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Introduction

Experiments involving factors with both quantitative and qualitative
levels are known to have distinct advantages over a series of simple
experiments each designed to test separately qualities at different
levels. As early as in 1927 (Eden and Fisher, 1929) a qualitative-cwm-
quantitative experiment was laid out at the Rothamsted Experimental
Station in which different forms and levels of potassic fertilizers together
with nitrogen at different levels were studied.

The first detailed account of such,experiments was given by Fisher
(1935). Hepoints out that theassumption ofadditive effects ofqualities
and quantities (additive model) is not wholly satisfactory and pro
poses instead the model that quality differences may be regarded pro
portional to quantity applied (proportional model).

Williams (1952) discusses a much, more general problem where
the joint effect of two or more factors are not additive. He proposes
a model in which the effect of one factor (quality) is considered to be
proportional at different levels of the other factor (quantity). The
proportions are, however, not simply those of the quantities applied
as proposed by Fisher.

The investigation of the choice of model for the analysis of such
experiments has been carried out further by Kempthorne (1951) who
has discussed how. the knowledge of response curves helps in the choice
of the appropriate model.

Cox and Cochran (1950) have also discussed the problem of the
subdivision of the sum of squares of an interaction table on the hypo
thesis of proportionality.



8& JOURiSIAL OF ttlE INblAK SOCIETY OF AGRICULTURAL STATISTICS

There are other types of qualitative-cMm-quantitative experiments
which involve only non-zero levels. Rayner (1953) on the basis of
the method proposed by Fisher, (1951) has discussed the method of
analysis for such types of experiments involving no confounding.
His method of analysis is based on the technique of fitting constants.

The system of confounding of symmetrical and asymmetrical
qualitative-cMm-quantitative experiments' involving dummies often
present certain novelfeatures not.ordinarily met within designs involving
quantitative levels of different factors. Mathematical details of analysis
of such experiments are lacking in the current literature. The analysis
can best be made by fitting constants as suggested by Yates (1933).
The main object of this paper is to explain the analysis of such experi
ments by discussing possible types,of confounding and presenting the
analysis both under the additive and proportional models for the
following types of commonly used experiments involving dummy
treatments: , _ .

'n' - >'• •

Quantities
Quantities

Qualities . or

Qualities

3 3 3 -

3 2 2

3 . 3 2 . .

3 2 3

3 '4 2

. l-3^ QuALITATIVE-CWm-QUANTITATIVE EXPERIMENTS

Let the three factors be: . :.

(i) 3 quantities of —Mq, «i and in the- ratio 0:1:2.

(ii) 3 qualities of 'n'—qo, Qx, qh- . "

(iii) 3 quantities or qualities of 'p'—po, Pi and p^. -
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Ordinarily a 3® design is arranged in 9 plot blocks confounding
a component of second order interaction. Several types of confound
ing are possible, As pointed out by Yates (1933), some of the possible
types of confounding are derivable from the classical system of con
founding for ordinary factorial designs by using dummy treatments
where necessary. There are other types not so derivable but equally
efficient. A method of obtaining these designs is discussed below.

l-l. Systems of confounding—9 plot blocks

If the treatments be arranged in blocks of 9 plots and N, P and
NP are to be kept free from block differences, each block must contain
every possible combination of three quantities or qualities of and
three levels of 'n'. In fact, if in addition to N, P and NP, Q and
NQ are also be kept free from block differences, then at each level
of 'rt' one plot mustreceive through another through and the
third through q^. The only way in which blocks can differ consists
in the manner in which three qualities of are assigned to plots
receiving 0, 1, 2 quantities of 'n'. The question of application of

through different qualities does not arise at zero quantity since
the three combination of zero quantity of with 0, 1, 2 quantities
or qualities of >' are p^, p^ and p^. Considering plots receiving
dose of 'rt', each block contains treatments n^p^, n^p^, n^p^l In one
ofthese combinations 'k' is tobe supplied through inanother through
^1, and in the third through q^. q^, q-^ and q^ can be allotted to these
three different treatments in six different ways which are divisible into
two cyclic orders as shown below:

r ^ihPonigoPo n^qiPo

niQiPi n^qtPi n^q^p^ niq^Pi fij^qoPi n-i^qiPi

niq^Pi n^q^pz r^iqiP^ J v. n^qiP2 n^qiPi.

