are not unique and not

necessarily MA. However, all MA designs with 64 runs are (M,S)-optimal. For resolution

III designs with more than 64 runs, whether an MA design is (M,S)-optimal is still under

investigation.

In general, the (M,S) and MA criteria are di�erent. The former compares designs based

on the aliasing of 2�'s with main e�ects as well as among 2�'s themselves, while the latter

also factors in higher-order interactions. The MA criterion distributes the 2�'s uniformly

across alias sets including main e�ects as well as those containing only 2�'s, while the

(M,S) criterion distributes 2�'s evenly across only the aliassets that do not contain any

main e�ects. It is important to notice that the (M,S) criterio n is equivalent to maximizing

the �rst two components of the maximum estimation capacity, i.e., E1(d) and E2(d), in

Cheng, Steinberg, and Sun (1999). An (M,S)-optimal design usually has large estimation

capacity, i.e., it accommodates large numbers of models containing all the main e�ects and

a certain number of 2�'s.

In addition to the ease of computation, the (M,S) criterion can be naturally carried

over from regular designs to nonregular designs. In contrast, the MA criterion has to be

modi�ed. Next, the (M,S) criterion will be used to study nonregular designs, and relations

between the (M,S) and minimumG2-aberration criteria are also discussed.

3. (M,S)-Optimality for Nonregular Designs

In this section some properties of trace(Cd) and trace(C2
d) when used in selecting non-

regular designs are studied. For a designd of N runs with n factors, where each row of

the design matrix corresponds to a run and each column to a factor, let s = f c1; : : : ; ckg

be anyk-subset with 1� k � n, de�ne

j k(s) =
NX

i =1

ci 1 � � � cik ; Jk(s) = jj k(s)j

wherecij is the ith component of columncj : The Jk(s) values are called the J-characteristics

of a design in Tang and Deng (1999). For an orthogonal design,J1(s) = J2(s) = 0 : A

design is regular if and only ifJk(s) = 0 or N for all k. If Jk(s) = N , the k columns
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Table 1: Nonisomorphic designs with the maximumW3( �d)

Design Design Generators (W3; W4; W5)

M 16 12; 13; 14; 23; 24; 34; 123; 124; 134; 234; 1234 (35; 105; 168)

M 17 12; 13; 14; 23; 24; 34; 123; 124; 134; 234; 1234; 12345 (36; 112; 196)

M 18 12; 13; 14; 23; 24; 34; 123; 124; 134; 135; 234; 1234; 12345 (38; 126; 252)

M 19 12; 13; 14; 23; 24; 34; 123; 124; 134; 135; 234; 245; 1234; 12345 (41; 148; 336)

M �
19 12; 13; 14; 23; 24; 34; 123; 124; 134; 135; 145; 234; 245; 1234;

12345 (41; 147; 337)

M 20 12; 13; 14; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234; 1234;

2345 (45; 175; 453)

M �
20 12; 13; 14; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234; 1234;

12345 (45; 176; 452)

M 21 12; 13; 15; 23; 24; 25; 35; 123; 124; 134; 135; 234; 245; 1234;

12345 (50; 205; 592)

M � 1
21 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 134; 135; 145; 234;

1234; 12345 (50; 210; 603)

M � 2
21 12; 13; 14; 15; 23; 25; 35; 123; 125; 135; 145; 235; 1234; 1235;

1245; 2345 (50; 211; 602)

M � 3
21 12; 13; 14; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234; 235;

1234; 12345 (50; 213; 600)

M 22 12; 13; 14; 15; 24; 25; 45; 123; 124; 134; 135; 234; 245; 1234;

1235; 12345 (56; 251; 784)

M � 1
22 12; 14; 15; 23; 24; 25; 45; 123; 124; 125; 134; 135; 145; 234; 235;

1234; 12345 (56; 252; 784)

M � 2
22 12; 13; 14; 15; 23; 24; 34; 125; 135; 145; 234; 1234; 1235; 1245;

1345; 2345; 12345 (56; 254; 789)

M � 3
22 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234; 235;

1234; 12345 (56; 255; 788)

M � 4
22 12; 13; 14; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234; 235; 245;

1234; 12345 (56; 259; 784)
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Table 1: Nonisomophic designs with the maximumW3( �d) (continued)

Design Design Generators (W3; W4; W5)

M 23 12; 13; 14; 15; 23; 34; 35; 45; 123; 124; 125; 134; 135;

145; 234; 235; 1345; 12345 (63; 304; 1015)

M � 1
23 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135;

145; 234; 235; 1234; 1345; 12345 (63; 306; 1017)

M � 2
23 12; 13; 14; 15; 23; 24; 34; 123; 124; 134; 135; 234; 245;

1234; 1235; 1245; 1345; 12345 (63; 307; 1016)

M � 3
23 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145;

234; 235; 245; 1234; 12345 (63; 308; 1015)

M � 4
23 12; 13; 14; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234;

235; 245; 345; 1234; 12345 (63; 315; 1008)

M 24 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 234;

235; 245; 1235; 1245; 1345; 12345 (71; 365; 1292)

M � 1
24 12; 13; 14; 15; 23; 25; 35; 123; 124; 125; 134; 135; 234

; 235; 245; 1235; 1245; 1345; 12345 (71; 366; 1293)

M � 2
24 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145;

234; 235; 245; 1234; 1235; 12345 (71; 367; 1292)

M � 3
24 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145;

234; 235; 245; 345; 1234; 12345 (71; 371; 1288)

M 25 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 125; 134; 135; 234;

235; 245; 1235; 1245; 1345; 12345 (80; 435; 1622)

