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PREFACE

Row-column designs are useful for the experimental situations in which there are two cross
classified sources of heterogeneity in the experimental material. Due to practical considerations
it may not be possible to accommodate more than two experimental units in a column of a row-
column design. For example, row-column designs with two rows are very useful in two-colour
microarray experiments. Row-column designs with two rows and with factorial treatment
structure have also been found useful in many other agricultural experiments. When the design is
non-orthogonal in a row-column set up, it would be desirable that it permits orthogonal
estimation of all factorial effects with high efficiency. This may require a large number of
columns. Due to cost and time considerations, it may not be possible to run a design in number
of runs that are required for orthogonal estimation of all the factorial effects. The experimenter
may, however, be interested in orthogonal estimation of all the main effects and two factor
interactions. Another main issue in constructing designs for multifactor experiments is that the
factorial effects are commonly defined via an orthogonal parameterization. In agricultural
experiments, situations may also occur where experimenter is interested in baseline
parameterization rather than orthogonal parameterization where null state or baseline may exist.
In such experimental situations as well, it is important to obtain efficient row-column designs in
two rows. To deal with the above experimental situations, the present study was undertaken (a)
to obtain row-column designs for 2-level factorial experiments for estimating the main effects
and two factor interactions in fewer number of runs based on orthogonal parameterization, and
(b) to develop general methods of construction of row column designs for factorial experiments
based on baseline parameterization.

A general method of construction of row-column designs with two rows has been given for
orthogonal estimation of all main effects and two factor interactions under orthogonal
parameterization. A catalogue of row-column designs for 2" (2 < n < 9) factorial experiments in
fewer number of replications has been prepared. Similarly, to deal with the situations of baseline
parameterization a general procedure of obtaining row-column designs in two rows for n-factor
mixed level factorial experiments has been developed. Web application for generation of row-
column designs in two rows for orthogonal and baseline parametrization has also been
developed.

The authors express their sincere thanks to the Director, IASRI for providing all necessary
facilities to carry out the research work successfully. The cooperation received from Head of
Division and other scientists from the Division of Design of Experiments, IASRI, New Delhi is
thankfully acknowledged. The help rendered by Mr. Devender Kumar and Mrs. Sunita, Division
of Design of Experiments is also duly acknowledged.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

1.1 Introduction

Row-column designs are useful for the experimental situations in which there are two cross
classified sources of heterogeneity in the experimental material. In some of these experimental
situations, one of the two factors causing heterogeneity in the experimental units has only two
levels and as a consequence, it is not possible to allocate more than two units in a single
column/row. For example, consider an experiment conducted for improving quality of products;
experimental processes in the laboratory may require use of an oven divided into smaller
sections in a linear fashion. In each section temperature or other conditions may vary. Further in
each section, there are two positions on which treatments can be applied. Therefore, considering
sections as columns and positions as rows, the experiment can be conducted using a row-column
design in two rows. Another experimental situation is 2-colour multifactor microarray
experiments conducted to study the effect of more than one factor (different types of tissues,
drug treatments or time points of a biological process) simultaneously. Consider an example
given by Glonek and Solomon (2004), in which it is desired to study and compare the two
mutants at times zero hour and 24 hours. The interest is in measuring the changes over time.
Therefore, there are two factors viz. varieties (two mutants) and time (0 hour and 24 hours).
Row-column designs with two rows with columns representing arrays, rows representing dyes
and treatments representing varieties are useful for such experimental situations. Another main
issue in constructing designs for multifactor experiments is that the factorial effects are
commonly defined via an orthogonal parameterization. In agricultural /laboratory experiments,
situations may also occur where experimenter is interested in baseline parameterization rather
than orthogonal parameterization. For example, in a toxicological study with binary factors, each
representing the presence or absence of a particular toxin, the state of absence can be regarded as
a natural baseline level of each factor. Null state or baseline of a factor need not strictly mean
zero level on some scale, but may as well refer to a standard or control level like the one
currently being used in practice. Such experimental situations involving the control or standard
treatment (natural baseline) do occur in many real life situations. For example, suppose that the
researchers are interested in studying the gene expression response of maize plants to a virus
infection under drought conditions (Nettleton, 2012). Here, the state of absence (controlled

condition) can be regarded as a natural baseline level of each factor. Null state or baseline of a



factor need not strictly mean zero level on some scale, but may as well refer to a standard or
control level like the one currently being used in practice. Such experimental situations
involving the control or standard treatment (natural baseline) do occur in many real life

situations.

The main distinction between these two kinds of parameterizations is that in case of orthogonal
parameterization the factorial effects are defined via mutually orthogonal treatment contrasts
whereas in the baseline parameterization these effects are defined with natural baseline levels of
the factors and, hence, entail non-orthogonality. Thus the interest in the present investigation is
to obtain efficient designs for multifactor experiments based on both orthogonal as well as

baseline parameterization.

1.2 Review of row-column designs for orthogonal parameterization
Considering the experimental situations described in Section 1.1, a lot of efforts have been made
in the literature to obtain block/ row-column designs that enable orthogonal estimation of main

effects and two factor interactions that are discussed in the sequel.

Yang and Draper (2003) developed an approach to obtain block designs for 2" (n < 5) factorial
experiments with blocks of size 2, which provide orthogonal estimates of main effects and two
factor interactions by searching from all confounding patterns, which is a tedious process. It

becomes difficult to find all confounding patterns as the number of factors increases.

Wang (2004) studied designing 2"P fractional factorial plans in blocks of size two and suggested
that the number of runs to estimate all the available effects, as is possible in experiments without

blocking, is (n—p) 2" P for 2"P fractional factorial plans.

Kerr (2006) obtained block designs for 2" factorial experiments in blocks of size 2 for estimation
of all main effects and two factor interactions. The upper bound on minimum number of
replications required for orthogonal estimation of all main effects and two factor interactions is
[logy n]+1, here [.] denotes greatest integer function. The upper bound on minimum replications
for orthogonal estimation of all main effects and two factor interactions for 2" factorial
experiments with n =2, 3,4, 5, 6,7, 8 are respectively 2, 2, 3, 3, 3, 3, 4. Kerr (2006) has also
given the procedure of obtaining block designs for 2, 3, 4 and 8 factors. For obtaining a design

for 5, 6 or 7 factors it has been suggested that by making a computer aided search of all possible



blocked factorials in 3 replications, solution can be attained that may provide orthogonal
estimation of all main effects and two factor interactions. For example, 2* factorial experiment
requires minimum of three replications i.e. 48 runs to estimate all main effects and two factor

interaction in block set up.

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

R1 [ 0000 | 0001 | 0010 | 0011 (0100 {0101 |O0110 |O111 | 0000 |0001 |0010 | 0011

R2 | 1110 | I111 {1100 |1101 | 1010 | 1011 | 1000 | 1001 | 1101 {1100 | 1111 [1110

13 14 15 16 17 18 19 20 21 22 23 24

R1 | 0000 | 0001 {0010 (0011 |0100 |OI01 |0O110 |O111 | 0000 | 0001 |0O010 |0011

R2 | 1001 | 1000 {1011 {1010 | 1011 | 1010 | 1001 | 1000 | I111 {1110 |1101 | 1100

R# denotes Row Number

Kerr (2006) suggested finding out a factorial effect that is not confounded with blocks
(represented as columns in a row-column set up) and then confound it with rows to get a row
column design. Kerr (2006), however, did not provide any list of factorial effects that are not

confounded with column effects.

Considering the above situations Dash et al. (2013) gave a method of construction of row—
column designs for estimation of main effects and two factor interaction effects in 2" factorial
microarray experiments based on orthogonal parameterization. A catalogue of designs for 2 <n
< 9 using the method of construction was also provided. The catalogue gives the main effects
and two-factor interactions confounded in different replications and the factorial effects that are
not confounded in a replication. The efficiency factor of estimable main effects and two-factor
interactions was also given. For each 2" factorial, two designs were presented, one in which main
effects are estimated with more efficiency and another in which two-factor interactions are

estimated with more efficiency.

Dash et al. (2013) also developed a procedure of construction of row—column designs for
estimation of all main effects and odd order factorial effects. Dash et al. (2013) also suggested a
procedure for obtaining row-column designs having unequal replication of different treatment
combinations for orthogonal estimation of all main effects and two factor interactions in fewer
number of columns than the number of columns required for row-column designs with minimum
number of replications for orthogonal estimation of all main effects and two factor interactions

with equal replication for all treatment combinations. For example, by using the method of




construction in, 2* factorial experiment requires 40 runs to estimate all main effects and two

factor interaction in row-column set up which is shown below

1 2 3 4 5 6 7 8 9 10

R1 0000 | 0001 0111 0110 | 1011 1010 | 1100 | 1101 |O0101 | 0100

R2 0011 | 0010 0100 |0101 | 1000 1001 | 1111 1110 | 0000 | 0001

11 12 13 14 15 16 17 18 19 20

R1 0010 | 0011 1000 | 1001 1111 1110 | 0000 | 1111 |[OI11 1000

R2 0111 | 0110 1101 1100 | 1010 | 1011 1111 | 0000 | 1000 |[O111

R# denotes Row Number

It may, however, be possible to achieve this in smaller number of runs in row-column set up as
discussed in Chapter 2.

1.3 Review of row-column designs for baseline parameterization

In constructing efficient designs for multifactor experiments, the factorial effects are commonly
defined via an orthogonal parameterization because orthogonal parameters are easy to deal with
in the sense that their estimates are independent and can be calculated separately. In some
experimental situations as described in Section 1.1, the experimenter is interested in treatment
contrasts based on baseline parameterization rather than orthogonal parameterization. Although
the baseline parameterization looks simpler than the orthogonal parameterization, it renders the
task of finding optimal or efficient designs somewhat more challenging due to lack of
orthogonality. Glonek and Solomon (2004) were the first to study designs for multi-factor
microarray experiments under baseline parameterization. They introduced a criterion of
statistical efficiency in terms of variances of the estimated parameters of interest. For given
number of columns, b, a design is said to be admissible if the variance of each of the estimated
parameters of interest is less than or equal to the variance of the estimated parameters of interest
through any other design in same number of columns and strict inequality holds for at least one
parameter. This criterion was illustrated in obtaining efficient designs for 22 factorial

experiments for given number of columns.

The key reference for obtaining optimal/efficient designs for baseline parameterization is
Banerjee and Mukerjee (2007). They have studied n-factor factorial experiments with factors as

F.F,,....F;,....,F, with factor Fi,1<j<nat s;>2 levels represented by O, 1, ..., s; —1. The

n
total number of treatment combinations is V:Hsj. The treatment combinations in
j=-1




lexicographic order are given by a, xa, x...xa, where x denotes the symbolic direct product
and aj =(0,1,...,S j—ll j=12,.,n. Corresponding to the treatment combination i;---i,,

0£i-§sj -1, 1<j<n,

i defines the response treatment combination i,---i, and

Tiy..in
transformed to log scale), i.e., the effect, of the treatment combination i,---i,,. As before, the
baseline level of each factor is denoted by 0. Hence, 6., = 7(..., stands for the baseline effect.

Also, baseline parameterization for main effect, F, which is represented by the s; —1 parameters
0.0 = Ti;0..0 ~ 700..0 (1<i; <s;-1).

The baseline parameterization for a two-factor interaction, FF,, which is represented by
(s, —1) (s, —1) parameters
ii50..0 = Tijin0..0 = Tij0..0 ~ Z0i»0..0 + 7000..0 (1<iy <5 -1, 1<i; <55 1),

Similarly, one can define ;.. for every i i, ¢0~-0(0£ ij<sj-LlI<j< n) so that any such

6, ..; represents a factorial effect as determined by its non-zero subscripts. The total number of

ig-++in
parameters {6, .. (i, -++iy #0---0) } to be estimated are v—1and these are collectively referred to

as the @'s for ease in presentation. Banerjee and Mukerjee (2007) have obtained lower bound to

the variance of the BLUE of 6.

i\-i; When number of arrays are equal to v—1. A design which
attains these lower bounds for each of &'s, is called an optimal design. Banerjee and Mukerjee
(2007) have also given a method of construction of w-optimal designs in v—1 columns. If all
main effects and interaction effects are of interest, then a design in v—1 columns is a saturated
design and leaves no error degree of freedom for estimation of experimental error or testing of
hypothesis regarding parameters of interest. Therefore, it is required to generate a design in
number of arraysb>v—1. For b>v—1, a new criterion of optimality viz. w-optimality was
introduced for s; xs, factorial. A design d € D(s; xs,,b,2) for s, xs, factorial in given number
of arrays, b, is said to be w-optimal, if it minimizes

s,—15,-1

s -1 . s,-1 . .
T1=) var(6,,)+ D var(fy, ) +W> D var(6, ) (1.3.1)

i =1 i,=l i =l i,=I
. . . v(v—1)/2 .
One approach to get a w-optimal design is to generate all possible b designs and select

the design with minimum value of T1. The optimal design may not be unique. Another approach

suggested by Banerjee and Mukerjee (2007) is to (i) generate all optimal saturated design in



b=v —1columns, (ii) given b, augment each optimal design in (i) in all possible ways to generate
design with b columns, and (iii) select one design as per chosen optimality criterion T1 in (1.3.1).
Using this approach, they have suggested the procedure of augmenting up to
b=(-1)+(s; —1)(s, —1) columns, i.e. adding any number of columns from 1 to (s; —1)(s, —1)

conjectured that the design obtained is w-optimal any w2 1.

Mukerjee and Tang (2011) have discussed two level fractional factorial plans under baseline

parametrization using the criterion of minimum aberration.

Dash (2012) gave a procedure of obtaining efficient block designs in block size 2 for 3-factor
mixed level factorial microarray experiments based on baseline parameterization for
V=1<b<(v=D+ (s =D(S, =D+ (5, = D(S; = 1) + (S, = D(S; =)+ 2((s; = 1)(S, —=1)(s; —=1). A software
module was also developed using C# programming language with ASP.NET platform for

generation of efficient block designs in block size 2 for s; xs, x...x s, factorial experiments in

v—1lcolumns, where s; denotes the number of levels of j™ factor and n denotes the number of

n
factors and V:HSJ- , the total number of treatment combinations. Web application is made
j=1

available at Design Resources Server (www.iasri.res.in/dbp). For n = 2, the software developed

can also generate efficient block designs for v—1<b<(v-1)+(s; —1)(s, —1), where b is the

number of columns.

1.4 Motivation

As mentioned in Section 1.2 that Dash et al. (2013) suggesated a procedure for obtaining row-
column designs having unequal replication of different treatment combinations for orthogonal
estimation of all main effects and two factor interactions in fewer number of columns than the
number of columns required for row-column designs with minimum number of replications for
orthogonal estimation of all main effects and two factor interactions with equal replication for all
treatment combinations through an example of 2* factorial experiment. No general procedure of
obtaining such designs for any number of factors was given. Therefore, more efforts are required
to develop a general procedure of obtaining row-column designs in two rows having unequal
replications than suggested by Kerr(2006) for equireplicated designs and prepare a catalogue of

designs to serve as ready reckoner for the experimenters and make them available online.



Further, the problem of obatining block designs with block size two for factorial experiments, in
which one level of each factor represent natural baseline, has been studied in the literature. Dash
(2012) developed a software module using C# programming language with ASP.NET platform
for generation of optimal block designs (the design which attains the lower bound to the variance
of each of the estimated factorial effects) for mixed factorial experiments in number of arrays
equal to one less than the number of treatment combinations. For two-factor factorial
experiments, the software developed can also generate efficient block designs with number of
arrays equal to the pairs of treatment combinations with their corresponding baseline treatment
combination. Here efficiency is defined as the ratio of sum of the variances of all factorial effects
of interest of the given design to that of the design with minimum value of sum of the variances
of all factorial effects in the class of row-column designs with given number of levels of two
factors, given number of columns and two rows. A procedure of obtaining efficient block
designs for 3-factor mixed level factorial microarray experiments based on baseline
parameterization has been given by Dash (2012). Further, whether it is possible to develop a
method of construction of efficient designs in number of arrays equal to or more than the number
of treatment combinations for n- factor mixed level facorial experiments (n >4) needs to be
explored. Further, these designs with baseline parameterization in literature have been obtained
under the assumption of absence of row effects. In the presence of row effects, it is required to
obtain row-column designs. Therefore, it is required to see whether it is possible to get a row-
column design in same or few extra columns as that of a block design and still the treatment
combinations are orthogonal with respect to rows. Further, a catalogoe of designs obtained need
to be made available online through web application. Keeping in view the above, the following

objectives have been framed.

1.5 Objectives
1. To obtain row-column designs for 2-level factorial experiments for estimating the main
effects and two factor interactions in fewer number of runs based on orthogonal
parameterization.
2. To develop general methods of construction of block/row column designs for factorial

experiments based on baseline parameterization.

1.6 Scope of the present study
The results obtained in the present investigation have been presented in Chapter II and Chapter

III. In the Chapter II, a general method of construction of row-column designs with two rows in



unequal replication of treatment combinations, which permit orthogonal estimation of all main
effects and two factor interactions in factorial experiments and at the same time has fewer
number of runs (or design points) than required by a row-column design with equal replication
given by Kerr (2006) has been given. A catalogue of efficient row-column designs in two rows
for 2" (2< n <9) factorial experiments in fewer number of columns is also presented in Appendix
I. Here in all the designs main effects and two factor interaction are estimated orthogonally and
the treatment combinations have unequal replications. A web application of generation of these

designs has also been developed and presented in Chapter 2.

The whole discussion revolves around two-level factorial experiments, the methods of
construction for generation of confounded row-column designs in two rows for asymmetrical
factorial experiments for estimation of all main effects and two factor interactions may be taken

care of for futher study.

The general procedure developed of obtaining w-efficient designs in two rows for n-factors
mixed level factorial experiments based on baseline parameterization is presented in Chapter 3.
The maximum number of blocks that can be accomodated for an n-factor mixed level factorial

experiment are V—1<b<(v—1)+ i{(] ~1) i(sil —IXSi2 —1)---(8ij —1)}. Here Vv is the total

j=2 iy £y %=1
number of treatment combinations, b is the number of blocks/columns. A catalogue of w-
efficient block/row-column designs in two rows for n-factors mixed level factorial experiments
based on baseline parameterization has also been prepared and presented in appendix II and
appendix III. To make these designs available through online a web application is also

developed.



4 CHAPTER 11
EFFICIENT ROW COLUMN DESIGNS FOR FACTORIAL
EXPERIMENTS WITH ORTHOGONAL PARAMETRIZATION

2.1 Introduction

The purpose of this chapter is to propose a procedure of construction of row-column designs in
two rows for estimation of main effects and two factor interaction effects in 2" factorial
experiments based on orthogonal parameterization in fewer number of columns than the number
of columns required for row-column designs with minimum number of replications for
orthogonal estimation of all main effects and two factor interactions with equal replication given
by Kerr (2006) and Dash et al. (2013). The designs obtained have unequal number of
replications for treatment combinations. The method of construction developed is given in
Section 2.2. In Section 2.3, the procedure of construction of designs has been illustrated througfh
an example. A catalogue of row-column designs in two rows for 2" (2< n <9) factorial
experiments is given in Appendix I. Web application developed for online generation of row-
column designs with unequal replication of treatment combinations has been described in

Section 2.4. A general discussion and future scope is given in Section 2.5.

2.2 Construction of row-column designs for factorial experiments with two rows

In this section, a method of construction of row-column designs with two rows for orthogonal
estimation of main effects and two factor interaction effects in 2" factorial experiments has been
developed. In this method, we propose to add some extra columns, in the row-column design in
two rows for 2" factorial experiments in [log, n] replications using the procedure of Yang and
Draper (2003) and Kerr(2006){block designs in block size 2)} and Dash et al. (2013) {for row-
column designs in two rows}. Therefore, the number of replications of some of the treatment

combinations would be [log, n] and the replications for treatment combinations added to the
design in [log, n] replications would be [log, n]+2 but the total number of columns would
always be less than the number of columns required for [log, n]+1 replications as required by

the block designs obtained by Kerr (2006) and row-columkn designs obtained by Dash et al.