Thus if one of the blocks contains the treatments n^q^Po,
niQiPi, n^q^Pi then the second block will contain treat
ments n-^qxPo, n^q^px, n^q^p^ and the third block will } I
contain the treatments n^q^Po, n^qop^^, n^q^^

or alternatively if one of the blocks contains the treat-
ments n^qoPo,, n^qzPi, n^q-^p^, then the second block /
will, contain the. treatments n-^qiP^, n-^q^p-^, n^q^Pz, and > Set II
the third block will contain the treatments n-^q^p^, A
n^qiPi, n^qoPi- . _ )
7
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Similarly for plots receiving dose ofIf one of the ^
blocks contains the treatments n^qoPa, n^qiPi, then /
the second block will contain the treatments n^qiPo, ^ Set ITI
n^qiPi, n^qoPi, and the third block will contain the
treatments «2?aPo> f2qoPu

»' r

or alternatively if one of the blocks contains the treat-
ments n^qoPo, n^q^Pi, n^q-^p^ then the second block will I
contain the treatments n^qiPo, n^qoPv, n^q^p^ and the ^
third block will contain the treatments niq^po, n^qipi,
'hqoPi-. j
The possible designs are obtained by combining set I with sets

III and IV and set II with sets III and IV. Set I can be combined with

set III in 6 different ways. Similarly set I can be combined with set
IV in 6 different ways. Thus combination of set I with sets III and
IV gives 12 designs. Similarly 12 more designs for set II and in all
24 different designs which are given in Appendix I.

Out of these 24 different designs, design Nos. 2, 3, 8 and 9 are the
designs which are derivable from the classical system of confounding
by using dummy treatments where necessary.

1.2. Confounded effects

It is noticed that in c^se of all these 24 different designs, both
QP and NQP are affected by block differences. It is only these 8
degrees of freedom which complicate the analysis. In order to see
what has happened to this gi-oup of comparison. Fisher (1935) suggested
that these 8 d.f. should be split up into two components, viz., one with
4 d.f. obtained from the interaction QP at n^ dose of and the other
also with 4 d.f. from the same interaction at «2 dose of These
four degrees of freedom each at n^ and doses can further be split
up into usual orthogonal components I and J for tij dose and /' and
J' for. Ha dose. The components affected in different designs obtained
earlier have been shown in the table on next page.

It is important to note that the degrees of freedom affected by
block differences in all the designs in the same group are same though
they differ in respect of block contents. Also it can be easily seen
that group 1st = group 5th; group 2nd is = group 6th; group
3rd is = group 7th; and group 4th is = group 8th.
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Group
No.

1st

2nd

3rd

4th

5th

6th

7th

8th

Dfesigns
included

1,2 and 3

4, 5 and 6

7, 8 and 9

10, 11 and 12

13, 14 and 15

16, 17 and 18

19,20 and 21

22, 23 and 24

Degrees of
freedom affected

I component of QP at n-^ (2 d.f.)
. /' component of QP at Wa (2 d.f.)

I component of QP at (2 d.f.)
J' component of QP at Kg (2 d.f.)

J component of QP at (2 d.f.)
J' component of QP at (2 d.f.)

J component of QP at (2 d.f.)
r component of QP at (2 d.f.)

I component of QP at (2 d.f.)
/' component of QP at Wg (2 d.f.)

I component of QP at Hi (2 d.f.)
J' component of QP at (2 d.f.)

J component of QP at (2 d.f.)
J' component of QP at

J component of QP at ni(2d.f.)
r component of QP at (2 d.f.)

1.3. Analysis of y experiments in 9 plot blocks—Additive model.
Single replicate design:

Under the additive assumption the model to be used is:

• = f^ + N, + sq;+ S(NQ),i + P, + NP,+, + NP%+,^ :
+ + •'j+ft) + + J'i+k) + ft + ^iilcU

where the notations NP, NP^, etc., are the same as used by Kempthorne
(1951) excepting that etc., have the meaning defined earlier and

is the yield from the treatment combination iiiqjPj, and j8, the effect
of block containing treatment combination

The restriction on the parameters are:

8 =0

S' = 1

8" =1

for

for

for

= 0, otherwise 8 = 1

= 1, otherwise 8' = 0

= 2, otherwise 8" = 0
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and

2J
1 = 0

I" a=o
<=0

S (NQ),,=0
i=3,2

S {NQ\,=0
1=0

i: p,=o
!c=0

NP„+NP,

+NP^=0

NP^'+NP^^

+NP^^=0

Io+Ii+h=0

•A) + 'A+'^2=0

/'o+i'l+ /'2=0

/o' + /l' + /2' = 0

2-^=0
1=1

Cytj's are independently normally distributed with mean zero and same
variance. Utilising the above-mentioned restrictions the model sim
plifies to:

ym = f^ + N, + SQ, + B(- 1)^ (NQ), + P, + NP,^,,
+ NP\+2h + S' (Ij+ih + Jj+k) + il'i+2k+ J't+k)

+ + ^iiU-

The restrictions on the parameters remain the same excepting that

S {NQ),, = 0 and i (iV(2)« = 0
i=i. 2 i»o

are to be replaced by

i {NQl = 0.
i=o

Taking any one of the 24 designs, say No. 7, where the compo
nents J of QP at and J' of QP at «2 are alfected by block differences,
the normal equations for estimating the components affected by block
differences come out as:

3/x + 3iVi + 3Jo + 3^1 = Jioo + >'121 + .Vii2

3/x + 3iVi + 3/i + 3^2 = 3^110 + Jioi + ym

3/t + 3iVi + 3/2 + 3^3 = + jCiu + Jio2

3fi + 3iV2 + 3/0' + 3^1 = J200 + ^221 + J212

3fA + 3A''2 + 37/ + 3^2 = y^io + J201 + J222

3fl. + 3N2+ 3J2' + 3^3 = 3^220 + J21I + :>'202

(2)

(3)

(1)
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Normal equations for block parameters are:

% + 3Jo + 3Jo' + 9i3i =

%+ 3Ji +3J/ + 9^2 = ^2 S> (4)
9,x + 3Ja + 3J2' f 903 = 53

where 5, is the total of /-th block.

For any other design the normal equations remain the same
excepting that the J and J' components in these equations get replaced
by those which are affected.

It is important to point out that the estimates of J (2 d.f.) and
J' (2 d.f.) obtained by solving sets (2) and (3) with the help of (4) will
not be orthogonal. To overcome this difficulty some joint estimates
of J and J' which are not only mutually orthogonal but orthogonal
to all other effects are obtained as follows:

From set (2) and set (3) we have:

' _ (j'lOO + J12I + .V112) —(j^200 + 3^221 + J2I2)
"'n s—

- 9(^1..- J2..)

T^T ' _ (yilO + Jloi + ^122) —(>'210 + J'201 + J222)Jl—Jl 2 —^

- I (Jl.. - 72..)
_ (3^120 + yin + ^102) ~ (J220 + J^2ii + J202)^2—-^2 2 "

- - 72..)

(5)

Estimate given by (5) is a joint estimate accounting for 2 d.f. out
of 4 d.f. from both J and J' components. As we can not be sure
whether this joint estimate is precisely a component of gP or NQP
(defined in the usual way), so the estimate given by (5) is 2 un-
confounded degrees- of freedom.

Adding the corresponding equations in set (2) and set (3) .and
solving the resultant set ofequations with the, help of set (4) we have ;
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_ JjOO + yizi + Jll2 + 3^200 + J22I + J'212
^o~r*'o — ^ 3

2 1- J (tJo plots in 5i) - ^(jj..+y^. - 2yoJ

/7\ I JllO + yioi + J122 + 3^210 + 3^201 +Ji-f-Ji — 2

2 1 •- j (no plots in B^) - ^ (ji..+j2..-2jo..)

/^T / >'120 + >"111 + J102 + J220 + J2II + ^202
J2\*'2 — 3

2 1- 2(«o plots in Ba) - ^(Ji+J2..- 2jo..)

Where 'wq plots in B^' means yield of those plots in the 1st block
which receive Hq level of

Estimate given by (6) is 2 partially confounded degrees of
freedom.

The sum of squares due to unconfourided effects can be obtained
in the usual way taking care of the definition of I and /' components
as usedin the model. The sum of squares due to 2 ijnconfounded
degrees of freedom and 2 partially confounded degrees of free
dom are

and

i=0 <=0

respectively.

The relative information of 2 partially confounded degrees of
freedom with respect to an unconfounded design is Jo•27®/<^9^ where
(727® and CT9® are the variances per plot in case of designs with 27 plots
and 9 plots per block respectively.

Two Replications—replications can be chosen in the follow
ing alternative ways:

' (i) Choose one of the 24 possible designs and repeat it in both
the replications.