M � 1
25 12; 13; 14; 15; 23; 24; 25; 35; 123; 124; 125; 134; 135;

234; 235; 245; 1235; 1245; 1345; 12345 (80; 435; 1623)

M � 2
25 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135;

234; 245; 345; 1235; 1245; 1345; 12345 (80; 436; 1622)

M � 3
25 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145;

234; 235; 245; 345; 1234; 1235; 12345 (80; 438; 1620)
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Table 1: Nonisomorphic designs with the maximumW3( �d) (continued)

Design Design Generators (W3; W4; W5)

M 26 12; 13; 14; 15; 23; 24; 25; 45; 123; 124; 125; 134; 135; 145;

234; 235; 245; 345; 1234; 1235; 12345 (90; 515; 2012)

M � 1
26 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 125; 134; 135; 234;

245; 345; 1234; 1235; 1245; 1345; 12345 (90; 515; 2013)

M � 2
26 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234;

235; 245; 345; 1234; 1235; 1245; 12345 (90; 516; 2012)

M 27 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 125; 134; 135; 145; 234;

235; 245; 345; 1234; 1235; 2345; 12345 (101; 605; 2473)

M �
27 12; 13; 14; 15; 23; 24; 34; 123; 124; 125; 134; 135; 145; 234;

235; 245; 345; 1234; 1235; 1245; 1345; 12345 (101; 606; 2472)

M 28 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 125; 134; 135; 145; 234;

235; 245; 345; 1234; 1235; 1245; 1345; 12345 (113; 706; 3012)

M 29 12; 13; 14; 15; 23; 24; 25; 34; 123; 124; 125; 134; 135; 145;

234; 235; 245; 345; 1234; 1235; 1245; 1345; 2345; 12345 (126; 819; 3640)

M 30 12; 13; 14; 15; 23; 24; 25; 34; 35; 123; 124; 125; 134; 135;

145; 234; 235; 245; 345; 1234; 1235; 1245; 1345; 2345; 12345 (140; 945; 4368)

M 31 12; 13; 14; 15; 23; 24; 25; 34; 35; 45; 123; 124; 125; 134; 135;

145; 234; 235; 245; 345; 1234; 1235; 1245; 1345; 2345; 12345 (155; 1085; 5028)

M 10 1; 2; 3; 4; 1234; 12; 23; 34; 123; 234 (10; 15; 12)

M �
10 1; 2; 3; 4; 1234; 12; 23; 13; 14; 123 (10; 16; 12)

M 11 1; 2; 3; 4; 1234; 12; 13; 14; 23; 24; 34 (13; 25; 25)

M �
11 1; 2; 3; 4; 1234; 14; 23; 24; 34; 234; 123 (13; 26; 24)
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Table 2: Trace(Cd) and trace(C2
d) of 64-run designs

No. of Factors Nonisomorphic Design trace(Cd) trace(C2
d)

36 H6 n M 27 438� 64 7110� 642

36 H6 n M �
27 438� 64 7116� 642

37 H6 n M 26 426� 64 6986� 642

37 H6 n M � 1
26 426� 64 6986� 642

37 H6 n M � 2
26 426� 64 6992� 642

38 H6 n M 25 415� 64 6895� 642

38 H6 n M � 1
25 415� 64 6895� 642

38 H6 n M � 2
25 415� 64 6901� 642

38 H6 n M � 3
25 415� 64 6913� 642

39 H6 n M 24 405� 64 6843� 642

39 H6 n M � 1
24 405� 64 6849� 642

39 H6 n M � 2
24 405� 64 6855� 642

39 H6 n M � 3
24 405� 64 6879� 642

40 H6 n M 23 396� 64 6830� 642

40 H6 n M � 1
23 396� 64 6842� 642

40 H6 n M � 2
23 396� 64 6848� 642

40 H6 n M � 3
23 396� 64 6854� 642

40 H6 n M � 4
23 396� 64 6896� 642

41 H6 n M 22 388� 64 6856� 642

41 H6 n M � 1
22 388� 64 6862� 642

41 H6 n M � 2
22 388� 64 6874� 642

41 H6 n M � 3
22 388� 64 6880� 642

41 H6 n M � 1
22 388� 64 6904� 642

42 H6 n M 21 381� 64 6921� 642

42 H6 n M � 1
21 381� 64 6951� 642

42 H6 n M � 2
21 381� 64 6957� 642

42 H6 n M � 3
21 381� 64 6969� 642

52 H6 n M 11 270� 64 6630� 642

52 H6 n M �
11 270� 64 6636� 642

53 H6 n M 10 250� 64 6250� 642

53 H6 n M �
10 250� 64 6256� 642
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in s form a word of length k in the de�ning relation of regular designs. For nonregular

designs, 0� Jk(s) � N . Deng and Tang (1999) introduced a generalized minimum

aberration (GMA) criterion based on the confounding frequency vector (CFV) that consists

of the frequencies ofJk(s): Let f kj be the frequency ofk column combinations that give

Jk(s) = 4( t + 1 � j ) for j = 1; : : : ; t in a Hadamard matrix with N = 4t runs. Then the

CFV is

CFV = [( f 31; : : : ; f 3t ); (f 41; : : : ; f 4t ); : : : ; (f n1; : : : ; f nt )]:

The GMA criterion minimizes the components ofCFV sequentially, i.e, a GMA design

has the lowest frequency of the largestJk(s) values. They proved that Jk(s) must be a

multiple of 4 for orthogonal �rst-order designs. The quantityJk(s)=N could be interpreted

as the extent of aliasing amongk columns. In particular, J3(s)=N = 0 (or J3(s)=N = 1)

suggests that there is no (or complete) aliasing between the main e�ect of one factor in

s and the 2� of two other factors; J4(s)=N = 0 (or J4(s)=N = 1) indicates that there is

no (or complete) aliasing between two 2�'s of the four factorsin s. The values ofJ3(s)

and J4(s) are closely related toN: For example, Deng and Tang (2002) pointed out that if

N is a multiple of 8; so areJ3(s) and J4(s): As with regular designs where trace(Cd) and

trace(C2
d) depend onW3(d) and W4(d); Theorem 2 shows that trace(Cd) and trace(C2

d) are

determined by j 3(s) and j 4(s):

Theorem 2. For any two-level orthogonal design d withN runs and n factors,

1. trace(Cd) = N
� n

2

�
� 3

N

P
1� i<k<l � n j 2

3(ci ckcl ).

2. trace(C2
d) =

P
1� i<k � n

h
N � 1

N

P
1� i<k � n;h 6= i;k j 2

3(ci ckch)
i 2

+
X

1� i<k � n;1� l<m � n;( i;k )6=( l;m )

"

j 4(ci ckclcm ) �
1
N

X

h6= i;k;l;m

j 3(ci ckch)j 3(clcmch)

#2

:

Proof. Note that the diagonal elements ofX 0
2X 2 areN 's, the nonzero o�-diagonal elements

of X 0
1X 2 are j 3(s)'s with each one appearing three times, and trace((X 0

1X 2)0X 0
1X 2) is the

sum of squares of the elements inX 0
1X 2. For example, the element corresponding to main

e�ect 1 and 2� 23 in X 0
1X 2 is j 3(c1c2c3): It is straightforward to show that

trace(Cd) = N
�

n
2

�
�

3
N

X

1� i<k<l � n

j 2
3(ci ckcl ):
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For trace(C2
d), note that the o�-diagonal elements ofX 0

2X 2 are either zero (j 2(s) = 0) or

j 4(s): The diagonal element of (X 0
1X 2)0X 0

1X 2 is the sums of squares ofj 3(s) containing two

factors in the corresponding 2�. For instance, the diagonal element at the position of 2�

23 is 1
N

P
h6=2 ;3 j 2

3(c2c3ch): The o�-diagonal element is the sum of all products ofj 3(s1) and

j 3(s2) where s1 and s2 contain two factors from each 2� and a main e�ect that doesn't

appear in both 2�'s. For example, the o�-diagonal element at the position of 2�'s 12 and

34 is
P n

h=5 j 3(c1c2ch)j 3(c3c4ch): }

Tang and Deng (1999) proposed the minimumG2-aberration criterion as follows. Let

Bk(d) = 1
N 2

P

jsj= k
J 2

k (s): For two designsd1 and d2; let r be the smallest integer such that

B r (d1) 6= B r (d2): Design d1 has lessG2-aberration than d2 if B r (d1) < B r (d2): If no

design has lessG2-aberration than d1; then d1 is said to have minimumG2-aberration.

Theorem 2 shows that maximizing trace(Cd) is equivalent to minimizing B3(d): However,

minimizing trace(C2
d) is more complicated than simply minimizingB4(d): If all j 3(s)'s are

zero (for example,d is an orthogonal array of strength three), then minimizing trace(C2
d) is

equivalent to minimizing B4(d): Direct calculation shows that all minimumG2-aberration

designs in Table 2 of Tang and Deng (1999) are (M,S)-optimal and all (M,S)-optimal

designs from H16.III have minimumG2-aberration. It is not known in general whether

the (M,S) criterion is equivalent to the minimum G2-aberration criterion for nonregular

designs. Moreover, for regular designs, trace(Cd) and trace(C2
d) are multiples of N and

N 2; but this is not generally true for nonregular designs (examples are given in Table 6).

If d is a saturated orthogonal design,X 1(d)X 0
1(d) = X 0

1(d)X 1(d) = NI N ; thus Cd = 0

and trace(Cd)=trace( C2
d)=0. Therefore, all saturated orthogonal designs are (M,S) equiv-

alent. However, saturated orthogonal designs ofN runs are not GMA equivalent (Xu and

Deng, 2002). Theorem 3 links trace(Cd) with J-characteristics for projections of saturated

orthogonal arrays.

Theorem 3. Let d1 be an m-dimensional projection from a saturated orthogonalarray d

of N runs by deleting columnsa1; � � � ; ag; whereg = N � m � 1 � 1: Then

trace(Cd1 ) =
1
N

[
X

1� i<k � m

j 2
3(ci cka1) + � � � +

X

1� i<k � m

j 2
3(ci ckag)] (4)

=
g

2N
[mN 2 �

mX

i =1

j 2
3(a1a2ci ) � � � � �

mX

i =1

j 2
3(a1agci )] (5)
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Proof. Let X 1(d) be the main e�ect matrix of designd in the model, thenX 1(d)X 0
1(d) =

X 0
1(d)X 1(d) = NI N : Without loss of generality, assume the �rstm factors are in projection

d1, then X 1(d) = [ X 1(d1); a1; : : : ; ag]; where a1; a2; : : : ; ag stands for main e�ects of theg

factors. Note that

I N =
1
N

[X 1(d1); a1; : : : ; al ][X 1(d1); a1; : : : ; ag]0 =
1
N

X 1(d1)X 0
1(d1) +

1
N

a1a0
1 + � � � +

1
N

aga0
g:

Recall that

Cd1 = X 0
2(d1)X 2(d1) �

1
N

(X 0
1(d1)X 2(d1))0(X 0

1(d1)X 2(d1))