(2013). Here [.] denotes greatest integer function and n denotes the number of factors each at



level 2. The advantage in saving the number of experimental is purely due to the use of unequal

replications. The steps of method of construction of are given in the sequel.

Step 1: Obtain a block design with block size 2 for a 2" factorial experiment represented as (2",
2) as given by Yang and Draper (2003) and Dash et al. (2013). For obtaining this design, total
number of treatment combinations = 2", number of blocks of size two per replication=2"", total
number of factorial effects confounded = 2™' -1, number of independent factorial effects

confounded = n-1.

These n-1 independent factorial effects to be confounded may have all main effects, all two
factor interactions or some main effects and some two factor interactions. Depending upon the
number of main effects and two factor interactions in n-1 independent factorial effects to be
confounded give rise to n different blocking types. Consider the blocking types confounding any
of n - 2 main effects out of all n main effects in a single replication and combining them with a
two factor interaction involving remaining 2 factors (Dash et al. (2013)). The total number of

replications required is [log, N] and for each replication a different combination of n - 2 main

effects and a two factor interaction involving remaining 2 factors should be selected.

Step 2: Following the procedure of Dash et al. (2013), convert the block design in block size 2
obtained in Step 1 into a row-column design in two rows by considerings columns as blocks and
units in columns as rows by rearranging the treatment combinations in such a way that the
treatment combinations become most balanced with respect to rows. For achieving this, one may
make use of Lemma 2.1 of Choi and Gupta (2008). Lemma is discussed in the sequel. Consider a
symmetrical factorial experiment conducted using a row-column design with row and column
sizes less than the number of treatment combinations and the confounding being done using
classical method of confounding. Let Dr[Dc] respectively, denote the block designs obtained
ignoring column [row] classification and the confounding done in such a way that the factorial
effect which is confounded in Dr is unconfounded in Dc and vice-versa. Then the factorial
effects which are unconfounded in both Dr and Dc remain unconfounded in row-column design
as well. Further, the factorial effects which are confounded separately for Dr and Dc, are also

confounded in row-column design.

Following the above, Dash et al. (2013) suggested identifying factorial effects (possibly higher

order interactions) which are unconfounded in all the replications of block design obtained in
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Step 1. Now confound this factorial effect say a g-factor interaction with row-component design
(1< g £ n). To achieve this, let the design obtained in Steps 1 be Dcu, the column component
design before rearranging into row-column set up. Now arrange the treatment combinations in
columns of Dcu in each replication in such a way that the treatment combinations in two rows
represent the two blocks in which the identified g-factor interaction is confounded. Now
rearrange the rows in replication number S [t] of Dcu, in such a way that in row 1, the sum of the
levels of the factors involved in g-factor interaction is 0 [1] and in row 2 this sum is 1 [0]
respectively, where s=1, 3, ..., r (ifrisodd) and s=1,3,...,r-1 (ifriseven) andt=2,4, ... r-
1 (ifrisodd) andt=2, 4, ... r (if r is even). Now juxtaposing the columns of replications of Dcu
obtained after the above rearrangement, we get a row-column design D (v, b, k), where v=2", b
(number of columns) = r2"! and k (number of rows) = 2. In the row-column design so obtained,
the factorial effect confounded with rows of each replication of Dcu also becomes
unconfounded. If r is even, the factorial effect confounded with rows in each replication of Dcu
can be estimated free from row-effects in D and if r is odd the factorial effect confounded with
rows in each replication of Dcu can be estimated after adjustment of row-effects in D. The

factorial effects that can be confounded with rows are given in boldface type in Appendix I.

The above two steps were similar as those given by Dash et al. (2013). Now in nexts we describe
the procedure of identifications of columns to be added to ensure orthogoanl estimation of all

main effects and two factor interactions.

Step 3: Identify the main effects and two factor interactions confounded in all [log, n]

replications of the row-column design obtained in Step 2. Then to estimate these main effects
and two factor interaction effects, one is required to add two blocks and then swap the pairs for
balancing with to rows, i.e. for each factorial effect, one has to add 4 columns. If there are k main
effects and interactions confunded tin the design obtained in Step 2, then one has to add 4k
columns in the design for the orthogonal estimation of all main effects and two factor
interactions. It can easily be seen that k<2"3. Now the question is which columns to be added
for estimation of a given confounded factorial effect. To answer, this question, use the following

procedure:
1) Generate a block design in block size 2, using blocking arrangement by confounding all
two factor interactions of n-1 factors with n factor, i.e. n™ is common in all n-1 two

factor interactions. It gives 2™ blocks each of size 2. n factor need not be last factor and
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may be chosen in such a way that two factor interaction with this factor to be confounded
is not the confounded two factor interaction as idenfied above.

ii) Group 2™ blocks in 2" sets of blocks such that within a set, keeping the levels of factors
involved in the factorial effect to be estimated, there is change in the levels of maximum
number of factors.

iii) Select any one set of two blocks out of 2"? sets of blocks and add these as columns and
swap the positions of the treatment combinations in rows for each of the two columns
added. In this way, four new columns have been added for estimating, one factorial effect
(main effect or two factor interaction) which was confounded in row-column design
obtained in step 2.

iv) Repeat this (ii) and (iii), for each of the k confounded factorial effects in row-column
design obtained in step 2.

We get a design in [log, n].2"+4k columns. Hence, we can obtain the row column design in

two rows for orthogonal estimation of all main effects and two factor interactions after adding

the required number of column obtained by the step 4 in the design obtained in step 2.

2.3 Illustration
In this section, we illustrate, the method of constuction given in Section 2.2 for constructing a
row-column design in two rows for a 2° factorial experiment for orthogonal estimation of all

main effects and two factor interactions.

Step 1: Obtain a block design with block size 2 in [log, 5]= 2 replications. Select any [log, 5]=

2 combinations of n - 2=3 main effects and a two factor interaction involving remaining 2

5 . c e
factors, out ofa total of (3) =10 combinations. The total of 10 such combinatiions are:

Combination 1: 1,2,3,45; Combination 2: 1,2.4,35; Combination 3: 1,2,5,34;
Combination 4: 1,3.4,25; Combination 5: 1,3,5,24; Combination 6: 1,4,5,23;
Combination 7: 2,3,4,15; Combination 8: 2,3,5,14; Combination 9: 2,4,5,13;
Combination 10: 3,4,5,12;

Select any two of these combinations, say Combination 1: 1,2,3,45 and Combination 2: 1,2,4,35.
Using these combinations, generate, two replications of the block design in block size 2 as given

below:
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Replication 1:

Block | 1 2 3 4 5 6 7 8 9 10 (11 |12 |13 |14 |15 |16
000 [ 000 [001 |001 |010 [010 |01 |[0T1 | 100|100 [101 [101 | 110|110 111|111
00 (o1 |00 |10 |00 [10 |00 |01 |00 |01 |00 |01 |00 |01 |00 |oOI
000 [ 000 [001 [001 |010 [010 |01 |[0T1 | 100|100 [101 [101 | 110|110 [111 | 111
1t |10 [11 ot |1t |ot |11 |10 |11 |10 |11 [10 |11 |10 |11 |10

Replication 2:

Column | 17 |18 |19 |20 |21 |22 |23 |24 |25 |26 |27 |28 (29 |30 |31 |32

Rowl 000 [ 000 [ 000 [ 001 [010[011[010][010]|100[100] 100|100 ][ 110|110 [110] 110
00 o1 [10 |10 |00 |00 |10 |11 |00 [0l |10 |11 |00 |01 |10 |11

Row2 001 [001 [001 [000 01T [010[O0TT |[0TL 101 [10L [T1OL [1OL [ 11Tl |11l | 111|111
01 00 11 11 01 01 11 10 01 00 11 10 01 00 11 10

Step 2: Identify the factorial effect that is unconfounded in both the replications. It can easily be

seen that all four factor interactions are unconfounded with blocks in both the replications.

Choose one of unconfounded factorial effects, say 1234. Now, rearragne the block contents in

the above two replications of the block design by confounding 1234 in each of the replications.

The row-column design in two rows obtained is

Replication 1:

Column | 1 2 3 4 5 6 7 8 9 10 |11 |12 |13 |14 |15 |16
Rowl 000 (000|001 |001 (0O10)010|O0O11 (011100 | 100|101 101 (110|110 | 111 111
00 (o1 |11 |10 |11 |10 |00 |o1 |11 [10 |00 |01 [00 |01 |11 |10
Row2 000|000 ] 001|001 |0t0[0t0 0Tl [011 100|100 101 [ 101 110|110 111 ][ 111
11 |10 oo o1 o0 [o1 [11 |10 |00 |01 |11 |10 |11 |10 |00 |01
Replication 2:
Column | 17 | 18 |19 |20 |21 |22 |23 |24 (25 (26 (27 (28 |29 |30 |31 |32
Rowl 000 [ 000 [ 001 [001 [01T [01T [010 010|101 [101 100100110110 | 111|111
00 |01 |11 [10 |o1 |00 [10 |11 [o1 [o00 |10 |11 |00 |o1 |11 |10
Row2 oorj)oo1rj|ooo0o 000|010 (010|011 {011 |100)100 101 101 111 (111 110|110
o1 |00 |10 |11 |00 |o1 [11 [10 [o00 [o1 |11 |10 |o1l |00 |10 |11

Step 3: In the above design, main effect of factors 1, 2 and two factor interaction 12 is

confounded in column effects, so these are not estimable. Therefore, we need to add 12 (4x3)

columns in the above design in 32 columns to get a design in 44 columns whereas row-column
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design in two rows with equal replication for orthogonal estimation of main effects and two facto
interactions require 48 columns.
1) Generate a block design in block size 2, using blocking arrangement by confounding 15,
25, 35, 45. The block contents of the design obtained are:

Block 1: (00000,11111); Block2: (00010,11101);
Block 3: (00100,11011); Block4:(00110,11001);
Block 5: (01000,10111); Block6:(01010,10101);
Block 7: (01 100,10011); Block8:(01110,10001);
Block9: (01 111,10000); Block10: (01101,1001 0);
Block 11: (01011,10100); Block12: (01001,10110);
Block 13: (00111,11000); Block14: (00101,11010);
Block 15: (0001 1,11100); Block16: (0000 1,111 10).
i1) Group these 16 blocks in 8 sets of blocks such that within a set, keeping the levels of

factors involved in the factorial effect to be estimated, there is change in the levels of
maximum number of factors. By keeping the levels of Factor 1 as fixed, the 8 sets of
blocks are

For Factor 1: A

Set1: (00000,11111); (01111,10000);
Set2:(00010,11101);(01101,1001 0);
Set3:(00100,11011); (01011,10100);
Set4:(00110,11001);(01001,10110);
Set5:(01000,10111); (00111,11000);
Set6:(01010,10101);(00101,1101 0);
Set7:(01100,10011); (00011,11100);
Set8:(01110,10001);(00001,11110).
Similarly 8 sets for factor 2 and Interaction 12 are:

For Factor 2: B
Set1:(00000,11111); (10111,01000);
Set2:(00010,11101);(10101,0101 0);
Set3:(00100,11011); (10011,01100);
Set4:(00110,11001);(10001, 0111 0);
Set5:(10000,01111); (00111,11000);
Set6:(10010,01101);(00101,1101 0);
Set7:(10100,01011);(00011,11100);
Set8:(10110,01001);(00001,11110).

For Interaction 12: C

Set1: (00000,11111); (00111,11000);
Set2:(00010,11101);(00101,11010);
Set3:(00100,11011); (00011,11100);
Set4:(00110,11001):;(00001,11110);
Set5:(01000,10111); (01111,10000);
Set6: 01010,10101);(01101,10010);
Set7:(01100,10011); (01011,10100);
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Set8:(01110,10001);(01001,10110);

i1i1) Select any one set of two blocks out of 8 sets of blocks for each of the factorial effects as
main effect of factor 1 and factor 2 and Interaction of factors 1 and 2. Let us select Set 1
from each of the three sets A, B and C.
For Factor 1: {00000, 11111}, {01111, 10000};
For Factor 2: {00000, 11111}, {10111, 01000};
For Interaction 12: {00000, 11111}, {00111, 11000};

Now using these sets 1, 2, 3 and swapping the pairs of treatment combinations, in blocks, we get

twelve new columns as

Columns—
33 34 35 36 37 38 39 40 41 42 43 44
00000 01111 11111 10000 00000 10111 11111 01000 00000 00111 11111 11000
01111 00000 10000 11111 10111 00000 01000 11111 00111 00000 11000 11111

Affing these 12 columns to the 32 columns of row-column design obtained in step 2, we get a

design in 44 columns for orthogonal estimation of all main effects and two factor interactions.

Renumber 32 treatment combinations written in lexicographic order to 1, 2, 3,..., 31, 32
respectively. Following the usual procedure of block designs in factorial treatment structure, the
variances of all main effects (1, 2, 3, 4, 5) and two fator interactions (12, 13, 14, 15, 23, 24, 25,
34, 35, 45) aree 148.3362%, 148.3362, 31.336%, 34.0062,17.3362%, 177.3362%, 31.3362, 34.005°,
17.3302, 31.3302, 34.006%, 17.335%, 17.3302, 34.000° and 31.3302%. These values are obtained
by writing a SAS Code as given in Appendix I'V.

The method of construction given in Section 2.2 is general in nature and can be used for
obtaining row-column design in two rows for any 2" factorial experiments. Using this method, a
catalogue of row-column designs in two rows for 2" (2< n <9) factorial experiments has been

prepared to serve as a ready reckoner and is given in Appendix I.

2.4 Web Application
In this section, we describe a web application developed for online generation of row-column
designs in two rows with unequal replication of treatment combinations for orthogonal

estimation of main effects and two factor interactions for wider dissemination of the results

15



obtained. The application has been developed using C# and asp.net. Some screen shots are given

below:

1] Modified Tsukuba Preser % | [ Orthogonsl Design.htm ra

C | [ file:///G:/Sukanta/Orthogonal/Orthogonal%20Design.htm 5

Row-Column Designs for Factorial Experiments in Two Rows Based on Orthogonal Parametrization

Generation of Row-Column Designs with unequal replication for 2”°n factorial expermments for
orthogonal estimation of main effects and two factor interactions

Select Factor “se!ac‘t' hdl|

select
Level|22

=

| View Deg

[@m—~a

Figure 2.4.1: First Screen depicting Selection of number of factors

':}.{J Modified TsukuBaPresen’ = V.| ] Orthogonal Designhtm: | =7 [ 235E5.htm P (Cyou~7| [E=Tl a5
C | [ filey///G/Sukanta/Orthogonal /2%5E5.htm =
Number of factors=5, Number of columns=44
Column/Row | 1 2 3 4 5 [ 7 8 9
Rowl 00000|00001(00111|00110|01011(01010)01100{01101 10011
Row2 00011|00010(00100|00101|01000|01001]J01111(01110|10000
10 11 n 13 14 15 16 17 135 19

10010(10100[/10101 {11000 (1100111111 |11110{00000(00001 00111

10001 (1011110110 11011|11010(11100(11101{00101(00100|00010

20 21 22 23 24 25 26 27 28 20
00110(01101|01100/01010{01011(10101[10100[10010[10011{11000

00011(01000[01001(01111(|01110(10000|10001|10111[10110[11101

30 31 32 33 34 35 36 37 33 39

11001 (11111[11110{00000|012111]11111(10000{00000(1011111111

11100(11010[11011(01111|00000[10000(11111{10111(00000(|01000

40 41 42 43 44
0100000000 00111(11111{11000

11111(00111|00000({11000 (11111

Figure 2.4.2: Row column designs with unequal replication for 2° factorial experiments for orthogonal estimation of
main effects and two factor interactions

2.5  Discussion

In the present investigation, as per defined scope of the project, a geneal method of construction
to obtain row—column designs for 2" factorial experiments in two rows for the orthogonal
estimation of main effects and two factor interactions has been developed. For further research
investigation, the research work on methods of construction/computer algorithms for generation
of confounded row—column designs in two rows for multi-level factorial experiments and mixed

level factorial experiments for estimation of all main effects and two factor interaction needs to

taken up.

CHAPTER III

EFFICIENT ROW COLUMN DESIGNS FOR FACTORIAL
EXPERIMENTS WITH BASELINE PARAMETERIZATION
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3.1 Introduction

In factorial experiments discussed in Chapter II, main effects of factors and interactions among
them are defined via orthogonal parameterization involving mutually orthogonal treatment
contrasts. But there do occur experimental situations, wherein natural baseline or null state may
exist and the experimenter is interested in baseline parametrization rather than orthogonal
parametrization. For example, there may be tissues from two mutants, one of which proliferates a
particular disease and other does not. Therefore, the mutant that does not proliferate into disease
is baseline. In a toxicological study with binary factors, each representing the presence or
absence of a particular toxin, the state of absence can be regarded as a natural baseline level of
each factor. Null state or baseline of a factor need not strictly mean zero level on some scale, but
may as well refer to a standard or control level like the one currently being used in practice. Such
experimental situations involving the control or standard treatment (natural baseline) do occur
even beyond the domain of agricultural experiments. In multi-factor experiments in which one of
the levels of each factor is a natural baseline, the comparisons with the baseline are of
importance rather than the usual main effects and interactions. To make the exposition clearer,
consider a 2-colour microarray experiment in which it is desired to compare two cell lines FIA
and V449E at times zero hour and 24 hours {see e.g. Glonek and Solomon (2004)}. The cell line
V449E proliferates into leukaemia while FIA is non-leukaemic. Therefore, there are two factors
dictating the cell populations. The first factor (F1), namely, mutant has two levels FIA and
V449E of which FIA, being non-leukaemic, is baseline. The two levels of mutants may be coded
as 0 and 1 respectively. The second factor (F2) is time with two levels as 0 hours and 24 hours
and first of these levels (0 hours) is baseline. These two levels are also coded as 0 and 1
respectively. Thus considering the two factors together, there are four treatment combinations,

00, 01, 10, 11 representing the cell population. Let 7,,7y;,7;9,7;; denote the expected log

intensities, that is, the effects of these treatment combinations.

Now the question “Are there any genes specific to V449E that result into leukaemic effects?”

can be answered from the treatment contrastz;, — 7, . Further, the change in intensity of FIA

(natural baseline of mutant) between zero and 24 hours van be estimated from the treatment

contrastz,; —7(,. Further, the difference in FIA and V449E at time 24 hours can be estimated
from the treatment contrastz;, —z,;. The difference between these two lines at 0 hours was

estimated usingz,, —7,,. The difference of the two {(7,; —7o;)—(7;9 —7¢0)} represents the
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differential expression between the two cell lines that exists at 24 hours beyond what was present

at time zero. Similarly this difference can also be estimated as (z;; —7;9)—(79; —700) }-
Therefore, the inference is required on the three treatment contrasts viz.

10 =T10 ~ T00>

Oy =701 — 7o and

O11 =711 = To1 — T10 + Too -
Here 6,,,6,, and 6,, are baseline parameterization of parameters of main effect of Fi, F2 and

interaction F1F2 respectively. However, if at least one factor, like gender, lacks a natural
baseline, then the baseline parameterization is inappropriate because this will arbitrarily single
out one level of such a factor. In such situations, it is advisable to use the orthogonal

parameterization.

The corresponding treatment contrasts of main effect Fi, main effect F2 and interaction effect

FiF» are
*
610 =(711 =701 + 710 —T00)/ 2,
*
o1 = (711 +7o; — 719 — 7o)/ 2 and

*
01 =(1 =71 — 10 + 7o)/ 2

From the above, it is clear that the definitions of main effects under the two parameterizations
are entirely different. While 6,, is proportional to 6;,, this equivalence for two factor interaction

also disappears in case of experiments involving more than two factors.

The main distinction between these two kinds of parameterization is that while the orthogonal
parameterization defines the factorial effects via mutually orthogonal treatment contrasts, the
baseline parameterization defines these effects with reference to natural baseline levels of the

factors and, hence, entails non-orthogonality.