(ii) Choose two designs from the same group.
(iii) Choose one design from one group and the other from a

group not confounding the same degrees of freedom, e.g., design No. I
and 7 and not 1 and 14,

(6)
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Analysis for choice No. (i) is simple as the same degrees of freedoni
are affected by block differences in both the replications. Analysis
for choice No. (ii) is complicated because the same two degrees of
freedom are being affected by block differences in two different ways.
With choice No. (iii), information will be available as 4 uncon-
founded degrees offreedom and 4 partially confounded degrees of
freedom.. It can thus be concluded that the best choice for two
replications is to choose any one of the 24 possible- designs and re
peat it in both the replications.

Three Replications.—-ks, pointed out earlier, the 24 possible designs
can be classified into 4 different groups. The best choice for three
replications is to choose one of the four groups (1st to 4th).

Taking any one of the four groups, say 3rd, where, the -components
J of QP at tlx and./' of QP at are affected by block differences, the
normal equations for estimating the components affected by block
differences come out as:

.. 9/. + + 9/o + 3 (iSu + + J3i3)

= J'lOO. + 7121. + Jll2.

, 9/a + 9iVi + 9/] + 3 {§21 + ^22 + ^23)

• , = JllO. + Jiol. + .V122.

9ft + 9Ari + 9/2 + 3 (jSai + i832 + J833)

• - 20. + Jill, rf 7102. ;
9ft + 9N, + 9/0' + 3(j8n + J832 + "

= ^200. + >*221. + J2I2.

% + 9N2 + 9/1' + 3 + jSga)

—^210. + J'201. + J222.

% + + 97^' + 3 (^3, + + J813)

= J220. + J'211. + J202.

where j'yj,, is the yield of the treatment combination.in the /-th
replication and dot replacing a sufl^x meaning summation over that
suffix. Pmi'is the effect of m-th block in ^th replication and y, the
effect of /-th replication.

Normal equations for block parameters are:

9fi + 9yi + 9^11 + 3/0 + 3/0' = Bii

9/t + 9yj + 9$2i + 3Ji + 3/j' =

9fi + 9yj + 9^3f + 3/2 + 3/2' .= B3,

(V)

(.8)

(9)
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for 7=1,2 and 3

Solving set (7) with the help of set (9), we have:

•^0 —̂ Zj ~ ~"» plots) —
•Bll. Bi2. Bi3

Bail ^22, B23

1 • 27 -= ig ^ (2«i plots —«2 plots —/?o plots) ——iVj,
•B31iB32i®33

Where plots ' stands for the yield from the plots receiving dose
of 'rt' and 2 stands for summation over those blocks totals of

Bu. Bi2, Bi3

which have'been shown under the summation sign.

Similarly set (8) gives:

1 27
^ 18 Zj ~ ~ "" ~ Ts

Bll, B32. B-a

1 27•^1' = 13 /_j (2«2 plots - Til plots - «o plots) - jg
B.i. Bi

B31, Bja Bi3

18^

iV„

18
N,

The sum of squares due to unconfounded eifects can be obtained
in the usual way. The sum of squares due to partially confounded

effects J of QP at and J' of QP at are 6 E J? and 6 E
i=0 1=0

respectively.

The relative information of both J of QP at and J' of QPat
Wa. with respect to an unconfounded design is | where and
CT92 are the variances per plot in case of designs with 27 plots and 9
plots per block respectively.

1-4. Analysis of experiments in 9plot blocks—Proportional model

The analysis under the proportional model differs from that under
the additive model only in the sum of squares due to Q and NQ which
is simple as these effects are not affected by block differences. In case
the non-zero quantities of >' are in the ratio 1: a, 'Weights 1 and a

%
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may be used instead of 1 and 2 in the calculation of the sum of squares
due to Q and NQ.

I 1.5. An important note

In situations where a 3® qualitative-cwm-quantitative experiment
in one replication is to be repeated over years, it is better to carry out
the investigation for a period of three or a multiple of three years.
In case the investigation is over a period of three years, the best choice
would be to take the designs belonging to the same group such that a
different design out of the chosen group is used every year. If the

''H investigation is to be carried out for a period of six years or nine years
or more, then a different group should preferably be used for years
1 to 3; 4 to 6; 7 to 9, etc. This procedure has the advantage that
the combined analysis will furnish information on QP at n^ and QP
at Ma separately and not as a combined effect of QP and NQP as avail
able with any other choice.