= X 0
2(d1)[I N �

1
N

X 1(d1)X 0
1(d1)]X 2(d1)

=
1
N

X 0
2(d1)[a1a0

1 + � � � + aga0
g]X 0

2(d1);

whereX 2(d1) is the coe�cient matrix of 2�'s in projection d1: Therefore

trace(Cd) =
1
N

[trace([X 0
2(d1)a1][a0

1X 2(d1)]) + � � � + trace([X 0
2(d1)ag][a0

gX 2(d1)])

=
1
N

f [a0
1X 2(d1)][X 0

2(d1)a1] + � � � + [ a0
gX 2(d1)][X 0

2(d1)ag]g

=
1
N

[
X

1� i<k � m

j 2
3(ci cka1) + � � � +

X

1� i<k � m

j 2
3(ci ckag)]:

To show equation (5), considerWi = X 0
1(d1)D(ai )X 1(d1) for i = 1; 2; : : : ; g; whereD(ai ) is

the diagonal matrix with diagonal elements equal to the elements ofai : Then it is easy to

see that the diagonal elements ofWi are zeros and its o�-diagonal elementwkl = j 3(ckclai )

for 1 � k < l � m. Therefore,
P

1� k<l � m j 2
3(ckclai ) is the half of the sum of squares of all

o�-diagonal elements inWi : Note that the sum of squares of all o�-diagonal elements in

Wi is trace(Wi W 0
i ): Let's calculate trace(W1W 0

1) �rst.

trace(W1W 0
1) = trace( X 0

1(d1)D(a1)X 1(d1)X 0
1(d1)D(a1)X 1(d1))

= trace(X 0
1(d1)D(a1)[NI N � a1a0

1 � � � � � aga0
g]D(a1)X 1(d1))

= trace(NX 0
1(d1)D(a1)D(a1)X 1(d1))

� trace(X 0
1(d1)D(a1)a1a0

1D(a)X 1(d1))

� � � � � trace(X 0
1(d1)D(ag)aga0

gD(a)X 1(d1))

= trace(NX 0
1(d1)X 1(d1)) � trace(X 0

1(d1)1N 10
N X 1(d1))
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� trace(X 0
1(d1)D(a1)a2a0

2D(a1)X 1(d1)) � � � �

� trace(X 0
1(d1)D(a1)aga0

gD(a1)X 1(d1))

= N 2m �
mX

i =1

j 2
3(a1a2ci ) � � � � �

mX

i =1

j 2
3(a1agci )

where1N is the N � 1 vector with elements 1; D(a1)a1 = 1N and D(a1)ai is the Hadamard

product of a1 and ai for i = 2; 3; : : : ; g:

Similarly, for h = 2; 3; : : : ; g;

trace(WhW 0
h) = N 2m �

mX

i =1

j 2
3(a1a2ci ) � � � � �

mX

i =1

j 2
3(a1ah� 1ci )

�
mX

i =1

j 2
3(a1ah+1 ci ) � � � � �

mX

i =1

j 2
3(a1agci ):

Therefore,

trace(C2
d) =

g
2N

[mN 2 �
mX

i =1

j 2
3(a1a2ci ) � � � � �

mX

i =1

j 2
3(a1agci )]:

}

Equation (4) in theorem 3 should be applied whenm � (N � 1)=2 and equation (5) is

applied whenm � (N � 1)=2: In particular,

Corollary 1. Let d1 be an (N � 2)-dimensional projection from a saturated orthogonal

array d and X 1(d1) and X 2(d1) be its main e�ect and 2� model matrices. Then

1. trace(Cd1 ) = 1
N

P
1� i<k � n� 2 j 2

3(ci cka) = N (N � 2)
2 ; where a is the factor that is not in

the projection.

2. trace(C2
d1

) = [trace( Cd1 )]2

3. If d is the 12-run Plackett-Burman design, then for any m-dimensional projection d1

trace(Cd1 ) = 12
� m

2

�
� 4

� m
3

�
:

Proof. Let X 1(d) be the main e�ect matrix of design d in the model. Without loss of

generality, assume the �rstn � 2 factors are in projectiond1, then X 1(d) = [ X 1(d1); a];
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wherea is the main e�ect of the (n � 1)th factor. Here, g = 1 and m = N � 2: Therefore,

trace(Cd) = N (N � 2)
2 and (1) holds. To obtain (2); note that

trace(C2
d) =

1
N 2

trace([X 0
2(d1)a][a0X 2(d1)][X 0

2(d1)a][a0X 2(d1)])

=
1

N 2
[a0X 2(d1)X 0

2(d1)a]trace([X 0
2(d1)a][a0X 2(d1)])

=
1

N 2
[a0X 2(d1)][X 0

2(d1)a]2 = [trace(Cd)]2:

As for (3), Lin and Draper (1992) showed that any 3-dimensional projection has one copy

of 23 and one copy of 23� 1: Hence, j 3(s) = � 4 for any three columns and the result is

obtained by directly plugging j 3(s) in (1) of Theorem 2. }

4. Projective Properties of Nonregular Designs

In this section, the (M,S) criterion is used to study the projective properties of non-

regular designs of 12; 16; and 20 runs. Since all these designs are saturated, they are

indistinguishable by the (M,S) criterion, their trace(Cd)'s and trace(C2
d)'s are zero. In-

stead, the (M,S) criterion is applied to projections onto di�erent dimensions. Projections

will be classi�ed by their trace(Cd)'s and trace(C2
d)'s (called (M,S) classi�er, hereafter)

and (M,S)-optimal projections are selected from each dimension. There has been a lot of

research on projections using the generalized minimum aberration (GMA) criteria (Deng

and Tang, 1999 and Xu and Wu, 2001). The (M,S)-optimal projections will be compared

with the GMA projections to show the di�erence between the twocriteria in projections

of nonregular designs.