Glonek and Solomon (2004) were the first to study designs for multi-factor experiments under
baseline parameterization. They have introduced a criterion of statistical efficiency in terms of
variances of the estimated parameters of interest. For given number of columns (arrays in two
colour microarray experiments), b, a design is said to be admissible if the variance of each of the
estimated parameters of interest is less than or equal to the variance of the estimated parameters

of interest through any other design in same number of columns and strict inequality holds for at
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least one parameter. This criterion was illustrated in obtaining efficient designs for 2> factorial
experiments for given number of columns. They have also illustrated the utility of admissible

criterion for 2 x 3 factorial experiments

As discussed in Section 1.4 of Chapter I, Dash (2012) developed a software module using C#
programming language with ASP.NET platform for generation of optimal block designs (the
design which attains the lower bound to the variance of each of the estimated factorial effects)
for mixed factorial experiments in number of columns equal to one less than the number of
treatment combinations. A procedure of obtaining efficient block designs for 3-factor mixed
level factorial experiments based on baseline parameterization has been given by Dash (2012).
The w-optimality criteria given by Banerjee and Mukerjee (2007) as extended for 3-factors by

Dash (2012) is given as: a design d € D(s; xS, xS3,b,2) for s, xs, xs; factorial in given number

of columns, b, is said to be w-optimal for main effects and two factor interactions, if it minimizes

T2= z Var( 00) T Z Var(ﬁoI o)+ Z Var(t900I )

ip=1 iy=l
(3.1.1)

s—1 5,1 51 551 s,—1 ;-1

+ w{z Z Var(9| |20) + z z Var(0| 0i; ) +Z z Var(gm i )}

ii=1 i,=1 ii=1 iy=1 i,=1 i;=1
The efficiency of the block designs with b >v—1, can be obtained by the ratio of criterion T2 of

the design obtained to that of the design with minimum value of T2 obtained through generating

v(v—l)/2}

all possible ( designs.

In the present investigation a general method of construction of obtaining w-efficient block
design in block size 2 for mixed factorial experiments for number of columns has been
developed as discussed in Section 3.2. This procedure can be used to obtain a block design in

any number of blocks satifying the inequality

V- 1<b< V 1 +Zn:{ j—l (S —IXS —1) (Sij —1)} . Here v is the total number of
j=2

iy =

treatment combinations, b is the number of blocks/columns.

Further, such designs may also be required for experimental situations requiring elimination of
two-way heterogeneity settings as explained in Section 1.1 of Chapter 1. Therefore, efforts have
been made to convert the block designs obtainable from the procedure given in Section 3.2, into
row-column designs in two rows with number of columns equal to or more than the number of

treatment combinations for n- factor mixed level facorial experiments. The procedure has been
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given in Section 3.3. Web application developed for online generation of block designs with
block size 2 and row column designs in two rows for mixed level factorial experiments has been

described in Section 3.4. A general discussion and future scope is given in Section 3.5.

3.2 Construction of generation of w-efficient block designs

In this section, we have used the w-optimality criteria extended for n-factor mixed level factorial
experiments has been used. As per this criterion, a design is said to be w-optimal if it minimizes
the sum of variances of all the parameters related to main effects and weighted variance of all the
parameters related to two factor interactions in a given class of designs. A general procedure of
obtaining a w-efficient block designs with number of blocks satisfying the inequality

v-1<b<(v-1)+ i{(]—l) i(siI —IXSi2 —1)---(8ij —1)}, where v, b, and n are number of

j=2 iy #2i =1

treatment combinations, columns and factors respectively has been given in this section.
Following, Banerjee and Mukerjee (2007) it can easily be seen that the block designs in block
size 2 with number of blocks as v-1 are w-optimal and further, it is conjectured that the block
designs with number of blocks b>v are w-efficient. This has been illustrated through two

examples for 2x3 and 2x2x3.

We begin with some preliminaries required for generation of designs with baseline

parameterization.

In a block design with block size 2, only two treatment combinations can be accommodated on

each block. Let the treatment combinations i, ---i, and j,--- j,, be associated with two positions
in a block. Without loss of generality, let treatment combinations i,---i, is given to
experimental unit 1 and j,--- j, to experimental unit 2. Then a block design is denoted by a pair
(iy -+, Jy -+ Jy)- A design is represented by a collection of such pairs. Baseline of treatment
combination i, ---i, #0..0 p(i;..i,)= j;---j, 1s obtained by replacing non-zero level of any

factor by zero level and leaving the level of other factors unchanged. The procedure of obtaining

the design is as follows:

Steps of method of Construction:

Case I: When b=v -1
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Step 1: Write all possible treatment combinations excluding the control treatment 00...0 in
lexicographic order.

Step 2: Obtain baseline of each treatment combination by replacing the first non-zero level by
zero and keeping levels of other factors unchanged.

Step 3: Keep all treatment combinations obtained in step 1 in lexicographic order in
experimental unit 1 and corresponding baseline treatment combination in experimental unit 2 in

a block.

Following, Banerjee and Mukerjee (2007), it yields a w-optimal saturated design in b=v -1
blocks.

Example 1: For a 2x3 factorial experiment, block design in 5 blocks is

Block 1 2 3 4 5

Unit 1 01 02 10 11 12

Unit 2 00 [ 00 | 00 | O1 02

Case II: When (v—1)<b<(v—1)+ Zn:{(j -3 1), —1)~--(sij —1)}

j=2 i1¢i2¢---¢ij:l

Step 1: Search for the first treatment combination having two non-zero levels of n factors from
the first unit in the blocks of the block design obtained in Step 1 of Case 1.

Step 2: Now identify its baseline treatment combination by replacing the second non-zero level
by zero and keeping the levels of other factor unchanged.

Step 3: Add a block containing the treatment combination in Step 2 of Case II in experimental
unit 1 and its baseline treatment combination in experimental unit 2 to the block design with
b=v -1 obtained in Case I.

This yields a block design in b=v blocks.

Block 1 2 3 4 5 6

Unit1 | 01 02 10 11 12 11

Unit2 | 00 00 00 01 02 10
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Step 4: For getting a design in b >v+1 blocks, repeat steps 1 to 3 of case II till the search

complete for the factor with two non-zero level.

Block 1 2 3 4 5 6 7

Unit 1 01 02 10 11 12 11 12

Unit2 | 00 00 00 01 02 10 10

Step 5: Then search the treatment combination having three non-zero levels of n factors in first

row of the design obtained in Case I.

Step 6: Keep those treatment combinations in the experimental unit 1 and its baseline i.e by
changing its second nonzero level by zero level and then third nonzero level by zero level in

experimental unit 2 of the add4ed block of the design obtained after Step 3 of Case II.

Step 7: Similarly repeat the process for all the treatment combination having three non-zero
levels of n factors in first row of the design obtained in Case I. Now repeat the process of Step 5

and 6 for all other treatment combinations having non-zero levels of n>4 factors. Completion of

]

this process, yield a block design in b=(v—1)+ n {(] ~1) Zn:(sil - 1Xsi2 - 1). . (Sij — 1)} blocks.
=2

i #y#e- =1

As mentioned earlier, one approach to get a w-optimal design is to generate all possible

(v—l)+2{(j -1) Z(S‘I _IXS‘Z _1)'"(5‘1 _1)} designs and select the design with minimum

j=2 i1¢i2¢--~¢ij:l

b

value of T2 in (3.1.1). Another approach is to generate optimal saturated design in
b=v-1columns, and for given b, either augment each design in all possible ways to generate
design with b columns, and select one design as per chosen optimality criterion T2 in (3.1.1).

We have followed the second approach.

In case of 2x3 factorial experiment in example 1, to get a design in b=6 blocks, we augmented
the the design ibn b=5 blocks added with the block contents (11, 10) and (12, 10) one by one. It
is observbed that the minimum value of T2 = 6 was obtained when the block with contents (11,

10) was added. For getting the design for b=7, the only block remaining is (12, 10) and the
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design was obtained by augmenting this block to the design in 6 blocks and value of T2 for this
design for w=1 is 4.9333.

Similarly a w-optimal design with b=11 blocks for a 2x2x3factorial experiment is obtained as
per procedure of Case I. For getting the design in b= 12,13,14,15,16,17,18,19,20 blocks, the
value of T2 is minimum when the added block is per procedure of Case II. The minimum values
of T2 for b= 12,13,14,15,16,17,18,19,20 are 10.000, 8.522, 7.529, 7.066, 6.264, 6.812, 5.325,
4.871 and 4.703 respectively.

Using the above, it is conjectured that the designs obtained using Steps of Case I and case II are
w-efficient.

Using the above procedure, a catalogue of w-efficient block designs for mixed level (number of
levels: 2, 3 and 4; number of factors: 2 and 3) factorial experiments based on baseline

parameterization has been developed and given in Appendix II.

3.3 Row-column design for baseline parametrization

In section 3.2, we have obtained efficient block designs in blocks of size 2 for estimation of
parameters of main effects and two factor interactions under baseline parameterization. As in
two-colour microarray experiments and other experimental situations described in Section 3.1,
designs for multi-factor experiments under baseline parametrization are also required for two-
way elimination of heterogeneity settings. Therefore, in this section, we have made an attempt to
obtain a row-column design in two rows from the block designs obtained in S4ection 3.2 by
rearranging the treatmnent combinations in two positions such that the each treatment
combination appears equally frequently in each of the two rows of the design. Efforts have been
made to make this arrangement in the sam3e number of columns as the number of blocks in
block design. The design so obtained posseses the same characterization preoperties and
3efficiency as that of block desgns as treatment versus rows classification is orthogonal.
However, for all parameteric combinations, it may not be possible to obtain a row-column design
which is balanced with respect to rows in the same number of columns as that of block design.
For obtaining a row-column design for such situations, the efforts have been made to get the
balance with respect to rows for maximum number of columns and for the remaining columns,
the simplest approach of swapping the positions of treatment combinations. As a consequnce

from a block consisting of the treatment combinations in the ordered pair as (i,---1,, j, -+ J,,)-

This ordered pair is taken as one column of row-column design and add one more column with
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the order pair ( j,---j,,I,--1,). Following this procedure, the number of columns in the rwo-

column design are more than the number of blocks in the block design obtained in Section 3.2.

This is illustrated through some examples:

Example 3.3.1: For 2x2 factorial experiment, after swapping the positions of treatment

combinations in the block design the row-column design in b=4 blocks is

Column 1 2 3 4

01 00 11 10
00 10 01 11

Example 3.3.2: For 3x2 factorial experiment, after swapping the positions of treatment
combinations in the block designwith 7 block we get:

Column 1 2 3 4 5 6 7
Row 1 01 00 11 00 21 10 20
Row 2 00 10 01 20 01 11 21

In this design 01 is apperaing once in row 1 and twice in row 2 where as 00 is apperaing twice in
row 1 and once in row 2. Rest of treatment combinations are appearing equally frequently in two
rows. Therefore, by adding a column with 01 in row 1 and 00 in column 2, we get a design in 8

columns. The final design is

Column 1 2 3 4 5 6 7 8
Row1l |01 00 11 00 21 10 20 01
Row2 |00 10 01 20 01 11 21 00

Example 3.3.3: As per procedure of Section 3.2, the block design for 2x2x3 factorial

experiment with baseline parameterization with b =20 is

Block |1 2 3 4 5 6 7 8 9 10 11
Unit1 | 001 |002 |010 |OI1 |O012 |100 |101 102 | 110 | 111 112
Unitz | 000 000 |000 |001 |002 |000 |0O0O1 {002 |0O10 |OI11 |OI2

Block |12 13 14 15 16 17 18 19 20
Unitl | 011 012 101 102 110 111 111 112 112
Unit2 | 010 010 100 100 100 101 110 102 110
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By rearranging the position of treatment comnbinations and swapping the positions for some of

the blocks, the row-column design which is balanced with respect to rows is:

Column 1 2 3 4 5 6 7 8 9 10

Row 1 001 000 010 011 012 000 101 002 110 111

Row 2 000 002 000 001 002 100 001 102 010 011

Column 11 12 13 14 15 16 17 18 19 20

Row 1 112 011 010 100 100 110 101 102 111 112

Row 2 012 010 012 101 102 100 111 112 110 110

Column |21 22 23 24 25 26 27 28 29

Row 1 002 001 102 011 012 010 100 101 001

Row 2 012 101 100 111 010 011 101 001 011

Using the above procedure, a catalogue of w-efficient row-column designs in two rows for mixed
level (number of levels: 2 and 3; number of factors: 2 and 3) factorial experiments based on

baseline parameterization has been developed and given in Appendix III.

3.4 Web application

In this section, we describe a web application developed for online generation of block designs
with block size 2 and row column designs in two rows for mixed level factorial experiments
based on baseline parameterization for wider dissemination of the results obtained. The

application has been developed using C# and asp.net. Some screen shots are given below:

151 Modified Tsukuba Breser: % Y [ Baseline Block Design.htr %

C [ filey//Gi/Sukanta/baseline%20Block%20design/Baseline%20Block%20Design.htm

Block Designs with Block Size Two Based on Baseline Parametrization

Generation of w-efficient Block Design for S1 x .. x Sn factorial experiments. <4 and n=5 based on
baseline parameterization. Here levels below represents Factors Fn Fn-1. ... F2 F1

Select Factors | 3

Level 1]2 v

Level 2|3 v

Level3[2  v|

| View Design

Figure 3.4.1: First Screen depicting Selection of number of factors and their levels

"m Modified Tsukuba Preseni % V. [} Bascline Block Designihtre x 1 [ 2320.htm N - oo | C=aEaE

C [} filey//Gi/Sukanta/baseline%20Block%20design/2320.htm g =

Factorial experiments: 2x3x2

Column 1 2 3 4 5 6 7 S 9 10 11
001 010 o1t 020 021 100 101 110 111 120 121
000 Q00 001 000 001 000 Q01 010 011 020 021
12 13 14 15 16 17 18 19 20
011 021 101 110 120 111 111 121 121
010 020 100 100 100 101 110 101 120

Figure 3.4.2: Block designs with block size two for 2x3x2 factorial experiments in 11, 12, ... 20 blocks for
estimation of factorial effects based on baseline parameterization
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15 Modified Tsukubs Preser: % ) [ Baseline RC Designhtm [

0O file:///G:/Sukanta/baseline%20%20RC%20design/Baseline%20%20RC%20Design.htm b

Row-Column Designs Based on Baseline Parametrization

Generation of w-efficient Row-Column Designs for S1 x . x Sn factorial experiments . $<4 and n=4
based on baseline parameterization. Here levels below represents Factors Fn. Fn-1 F2.F1

Select Factors [2 v

Level 1|2 v

Level 2|3 v

| View Design

Fig 3.4.3: Selection of number of factors and their levels

'Mlnunxun) ~sukantaasr % V25 Web Mail x V[ Baseline RC Designbtm x V [ 230.htm

C' | [ filey///H:/Sukanta/baseline%20%20RC%20design/230.ntm

Factorial experiments: 2x3

Column 1 2 3 4 5 [ 7 s
01 00 10 oL 02 1 12 00
00 02 00 11 12 10 10 01

Fig 3.4.4: Row-Column designs with two rows for 2x3 factorial experiments for estimation of factorial effects
based on baseline parameterization

3.5 Discussion

In this Chapter, we have discussed a general procedure of obtaining efficient w-efficient block
designs with block size two for mixed level factorial experiments with baseline parametrization.
It has been conjectured that the block designs with b>v blocks are w-efficient. However, a
theoretical proof/sugfficient conditions for w-optimality needs to be obatined further. A heuristic
approach of obtaining row-column designs in two rows for mixed level factorial experiments
based on baseline parameterization using the block designs. Efforts need to be made to convert
this heuristic approach in a general procedure for obtaining efficient row-column designs in two

rows for mixed level factorial experiments based on baseline parameterization.
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SUMMARY

In a row-column design set up, because of practical considerations it may not be possible to
accommodate more than two experimental units in a column. One application of row-column
designs with two rows is in factorial experiments where the treatment structure is factorial in
nature. Due to cost and time considerations, it may not be possible to run a design for estimation
of all the factorial effects. The experimenter may, however, be interested in orthogonal
estimation of all the main effects and two factor interactions. Thus it is required to obtain a
general method of construction of row-column designs with two rows, which permit orthogonal
estimation of all main effects and two factor interactions in factorial experiments and at the same
time minimize the number of runs (or design points). To deal with such situations, a general
method of construction of row-column designs with two rows for orthogonal estimation of main
effects and two factor interactions in factorial experiments in minimum number of runs has been
given for orthogonal parameterization. A catalogue of efficient row-column designs for 2" (2<n
<9) factorial experiments in minimum number of replications has been prepared. Here in all the
designs main effects and two factor interaction are estimated orthogonally. A SAS program for
checking the orthogonal estimation of main effects and two factor interactions has been

prepared. A web application of generation of these designs has also been developed.

The above discussion relates to the factorial experiments run in block design or row-column
design, where the interest of the experimenter is in orthogonal paramertization of the factorial
effects. However, in some experimental situations, like designs for 2-colour micro-array
experiments, where null state or baseline may exist, the experimenter would be interested in
baseline parameterization rather than orthogonal parameterization. Since the designs obtained
are in incomplete columns, it is important to study the efficiency of designs obtained. In other
words, there is a need to obtain a general procedure of generating w-efficient row-column
designs in two rows for n-factors mixed level factorial experiments based on baseline
parameterization. To deal with such situations, a general procedure of obtaining w-efficient row-
column designs in two rows for n-factors mixed level factorial experiments based on baseline
parameterization has also been developed. A catalogue of w-efficient row-column designs in two
rows for n-factors mixed level factorial experiments based on baseline parameterization has been
prepared. To make these designs available through online a web application has also been

developed.
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Appendix

Appendix I: Catalogue of row-column designs for 2" (2<n <9) factorial experiments in two
rows for the orthogonal estimation of main effects and two factor interactions.