2. 3x2x2 Qualitative-cmw-Quantitative Experiments

In qualitative-cMwj-quantitative experiments there should be at
least two non-zero levels of the factor which is being tried in different
forms. Thus the possible 3x2x2 qualitative-cwm-quantitative ex
periments are of the type involving 3 quantities of —(n^, n^, n^, in
the ratio 0:1:2); 2 qualities of 'n' —(g'o. ?i) and 2 quantities or
qualities of'/)' (po, T'l).

* Confounded 3x2x2 qualitative-cMm-quantitative designs in 6 plot
blocks are derivable from the classical 3x2 X;2 in 6 plot block designs
given by Yates (1937) by using dummy treatment where necessary.
In case of qualitative-cww-quantitative experiments two out of these
three replications for the usual 3x2x2 in 6 plot block designs become
identical, thereby giving rise to only two different replications for the
design and these have been presented in Appendix II. In what follows
these two replications willbe referred to as designs I and II respectively.
These two designs could also be obtained otherwise by a method similar
to the one used in section 1.1.

(

2.1. Confounded effects

At the first instance it might appear that with-6 plot blocks, both
QP and NQP will be affected by block differences. But it can easily
be seen that this is not so under the additive model. Under the
additive model only QP is affected by block differences in designI and
NQP in design 11, Under the proportional model the confounded
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effect both iii designs I and II is not precisely either QP or NQP but
is a joint effect of QP and NQP.

2.2. Choice of design

3x2x2 qualitative-ci/m-quantitative experiment in. 6 plot blocks,
should be carried out in at least two replications so as to provide ade
quate degrees of freedom (11 d.f. in this case) for performing reliable
tests of significance. The two replications can be chosen in the follow
ing three ways;

(i) repeating design I in both the replications,

(ii) repeating design II in both the replications,

(iii) using designs I and II together.

From section 2.1. it is clear that the best choice for such types
of experiments is choice (ii), viz., repeating design II in both the replica
tions.

2.3. Analysis under the additive model—Design II repeated

The additive model after simplification becomes:

ymi = + se, + s (- 1)'{NQ\ + P, + (- (NP),
+ 8 (- 1)^+® (QP)i + 8 (- 1)^+^+" (NQP), + n
+ ^ml +

where ytju is the yield from the treatment combination niqip^, in /-th
replication and the other symbols have their usual meanings. The
restrictions on the parameters are:

(10)

8 = = 0 for i - 0, otherwise S = 1

2

2

o

II

o

II

1

s mp)i
i=0 J=1

1 2 2

2

o

II

£ (NP\ = 0 2 Yi = 0
J=o i'=0 1=1

1 1 2

S

1
II

--0 - 2 (QP), = 0 2

r
II

o

i=o i=o m=l

for / = 1 and 2.

The normal equations for the components affected by block dif
ferences Qonje out as ;
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8(NQP)o+^1(^2 - + 2 (^21 + ^22-^11-^12)

= (j'aoi. —J200.) —(Jicj.—Jioo.)

8iNQP\+4 [(iVP)2 - (NP\] + 2 (^11 + ^12 - ^21 - ^22)

= (7211. —3'21o.) —(j'ln. —Jiio.)

Normal equations for block parameters are:

6,z, + 6n + 6pn + 2 [(NQP)^ - (NQP)o] =
61, + 6yt + + 2 [iNQP\ - {NQP\] = ,

for 1=1 and 2.

Set (11) when solved with the help of set (12) gives :

mp\-(mp)o

(Jan.~J210.) —(J'lii. —J'lio.) —(J201.—J200.) "j. .
+ (Jioi. —J'loo.) —2 ['Ko plots in 5^ > (13)
+ B12' —'Hqplots on B^i + -622'] J

where '«„ plots in + B12' stands for the total yield from those plots
of first block of first replication and first block of second replication
which receive '«o' dose of 'n'. Estimate given by (13) is NQP (1 d.f.)
adjusted for blocks.

The sum of squares due to unconiounded eflFects can be obtained
in the usual way. The sum of squares due to NQP partially confounded
degree of freedom is

4r
3

mp)i - mp)o
n2

(11),

} (12)

The relative information of NQP with respect to an unconfounded
design is io-ia^/o-gZ where o-g^ and <7^2^ are the variarices per plot in case of
designs with 6 plots and 12 plots per block respectively.