4.1. Plackett-Burman Design of 12 Runs

As is well known, there is only one projection up to isomorphism for 3 to 11 factors

(except for 5 and 6 factors) in the 12-run Plackett-Burman design generated byf 1; 1; � 1;

1; 1; 1; � 1; � 1; � 1; 1; � 1g. For projections onto 5 factors, the (M,S)-optimal projections

(396 of the total 462) have trace(Cd) = 80:00 and trace(C2
d) = 1208:89: The projection

consisting of columns 1; 2; 3; 4; and 5 is an example. It has two mirror runs, 7 and 10

and it is also the GMA projection. The other 66 projections have trace(Cd) = 80:00 and

trace(C2
d) = 1280: The projection consisting of columns 1; 2; 3; 4; and 10 is one and it has

two identical runs, 3 and 11: For projections onto 6 factors, the (M,S)-optimal projections
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(again 396 out of 462) have trace(Cd) = 100:00 and trace(C2
d) = 2035:56: The projection

consisting of columns 1; 2; 3; 4; 5; and 6 is (M,S)-optimal. The other 66 projections

have trace(Cd) = 100:00 and trace(C2
d) = 2320:00: The projection consisting of columns

1; 2; 3; 4; 5; and 7; which is the GMA projection, is an example and has two mirror

runs, 7 and 11. Hence, a GMA projection is not necessarily (M,S)-optimal. Li and Wang

(2004) showed that both (M,S)-optimal projections onto �ve and six factors have maximum

estimation capacity among all �ve and six dimensional projections respectively, while the

GMA projection onto six factors doesn't have maximum estimation capacity.

4.2. Hall's Designs of 16 Runs

According to Hall (1961), there are exactly �ve nonisomorphic Hadamard matrices

of order 16, labeled as H16.I, H16.II, H16.III, H16.IV, and H16.V inDeng and Tang

(2002), where H16.I is a regular design. For 3� m � 14; a complete computer search

of
� 15

m

�
projections was done for each of Hall's designs. Table 3 lists the(M,S)-optimal

projections and their frequencies (the numbers in parentheses are the total numbers of

projections in each design,fg c stands for the complement). For example, the (M,S)-

optimal projections onto six factors have trace(Cd) = 240 and trace(C2
d) = 8448: The

frequencies of 6-dimensional (M,S)-optimal projections among 5005 projections in each

of H16.I, H16.II, H16.III, H16.IV and H16.V are 420; 120; 46; 21; and 28; respectively.

The projection consisting of columns 1; 2; 3; 4; 6; and 8 in H16.I is (M,S)-optimal. The

projection is a regular MA design of resolution IV with de�ningrelations and 6 = 124 and

8 = 123: All columns selected in Table 3 are from H16.I.

According to the frequencies of (M,S)-optimal projection ineach dimension, regular

design H16.I has the most (M,S)-optimal projections, H16.II ranks second, H16.III third,

H16.V fourth, and H16.IV �fth. Design H16.IV doesn't have any (M,S)-optimal projections

onto 5; 7; 8; and 9 factors in Table 3. The best (in terms of the (M,S) criterion) projections

onto 5; 7; 8; and 9 factors for H16.IV have trace(Cd)'s 160; 288; 352; 336; and trace(C2
d)'s

4096; 11776; 19456; 19200; respectively. Similarly, H16.V does't have any (M,S)-optimal

projections onto 5 factors, and the best projections in H16.V have trace(Cd) = 160 and

trace(C2
d) = 4096: Even though the regular design H16.I has fewer classes than the nonreg-

ular designs (Table 4), it has the largest frequencies of (M,S)-optimal projections. Since

factorial e�ects in (M,S)-optimal projections have less aliasing than those in others, it is
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Table 3: (M,S)-optimal projections in 16-run Hall's designs

No. of Trace Trace Columns

Factors of Cd of C2
d H16.I H16.II H16.III H16.IV H16.V Selected

3(455) 48 768 420 372 348 336 336 1; 2; 3

4(1365) 96 1536 840 600 480 420 420 1; 2; 3; 4

5(3003) 160 2560 168 72 24 0 0 1; 2; 3; 4; 7

6(5005) 240 8448 420 120 46 21 28 1; 2; 3; 4; 6; 8

7(6435) 336 16128 120 24 8 0 8 1; 2; 3; 4; 6; 8; 9

8(6435) 448 28672 15 3 1 0 1 1; 2; 3; 4; 6; 8; 9; 12

9(5005) 384 24576 105 21 7 0 7 f 7; 10; 11; 13; 14gc

10(3003) 336 22784 315 99 39 21 21 f 10; 11; 13; 14gc

11(1365) 304 23296 420 228 132 84 84 f 11; 13; 14gc

12(455) 288 27648 35 19 11 7 7 f 11; 14gc

13(105) 192 18432 105 105 105 105 105 any 13 columns

14(15) 112 12544 15 15 15 15 15 any 14 columns

not surprising to see that the regular design H16.I has the largest frequencies of (M,S)-

optimal projections because regular designs usually have less e�ect aliasing than nonregular

designs.