Number of factors=2, Number of columns=4

Column/rows 1 2 3 4
1 00 11 01 10
2 10 01 00 11
Number | Replicatio | Independent | Generalized Some Factorial Effects | Some Factorial Effects
of n number factorial factorial effects | which are not which are confounded
factors effects cofounded confounded* in all the replication
confounded
2 R, 1 2,12
R, 2 1,12
Number of factors=3, Number of columns=8
Row/Col. 1 2 3 4 5 6 7 8
1 000 100 001 101 111 110 011 010
2 110 010 111 011 100 101 000 001
Number | Replicatio | Independent | Generalized Some Factorial Effects | Some Factorial Effects
of n number factorial factorial effects | which are not which are confounded
factors effects cofounded confounded* in all the replication
confounded
3 R, 1,23 123 12, 13
R, 2,13 123 12,23
Number of factors=4, Number of columns=20
Rows 1 2 3 4 5 6 7 8
1 0000 0001 0111 0110 1011 1010 1100 1101
2 0011 0010 0100 0101 1000 1001 1111 1110
9 10 11 12 13 14 15 16
0101 0100 0010 0011 1000 1001 1111 1110
0000 0001 0111 0110 1101 1100 1010 1011
17 18 19 20
0000 1111 0111 1000
1111 0000 1000 0111
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Number | Replicatio | Independent | Generalized Some Factorial Some main effects and

of n number factorial factorial effects | Effects(higher order two factor interactions

factors effects cofounded interactions) which are | which are confounded
confounded not confounded* in all the replication

4 R, 1,2,34 1234 123, 124 1

R, 1,3,24 1234 123,134

Number of factors=5, Number of columns=44

Column 1 2 3 4 5 6 7 8 9

Rowl 00000 (00001 [0OO111 [0OO110 [O1011 (01010 |0O1100 |O1101 |10011

Row?2 ooo11 fooo1o 00100 {00101 {O1000 [O1001 [O1111 |0O1110 |10000

10 11 12 13 14 15 16 17 18 19

10010 10100 10101 11000 11001 11111 11110 00000 00001 00111

10001 10111 10110 11011 11010 11100 11101 00101 00100 00010

20 21 22 23 24 25 26 27 28 29

00110 |01101 01100 |01010 01011 10101 10100 10010 10011 11000

00011 01000 | 01001 01111 01110 10000 10001 10111 10110 11101

30 31 32 33 34 35 36 37 38 39

11001 11111 11110 00000 01111 11111 10000 00000 10111 11111

11100 11010 11011 01111 00000 10000 11111 10111 00000 01000

40 41 42 43 44

01000 | 00000 [0OO0111 11111 11000

11111 00111 00000 11000 11111

Number | Replicatio | Independent | Generalized Some Factorial Some main effects and

of n number | factorial factorial effects | Effects(higher order two factor interactions

factors effects cofounded interactions) which are | which are confounded
confounded not confounded* in all the replication

5 Ry 1,2,3,45 12345 1234, 1235 1,2,12

R» 1,2,4,35 12345 1234, 1235
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Number of factors=6, Number of columns=88

Colum |1 2 3 4 5 6 7 8 9
n/Row
Rowl 00000 [ 00000 | 00010 |0O0O0O10 00100 001001 |100110(001101 01000
0 1 0 1 0 0 0
Row?2 00001 [ 00001 00011 [ 00011 00101 00101000111 (001110 (01001
1 0 1 0 1 1 1
10 11 12 13 14 15 16 17 18 19
01000 (01010 01010 {01100 (01100 |[OI110 01110110000 |100001 10010
1 0 1 0 1 0 0 0
01001 01011 (01011 01101 [01101 01111 01111010001 10001010011
0 1 0 1 0 1 1 1
20 21 22 23 24 25 26 27 28 29
10010 10100 10100 10110 10110 11000 110001 (11010110101 11100
1 0 1 0 1 0 0 0
10011 10101 10101 10111 10111 11001 11001011011 110110 (11101
0 1 0 1 0 1 1 1
30 31 32 33 34 35 36 37 38 39
11100 11110 11110 00000 | 00000 00001 000011 (00100001001 |00101
1 0 1 0 1 0 0 0
11101 11111 11111 00010 | 00010 00011 00011000110 001100 00111
0 1 0 1 0 1 1 1
40 41 42 43 44 45 46 47 48 49
00101 01000 | 01000 |01001 |01001 01100 01100101101 (01101110000
1 0 1 0 1 0 0 0
00111 01010 | 01010 |0O1011 |O01011 01110 01110001111 }(011110 (10010
0 1 0 1 0 1 1 1
50 51 52 53 54 55 56 57 58 59
10000 10001 10001 10100 {10100 10101 101011 (11000|110001 (11001
1 0 1 0 1 0 0 0
10010 10011 10011 10110 [ 10110 10111 101110 (11010|110100 (11011
0 1 0 1 0 1 1 1
60 61 62 63 64 65 66 67 68 69
11001 11100 11100 11101 11101 00000 11111101111 |000001 [ 00000
1 0 1 0 1 0 1 0
11011 11110 11110 11111 11111 11111 000000 | 000OOO|O1TITITIT1 |ITI111
0 1 0 1 0 1 1 1
70 71 72 73 74 75 76 77 78 79
11111 10111 |01000 00000 11111 11011 001000 00000111111 00111
1 1 0 0 1 1 0 1
00000 01000 10111 (11111 00000 00100 110111 {11111},000000 (11000
0 0 1 1 0 0 1 0
80 81 82 83 84 85 86 87 88
11000 | 00000 11111 (01011 10100 [ 00000 11111 10011 01100
0 0 1 1 0 0 1 1 0
00111 11111 00000 (10100 01011 11111 00000 01100 10011
1 1 0 0 1 1 0 0 1
Number | Replicatio | Independent | Generalized Some Factorial Some main effects and
of n number | factorial factorial effects | Effects(higher order two factor interactions
factors effects cofounded interactions) which are | which are confounded
confounded not confounded* in all the replication
6 Ry 1,2,3,4,56 123456 12345, 12346 1,2,12,3,13,23
R» 1,2,3,5,46 123456 12345, 12356
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Number of factors=7, Number of columns=168

Column/Row | 1 2 3 4 5 6 7 8 9
Rowl 0000 00000 00001 00001 00010 00010 | 00011 00011 00100
000 01 00 01 00 01 00 01 00
Row?2 0000 00000 | 00001 00001 00010 {00010 [00O0T11 00011 00100
011 10 11 10 11 10 11 10 11
10 11 12 13 14 15 16 17 18 19
00100 00101 00101 00110 00110 00111 00111 01000 01000 01001
01 00 01 00 01 00 01 00 01 00
00100 00101 00101 00110 00110 00111 00111 01000 01000 01001
10 11 10 11 10 11 10 11 10 11
20 21 22 23 24 25 26 27 28 29
01001 01010 01010 01011 01011 01100 01100 01101 01101 01110
01 00 01 00 01 00 01 00 01 00
01001 01010 01010 01011 01011 01100 01100 01101 01101 01110
10 11 10 11 10 11 10 11 10 11
30 31 32 33 34 35 36 37 38 39
01110 01111 01111 10000 10000 10001 10001 10010 10010 10011
01 00 01 00 01 00 01 00 01 00
01110 01111 01111 10000 10000 10001 10001 10010 10010 10011
10 11 10 11 10 11 10 11 10 11
40 41 42 43 44 45 46 47 48 49
10011 10100 10100 10101 10101 10110 10110 10111 10111 11000
01 00 01 00 01 00 01 00 01 00
10011 10100 10100 10101 10101 10110 10110 10111 10111 11000
10 11 10 11 10 11 10 11 10 11
50 51 52 53 54 55 56 57 58 59
11000 11001 11001 11010 11010 11011 11011 11100 11100 11101
01 00 01 00 01 00 01 00 01 00
11000 11001 11001 11010 11010 11011 11011 11100 11100 11101
10 11 10 11 10 11 10 11 10 11
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60 61 62 63 64 65 66 67 68 69
11101 {11110 [ 11110 [11111 [11111 [00000 [00000 [00000 [00000 {00010
01 00 01 00 01 00 01 10 11 00
11101 [ 11110 [ 11110 [ 11111 [11111 [00001 [00001 [00001 (00001 (00011
10 11 10 11 10 01 00 11 10 01
70 71 72 73 74 75 76 77 78 79
00010 [00010 {00010 [00100 [00100 [00100 [ 00100 [ 00110 [00110 [00110
01 10 11 00 01 10 11 00 01 10
00011 [00011 [00011 (00101 [00101 [00101 | 00101 |00111 |[00111 |00111
00 11 10 01 00 11 10 01 00 11
80 81 82 83 84 85 86 87 88 89
00110 [01000 {01000 [01000 |[01000 (01010 [ 01010 |01010 [01010 [01100
11 00 01 10 11 00 01 10 11 00
00111 {01001 {01001 [01001 (01001 [01011 [01011 (01011 [01011 [01101
10 01 00 11 10 01 00 11 10 01
90 91 92 93 94 95 96 97 98 99
01100 [01100 [01100 (01110 (01110 (01110 [01110 [10000 (10000 10000
01 10 11 00 01 10 11 00 01 10
01101 {01101 {01101 |[O01111 [O01111 [O1111 [O1111 [10001 [10001 [10001
00 11 10 01 00 11 10 01 00 11
100 101 102 103 104 105 106 107 108 109
10000 [ 10010 [ 10010 [10010 | 10010 [10100 [10100 [10100 [10100 {10110
11 00 01 10 11 00 01 10 11 00
10001 [ 10011 [ 10011 [ 10011 [10011 [10101 {10101 [10101 [10101 [10111
10 01 00 11 10 01 00 11 10 01
110 111 112 113 114 115 116 117 118 119
10110 {10110 [ 10110 [11000 | 11000 [11000 (11000 [11010 [11010 {11010
01 10 11 00 01 10 11 00 01 10
10111 {10111 |[10111 [11001 [11001 [11001 [11001 [11011 |[11011 |[11011
00 11 10 01 00 11 10 01 00 11
120 121 122 123 124 125 126 127 128 129
11010 {11100 [ 11100 [11100 [11100 [11110 [11110 [11110 [11110 {00000
11 00 01 10 11 00 01 10 11 00
11011 [ 11101 [ 11101 [ 11101 [11101 (11111 {11111 (11111 [11111 [11111
10 01 00 11 10 01 00 11 10 11
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130 131 132 133 134 135 136 137 138 139
11111 01111 10000 00000 11111 10111 01000 00000 11111 11011
11 11 00 00 11 11 00 00 11 11
00000 10000 01111 11111 00000 01000 10111 11111 00000 00100
00 00 11 11 00 00 11 11 00 00
140 141 142 143 144 145 146 147 148 149
00100 00000 11111 11101 00010 00000 11111 00111 11000 00000
00 00 11 11 00 00 11 11 00 00
11011 11111 00000 00010 11101 11111 00000 11000 00111 11111
11 11 00 00 11 11 00 00 11 11
150 151 152 153 154 155 156 157 158 159
11111 01011 10100 00000 11111 01101 10010 00000 11111 10011
11 11 00 00 11 11 00 00 11 11
00000 10100 01011 11111 00000 10010 01101 11111 00000 01100
00 00 11 11 00 00 11 11 00 00
160 161 162 163 164 165 166 167 168
10011 00000 11111 10101 01010 00000 11111 11001 00110
11 00 11 11 00 00 11 11 00
01100 11111 00000 01010 10101 11111 00000 00110 11001
00 11 00 00 11 11 00 00 11
Number | Replicatio Independent Generalized Some Factorial Some main effects and
of n number factorial factorial effects Effects(higher order two factor interactions
factors effects cofounded interactions) which are | which are confounded
confounded not confounded* in all the replication
7 Ry 1,2,3,4,5, 1234567 123456, 123457 1,2,12, 3,13, 23,4, 14,
67 24, 34
R, 1,2,3,4,6, 1234567 123456, 123467
57

Number of factors=8, Number of columns=424

Column/Row | 1 2 3 4 5 6 7 8 9

Rowl 0000 [00000 {00000 [00000 {00001 [00001 [00001 [ 00001 {00010
0000 |001 100 101 000 001 100 101 000

Row?2 0000 [00000 {00000 [00000 {00001 [00001 [00001 | 00001 {00010
0011 [010 111 110 011 010 111 110 011
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10 11 12 13 14 15 16 17 18 19
00010 jOOO10 (00010 |0OOO11 |OOO11 [0O0O0O11 |[0O0O0O11 |00100 [00100 |[00100
001 100 101 000 001 100 101 000 001 100
00010 jOOO10 (00010 |0OOO11 |OOO11 (00011 |[0O0O0OI1 |[00100 [00100 |[00100
010 111 110 011 010 111 110 011 010 111
20 21 22 23 24 25 26 27 28 29
00100 joo101 (00101 y0O0O10O1 |0O0O101 00110 | 00110 00110 [00110 |OO1T11
101 000 001 100 101 000 001 100 101 000
00100 00101 (00101 |0OO101 |0O0O101 00110 | 00110 00110 [00110 |OO111
110 011 010 111 110 011 010 111 110 011
30 31 32 33 34 35 36 37 38 39
oo111 |joo0111 |jO0O111 [ 01000 (01000 [01000 [01000 [0O1001 | 01001 | 01001
001 100 101 000 001 100 101 000 001 100
oorr1r joo11r1r {00111 {01000 |01000 {01000 | 01000 01001 [01001 |0O1001
010 111 110 011 010 111 110 011 010 111
40 41 42 43 44 45 46 47 48 49
0roo1r yoto1ro (01010 01010 |0O1010 (01011 |O1011 |01011 [01011 [01100
101 000 001 100 101 000 001 100 101 000
01001 yo1010 (01010 {01010 |0O1010 (0O1011 {01011 |01011 [01011 [01100
110 011 010 111 110 011 010 111 110 011
50 51 52 53 54 55 56 57 58 59
01100 yo1100 (01100 (01101 |O1101 (01101 |0O1101 |01110 (01110 [0O1110
001 100 101 000 001 100 101 000 001 100
01rroo0 yjo1100 (01100 (01101 jO1101 (01101 |{0O1101 (01110 [01110 [0O1110
010 111 110 011 010 111 110 011 010 111
60 61 62 63 64 65 66 67 68 69
01110 jo1111r (01111 01111 JOo1111 10000 | 10000 | 10000 [ 10000 |10001
101 000 001 100 101 000 001 100 101 000
01110 jo1111 (01111 01111 |JO1111 10000 | 10000 | 10000 [ 10000 |10001
110 011 010 111 110 011 010 111 110 011
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70 71 72 73 74 75 76 77 78 79
10001 10001 10001 10010 | 10010 (10010 10010 | 10011 10011 10011
001 100 101 000 001 100 101 000 001 100
10001 10001 10001 10010 | 10010 [10010 | 10010 |10011 10011 10011
010 111 110 011 010 111 110 011 010 111
80 81 82 83 84 85 86 87 88 89
10011 10100 | 10100 | 10100 |10100 (10101 10101 10101 10101 10110
101 000 001 100 101 000 001 100 101 000
10011 10100 | 10100 | 10100 |10100 (10101 10101 10101 10101 10110
110 011 010 111 110 011 010 111 110 011
90 91 92 93 94 95 96 97 98 99
10110 10110 | 10110 [10111 10111 10111 10111 11000 | 11000 [ 11000
001 100 101 000 001 100 101 000 001 100
10110 10110 | 10110 [10111 10111 10111 10111 11000 | 11000 [ 11000
010 111 110 011 010 111 110 011 010 111
100 101 102 103 104 105 106 107 108 109
11000 | 11001 11001 11001 11001 11010 | 11010 | 11010 [11010 |11011
101 000 001 100 101 000 001 100 101 000
11000 | 11001 11001 11001 11001 11010 | 11010 | 11010 [11010 |11011
110 011 010 111 110 011 010 111 110 011
110 111 112 113 114 115 116 117 118 119
11011 11011 11011 11100 | 11100 (11100 11100 | 11101 11101 11101
001 100 101 000 001 100 101 000 001 100
11011 11011 11011 11100 | 11100 (11100 11100 | 11101 11101 11101
010 111 110 011 010 111 110 011 010 111
120 121 122 123 124 125 126 127 128 129
11101 11110 | 11110 11110 |11110 11111 11111 11111 11111 00000
101 000 001 100 101 000 001 100 101 000
11101 11110 | 11110 11110 |11110 11111 11111 11111 11111 00000
110 011 010 111 110 011 010 111 110 101
130 131 132 133 134 135 136 137 138 139
00000 | 00000 00000 | 00001 00001 {00001 (00001 00010 | 00010 |00010
001 010 011 000 001 010 011 000 001 010
00000 | 00000 00000 | 00001 00001 {00001 | 00001 00010 | 00010 |00010
100 111 110 101 100 111 110 101 100 111
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140 141 142 143 144 145 146 147 148 149
00010 {00011 {00011 |[00011 (00011 [00100 [00100 [00100 [00100 [00101
011 000 001 010 011 000 001 010 011 000
00010 {00011 {00011 |[00011 (00011 [00100 [00100 [00100 [00100 [00101
110 101 100 111 110 101 100 111 110 101
150 151 152 153 154 155 156 157 158 159
00101 {00101 {00101 |[00110 (00110 [00110 [00110 (00111 [00111 [00111
001 010 011 000 001 010 011 000 001 010
00101 {00101 {00101 |[00110 (00110 [00110 [00110 (00111 [00111 [00111
100 111 110 101 100 111 110 101 100 111
160 161 162 163 164 165 166 167 168 169
00111 [01000 {01000 [01000 [01000 [01001 [01001 [01001 [01001 [01010
011 000 001 010 011 000 001 010 011 000
00111 [01000 {01000 [01000 [01000 [01001 [01001 [01001 [01001 [01010
110 101 100 111 110 101 100 111 110 101
170 171 172 173 174 175 176 177 178 179
01010 [01010 {01010 [01011 |[01011 (01011 [01011 01100 [01100 [01100
001 010 011 000 001 010 011 000 001 010
01010 [01010 {01010 [01011 |[01011 (01011 [01011 01100 [01100 [01100
100 111 110 101 100 111 110 101 100 111
180 181 182 183 184 185 186 187 188 189
01100 {01101 {01101 |[01101 (01101 [01110 [01110 [O1110 [O1110 [O1111
011 000 001 010 011 000 001 010 011 000
01100 {01101 {01101 |[01101 (01101 [01110 [01110 [O1110 [O1110 [O1111
110 101 100 111 110 101 100 111 110 101
190 191 192 193 194 195 196 197 198 199
01111 {01111 {01111 |[10000 [10000 [10000 [10000 (10001 |[10001 |[10001
001 010 011 000 001 010 011 000 001 010
01111 {01111 {01111 |[10000 [10000 [10000 [10000 (10001 |[10001 |[10001
100 111 110 101 100 111 110 101 100 111
200 201 202 203 204 205 206 207 208 209
10001 {10010 [ 10010 [10010 | 10010 [10011 [10011 |[10011 |[10011 {10100
011 000 001 010 011 000 001 010 011 000
10001 {10010 [ 10010 [10010 | 10010 [10011 [10011 |[10011 |[10011 {10100
110 101 100 111 110 101 100 111 110 101
210 211 212 213 214 215 216 217 218 219
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10100 {10100 [ 10100 [10101 | 10101 [10101 (10101 [10110 [10110 {10110
001 010 011 000 001 010 011 000 001 010
10100 {10100 [ 10100 [10101 | 10101 [10101 (10101 |[10110 [10110 {10110
100 111 110 101 100 111 110 101 100 111
220 221 222 223 224 225 226 227 228 229
10110 {10111 [ 10111 [ 10111 [10111 [11000 [11000 [11000 (11000 [11001
011 000 001 010 011 000 001 010 011 000
10110 {10111 [ 10111 {10111 [10111 [11000 [11000 (11000 (11000 [11001
110 101 100 111 110 101 100 111 110 101
230 231 232 233 234 235 236 237 238 239
11001 {11001 | 11001 |[11010 [11010 [11010 [11010 [11011 |[11011 |[11011
001 010 011 000 001 010 011 000 001 010
11001 {11001 | 11001 |[11010 [11010 [11010 [11010 [11011 |[11011 |[11011
100 111 110 101 100 111 110 101 100 111
240 241 242 243 244 245 246 247 248 249
11011 [ 11100 [ 11100 [11100 [11100 (11101 [11101 |11101 |[11101 [11110
011 000 001 010 011 000 001 010 011 000
11011 [ 11100 [ 11100 [ 11100 [11100 (11101 [11101 |11101 [11101 [11110
110 101 100 111 110 101 100 111 110 101
250 251 252 253 254 255 256 257 258 259
11110 {11110 [ 11110 [11111 [11111 (11111 {11111 [00000 [00000 {00000
001 010 011 000 001 010 011 000 001 010
11110 {11110 | 11110 [ 11111 [11111 [11111 [11111 {00001 [00001 [00001
100 111 110 101 100 111 110 001 000 011
260 261 262 263 264 265 266 267 268 269
00000 [ 00000 {00000 [ 00000 | 00000 [00010 | 00010 | 00010 [00010 [00010
011 100 101 110 111 000 001 010 011 100
00001 {00001 [ 00001 |[00001 [00001 [00011 [00011 [00011 [00011 |[00011
010 101 100 111 110 001 000 011 010 101
270 271 272 273 274 275 276 277 278 279
00010 [00010 {00010 [00100 |[00100 [00100 [00100 | 00100 [00100 [00100
101 110 111 000 001 010 011 100 101 110
00011 {00011 {00011 [00101 [00101 [00101 [00101 [00101 [00101 [00101
100 111 110 001 000 011 010 101 100 111
280 281 282 283 284 285 286 287 288 289
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00100 [00110 {00110 [00110 [00110 [00110 [00110 [ 00110 [00110 [01000
111 000 001 010 011 100 101 110 111 000
00101 {00111 {00111 [00111 [00111 [00111 [00111 [00111 [00111 [01001
110 001 000 011 010 101 100 111 110 001
290 291 292 293 294 295 296 297 298 299
01000 [01000 {01000 [01000 |[01000 [01000 01000 |01010 [01010 [01010
001 010 011 100 101 110 111 000 001 010
01001 [01001 [01001 |[01001 (01001 [01001 [01001 (01011 [01011 |[01011
000 011 010 101 100 111 110 001 000 011
300 301 302 303 304 305 306 307 308 309
01010 [01010 {01010 [01010 [01010 [01100 [01100 |01100 [01100 [01100
011 100 101 110 111 000 001 010 011 100
01011 {01011 {01011 |[01011 (01011 [01101 [01101 [O1101 [01101 [01101
010 101 100 111 110 001 000 011 010 101
310 311 312 313 314 315 316 317 318 319
01100 [01100 [01100 (01110 (01110 [O1110 [O1110 [0O1110 (01110 (01110
101 110 111 000 001 010 011 100 101 110
01101 {01101 forio1 forir1 forir1 forrr1 forrr1 [o1111 01111 |[01111
100 111 110 001 000 011 010 101 100 111
320 321 322 323 324 325 326 327 328 329
01110 {10000 {10000 [ 10000 | 10000 |[10000 | 10000 | 10000 [10000 [10010
111 000 001 010 011 100 101 110 111 000
01111 {10001 {10001 |[10001 [10001 [10001 [10001 [10001 |[10001 [10011
110 001 000 011 010 101 100 111 110 001
330 331 332 333 334 335 336 337 338 339
10010 {10010 [ 10010 [10010 | 10010 [10010 [10010 [10100 [10100 {10100
001 010 011 100 101 110 111 000 001 010
10011 {10011 | 10011 [10011 [10011 [10011 [10011 [10101 [10101 [10101
000 011 010 101 100 111 110 001 000 011
340 341 342 343 344 345 346 347 348 349
10100 [ 10100 [ 10100 [10100 [10100 (10110 [10110 | 10110 (10110 [10110
011 100 101 110 111 000 001 010 011 100
10101 {10101 [ 10101 [10101 [10101 (10111 (10111 (10111 [10111 [10111
010 101 100 111 110 001 000 011 010 101
350 351 352 353 354 355 356 357 358 359
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10110 | 10110 (10110 | 11000 |11000 (11000 | 11000 |11000 [11000 |11000
101 110 111 000 001 010 011 100 101 110
10111 10111 10111 11001 11001 11001 11001 11001 11001 11001
100 111 110 001 000 011 010 101 100 111
360 361 362 363 364 365 366 367 368 369
11000 11010 | 11010 (11010 | 11010 |11010 11010 | 11010 | 11010 |[11100
111 000 001 010 011 100 101 110 111 000
11001 11011 11011 11011 11011 11011 11011 11011 11011 11101
110 001 000 011 010 101 100 111 110 001
370 371 372 373 374 375 376 377 378 379
11100 (11100 (11100 (11100 |11100 (11100 |11100 |11110 |[11110 |11110
001 010 011 100 101 110 111 000 001 010
11101 11101 11101 11101 11101 11101 11101 11111 11111 11111
000 011 010 101 100 111 110 001 000 011
380 381 382 383 384 385 386 387 388 389
11110 11110 {11110 (11110 | 11110 |00000 11111 (01111 10000 | 00000
011 100 101 110 111 000 111 111 000 000
11111 11111 11111 11111 11111 11111 {00000 10000 |[OI111 11111
010 101 100 111 110 111 000 000 111 111
390 391 392 393 394 395 396 397 398 399
11111 10111 | 01000 | 00000 |11111 11011 [ 00100 |[00000 |11111 11101
111 111 000 000 111 111 000 000 111 111
00000 | 01000 (10111 11111 | 00000 [00100 |11011 11111 | 00000 [ 00010
000 000 111 111 000 000 111 111 000 000
400 401 402 403 404 405 406 407 408 409
00010 | 00000 (11111 00111 11000 | 00000 11111 | 01011 10100 | 00000
000 000 111 111 000 000 111 111 00 000
11101 11111 {00000 11000 |[0O0111 11111 {00000 10100 |[01011 11111
111 111 000 000 111 111 000 00 111 111
410 411 412 413 414 415 416 417 418 419
11111 | 01101 10010 | 00000 11111 10011 | 01100 |[00000 |11111 10101
111 111 000 000 111 111 000 000 111 111
00000 | 10010 (01101 11111 | 00000 (01100 |10011 11111 | 00000 [01010
000 000 111 111 000 000 111 111 000 000
420 421 422 423 424

01010 | 00000 (11111 11001 00110
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000 000 111 111 000
10101 11111 00000 | 00110 11001
111 111 000 000 111
Number | Replicatio | Independent | Generalized Some Factorial Some main effects and
of n number | factorial factorial effects | Effects(higher order two factor interactions
factors effects cofounded interactions) which are | which are confounded
confounded not confounded* in all the replication
8 Ry 1,2,3,4,5, 12345678 1234567, 123467, 1,2,12,3,13,23,4, 14,
6,78 1234568 24, 34
R» 1,2,3,4,5,7, | 12345678 1234567, 123467,
68 1234578
R; 1,2,3,4,6, 7, 12345678 1234567, 123456,
58 123478
Number of factors=9, Number of columns=828
Column/Row | 1 2 3 4 5 6 7 8 9
Rowl 00000 (00000 {00000 [ OOOOO | O0O0O0O0 [ 0O0O0O0O0 [0O0O0O0O0O |0O0O0O0OO0 |0OOOO1
0000 0001 0100 0101 1000 1001 1100 1101 0000
Row?2 00000 (00000 {00000 [ OOOOO |O0O0O0O0O0 [O0O0O0O0O {00000 |0O0O0O0O0 |0O0OO0O01
0011 0010 0111 0110 1011 1010 1111 1110 0011
10 11 12 13 14 15 16 17 18 19
00001 00001 00001 00001 00001 00001 00001 00010 00010 00010
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100
00001 00001 00001 00001 00001 00001 00001 00010 00010 00010
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111
20 21 22 23 24 25 26 27 28 29
00010 | 00010 {00010 [ 00010 00010 |0O0O011 00011 00011 00011 00011
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000
00010 | 00010 {00010 [ 00010 00010 |0O0O011 00011 00011 00011 00011
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011
30 31 32 33 34 35 36 37 38 39
00011 00011 00011 00100 00100 [0O0O100 | 00100 [0O0O100 (00100 |O0OO100
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100
00011 00011 00011 00100 00100 (00100 00100 [0O0O100 (00100 |0OO100
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111
40 41 42 43 44 45 46 47 48 49
00100 | 00101 00101 00101 00101 00101 00101 00101 00101 00110
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000
00100 | 00101 00101 00101 00101 00101 00101 00101 00101 00110
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[1110 Joo11 Jooto Jorttr Jor1o [1011 J1010 [1111 [1110 [0011

50 51 52 53 54 55 56 57 58 59

oo110 00110 (0OO110 [(0OO110 (00110 [00110 (00110 |OO111 |OO111 00111
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100

oo110 00110 (0OO110 {(0O0O110 (00110 (00110 (00110 |OO111 |OO111 00111
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111

60 61 62 63 64 65 66 67 68 69

00111 joo111r {00111 00111 00111 {01000 {01000 01000 | 01000 |0O1000
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000

00111 joo111r {00111 00111 00111 {01000 {01000 {01000 | 01000 |01000
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011

70 71 72 73 74 75 76 77 78 79

01000 (01000 (O1000 (01001 |0O1001 |[0O1001 (01001 |O1001 |O1001 01001
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100

01000 (01000 (O1000 {01001 |O1001 |[0O1001 (01001 |O1001 |O1001 01001
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111

80 81 82 83 84 85 86 87 88 89

0roor yo1o010 (01010 01010 01010 {01010 | 01010 01010 [01010 |O1011
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000

0roor yo1o010 (01010 01010 01010 {01010 | 01010 01010 [01010 |O1011
1110 0011 0010 0111 0110 1011 1010 1111 1110 0011

90 91 92 93 94 95 96 97 98 929

01011 01011 01011 01011 (01011 {01011 {01011 |01100 |{01100 (01100
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100

01011 01011 01011 01011 (01011 {01011 {01011 |01100 |{01100 (01100
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111

100 101 102 103 104 105 106 107 108 109

01100 01100 (01100 {01100 |01100 (01101 |01101 01101 01101 01101
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000

01100 01100 (01100 {01100 |01100 (01101 |01101 01101 01101 01101
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011

110 111 112 113 114 115 116 117 118 119

1101 01101 01101 01110 (01110 {01110 {01110 |O1110 |01110 [0O1110
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100

1101 01101 y01101 01110 (01110 {01110 {01110 |O1110 |01110 [O1110
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111
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120 121 122 123 124 125 126 127 128 129
01110 jo1111 (01111 {01111 01111 (01111 |O01111 01111 |OI111 10000
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000
01110 jo1111 (01111 {01111 (01111 jO01111 |O1111 |O01111 |OI111 10000
1110 0011 0010 0111 0110 1011 1010 1111 1110 0011
130 131 132 133 134 135 136 137 138 139
10000 10000 | 10000 10000 | 10000 |10000 10000 | 10001 10001 10001
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100
10000 10000 | 10000 10000 | 10000 |10000 10000 | 10001 10001 10001
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111
140 141 142 143 144 145 146 147 148 149
10001 10001 10001 10001 10001 10010 | 10010 | 10010 [ 10010 |10010
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000
10001 10001 10001 10001 10001 10010 | 10010 | 10010 [ 10010 |10010
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011
150 151 152 153 154 155 156 157 158 159
10010 10010 | 10010 [10011 10011 10011 10011 10011 10011 10011
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100
10010 10010 | 10010 [10011 10011 10011 10011 10011 10011 10011
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111
160 161 162 163 164 165 166 167 168 169
10011 10100 | 10100 [ 10100 |10100 (10100 [10100 |[10100 10100 |10101
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000
10011 10100 | 10100 [ 10100 |10100 (10100 [10100 |[10100 10100 |10101
1110 0011 0010 0111 0110 1011 1010 1111 1110 0011
170 171 172 173 174 175 176 177 178 179
10101 10101 10101 10101 10101 10101 10101 10110 | 10110 [ 10110
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100
10101 10101 10101 10101 10101 10101 10101 10110 | 10110 [ 10110
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111
180 181 182 183 184 185 186 187 188 189
10110 | 10110 10110 | 10110 |10110 10111 10111 10111 10111 10111
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000
10110 | 10110 10110 | 10110 |10110 10111 10111 10111 10111 10111
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011
190 191 192 193 194 195 196 197 198 199
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10111 {10111 [ 10111 [11000 | 11000 [11000 [11000 [11000 |[11000 {11000
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100
10111 {10111 [10111 [11000 |11000 [11000 [11000 [11000 [11000 {11000
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111
200 201 202 203 204 205 206 207 208 209
11000 [ 11001 [ 11001 [ 11001 [11001 [11001 [11001 |11001 |[11001 [11010
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000
11000 [ 11001 [ 11001 [ 11001 [11001 [11001 [11001 |11001 |[11001 [11010
1110 0011 0010 0111 0110 1011 1010 1111 1110 0011
210 211 212 213 214 215 216 217 218 219
11010 {11010 | 11010 |[11010 [11010 [11010 [11010 [11011 |[11011 |[11011
0001 0100 0101 1000 1001 1100 1101 0000 0001 0100
11010 {11010 | 11010 |[11010 [11010 [11010 [11010 [11011 |[11011 |[11011
0010 0111 0110 1011 1010 1111 1110 0011 0010 0111
220 221 222 223 224 225 226 227 228 229
11011 [ 11011 [ 11011 [ 11011 [11011 [11100 [11100 |11100 (11100 [11100
0101 1000 1001 1100 1101 0000 0001 0100 0101 1000
11011 [ 11011 [ 11011 [ 11011 [11011 [11100 [11100 |11100 (11100 [11100
0110 1011 1010 1111 1110 0011 0010 0111 0110 1011
230 231 232 233 234 235 236 237 238 239
11100 {11100 | 11100 |[11101 [11101 [11101 [11101 [11101 |[11101 |[11101
1001 1100 1101 0000 0001 0100 0101 1000 1001 1100
11100 [ 11100 [ 11100 |[11101 |[11101 (11101 (11101 [11101 [11101 [11101
1010 1111 1110 0011 0010 0111 0110 1011 1010 1111
240 241 242 243 244 245 246 247 248 249
11101 {11110 | 11110 |[11110 [11110 [11110 [11110 [11110 [11110 |[11111
1101 0000 0001 0100 0101 1000 1001 1100 1101 0000
11101 {11110 | 11110 |[11110 [11110 [11110 [11110 [11110 [11110 |[11111
1110 0011 0010 0111 0110 1011 1010 1111 1110 0011
250 251 252 253 254 255 256 257 258 259
11111 p1r1r1r p1r1r1r p1rr1r1 11111 11111 11111 [ 00000 [ 00000 (00000
0001 0100 0101 1000 1001 1100 1101 0000 0001 0010
11111 p1r1r1r p1r1r1r p1rr1r1 11111 11111 11111 [ 00000 [ 00000 (00000
0010 0111 0110 1011 1010 1111 1110 0101 0100 0111
260 261 262 263 264 265 266 267 268 269
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00000 (00000 [0O0O0O0OO | 0O0O0O0OO0 |0O0OO0OO [0O0O0O0O1 |0OO0O0O1 | 00001 |0O00O0O01 |OOOOI1
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
00000 (00000 (00000 |0O0O0O0O0O |0O0O0O0OO [0O0O0O0O1 |0OO0O0O1 | 00001 |000O01 |OOOOI1
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
270 271 272 273 274 275 276 277 278 279
00001 joo00OO1 |(0O0O0OO1 |0O0O0O10 |0O0OO10 (00010 [ 00010 |00010 00010 |00010
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
00001 joo00OO1 (00001 |0O0O0O10 |0O0OO10 (00010 [ 00010 |00010 00010 |00010
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
280 281 282 283 284 285 286 287 288 289
00010 jooo1r1r (00011 {00011 |0OOO11 (00011 |0O0O0O11 |00O0O11 [00011 |[00100
1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
00010 jooo11r (00011 {00011 |0OOO11 {00011 |0O0O0O11 |00OO11 [00011 |[00100
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
290 291 292 293 294 295 296 297 298 299
00100 (00100 (00100 | 0O0O100 |0O0O100 00100 | 00100 (00101 [00101 |OO101
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
00100 (00100 (00100 00100 |0O0O100 [00100 | 00100 00101 |00101 |OO101
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
300 301 302 303 304 305 306 307 308 309
oo1o1 joo1o01r (00101 00101 |0OO101 {00110 |[00110 |00110 00110 |00110
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
oo1o1 joo1o01r (00101 00101 |0OO101 {00110 |[00110 |00110 00110 |00110
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
310 311 312 313 314 315 316 317 318 319
00110 yoo110 (00110 00111 |0O0O111 (00111 |0OO11I1 00111 [00111 |OO111
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
00110 yoo110 (00110 00111 |0O0O111 (00111 |0OO11I1 00111 [00111 |OO111
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
320 321 322 323 324 325 326 327 328 329
oo1r11 01000 (01000 (01000 |01000 {01000 | 01000 01000 [01000 |01001
1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
oo1r11 01000 (01000 (01000 |01000 {01000 | 01000 01000 [01000 |01001
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
330 331 332 333 334 335 336 337 338 339
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01001 [01001 {01001 [01001 [01001 [01001 [01001 [01010 [01010 [01010
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
01001 [01001 {01001 [01001 [01001 [01001 [01001 [01010 [01010 [01010
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
340 341 342 343 344 345 346 347 348 349
01010 {01010 {01010 [01010 (01010 [01011 [01011 (01011 [01011 [01011
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
01010 {01010 {01010 |[01010 (01010 [01011 [01011 (01011 [01011 [01011
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
350 351 352 353 354 355 356 357 358 359
01011 [01011 {01011 [01100 [01100 [01100 [01100 01100 [01100 [01100
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
01011 [01011 {01011 [01100 [01100 [01100 [01100 01100 [01100 [01100
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
360 361 362 363 364 365 366 367 368 369
01100 {01101 {01101 [01101 |[01101 [01101 [01101 [01101 [0O1101 [O1110
1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
01100 {01101 {01101 [01101 [01101 [01101 [01101 [01101 [0O1101 [O1110
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
370 371 372 373 374 375 376 377 378 379
01110 {01110 {01110 |[01110 (01110 [01110 [01110 [O1111 [O1111 [O1111
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
01110 {01110 {01110 |[01110 (01110 [01110 [01110 [O1111 [O1111 [O1111
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
380 381 382 383 384 385 386 387 388 389
01111 [o1111 {01111 [01111 [01111 [10000 [10000 | 10000 [10000 [10000
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
01111 [o1111 {01111 [01111 [01111 [10000 [10000 | 10000 [10000 [10000
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
390 391 392 393 394 395 396 397 398 399
10000 [ 10000 | 10000 | 10001 | 10001 [10001 [10001 [10001 [10001 |[10001
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
10000 [ 10000 | 10000 | 10001 | 10001 [10001 [10001 [10001 [10001 |[10001
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
400 401 402 403 404 405 406 407 408 409
10001 {10010 | 10010 [10010 [10010 [10010 (10010 [10010 |[10010 |[10011
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1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
10001 10010 | 10010 10010 | 10010 |10010 10010 | 10010 10010 | 10011
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
410 411 412 413 414 415 416 417 418 419
10011 10011 10011 10011 10011 10011 10011 10100 | 10100 [ 10100
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
10011 10011 10011 10011 10011 10011 10011 10100 | 10100 [ 10100
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
420 421 422 423 424 425 426 427 428 429
10100 10100 {10100 | 10100 [ 10100 |10101 10101 10101 10101 10101
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
10100 10100 | 10100 | 10100 [ 10100 |10101 10101 10101 10101 10101
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
430 431 422 433 424 435 436 437 438 439
10101 10101 10101 10110 10110 (10110 |10110 |10110 [10110 |10110
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
10101 10101 10101 10110 10110 (10110 |10110 |10110 [10110 |10110
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
440 441 442 443 444 445 446 447 448 449
10110 10111 10111 10111 10111 10111 10111 10111 10111 11000
1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
10110 10111 10111 10111 10111 10111 10111 10111 10111 11000
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
450 451 452 453 454 455 456 457 458 459
11000 | 11000 11000 |[11000 |11000 (11000 |11000 |11001 11001 11001
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
11000 | 11000 11000 |[11000 |11000 (11000 |11000 |11001 11001 11001
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
460 461 462 463 464 465 466 467 468 469
11001 11001 11001 11001 11001 11010 11010 | 11010 | 11010 [11010
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
11001 11001 11001 11001 11001 11010 11010 | 11010 | 11010 [11010
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
470 471 472 473 474 475 476 477 478 479
11010 | 11010 |11010 |11011 11011 11011 11011 11011 11011 11011
1001 1010 1011 0000 0001 0010 0011 1000 1001 1010
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11010 | 11010 |11010 |11011 11011 11011 11011 11011 11011 11011
1100 1111 1110 0101 0100 0111 0110 1101 1100 1111
480 481 482 483 484 485 486 487 488 489
11011 11100 | 11100 (11100 | 11100 |11100 11100 | 11100 (11100 |[11101
1011 0000 0001 0010 0011 1000 1001 1010 1011 0000
11011 11100 | 11100 (11100 | 11100 |11100 11100 | 11100 (11100 |[11101
1110 0101 0100 0111 0110 1101 1100 1111 1110 0101
490 491 492 493 494 495 496 497 498 499
11101 11101 11101 11101 11101 11101 11101 11110 | 11110 |[11110
0001 0010 0011 1000 1001 1010 1011 0000 0001 0010
11101 11101 11101 11101 11101 11101 11101 11110 | 11110 |[11110
0100 0111 0110 1101 1100 1111 1110 0101 0100 0111
500 501 502 503 504 505 506 507 508 509
11110 11110 {11110 | 11110 [ 11110 |11111 11111 11111 11111 11111
0011 1000 1001 1010 1011 0000 0001 0010 0011 1000
11110 11110 {11110 | 11110 [ 11110 |11111 11111 11111 11111 11111
0110 1101 1100 1111 1110 0101 0100 0111 0110 1101
510 511 512 513 514 515 516 517 518 519
11111 11111 11111 | 00000 {00000 | 00000 |0O0O000 [0O0O0O0O0 | 00000 |0000O
1001 1010 1011 0000 0001 0010 0011 0100 0101 0110
11111 11111 11111 | 00000 {00000 | 00000 |0O0O0O00 [0O0O0O0O0 | 00000 00000
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111
520 521 522 523 524 525 526 527 528 529
00000 | 00001 (00001 00001 00001 [ 00001 | 00001 (00001 00001 00010
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000
00000 | 00001 (00001 00001 00001 [ 00001 | 00001 (00001 00001 00010
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001
530 531 532 533 534 535 536 537 538 539
00010 (00010 (00010 | 00010 |0O0OO10 |0O0O0O10 |00010 00011 |0O0O011 00011
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010
00010 (00010 (00010 | 00010 |0O0OO10 |[0O0O0O10 | 00010 00011 |0O0O011 00011
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011
540 541 542 543 544 545 546 547 548 549
00011 00011 [00011 00011 00011 {00100 |00100 00100 | 00100 |00100
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100
00011 00011 (00011 00011 00011 {00100 |00100 00100 | 00100 |00100
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[1010 [110o1 [r1o0 11ttt [1110 [1001 J1000 [1011 [1010 [1101