It is interesting to note that all (M,S)-optimal projections onto 3 to 8 factors in Table 3

are regular factorial designs because their values of J-characteristics are either 0 or 16:

Some of the (M,S)-optimal projections onto 9 to 14 factors are nonregular. In terms of

(M,S)-optimality, these nonregular designs are as good as their regular counterparts. For

example, the projection consisting of columns 4; 5; 6; 7; 8; 9; 10; 11; and 13 of H16.II is

a nonregular design becausej 3(c4c8c13) = 8 : It has the same trace(Cd) and trace(C2
d) as

the (M,S)-optimal projection consisting of columns 1; 2; 3; 4; 5; 6; 8; 9; and 12 (which is

a regular design) in H16.I.

Deng and Tang (2002) used the GMA criterion to select and classifyprojections in the

�ve Hall's designs. They also listed some GMA projections from Hall's designs (Table 2 in

their paper). It is easy to check that all the GMA projections given there are (M,S)-optimal.
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However, not all (M,S)-optimal projections are GMA. For example, the 5-dimensional,

(M,S)-optimal projection consisting of columns 1; 2; 3; 4; and 7 in 16H.I hasF3[16; 8] =

(1; 0) and F4[16; 8] = (0; 0): The GMA projection consisting of columns 8; 9; 13; 14; and

15 in 16H.I hasF3[16; 8] = (0; 0) and F4[16; 8] = (0; 0): The di�erence between (M,S) and

GMA criteria lies in the fact that the CFV in GMA only uses Jk(s) to order f kj 's and

doesn't take the magnitude ofJk(s) into consideration. On the other hand, the (M,S)

criterion considers both the magnitude and frequency ofJk(s): For Hadamard matrices

with N = 4t, Jk(s) = 4( t + 1 � j ) and trace(Cd) = 4 t
� n

2

�
� 3

4t

P t
j =1 f 3j [4(t + 1 � j )]2:

Table 4 gives the numbers of nonisomorphic projections identi�ed by the (M,S) classi�er

as well as the total numbers of nonisomorphic projections foreach dimension across the �ve

designs. The exact number of nonisomorphic projections (Sun and Wu, 1993) and Deng

and Tang's results (where GMA-4 and GMA-5 total are the numbers of nonisomorphic

projections using GMA-4 and GMA-5 classi�ers) are included for comparisons. It is evident

that, for 3 � m � 14, H16.III has more nonisomorphic projections than any otherof Hall's

designs. Form = 3; 4; 5; the (M,S) classi�er can identify all the nonisomorphic projections.

For m � 6, the numbers of nonisomorphic projections found by the (M,S) classi�er are

less than the exact or GMA numbers. This is mainly because, as thenumber of factors

increases, the degrees of freedom used to capture information on main e�ects and 2�'s are

decreased, and the (M,S) classi�er becomes less powerful.

4.3. Hall's Designs of 20 Runs

According to Hall (1965), there are three non-isomorphic Hadamard matrices of order

20; commonly called N, P, and Q. In particular, Q is equivalent to the 20-run Plackett-

Burman design. Designs N, P and Q are given in appendix C of Deng and Tang (2002). A

similar procedure could be applied in selecting and classifyingprojections of these designs.

Table 5 lists the numbers of nonisomorphic projections form = 3; 4; : : : ; 18: The (M,S)

classi�er �nds many more nonisomorphic projections than the GMA classi�er in Deng and

Tang (2002) for projections onto 3 to 13 factors. For projections onto 14 or more factors,

due to insu�cient degrees of freedom, the (M,S) classi�er becomes less powerful but still

identi�es as many nonisomorphic projections as the GMA classi�er. Note that the number

of nonisomorphic projections identi�ed by the (M,S) classi�eris less than the total number

of nonisomorphic projections. For instance, Wang and Wu (1995)reported 59 projections
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Table 4: Numbers of nonisomorphic projections identi�ed by the (M,S) classi�er

Typen m 3 4 5 6 7 8 9 10 11 12 13 14

H16.I 2 3 4 5 6 6 5 3 2 2 1 1

H16.II 3 5 10 15 18 17 13 8 4 3 1 1

H16.III 3 5 11 21 31 30 19 9 4 3 1 1

H16.IV 3 5 10 16 18 17 15 9 4 3 1 1

H16.V 3 5 10 17 23 22 16 9 4 3 1 1

Total 3 5 11 23 34 33 19 9 4 3 1 1

GMA-4 Total 3 5 11 26 50 69 74 71 52 31 18 10

GMA-5 Total 3 5 11 26 50 69 75 71 52 31 18 10

Sun and Wu (1993) 3 5 11 27 55 80 87 78 58 36 18 10

Table 5: Numbers of nonisomorphic projections identi�ed by the (M,S) classi�er

Typen m 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

N 2 3 10 54 182 319 356 326 244 159 46 9 2 2 1 1

P 2 3 10 51 142 258 313 276 203 129 44 9 2 2 1 1

Q 2 3 9 47 133 215 261 244 169 118 39 8 2 2 1 1

GMA 2 3 10 34 51 81 125 125 80 51 34 10 3 2 1 1

onto six factors and Xu and Deng (2005) identi�ed 2; 282 projections onto ten factors.

Table 6 lists the (M,S)-optimal projections and their proportions for each design.