550 551 552 553 554 555 556 557 558 559

00100 (00100 (0OO100 (0O0O101 |0OO101 |0O0O101 (00101 |OO101 |OO101 00101
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110

00100 (00100 (0OO100 (0OO101 |0OO101 |0O0O101 00101 |OO101 |OO101 00101
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111

560 561 562 563 564 565 566 567 568 569

oo1ro1 yoo110 (00110 00110 |0O0O110 00110 | 00110 00110 [00110 |OO1T11
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000

00101 yoo110 (00110 00110 |0O0O110 00110 | 00110 00110 [00110 |OO1T11
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001

570 571 572 573 574 575 576 577 578 579

oo111 00111 00111 j0O0O111 (o00O111 |0OO111 {00111 |01000 |[01000 {01000
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010

o111 00111 00111 j00O111 (00111 |0OO111 {00111 |01000 |[01000 {01000
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011

580 581 582 583 584 585 586 587 588 589

01000 (01000 (01000 {01000 |01000 (01001 | 01001 |01001 01001 01001
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100

01000 (01000 (01000 (01000 |0O1000 {01001 (01001 |O1001 |O1001 01001
1010 1101 1100 1111 1110 1001 1000 1011 1010 1101

590 591 592 593 594 595 596 597 598 599

01001 01001 (01001 01010 {01010 (01010 {01010 | 01010 |01010 [0O1010
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110

01001 01001 (01001 01010 {01010 (01010 {01010 | 01010 |01010 [0O1010
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111

600 601 602 603 604 605 606 607 608 609

01010 yo1011 01011 01011 01011 {01011 (01011 |0O1011 |O1011 01100
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000

01010 yo1011 01011 01011 01011 {01011 (01011 |0O1011 |O1011 01100
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001

610 611 612 613 614 615 616 617 618 619

01100 01100 (01100 {01100 |01100 (01100 | 01100 |01101 01101 01101
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010

01100 01100 (01100 {01100 |01100 (01100 | 01100 |01101 01101 01101
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011
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620 621 622 623 624 625 626 627 628 629
01101 [01101 {01101 [01101 [01101 (01110 [01110 [01110 [01110 [01110
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100
01101 [01101 {01101 [01101 [01101 (01110 [01110 [01110 [01110 [01110
1010 1101 1100 1111 1110 1001 1000 1011 1010 1101
630 631 632 633 634 635 636 637 638 639
01110 {01110 {01110 |[O1111 (01111 [Oo1111 [O1111 [O1111 [O1111 [O1111
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110
01110 {01110 {01110 |[O1111 (01111 [Oo1111 [O1111 [O1111 [O1111 [O1111
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111
640 641 642 643 644 645 646 647 648 649
01111 {10000 {10000 | 10000 [10000 [10000 [10000 [10000 |[10000 |[10001
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000
01111 {10000 {10000 | 10000 [10000 [10000 [10000 (10000 |[10000 |[10001
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001
650 651 652 653 654 655 656 657 658 659
10001 [ 10001 [ 10001 | 10001 | 10001 [10001 (10001 |[10010 |[10010 {10010
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010
10001 {10001 | 10001 |[10001 | 10001 [10001 (10001 |[10010 |[10010 {10010
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011
660 661 662 663 664 665 666 667 668 669
10010 {10010 [ 10010 [10010 [10010 [10011 [10011 [10011 |[10011 [10011
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100
10010 {10010 [ 10010 |[10010 [10010 [10011 [10011 [10011 |[10011 [10011
1010 1101 1100 1111 1110 1001 1000 1011 1010 1101
670 671 672 673 674 675 676 677 678 679
10011 {10011 [ 10011 [10100 | 10100 [10100 [10100 [10100 [10100 {10100
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110
10011 {10011 [ 10011 [10100 | 10100 [10100 [10100 [10100 [10100 {10100
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111
680 681 682 683 684 685 686 687 688 689
10100 {10101 [ 10101 [10101 | 10101 [10101 (10101 |[10101 |[10101 {10110
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000
10100 {10101 [ 10101 [10101 | 10101 [10101 (10101 |[10101 |[10101 {10110
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001
690 691 692 693 694 695 696 697 698 699
10110 {10110 [ 10110 [10110 [10110 [10110 [10110 [10111 [10111 [10111
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010
10110 {10110 [ 10110 [10110 [10110 [10110 [10110 [10111 [10111 [10111
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011
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700 701 702 703 704 705 706 707 708 709
10111 {10111 [10111 [10111 [ 10111 [11000 [11000 [11000 [11000 {11000
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100
1o111 {10111 [10111 [10111 [ 10111 [11000 [11000 [11000 [11000 {11000
1010 1101 1100 1111 1110 1001 1000 1011 1010 1101
710 711 712 713 714 715 716 717 718 719
11000 [ 11000 | 11000 | 11001 [ 11001 [11001 [11001 [11001 |[11001 |[11001
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110
11000 [ 11000 | 11000 | 11001 [ 11001 [11001 [11001 [11001 |[11001 |[11001
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111
720 721 722 723 724 725 726 727 728 729
11001 [ 11010 [ 11010 |[11010 |[11010 [11010 [11010 [11010 [11010 [11011
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000
11001 [ 11010 [ 11010 |[11010 |[11010 [11010 [11010 [11010 [11010 [11011
1110 1001 1000 1011 1010 1101 1100 1111 1110 1001
730 731 732 733 734 735 736 737 738 739
11011 [ 11011 [ 11011 |[11011 [11011 [11011 (11011 [11100 [11100 {11100
0001 0010 0011 0100 0101 0110 0111 0000 0001 0010
11011 [ 11011 [ 11011 [11011 [11011 (11011 (11011 [11100 [11100 {11100
1000 1011 1010 1101 1100 1111 1110 1001 1000 1011
740 741 742 743 744 745 746 747 748 749
11100 [ 11100 [ 11100 [11100 |[11100 [11101 {11101 [11101 [11101 [11101
0011 0100 0101 0110 0111 0000 0001 0010 0011 0100
11100 [ 11100 [ 11100 [11100 |[11100 [11101 (11101 (11101 [11101 [11101
1010 1101 1100 1111 1110 1001 1000 1011 1010 1101
750 751 752 753 754 755 756 757 758 759
11101 {11101 [ 11101 [11110 |11110 [11110 (11110 [11110 [11110 {11110
0101 0110 0111 0000 0001 0010 0011 0100 0101 0110
11101 {11101 [ 11101 [11110 |11110 [11110 (11110 [11110 [11110 {11110
1100 1111 1110 1001 1000 1011 1010 1101 1100 1111
760 761 762 763 764 765 766 767 768 769
11110 {11111 [rr1rrl [ rirrr pririr o fririr o frrrir f1rrr1r [ 1111r {00000
0111 0000 0001 0010 0011 0100 0101 0110 0111 0000
11110 (11111 11y [ rirrl prirrr it fririr o prrrir o prrrrr 1ttt
1110 1001 1000 1011 1010 1101 1100 1111 1110 1111
770 771 772 773 774 775 776 777 778 779
11111 {01111 | 10000 [00000 [11111 [10111 [01000 [00000 |[11111 |[11011
1111 1111 0000 0000 1111 1111 0000 0000 1111 1111
00000 [ 10000 {01111 | 11111 [00000 [01000 [10111 | 11111 [00000 [00100
0000 0000 1111 1111 0000 0000 1111 1111 0000 0000
780 781 782 783 784 785 786 787 788 789
00100 [00000 | 11111 | 11101 [00010 [00000 |11111 | 11110 [00001 [00000
0000 0000 1111 1111 0000 0000 1111 1111 0000 0000
11011 [ 11111 [00000 [00010 |[11101 [11111 {00000 (00001 (11110 [11111
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1111 1111 Joooo [oooo [1111 [1111 Joooo [oooo [1111 Jiiit |
790 791 792 793 794 795 796 797 798 799
11111 00111 11000 00000 11111 01011 10100 00000 11111 01101
1111 1111 0000 0000 1111 1111 0000 0000 1111 1111
00000 11000 | 00111 11111 00000 10100 | 01011 11111 00000 10010
0000 0000 1111 1111 0000 0000 1111 1111 0000 0000
800 801 802 803 804 805 806 807 808 809
10010 | 00000 11111 01110 10001 00000 11111 10011 01100 | 00000
0000 0000 1111 1111 0000 0000 1111 1111 0000 0000
01101 11111 00000 10001 01110 11111 00000 | 01100 10011 11111
1111 1111 0000 0000 1111 1111 0000 0000 1111 1111
810 811 812 813 814 815 816 817 818 819
11111 10101 01010 | 00000 11111 10110 | 01001 00000 11111 11001
1111 1111 0000 0000 1111 1111 0000 0000 1111 1111
00000 (01010 10101 11111 00000 | 01001 10110 11111 00000 00110
0000 0000 1111 1111 0000 0000 1111 1111 0000 0000
820 821 822 823 824 825 826 827 828
00110 00000 11111 11010 (00101 00000 11111 11100 (00011
0000 0000 1111 1111 0000 0000 1111 1111 0000
11001 11111 00000 00101 11010 11111 00000 00011 11100
1111 1111 0000 0000 1111 1111 0000 0000 1111
Number | Replicatio | Independent | Generalized Some Factorial Some main effects and
of n number factorial factorial effects | Effects(higher order two factor interactions
factors effects cofounded interactions) which are | which are confounded

confounded not confounded* in all the replication
9 R, 1,2,3,4, 123456789 12345678, 12345679 1,2,12,3,13,23,4, 14,
5,6,7, 89 24, 34, 5, 15, 25, 35, 45
R» 1,2,3,4,5,6, | 123456789 12345678, 12345689
8,79
R; 1,2,3,45,7, | 123456789 12345678, 12345789
8, 69

Appendix II: Catalogue of efficient block designs for mixed level (number of levels: 2, 3 and

4; number of factors: 2 and 3) factorial experiments based on baseline parameterization

Factorial experiments: 2x2

Block 1 2 3 4
Unitl 01 10 11 11
Unit2 00 00 01 10
Factorial experiments: 2x3
Block 1 2 3 4 5 6 7
Unitl 01 02 10 11 12 11 12
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Unit2 |00 |00 00 01 02 10 10
Factorial experiments: 3x2
Block 1 2 3 4 5 6 7
Unitl 01 10 11 20 21 11 21
Unit2 00 00 01 00 01 10 20
Factorial experiments: 3x3
Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl 01 02 10 11 12 20 21 22 11 12 21 22
Unit2 00 00 00 01 02 00 01 02 10 10 20 20
Factorial experiments: 2x2x2
Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl 001 | 010 | o011 100 | 101 110 | 111 | 011 101 110 | 111 111
Unit2 000 | 000 |001 |000 |O001 |0O10 |O11 |O010 |100 |100 | 101 110
Factorial experiments: 2x3x2
Block 1 2 3 4 5 6 7 8 9 10
Unitl 001 010 011 020 021 100 101 110 111 120
Unit2 000 000 001 000 001 000 001 010 011 020
Block 11 12 13 14 15 16 17 18 19 20
Unitl 121 011 021 101 110 120 111 111 121 121
Unit2 021 010 020 100 100 100 101 110 101 120
Factorial experiments: 2x2x3
Block 1 2 3 4 5 6 7 8 9 10
Unitl 001 002 010 011 012 100 101 102 110 111
Unit2 000 000 000 001 002 000 001 002 010 011
Block 11 12 13 14 15 16 17 18 19 20
Unitl 112 011 012 101 102 110 111 112 111 112
Unit2 012 010 010 100 100 100 101 102 110 110
Factorial experiments: 2x3x3
Block 1 2 3 4 5 6 7 8 9
Unitl 001 002 010 011 012 020 021 022 100
Unit2 000 000 000 001 002 000 001 002 000
Block 10 11 12 13 14 15 16 17 18
Unitl 101 102 110 111 112 120 121 122 011
Unit2 001 002 010 011 012 020 021 022 010
Block 19 20 21 22 23 24 25 26 27
Unitl 012 021 022 101 102 110 120 111 112
Unit2 010 020 020 100 100 100 100 101 102
Block 28 29 30 31 32 33
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Unitl 121 122 111 112 121 122
Unit2 101 102 110 110 120 120
Factorial experiments: 3x2x2
Block 1 2 3 4 5 6 7 8 9 10
Unitl 001 010 011 100 101 110 111 200 201 210
Unit2 000 000 001 000 001 010 011 000 001 010
Block 11 12 13 14 15 16 17 18 19 20
Unitl 211 011 101 110 201 210 111 211 111 211
Unit2 011 010 100 100 200 200 101 201 110 210
Factorial experiments: 3x3x2
Block 1 2 3 4 5 6 7 8 9
Unitl 001 010 011 020 021 100 101 110 111
Unit2 000 000 001 000 001 000 001 010 011
Block 10 11 12 13 14 15 16 17 18
Unitl 120 121 200 201 210 211 220 221 011
Unit2 020 021 000 001 010 011 020 021 010
Block 19 20 21 22 23 24 25 26 27
Unitl 021 101 110 120 201 210 220 111 121
Unit2 020 100 100 100 200 200 200 101 101
Block 28 29 30 31 32 33
Unitl 211 221 111 121 211 221
Unit2 201 201 110 120 210 220
Factorial experiments: 3x2x3
Block 1 2 3 4 5 6 7 8 9
Unitl 001 002 010 011 012 100 101 102 110
Unit2 000 000 000 001 002 000 001 002 010
Block 10 11 12 13 14 15 16 17 18
Unitl 111 112 200 201 202 210 211 212 011
Unit2 011 012 000 001 002 010 011 012 010
Block 19 20 21 22 23 24 25 26 27
Unitl 012 101 102 110 201 202 210 111 112
Unit2 010 100 100 100 200 200 200 101 102
Block 28 29 30 31 32 33
Unitl 211 212 111 112 211 212
Unit2 201 202 110 110 210 210
Factorial experiments: 3x3x3
Block 1 2 3 4 5 6 7 8 9
Unitl 001 002 010 011 012 020 021 022 100
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Unit2 000 000 000 001 002 000 001 002 000
Block 10 11 12 13 14 15 16 17 18
Unitl 101 102 110 111 112 120 121 122 200
Unit2 001 002 010 011 012 020 021 022 000
Block 19 20 21 22 23 24 25 26 27
Unitl 012 101 102 110 201 202 210 111 112
Unit2 010 100 100 100 200 200 200 101 102
Block 28 29 30 31 32 33 34 35 36
Unitl 012 021 022 101 102 110 120 201 202
Unit2 010 020 020 100 100 100 100 200 200
Block 37 38 39 40 41 42 43 44 45
Unitl 210 220 111 112 121 122 211 212 221
Unit2 200 200 101 102 101 102 201 202 201
Block 46 47 48 49 50 51 52 53 54
Unitl 222 111 112 121 122 211 212 221 222
Unit2 202 110 110 120 120 210 210 220 220
Factorial experiments: 2x2x2x2
Block 1 2 3 4 5 6 7 8 9
Unitl 0001 0010 0011 0100 0101 0110 0111 1000 1001
Unit2 0000 0000 0001 0000 0001 0010 0011 0000 0001
Block 10 11 12 13 14 15 16 17 18
Unitl 1010 1011 1100 1101 1110 1111 0011 0101 0110
Unit2 0010 0011 0100 0101 0110 0111 0010 0100 0100
Block 19 20 21 22 23 24 25 26 27
Unitl 1001 1010 1100 0111 1011 1101 1110 0111 1011
Unit2 1000 1000 1000 0101 1001 1001 1010 0110 1010
Block 28 29 30 31 32
Unitl 1101 1110 1111 1111 1111
Unit2 1100 1100 1011 1101 1110
Factorial experiments: 2x3x2x2
Block 1 2 3 4 5 6 7 8 9 10
Unitl 0001 0010 | 0011 0100 | 0101 | 0110 |O111 | 0200 | 0201 | 0210
Unit2 0000 0000 | 0001 0000 | 0001 | 0010 | 0011 | 0000 | 0001 | 0010
Block 11 12 13 14 15 16 17 18 19 20
Unitl 0211 1000 | 1001 1010 | 1011 | 1100 | 1101 | 1110 | 1111 | 1200
Unit2 0011 0000 | 0001 0010 | 0011 | 0100 |O0O101 | 0110 |OI11 | 0200
Block 21 22 23 24 25 | 26 27 28 29 30
Unitl 1201 1210 | 1211 0011 | 0101 | 0110 |0201 | 0210 | 1001 | 1010
Unit2 0201 0210 | 0211 0010 | 0100 | 0100 | 0200 | 0200 | 1000 | 1000
Block 31 32 33 34 35 36 37 38 39 40
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Unitl 1100 1200 | 0111 0211 | 1011 | 1101 | 1110 | 1201 | 1210 | O111
Unit2 1000 1000 | 0101 0201 | 1001 | 1001 | 1010 | 1001 | 1010 | O110
Block 41 42 43 44 45 46 47 48 49 50
Unitl 0211 1011 | 1101 1110 | 1201 | 1210 | 1111 | 1211 | 1111 | 1211
Unit2 0210 1010 | 1100 1100 | 1200 | 1200 | 1011 | 1011 | 1101 | 1201
Block 51 52
Unitl 1111 1211
Unit2 1110 1210
Factorial experiments: 2x2x3x2
Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl | 0001 | 0010 | 0011 | 0020 | 0021 | 0100 | 0101 | 0110 | 0111 | 0120 | 0121 | 1000
Unit2 | 0000 | 0000 | 0001 | 0000 | 0001 | 0000 | 0001 | 0010 | 0011 | 0020 | 0021 | 0000
Block 13 14 15 16 17 18 19 20 21 22 23 24
Unitl 1001 | 1010 | 1011 | 1020 | 1021 | 1100 | 1101 | 1110 | 1111 | 1120 | 1121 | 0011
Unit2 | 0001 | 0010 | 0011 | 0020 | 0021 | 0100 | 0101 | 0110 | 0111 | 0120 | 0121 | 0010
Block 25 26 27 28 29 30 31 32 33 34 35 |36
Unitl | 0021 | 0101 | 0110 | 0120 | 1001 | 1010 | 1020 | 1100 | 0111 | 0121 | 1011 | 1021
Unit2 | 0020 | 0100 | 0100 | 0100 | 1000 | 1000 | 1000 | 1000 | 0101 | 0101 | 1001 | 1001
Block | 37 38 39 40 41 42 43 44 45 46 47 48
Unitl 1101 | 1110 | 1120 | 0111 | 0121 | 1011 | 1021 | 1101 | 1110 | 1120 | 1111 | 1121
Unit2 | 1001 | 1010 | 1020 | 0110 | 0120 | 1010 | 1020 | 1100 | 1100 | 1100 | 1011 | 1021
Block 49 50 51 52
Unitl 1111 | 1121 | 1111 | 1121
Unit2 | 1101 | 1101 | 1110 | 1120
Factorial experiments: 2x2x2x3
Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl | 0001 | 0002 | 0010 | 0011 | 0012 | 0100 | 0101 | 0102 | 0110 | 0111 | 0112 | 1000
Unit2 | 0000 | 0000 | 0000 | 0001 | 0002 | 0000 | 0001 | 0002 | 0010 | 0011 | 0012 | 0000
Block 13 14 15 16 17 18 19 20 21 22 23 24
Unitl 1001 | 1002 | 1010 | 1011 | 1012 | 1100 | 1101 | 1102 | 1110 | 1111 | 1112 | 0011
Unit2 | 0001 | 0002 | 0010 | 0011 | 0012 | 0100 | 0101 | 0102 | 0110 | 0111 | 0112 | 0010
Block 25 26 27 28 29 30 31 32 33 34 35 |36
Unitl | 0012 | 0101 | 0102 | 0110 | 1001 | 1002 | 1010 | 1100 | 0111 | 0112 | 1011 | 1012
Unit2 | 0010 | 0100 | 0100 | 0100 | 1000 | 1000 | 1000 | 1000 | 0101 | 0102 | 1001 | 1002
Block | 37 38 39 40 41 42 43 44 45 46 47 48
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Unitl 1101 | 1102 | 1110 | 0111 | 0112 | 1011 | 1012 | 1101 | 1102 | 1110 | 1111 | 1112
Unit2 | 1001 | 1002 | 1010 | 0110 | 0110 | 1010 | 1010 | 1100 | 1100 | 1100 | 1011 | 1012
Block 49 50 51 52

Unitl 1111 | 1112 | 1111 | 1112

Unit2 | 1101 | 1102 | 1110 | 1110

Factorial experiments: 2x3x2x3

Block 1 2 3 4 5 6 7 8 9 10
Unitl 0001 0002 | 0010 | 0011 | 0012 | 0100 | 0101 |0102 0110 0111
Unit2 0000 0000 | 0000 | 0001 | 0002 | 0000 | 0001 | 0002 0010 0011
Block 11 12 13 14 15 16 17 18 19 20
Unitl 0112 0200 | 0201 | 0202 | 0210 | 0211 0212 | 1000 1001 1002
Unit2 0012 0000 | 0001 | 0002 | 0010 | 0011 0012 | 0000 0001 0002
Block 21 22 23 24 25 26 27 28 29 30
Unitl 1010 1011 | 1012 | 1100 | 1101 | 1102 1110 | 1111 1112 1200
Unit2 0010 0011 | 0012 | 0100 | 0101 | 0102 0110 | 0111 0112 0200
Block 31 32 33 34 35 36 37 38 39 40
Unitl 1201 1202 | 1210 | 1211 | 1212 | 0011 0012 | 0101 0102 0110
Unit2 0201 0202 | 0210 | 0211 | 0212 | 0010 | 0010 | 0100 0100 0100
Block 41 42 43 44 45 46 47 48 49 50
Unitl 0201 0202 | 0210 | 1001 | 1002 | 1010 1100 | 1200 0111 0112
Unit2 0200 0200 | 0200 | 1000 | 1000 | 1000 1000 | 1000 0101 0102
Block | 51 52 53 54 55 56 57 58 59 60
Unitl 0211 0212 | 1011 | 1012 | 1101 | 1102 1110 | 1201 1202 1210
Unit2 0201 0202 | 1001 | 1002 | 1001 | 1002 1010 | 1001 1002 1010
Block | 61 62 63 64 65 66 67 68 69 70
Unitl 0111 0112 | 0211 | 0212 | 1011 | 1012 1101 | 1102 1110 1201
Unit2 0110 0110 | 0210 | 0210 | 1010 | 1010 1100 | 1100 1100 1200
Block |71 72 73 74 75 76 77 78 79 80
Unitl 1202 1210 | 1111 | 1112 | 1211 | 1212 1111 | 1112 1211 1212
Unit2 1200 1200 | 1011 | 1012 | 1011 | 1012 1101 | 1102 1201 1202
Block | 81 82 83 84

Unitl 1111 1112 | 1211 | 1212

Unit2 1110 1110 | 1210 | 1210

Factorial experiments: 2x3x3x2

Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl | 0001 | 0010 | 0011 | 0020 | 0021 | 0100 | 0101 | 0110 | 0111 | 0120 | 0121 0200
Unit2 | 0000 | 0000 | 0001 | 0000 | 0001 | 0000 | 0001 | 0010 | 0011 | 0020 | 0021 0000
Block 13 14 15 16 17 18 19 20 21 22 23 24
Unitl | 0201 | 0210 | 0211 | 0220 | 0221 | 1000 | 1001 | 1010 | 1011 | 1020 | 1021 1100
Unit2 | 0001 | 0010 | 0011 | 0020 | 0021 | 0000 | 0001 | 0010 | 0011 | 0020 | 0021 0100
Block 25 26 27 28 29 30 31 32 33 34 35 36
Unitl | 1101 | 1110 | 1111 | 1120 | 1121 | 1200 | 1201 | 1210 | 1211 | 1220 | 1221 0011
Unit2 | 0101 | 0110 | 0111 | 0120 | 0121 | 0200 | 0201 | 0210 | 0211 | 0220 | 0221 0010
Block 37 38 39 40 41 42 43 44 45 46 47 48
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Unitl | 0021 | 0101 | 0120 | 0201 | 0210 | 0220 | 1001 | 1010 | 1020 | 1200 | 1100 0021
Unit2 | 0020 | 0100 | 0100 | 0200 | 0200 | 0200 | 1000 | 1000 | 1000 | 1000 | 1000 0020
Block | 49 50 51 52 53 54 55 56 57 58 59 60
Unitl | 0111 | 0121 | 0211 | 0221 | 1011 | 1021 | 1101 | 1110 | 1120 | 1201 | 1210 1220
Unit2 | 0101 | 0101 | 0201 | 0201 | 1001 | 1001 | 1001 | 1010 | 1020 | 1001 | 1010 1020
Block | 61 62 63 64 65 66 67 68 69 70 71 72
Unitl | 0111 | 0121 | 0211 | 0221 | 1011 | 1021 | 1101 | 1110 | 1120 | 1201 | 1210 1220
Unit2 | 0110 | 0120 | 0210 | 0220 | 1010 | 1020 | 1100 | 1100 | 1100 | 1200 | 1200 1200
Block | 73 74 75 76 77 78 79 80 81 82 83 84
Unitl 1111 | 1121 | 1211 | 1221 | 1111 | 1121 | 1211 | 1221 | 1111 | 1121 | 1211 1221
Unit2 | 1011 | 1021 | 1011 | 1021 | 1101 | 1101 | 1201 | 1201 | 1110 | 1120 | 1210 1220
Factorial experiments: 2x2x3x3
Block 1 2 3 4 5 6 7 8 9 10 11 12
Unitl | 0001 | 0002 | 0010 | 0011 | 0012 | 0020 | 0021 | 0022 | 0100 | 0101 | 0102 | 0110
Unit2 | 0000 | 0000 | 0000 | 0001 | 0002 | 0000 | 0001 | 0002 | 0000 | 0001 | 0002 | 0010
Block 13 14 15 16 17 18 19 20 21 22 23 24
Unitl | 0111 | 0112 | 0120 | 0121 | 0122 | 1000 | 1001 | 1002 | 1010 | 1011 | 1012 | 1020
Unit2 | 0011 | 0012 | 0020 | 0021 | 0022 | 0000 | 0001 | 0002 | 0010 | 0011 | 0012 | 0020
Block 25 26 27 28 29 30 31 32 33 34 35 36
Unitl | 1021 | 1022 | 1100 | 1101 | 1102 | 1110 | 1111 | 1112 | 1120 | 1121 | 1122 | 0011
Unit2 | 0021 | 0022 | 0100 | 0101 | 0102 | 0110 | 0111 | 0112 | 0120 | 0121 | 0122 | 0010
Block 37 38 39 40 41 42 43 44 45 46 47 48
Unitl | 0012 | 0021 | 0022 | 0101 | 0102 | 0110 | 0120 | 1001 | 1002 | 1010 | 1020 | 1100
Unit2 | 0010 | 0020 | 0020 | 0100 | 0100 | 0100 | 0100 | 1000 | 1000 | 1000 | 1000 | 1000
Block 49 | 50 51 52 53 54 55 56 57 58 59 60
Unitl | 0111 | 0112 | 0121 | 0122 | 1011 | 1012 | 1021 | 1022 | 1101 | 1102 | 1110 | 1120
Unit2 | 0101 | 0102 | 0101 | 0102 | 1001 | 1002 | 1001 | 1002 | 1001 | 1002 | 1010 | 1020
Block | 61 62 63 64 65 66 67 68 69 70 71 72
Unitl | 0111 | 0112 | 0121 | 0122 | 1011 | 1012 | 1021 | 1022 | 1101 | 1102 | 1110 | 1120
Unit2 | 0110 | 0110 | 0120 | 0120 | 1010 | 1010 | 1020 | 1020 | 1100 | 1100 | 1100 | 1100
Block | 73 74 75 76 77 78 79 80 81 82 83 84
Unitl | 1111 | 1112 | 1121 | 1122 | 1111 | 1112 | 1121 | 1122 | 1111 | 1112 | 1121 | 1122
Unit2 | 1011 | 1012 | 1021 | 1022 | 1101 | 1102 | 1101 | 1102 | 1110 | 1110 | 1120 | 1120
Factorial experiments: 2x3x3x3
Block 1 2 3 4 5 6 7 8 9
Unitl 0001 0002 0010 0011 | 0012 0020 0021 0022 0100
Unit2 0000 0000 0000 0001 | 0002 0000 0001 0002 0000
Block 10 11 12 13 14 15 16 17 18
Unitl 0101 0102 0110 0111 | 0112 0120 0121 0122 0200
Unit2 0001 0002 0010 0011 | 0012 0020 0021 0022 0000
Block 19 20 21 22 23 24 25 26 27
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Unitl 0201 0202 0210 0211 | 0212 0220 0221 0222 1000
Unit2 0001 0002 0010 0011 | 0012 0020 0021 0022 0000
Block |28 29 30 31 32 33 34 35 36
Unitl 1001 1002 1010 1011 | 1012 1020 1021 1022 1100
Unit2 0001 0002 0010 0011 | 0012 0020 0021 0022 0100
Block | 37 38 39 40 41 42 43 44 45
Unitl 1101 1102 1110 1111 | 1112 1120 1121 1122 1200
Unit2 0101 0102 0110 0111 | 0112 0120 0121 0122 0200
Block | 46 47 48 49 50 51 52 53 54
Unitl 1201 1202 1210 1211 | 1212 1220 1221 1222 0011
Unit2 0201 0202 0210 0211 | 0212 0220 0221 0222 0010
Block |55 56 57 58 59 60 61 62 63
Unitl 0012 0021 0022 0101 | 0102 0110 0120 0201 0202
Unit2 0010 0020 0020 0100 | 0100 0100 0100 0200 0200
Block | 64 65 66 67 68 69 70 71 72
Unitl 0210 0220 1001 1002 | 1010 1020 1100 1200 0111
Unit2 0200 0200 1000 1000 | 1000 1000 1000 1000 0101
Block |73 74 75 76 77 78 79 80 81
Unitl 0112 0121 0122 0211 | 0212 0221 0222 1011 1012
Unit2 0102 0101 0102 0201 | 0202 0201 0202 1001 1002
Block | 82 83 84 85 86 87 88 89 90
Unitl 1021 1022 1101 1102 | 1110 1120 1201 1202 1210
Unit2 1001 1002 1001 1002 | 1100 1100 1200 1200 1200
Block | 91 92 93 94 95 96 97 98 99
Unitl 1220 0111 0112 0121 | 0122 0211 0212 0221 0222
Unit2 1200 0110 0110 0120 | 0120 0210 0210 0220 0220
Block 100 101 102 103 104 105 106 107 108
Unitl 1011 1012 1021 1022 | 1101 1102 1110 1120 1201
Unit2 1010 1010 1020 1020 | 1100 1100 1100 1100 1200
Block 109 110 111 112 113 114 115 116 117
Unitl 1202 1210 1220 1111 | 1112 1121 1122 1211 1212
Unit2 1200 1200 1200 1011 | 1012 1021 1022 1011 1012
Block 118 119 120 121 122 123 124 125 126
Unitl 1221 1222 1111 1112 | 1121 1122 1211 1212 1221
Unit2 1021 1022 1101 1102 | 1101 1102 1201 1202 1201
Block 127 128 129 130 131 132 133 134 135
Unitl 1222 1111 1112 1121 | 1122 1211 1212 1221 1222
Unit2 1202 1110 1110 1120 | 1120 1210 1210 1220 1220
Factorial experiments: 3x2x2x2
Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0010 0011 0100 0101 0110 0111 1000 1001
Unit2 | 0000 0000 0001 0000 0001 0010 0011 0000 0001
Block 10 11 12 13 14 15 16 17 18
Unitl 1010 1011 1100 1101 1110 1111 2000 2001 2010
Unit2 | 0010 0011 0100 0101 0110 0111 0000 0001 0010
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Block 19 20 21 22 23 24 25 26 27
Unitl | 2011 2100 2101 2110 2111 0011 0101 0110 1001
Unit2 | 0011 0100 0101 0110 0111 0010 0100 0100 1000
Block 28 29 30 31 32 33 34 35 36
Unitl 1010 1100 2001 2010 2100 0111 1011 1101 1110
Unit2 | 1000 1000 2000 2000 2000 0101 1001 1001 1010
Block | 37 38 39 40 41 42 43 44 45
Unitl | 2011 2101 2110 0111 1011 1101 1110 2011 2101
Unit2 | 2001 2001 2010 0110 1010 1100 1100 2010 2100
Block 46 47 48 49 50 51 52
Unitl | 2110 1111 2111 1111 2111 1111 2111
Unit2 | 2100 1011 2011 1101 2101 1110 2110

Factorial experiments: 3x3x2x2
Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0010 | 0011 0100 0101 0110 0111 0200 0201
Unit2 | 0000 0000 | 0001 0000 0001 0010 0011 0000 0001
Block 10 11 12 13 14 15 16 17 18
Unitl | 0210 0211 | 1000 1001 1010 1011 1100 1101 1110
Unit2 | 0010 0011 | 0000 0001 0010 0011 0100 0101 0110
Block 19 20 21 22 23 24 25 26 27
Unitl 1111 1200 | 1201 1210 1211 2000 2001 2010 2011
Unit2 | 0111 0200 | 0201 0210 0211 0000 0001 0010 0011
Block 28 29 30 31 32 33 34 35 36
Unitl | 2100 2101 | 2110 2111 2200 2201 2210 2211 0011
Unit2 | 0100 0101 | 0110 0111 0200 0201 0210 0211 0010
Block 37 38 39 40 41 42 43 44 45
Unitl | 0101 0110 | 0201 0210 1001 1010 1100 1200 2001
Unit2 | 0100 0100 | 0200 0200 1000 1000 1000 1000 2000
Block 46 47 48 49 50 51 52 53 54
Unitl | 2010 2100 | 2200 0111 0211 1011 1101 1110 1201
Unit2 | 2000 2000 | 2000 0101 0201 1001 1001 1010 1001
Block | 55 56 57 58 59 60 61 62 63
Unitl 1210 2011 | 2101 2110 2201 2210 0111 0211 1011
Unit2 | 1010 2001 | 2001 2010 2001 2010 0110 0210 1010
Block | 64 65 66 67 68 69 70 71 72
Unitl 1101 1110 | 1201 1210 2011 2101 2110 2201 2210
Unit2 | 1100 1100 | 1200 1200 2010 2100 2100 2200 2200
Block | 73 74 75 76 77 78 79 80 81
Unitl 1111 1211 | 2111 2211 1111 1211 2111 2211 1111
Unit2 | 1011 1011 | 2011 2011 1101 1201 2101 2201 1110
Block 82 83 84
Unitl 1211 2111 | 2211
Unit2 | 1210 2110 | 2210

Factorial experiments: 3x2x3x2
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Block 1 2 3 4 5 6 7 8 9
Unitl 0001 0010 0011 0020 0021 0100 0101 0110 0111
Unit2 0000 0000 0001 0000 0001 0000 0001 0010 0011
Block 10 11 12 13 14 15 16 17 18
Unitl 0120 0121 1000 1001 1010 1011 1020 1021 1100
Unit2 0020 0021 0000 0001 0010 0011 0020 0021 0100
Block 19 20 21 22 23 24 25 26 27
Unitl 1101 1110 1111 1120 1121 2000 2001 2010 2011
Unit2 0101 0110 0111 0120 0121 0000 0001 0010 0011
Block 28 29 30 31 32 33 34 35 36
Unitl 2020 2021 2100 2101 2110 2111 2120 2121 0011
Unit2 0020 0021 0100 0101 0110 0111 0120 0121 0010
Block 37 38 39 40 41 42 43 44 45
Unitl 0021 0101 0110 0120 1001 1010 1020 1100 2001
Unit2 0020 0100 0100 0100 1000 1000 1000 1000 2000
Block 46 47 48 49 50 51 52 53 54
Unitl 2010 2020 2100 0111 0121 1011 1021 1101 1110
Unit2 2000 2000 2000 0101 0101 1001 1001 1001 1010
Block 55 56 57 58 59 60 61 62 63
Unitl 1120 2011 2021 2101 2110 2120 0111 0121 1011
Unit2 1020 2001 2001 2001 2010 2020 0110 0120 1010
Block 64 65 66 67 68 69 70 71 72
Unitl 1021 1101 1110 1120 2011 2021 2101 2110 2120
Unit2 1020 1100 1100 1100 2010 2020 2100 2100 2100
Block 73 74 75 76 77 78 79 80 81
Unitl 1111 1121 2111 2121 1111 1121 2111 2121 1111
Unit2 1011 1021 2011 2021 1101 1101 2101 2101 1110
Block 82 83 84
Unitl 1121 2111 2121
Unit2 1120 2110 2120