For example, the (M,S)-optimal projections among all 3-dimensional projections have

trace(Cd) = 57:60 and trace(C2
d) = 1105:92; 912 out of 969 3-dimensional projections

in designs N, P or Q are (M,S)-optimal. Design N doesn't have any (M,S)-optimal pro-

jections onto 8; 9; 10; and 11 factors. In terms of the (M,S) criterion, the best pro-

jections onto these numbers of factors have trace(Cd) = 425:00; 480:00; 535:20; 588:80;

and trace(C2
d) = 17909:76; 24130:56; 32384:64; 44554:24; respectively. Similarly, design Q

doesn't have any (M,S)-optimal projections onto 8; 9; 10; 11; 12; and 13 factors and the

best projections onto these numbers of factors have trace(Cd) = 406:40; 480:00; 554:40;
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569:00; 580:80; 585:60; and trace(C2
d) = 16250:88; 24007:68; 35948:16; 40867:84; 48396:8;

57292:80; respectively. It is obvious that design P has the highest proportions of (M,S)-

optimal projections onto 8; 9; 10; 11; 12 and 13 factors while it has the lowest propor-

tions of (M,S)-optimal projections onto 5; 6; 7; and 14 factors. It is straightforward to

show that the GMA projections of 20 runs in Deng and Tang (2002,Table 4) are not all

(M,S)-optimal and the (M,S)-optimal projections are not GMA. For example, the GMA

projection consisting of columns 4; 8; 11; 13; 17; and 19 in design N has trace(Cd) = 252

and trace(C2
d) = 6631:04: It is not (M,S)-optimal because the (M,S)-optimal projections

have trace(Cd) = 252 and trace(C2
d) = 6569:60: The (M,S)-optimal projection consisting of

columns 1; 2; 3; 6; 8 and 11 of design N hasF3[20; 12] = [0; 2]; while the GMA projection

consisting of columns 4; 8; 11; 13; 17 and 19 hasF3[20; 12] = [0; 0]: Since not every orthog-

onal array of 20 runs is a projection of designs N, P, and Q, the (M,S)-optimal projections

in Table 6 may not be optimal among all the orthogonal arrays. Our conclusions on the

relation between (M,S) and GMA only apply to projections of N,P and Q.

In order to compare the (M,S) criterion and the GMA as well as other model-dependent

e�ciency criteria in Cheng, Deng and Tang (2002), we considerthe ten nonisomorphic

projections of N, P, and Q onto �ve factors given by Deng, Li andTang (2000). These

projections are labeled as 5:1 to 5:10 with the meaning that projection 5:i is the i th best

among the ten projections according to the GMA criterion. Table 7 lists the rankings under

di�erent criteria where 1 is the best and 10 is the worst. Projection 5:2 is actually the

(M,S)-optimal projection onto �ve factors. Since ranks under D f vary slightly according

to the number of 2�'s (denoted byf ), ranks underD2 are recorded in Table 7. It is evident

from Table 7 that the (M,S)-ranking is consistent with rankings based on GMA, minimum

G2; D f ; and S2
f ; while there is only moderate consistency between (M,S) and estimation

capacity E f becauseE f doesn't take e�ciency into consideration. Nevertheless, the (M,S)-

optimal projection performs the best with respect to the estimation capacity criterion. An

interesting observation is that the minimumG2 projection 5:1 is not (M,S)-optimal and the

(M,S)-optimal projection 5:2 is not minimum G2. Since there are additional orthogonal

arrays with 20 runs and 5 factors that are not projections from N, P, and Q, it is not

clear whether projection 5:1 is minimum G2 and projection 5:2 is (M,S)-optimal among all

orthogonal arrays of this size. This issue is currently under investigation.
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Table 6: (M,S)-optimal projections in 20-run Hall's designs

No. of Trace Trace Columns

Factors of Cd of C2
d N P Q Selected

3 57:60 1105:92 912
969

912
969

912
969 f 1; 2; 3g

4 110:40 2142:72 2736
3876

2736
3876

2736
3876 f 1; 2; 3; 6g

5 176:00 3655:68 1488
11628

1728
11628

1368
11628 f 1; 2; 3; 6; 8g

6 252:00 6569:60 1248
27132

1008
27132

1368
27132 f 1; 2; 3; 6; 8; 11g

7 336:00 11120:64 144
50388

72
50388

171
50388 f 1; 2; 3; 4; 6; 11; 19g

8 425:60 17786:88 0
75582

36
75582

0
75582 f 1; 2; 6; 8; 10; 11; 13; 15g

9 518:40 29757:44 0
92378

9
92378

0
92378 f 1; 2; 3; 4; 8; 9; 13; 14; 18g

10 612:00 43873:92 0
92378

1
92378

0
92378 f 1; 2; 3; 4; 8; 9; 13; 14; 18; 19g

11 608:00 47349:76 0
75582

9
75582

0
75582 f 6; 7; 10; 11; 12; 15; 16; 17gc

12 638:40 58882:56 4
50388

12
50388

0
50388 f 4; 7; 9; 12; 14; 17; 18gc

13 604:80 61178:88 16
27132

48
27132

0
27132 f 7; 9; 12; 14; 17; 18gc

14 562:40 63345:28 432
11628

288
11628

513
11628 f 9; 13; 15; 18; 19gc

15 508:80 64788:48 912
3876

912
3876

912
3876 f 15; 17; 18; 19gc

16 441:60 65003:52 57
969

57
969

57
969 f 15; 18; 19gc

17 320 51200 171
171

171
171

171
171 any 17 columns

18 180 32400 19
19

19
19

19
19 any 18 columns
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Table 7: (M,S) Rankings versus others

GMA (trace(Cd); trace(C2
d)) (M,S) D f S2

f E f G2 (B3; B4; B5)

5:1 (176; 3712) 2 2 1 1 1 (0:40; 0:20; 0:00)

5:2 (176; 3655:68) 1 1 1 1 2 (0:40; 0:20; 0:16)

5:3 (176; 4367:36) 4 4 3 1 3 (0:40; 0:52; 0:00)

5:4 (176; 4270:08) 3 3 3 8 4 (0:40; 0:52; 0:16)

5:5 (156:80; 3159:04) 6 6 5 1 5 (0:72; 0:20; 0:00)