Factorial experiments: 3x2x2x3
Block 1 2 3 4 5 6 8 9
Unitl 0001 0002 0010 0011 0012 0100 0101 0102 0110
Unit2 0000 0000 0000 0001 0002 0000 0001 0002 0010
Block 10 11 12 13 14 15 16 17 18
Unitl 0111 0112 1000 1001 1002 1010 1011 1012 1100
Unit2 0011 0012 0000 0001 0002 0010 0011 0012 0100
Block 19 20 21 22 23 24 25 26 27
Unitl 1101 1102 1110 1111 1112 2000 2001 2002 2010
Unit2 0101 0102 0110 0111 0112 0000 0001 0002 0010
Block 28 29 30 31 32 33 34 35 36
Unitl 2011 2012 2100 2101 2102 2110 2111 2112 0011
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Unit2 0011 0012 0100 0101 0102 0110 0111 0112 0010
Block 37 38 39 40 41 42 43 44 45
Unitl 0012 0101 0102 0110 1001 1002 1010 1100 2001
Unit2 0010 0100 0100 0100 1000 1000 1000 1000 2000
Block 46 47 48 49 50 51 52 53 54
Unitl 2002 2010 2100 0111 0112 1011 1012 1101 1102
Unit2 2000 2000 2000 0101 0102 1001 1002 1001 1002
Block 55 56 57 58 59 60 61 62 63
Unitl 1110 2011 2012 2101 2102 2110 0111 0112 1011
Unit2 1010 2001 2002 2001 2002 2010 0110 0110 1010
Block 64 65 66 67 68 69 70 71 72
Unitl 1012 1101 1102 1110 2011 2012 2101 2102 2110
Unit2 1010 1100 1100 1100 2010 2010 2100 2100 2100
Block 73 74 75 76 77 78 79 80 81
Unitl 1111 1112 2111 2112 1111 1112 2111 2112 1111
Unit2 1011 1012 2011 2012 1101 1102 2101 2102 1110
Block 82 83 84
Unitl 1112 2111 2112
Unit2 1110 2110 2110
Factorial experiments: 3x3x3x2
Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0010 0011 0020 0021 0100 0101 0110 0111
Unit2 | 0000 0000 0001 0000 0001 0000 0001 0010 0011
Block 10 11 12 13 14 15 16 17 18
Unitl | 0120 0121 0200 0201 0210 0211 0220 0221 1000
Unit2 | 0020 0021 0000 0001 0010 0011 0020 0021 0000
Block 19 20 21 22 23 24 25 26 27
Unitl 1001 1010 1011 1020 1021 1100 1101 1110 1111
Unit2 | 0001 0010 0011 0020 0021 0100 0101 0110 0111
Block 28 29 30 31 32 33 34 35 36
Unitl 1120 1121 1200 1201 1210 1211 1220 1221 2000
Unit2 | 0120 0121 0200 0201 0210 0211 0220 0221 0000
Block 37 38 39 40 41 42 43 44 45
Unitl | 2001 2010 2011 2020 2021 2100 2101 2110 2111
Unit2 | 0001 0010 0011 0020 0021 0100 0101 0110 0111
Block 46 47 48 49 50 51 52 53 54
Unitl | 2120 2121 2200 2201 2210 2211 2220 2221 0011
Unit2 | 0120 0121 0200 0201 0210 0211 0220 0221 0010
Block 55 56 57 58 59 60 61 62 63
Unitl | 0021 0101 0110 0120 0201 0210 0220 1001 1010
Unit2 | 0020 0100 0100 0100 0200 0200 0200 1000 1000
Block 64 65 66 67 68 69 70 71 72
Unitl 1020 1100 1200 2001 2010 2020 2100 2200 0111
Unit2 | 1000 1000 1000 2000 2000 2000 2000 2000 0101
Block | 73 74 75 76 77 78 79 80 81
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Unitl | 0121 0211 0221 1011 1021 1101 1110 1120 1201
Unit2 | 0101 0201 0201 1001 1001 1001 1010 1020 1001
Block | 82 83 84 85 86 87 88 89 920
Unitl 1210 1220 2011 2021 2101 2110 2120 2201 2210
Unit2 | 1010 1020 2010 2001 2001 2010 2020 2001 2010
Block |91 92 93 94 95 96 97 98 929
Unitl | 2220 0111 0121 0211 0221 1011 1021 1101 1110
Unit2 | 2020 0110 0120 0210 0220 1010 1020 1100 1100
Block | 100 101 102 103 104 105 106 107 108
Unitl 1120 1201 1210 1220 2011 2021 2101 2110 2120
Unit2 | 1100 1200 1200 1200 2010 2020 2100 2100 2100
Block | 109 110 111 112 113 114 115 116 117
Unitl | 2201 2210 2220 1111 1121 1211 1221 2111 2121
Unit2 | 2200 2200 2200 1011 1021 1011 1021 2011 2021
Block | 118 119 120 121 122 123 124 125 126
Unitl | 2211 2221 1111 1121 1211 1221 2111 2121 2211
Unit2 | 2011 2021 1101 1101 1201 1201 2101 2101 2201
Block | 127 128 129 130 131 132 133 134 135
Unitl | 2221 1111 1121 1211 1221 2111 2121 2211 2221
Unit2 | 2201 1110 1120 1210 1220 2110 2120 2210 2220
Factorial experiments: 3x3x2x3

Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0002 0010 0011 0012 0100 0101 0102 0110
Unit2 | 0000 0000 0000 0001 0002 0000 0001 0002 0010
Block 10 11 12 13 14 15 16 17 18
Unitl | 0111 0112 0200 0201 0202 0210 0211 0212 1000
Unit2 | 0011 0012 0000 0001 0002 0010 0011 0012 0000
Block 19 20 21 22 23 24 25 26 27
Unitl 1001 1002 1010 1011 1012 1100 1101 1102 1110
Unit2 | 0001 0002 0010 0011 0012 0100 0101 0102 0110
Block 28 29 30 31 32 33 34 35 36
Unitl 1111 1112 1200 1201 1202 1210 1211 1212 2000
Unit2 | 0111 0112 0200 0201 0202 0210 0211 0212 0000
Block 37 38 39 40 41 42 43 44 45
Unitl | 2001 2002 2010 2011 2012 2100 2101 2102 2110
Unit2 | 0001 0002 0010 0011 0012 0100 0101 0102 0110
Block 46 47 48 49 50 51 52 53 54
Unitl | 2111 2112 2200 2201 2202 2210 2211 2212 0011
Unit2 | 0111 0112 0200 0201 0202 0210 0211 0212 0010
Block 55 56 57 58 59 60 61 62 63
Unitl | 0012 0101 0102 0110 0201 0202 0210 1001 1002
Unit2 | 0010 0100 0100 0100 0200 0200 0200 1000 1000
Block | 64 65 66 67 68 69 70 71 72
Unitl 1010 1100 1200 2001 2002 2010 2100 2200 0111
Unit2 | 1000 1000 1000 2000 2000 2000 2000 2000 0101
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Block | 73 74 75 76 77 78 79 80 81
Unitl | 0112 0211 0212 1011 1012 1101 1102 1110 1201
Unit2 | 0102 0201 0202 1001 1002 1001 1002 1010 1001
Block | 82 83 84 85 86 87 88 89 920
Unitl 1202 1210 2011 2012 2101 2102 2110 2201 2202
Unit2 | 1002 1010 2001 2002 2001 2002 2010 2001 2002
Block | 91 92 93 94 95 96 97 98 99
Unitl | 2210 0111 0112 0211 0212 1011 1012 1101 1102
Unit2 | 2010 0110 0110 0210 0210 1010 1010 1100 1100
Block | 100 101 102 103 104 105 106 107 108
Unitl 1110 1201 1202 1210 2011 2012 2101 2102 2110
Unit2 | 1100 1200 1200 1200 2010 2010 2100 2100 2100
Block | 109 110 111 112 113 114 115 116 117
Unitl | 2201 2202 2210 1111 1112 1211 1212 2111 2112
Unit2 | 2200 2200 2200 1011 1012 1011 1012 2011 2012
Block | 118 119 120 121 122 123 124 125 126
Unitl | 2211 2212 1111 1112 1211 1212 2111 2112 2211
Unit2 | 2011 2012 1101 1102 1201 1202 2101 2102 2201
Block | 127 128 129 130 131 132 133 134 135
Unitl | 2212 1111 1112 1211 1212 2111 2112 2211 2212
Unit2 | 2202 1110 1110 1210 1210 2110 2110 2210 2210
Factorial experiments: 3x2x3x3

Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0002 0010 0011 0012 0020 0021 0022 0100
Unit2 | 0000 0000 0000 0001 0002 0000 0001 0002 0000
Block 10 11 12 13 14 15 16 17 18
Unitl | 0101 0102 0110 0111 0112 0120 0121 0122 1000
Unit2 | 0001 0002 0010 0011 0012 0020 0021 0022 0000
Block 19 20 21 22 23 24 25 26 27
Unitl 1001 1002 1010 1011 1012 1020 1021 1022 1100
Unit2 | 0001 0002 0010 0011 0012 0020 0021 0022 0100
Block 28 29 30 31 32 33 34 35 36
Unitl 1101 1102 1110 1111 1112 1120 1121 1122 2000
Unit2 | 0101 0102 0110 0111 0112 0120 0121 0122 0000
Block 37 38 39 40 41 42 43 44 45
Unitl | 2001 2002 2010 2011 2012 2020 2021 2022 2100
Unit2 | 0001 0002 0010 0011 0012 0020 0021 0022 0100
Block 46 47 48 49 50 51 52 53 54
Unitl | 2101 2102 2110 2111 2112 2120 2121 2122 0011
Unit2 | 0101 0102 0110 0111 0112 0120 0121 0122 0010
Block 55 56 57 58 59 60 61 62 63
Unitl | 0012 0021 0022 0101 0102 0110 0120 1001 1002
Unit2 | 0010 0020 0020 0100 0100 0100 0100 1000 1000
Block | 64 65 66 67 68 69 70 71 72
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Unitl 1010 1020 1100 2001 2002 2010 2020 2100 0111
Unit2 | 1000 1000 1000 2000 2000 2000 2000 2000 0101
Block | 73 74 75 76 77 78 79 80 81
Unitl | 0112 0121 0122 1011 1012 1021 1022 1101 1102
Unit2 | 0102 0101 0102 1001 1002 1001 1002 1001 1002
Block | 82 83 84 85 86 87 88 89 90
Unitl 1110 1120 2011 2012 2021 2022 2101 2102 2110
Unit2 | 1010 1020 2001 2002 2001 2002 2001 2002 2010
Block | 91 92 93 94 95 96 97 98 99
Unitl | 2120 0111 0112 0121 0122 1011 1012 1021 1022
Unit2 | 2020 0110 0110 0120 0120 1010 1010 1020 1020
Block | 100 101 102 103 104 105 106 107 108
Unitl 1101 1102 1110 1120 2011 2012 2021 2022 2101
Unit2 | 1100 1100 1100 1100 2010 2010 2020 2020 2100
Block | 109 110 111 112 113 114 115 116 117
Unitl | 2102 2110 2120 1111 1112 1121 1122 2111 2112
Unit2 | 2100 2100 2100 1011 1012 1021 1022 2011 2012
Block | 118 119 120 121 122 123 124 125 126
Unitl | 2121 2122 1111 1112 1121 1122 2111 2112 2121
Unit2 | 2021 2022 1101 1102 1101 1102 2101 2102 2101
Block | 127 128 129 130 131 132 133 134 135
Unitl | 2122 1111 1112 1121 1122 2111 2112 2121 2122
Unit2 | 2102 1110 1110 1120 1120 2110 2110 2120 2120
Factorial experiments: 3x3x3x3
Block 1 2 3 4 5 6 7 8 9
Unitl | 0001 0002 0010 0011 0012 0020 0021 0022 0100
Unit2 | 0000 0000 0000 0001 0002 0000 0001 0002 0000
10 11 12 13 14 15 16 17 18 19
0101 0102 0110 0111 0112 0120 0121 0122 0200 0201
0001 0002 0010 0011 0012 0020 0021 0022 0000 0001
20 21 22 23 24 25 26 27 28 29
0202 0210 0211 0212 0220 0221 0222 1000 1001 1002
0002 0010 0011 0012 0020 0021 0022 0000 0001 0002
30 31 32 33 34 35 36 37 38 39
1010 1011 1012 1020 1021 1022 1100 1101 1102 1110
0010 0011 0012 0020 0021 0022 0100 0101 0102 0110
40 41 42 43 44 45 46 47 48 49
1111 1112 1120 1121 1122 1200 1201 1202 1210 1211
0111 0112 0120 0121 0122 0200 0201 0202 0210 0211
50 51 52 53 54 55 56 57 58 59
1212 1220 1221 1222 2000 2001 2002 2010 2011 2012
0212 0220 0221 0222 0000 0001 0002 0010 0011 0012
60 61 62 63 64 65 66 67 68 69
2020 2021 2022 2100 2101 2102 2110 2111 2112 2120
0020 0021 0022 100 101 102 110 111 112 120
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70 71 72 73 74 75 76 77 78 79
2121 2122 2200 2201 2202 2210 2211 2212 2220 2221
121 122 200 201 202 210 211 212 220 221

80 81 82 83 84 85 86 87
2222 0011 0012 0021 0022 0101 0102 0110
222 0010 0010 0020 0020 0100 0100 0100

88 89 920 91 92 93 94 95 96 97
0120 0201 0202 0210 0220 1001 1002 1010 1020 1100
0100 0200 0200 0200 0200 1000 1000 1000 1000 1000
98 99 100 101 102 103 104 105 106 107
1200 2001 2002 2010 2020 2100 2200 0111 0112 0121
1000 2000 2000 2000 2000 2000 2000 0101 0102 0101
108 109 110 111 112 113 114 115 116 117
0122 0211 0212 0221 0222 1011 1012 1021 1022 1101
0102 0201 0202 0201 0202 1001 1002 1001 1002 1001
118 119 120 121 122 123 124 125 126 127
1102 1110 1120 1201 1202 1210 1220 2011 2012 2021
1002 1010 1020 1001 1002 1010 1020 2001 2002 2001
128 129 130 131 132 133 134 135 136 137
2022 2101 2102 2110 2120 2201 2202 2210 2220 0111
2002 2001 2002 2010 2020 2001 2002 2010 2020 0110
138 139 140 141 142 143 144 145 146 147
0112 0121 0122 0211 0212 0221 0222 1011 1012 1021
0110 0120 0120 0210 0210 0220 0220 1010 1010 1020
148 149 150 151 152 153 154 155 156 157
1022 1101 1102 1110 1120 1201 1202 1210 1220 2011
1020 1100 1100 1100 1100 1200 1200 1200 1200 2010
158 159 160 161 162 163 164 165 166 167
2012 2021 2022 2101 2102 2110 2120 2201 2202 2210
2010 2020 2020 2100 2100 2100 2100 2200 2200 2200
168 169 170 171 172 173 174 175 176 177
2220 1111 1112 1121 1122 1211 1212 1221 1222 2111
2200 1011 1012 1021 1022 1011 1012 1021 1022 2011
178 179 180 181 182 183 184 185 186 187
2112 2121 2122 2211 2212 2221 2222 1111 1112 1121
2012 2021 2022 2011 2012 2021 2022 1101 1102 1101
188 189 190 191 192 193 194 195 196 197
1122 1211 1212 1221 1222 2111 2112 2121 2122 2211
1102 1201 1202 1201 1202 2101 2102 2101 2102 2201
198 199 200 201 202 203 204 205 206 207
2212 2221 2222 1111 1112 1121 1122 1211 1212 1221
2202 2201 2202 1110 1110 1120 1120 1210 1210 1220

208 209 210 211 212 213 214 215 216
1222 2111 2112 2121 2122 2211 2212 2221 2222
1220 2110 2110 2120 2120 2210 2210 2220 2220

67




68



Appendix III: Catalogue of efficient row-column designs for mixed level (number of levels:

2 and 3; number of factors: 2 and 3) factorial experiments based on baseline
parameterization
Factorial experiments: 2x2
Column 1 2 3 4
Rowl 01 00 11 10
Row2 | 00 10 01 11
Factorial experiments: 2x3
Column 1 2 3 4 5 6 7 8
Rowl 01 00 10 01 02 11 12 00
Row2 | 00 02 00 11 12 10 10 01
Factorial experiments: 3x2
Column 1 2 3 4 5 6 7 8
Rowl 01 00 11 00 21 10 20 01
Row2 | 00 10 01 20 01 11 21 00
Factorial experiments: 3x3
Column | 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
Rowl 01102 |10 |11 |02 |00 |21 |22 |10 |12 |20 |20 |00 |O1 |00
Row2 00|00 |00 |(O1 |12 (20 |O1 |02 |11 |10 |21 |22 (20 |00 |10
Factorial experiments: 2x2x2
Column 1 2 3 4 5 6 7 8 9 10 11 12
Rowl 001 |010 |o011 |000 |001 {010 |111 |O11 |100 |110 | 101 111
Row2 000 | 000 | 001 100 | 101 110 | 011 | 010 | 101 100 | 111 110
Column 13 |14 15 16 17 18
Rowl1 110 | 000 | 000 |100 | 001 101
Row?2 111 {010 | 010 |000 |O11 |001
Factorial experiments: 2x3x2
Column 1 2 3 4 5 6 7 8 9 10
Rowl 001 000 011 020 021 000 001 110 111 120
Row2 000 010 001 000 001 100 101 010 011 020
Column 11 12 13 14 15 16 17 18 19 20
Rowl 121 010 021 100 110 100 101 111 101 121
Row2 021 011 120 101 100 120 111 110 121 021
Column |21 22 23 24 25 26
Rowl 011 010 100 000 021 001
Row?2 111 011 110 100 001 000

Factorial experiments: 2x2x3
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Column 1 2 3 4 5 6 7 8 9 10
Rowl 001 000 010 011 012 000 101 002 110 111
Row2 000 002 000 001 002 100 001 102 010 011

Column 11 12 13 14 15 16 17 18 19 20
Rowl 112 011 010 100 100 110 101 102 111 112
Row2 012 010 012 101 102 100 111 112 110 110

Column |21 22 23 24 25 26
Rowl 002 001 102 011 012 010
Row2 012 101 100 111 010 011

Factorial experiments: 2x3x3
Column 1 2 3 4 5 6 7 8 9
Rowl 001 000 000 011 012 000 021 022 100
Row?2 000 002 010 001 002 020 001 002 000
Column 10 11 12 13 14 15 16 17 18
Rowl 101 102 010 111 112 120 121 122 011
Row?2 001 002 110 011 012 020 021 022 010
Column 19 20 21 22 23 24 25 26 27
Rowl 012 021 020 100 102 110 100 101 102
Row?2 010 020 022 101 100 100 120 111 112
Column 28 29 30 31 32 33 34 35 36
Rowl 101 102 111 112 121 122 010 012 020
Row?2 121 122 110 110 120 120 000 010 021
Column 37 38 39
Rowl 022 120 010
Row2 122 121 011
Factorial experiments: 3x2x2

Column 1 2 3 4 5 6 7 8 9 10
Rowl 001 010 011 100 101 110 111 000 001 210
Row2 000 000 001 000 001 010 011 200 201 010

Column 11 12 13 14 15 16 17 18 19 20
Rowl 211 011 100 110 200 210 101 201 111 211
Row2 011 010 101 100 201 200 111 211 110 210

Column |21 22 23 24 25 26
Rowl 201 010 000 001 210 101
Row?2 210 110 001 201 211 100

Factorial experiments: 3x3x2

Column 1 2 3 4 5 6 7 8 9
Rowl 001 000 011 020 021 000 001 110 111
Row2 000 010 001 000 001 100 101 010 011

Column 10 11 12 13 14 15 16 17 18
Rowl 120 121 200 201 010 011 220 221 010
Row2 020 021 000 001 210 211 020 021 011

Column 19 20 21 22 23 24 25 26 27
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Rowl 021 101 100 100 201 210 200 101 121
Row2 020 100 110 120 200 200 220 111 101
Column 28 29 30 31 32 33 34 35 36
Rowl 211 221 111 120 211 220 110 210 000
Row2 201 201 110 121 210 221 111 211 100

Column 37 38 39
Rowl 001 021 220
Row?2 021 121 221

Factorial experiments: 3x2x3

Column 1 2 3 4 5 6 7 8 9
Rowl 001 000 010 011 012 000 101 002 010
Row?2 000 002 000 001 002 100 001 102 110

Column 10 11 12 13 14 15 16 17 18
Rowl 111 112 200 001 002 010 211 212 011
Row2 011 012 000 201 202 210 011 012 010

Column 19 20 21 22 23 24 25 26 27
Rowl 012 100 100 110 201 202 200 101 112
Row2 010 101 102 100 200 200 210 111 102

Column 28 29 30 31 32 33 34 35 36
Rowl 211 212 111 110 210 210 201 202 101
Row2 201 202 110 112 211 212 211 212 111

Column 37 38 39
Rowl 110 001 000
Row2 112 101 001

Factorial experiments: 3x3x3

Column 1 2 3 4 5 6 7 8 9
Rowl 001 000 010 011 012 000 021 002 100
Row2 000 002 000 001 002 020 001 022 000

Column 10 11 12 13 14 15 16 17 18
Rowl 001 002 110 111 112 020 121 122 000
Row?2 101 102 010 011 012 120 021 022 200

Column 19 20 21 22 23 24 25 26 27
Rowl 012 101 102 100 200 200 210 111 112
Row2 010 100 100 110 201 202 200 101 102

Column 28 29 30 31 32 33 34 35 36
Rowl 010 020 022 101 102 100 100 201 202
Row?2 012 021 020 100 100 110 120 200 200

Column 37 38 39 40 41 42 43 44 45
Rowl 200 200 121 122 101 102 211 212 201
Row2 210 220 101 102 111 112 201 202 221

Column 46 47 48 49 50 51 52 53 54
Rowl 202 110 110 120 120 211 210 221 220
Row?2 222 111 112 121 122 210 212 220 222

Column 55 56 57 58 59 60 61 62 63
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Rowl 021 022 210 201 100 220 222 210 222

Row2 121 122 211 211 110 200 210 200 210
Column 64 65 66 67 68

Rowl 200 200 210 200 000

Row?2 210 201 200 000 100
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