5:6 (156:80; 3143:68) 5 5 5 7 6 (0:72; 0:20; 0:16)

5:7 (156:80; 3814:40) 7 7 7 5 7 (0:72; 0:52; 0:00)

5:8 (137:60; 2606:08) 8 8 8 5 8 (1:04; 0:20; 0:00)

5:9 (137:60; 3261:44) 10 10 9 9 9 (1:04; 0:52; 0:00)

5:10 (137:60; 3246:08) 9 9 9 10 10 (1:04; 0:52; 0:16)

5. Concluding Remarks

In this paper, the use of (M,S)-optimality in selecting and classifying regular designs

as well as nonregular designs is studied. Compared to the MA or GMA criterion, the

(M,S) criterion proposed is easier to compute and it is also independent of the choice of

orthonormal contrasts. Although main e�ects and 2�'s are the focus in this paper, the

(M,S) criterion can easily be applied when higher-order interactions are also of interest.

For regular designs, the two components of the (M,S) criterion, i.e., trace(Cd) and

trace(C2
d); are derived as explicit functions of the numbers of three- and four-letter words.

Generally, (M,S)-optimal designs are not MA designs. All MA designs up to 64 runs are

(M,S)-optimal.

For nonregular designs, trace(Cd) and trace(C2
d) are written as functions of j 3(s) and

j 4(s): When applied to nonregular designs, the (M,S) criterion takesboth the magnitude

and the frequencies of J-characteristics into consideration, while the GMA criterion uses

only ordinal information on the magnitude. The (M,S) criterion is di�erent from the

minimum G2-aberration criterion. Minimum G2 projections of Hadamard matrices are not

necessarily (M,S)-optimal, and vice versa. Among projections from Hadamard matrices of

12; 16; and 20 runs, (M,S)-optimal projections are generally not MA, and MA projections

are not (M,S)-optimal.

23



Acknowledgments

The authors thank professor Hongquan Xu from University of California, Los Angeles,

for his help in computation. The authors also thank editor andtwo anonymous referees

for their valuable comments and suggestions.

References
Box, G. E. P., Hunter, J. S., 1961. The 2k� p fractional factorial designs.Technometrics

3, 311-351, 449-458.

Chen, H., Hedayat, A.S., 1996. 2n� l designs with weak minimum aberration,Ann. Statist.

24, 2536-2548.

Cheng, C.S., Steinberg, D.M., Sun, D.X., 1999. Minimum aberration and model robust-

ness for two-level fractional factorial designs.J. R. Statist. Soc. B 61, 85-93.

Cheng, C.S., Deng, L.Y., Tang, B., 2002. Generalized minimumaberration and design

e�ciency for nonregular fractional factorial designs.Statistica Sinica, 12, 991-1000.

Deng, L.Y., Tang, B., 1999. Generalized resolution and minimum aberration criteria

for Plackett-Burman and other nonregular factorial designs.Statistica Sinica, 9, 1071-

1082.

Deng, L.Y., Tang, B., 2002. Design selection and classi�cation for Hadamard matrices

using generalized minimum aberration criteria.Technometrics, 44, 173-184.

Dey, A., Mukerjee, R., 1999.Fractional factorial plans, John Wiley & Sons, New York.

Eccleston, J.A., Hedayat, A.S., 1974. On the theory of connecteddesigns: characteriza-

tion and optimality. Ann. Statist. 2, 1238-1255.

Fries, A.W., Hunter, W.G., 1980. Minimum aberration 2k� p designs.Technometrics22,

601-608.

Hall, M.J., 1961. Hadamard matrix of order 16,Jet Propulsion Laboratory, Research

Summary, 1, 21-36.

Hall, M.J., 1965. Hadamard matrix of order 20,Jet Propulsion Laboratory, Technique

Report, 1, 32-76.

Jacroux, M., 2004. A modi�ed minimum aberration criterion for selecting regular 2m� k

fractional factorial designs.J. Statist. Planning and Inference126, 325-336.

Lin, D.K.J., Draper, N.R., 1992. Projection properties of Plackett and Burman designs.

Technometrics, 34, 423-428.

24



Li, Y., Wang, J., 2004. Nonregular designs from Hadamard matrices and their estimation

capacity. Metrika, 60, 295-303.

Mandal, A., Mukerjee, R., 2005. Design e�ciency under model uncertainty for nonregular

fractions of general factorials.Statistica Sinica 15, 697-707.

Shah, K.R., Sinha, B.K., 1989.Lecture Notes in Statistics: Theory of Optimal Designs.

Springer, Berlin, Germany.

Sun, D.X., Wu, C.F.J., 1993. Statistical properties of Hadamard matrices of order 16; in

Quality Through Engineering Design, ed W. Kuo, Amsterdam, Elsevier, 169-179.

Tang, B., Deng, L.Y., 1999. MinimumG2-aberration for nonregular fractional factorial

designs.Ann. Statist. 27, 1914-1926.

Tang, B., Wu, C.F.J., 1996. Characterization of minimum aberration 2n� m designs in

terms of their complementary designs,Ann. Statist., 24, 2549-2559.

Wang, J.C., Wu, C.F.J., 1995. A hidden projection property of Plackett-Burman and

related designs.Statistica Sinica, 5, 235-250.

Xu, H., 2002. An algorithm for constructing orthogonal array andnearly orthogonal

arrays with mixed levels and small runs,Technometrics, 44, 356-368.

Xu, H., Deng, L.Y., 2005. Moment aberration projection for nonregular fractional facto-

rial designs,Technometrics, 47, 121-131.

25