2.4. Analysis under the proportional model—Design II repeated

The proportional model after simplification becomes:

Van = i^ + N, + BQ, + h' (-1)' {NQ), + P, + (-l)i+^ {NP)^
+ S(-1)1+^ iQP\ + S'(_l)i+i+» {NQP)f + y, +- ••
"h



100 JOURNAL OF THE INDIAN SOCIETY OF AGRICULTURAL STATISTICS

where

3 = 0 for j = 0 S' = 0 for / = 0

S = 1 for z = 1 S' = 2 for /= 1

S = 2 for j = 2 S' = 1 for ; = 2

and the other restrictions on the parameter are (10). Normal equa
tions for the components affected by block differences come out as:

20 {QP\+A {NP\+%(ATP),+6 {P^-P,) + (622+j82x-j8ii-jS,2)
—(j'loi. J'lOO.) + 2(>>201. 7200.) /

20 (QPX+4 {NP\ + %{NP\+6 (A-Po) +

20 {NQP)o+4 {NP)2-S (NP),+2 (Po-Pd+3 (.^22+^21-^1-^12) ^
—iy2oi.—ywi).) —2(yioi.—y-ioo.) I

20iNQP\+4iNP)2-S{NP)^+2(P,-P,)+3{^,,+^,,-^,,-^^^) r
= (j'aii.^j^aio.) —2{_Viu.—Jno.) J

Normal equations for block pairametefs are:

6,^+6^+6^1,+3 [{NQP\ - iNQP)o] + [(QP), - (QP),] = B,, ")
6^.+6n+6i32,+3 {{NQP\ - {NQP\] + [{QP\ - {QP)^] = 5^, J

for / = 1 and 2.

set (14) gives:

20 [{QP), - (eP)o] + 2 (^n + - P21 - P22)

j_ r(jiii. ~ Jiio.) + 2(y2ii. —J210.) ^
1 —(yioi.-yioo.) ~ 2(j>2oi. —y2oo)j

set (15) gives:

20 [<iNQP)i - (NQP),] + 6(^n + P12 - ^21 - p22)

_ r(j'2ii. ~ ^210.) ~ 2(yiii_ —Jiio.) ")
1 (>*201. ~~ 3^200.) + 2(>"101. Jioo.)! ^

It is important to note that the estimates of [(QP)i —(QP^] and
{(NQP)i —(NQP)o], obtained by substituting the block parameter
values from (16) in (17) and (18) would not be orthogonal. To over
come this difficulty some joint estimates of QP and NQP which are
not. only mutually orthogonal but orthogonal to all other effept? are
pbtained as follows;
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3x (17)-(18) gives:

{'i{{QP\-{QP\\-[mP\-i.NQP\]}

_ 1 r (jiii. - :>'uo.) + (>'211. - :>'2io.) I
4 l —(;'l01. ~ .VlOO.) ~ (j'201. ~ J'zoo.) J

The estimate given by (19) is 1 unconfounded degree of free

dom. 3X (18) + (17) when solved with the help of set (16) gives:

{3 RA^Qi')! - + [(ei')i - (em

((>'211."~>'210.) ~ (jm.^jllo.) (>'201.~J200.)
\i +(yioi-yioo) - 2[C«o plots in

— 'no plots in B21 + £22']

(20)

The estimate given by (20) is 1 partially confounded degree
of freedom adjusted for blocks.

The sum of squares due to unconfounded eifects can be obtained
in the usual way. The sum of squares due to ^p} 1 unconfounded
degree of freedom and 1 partially confounded degree of freedom

are . • ,

[^mP\-{QP\]-{{NQP\-{NQP\]}'
and

I {3 [mp)i - mm +KQP), - iQP\]]^
respectively.

The relative information of 1 partially confounded degree of
freedom with respect to an unconifounded design is ^ where
and are the variances per plot in case of designs with 6 plots
and 12 plots per block respectively.

2.5. Analysis when the non-zero levels are in the ratio l:a

The analysis under the additive model remains the same but the
analysis under the proportional model will change as the weights 1
and 2 will change to 1 and a. 8 and S' defined for the proportional
model will in this case have values:



102 journal OP ^HE ilSn&iAK SOCiEfY of agricultural STATiSTiC^

8 = 0 for i = 0 8' = 0 for / = 0

S = 1 for / = 1

8 = a for i = 2

8' = a for i — I

S' = l for z = 2

With this change the analysis can be done on the same lines as in the
case where the levels of are in the ratio 0: 1:2. The component
affected by block differences when, design II is repeated in both the
replications is

{(^+1) [imp)i - mp)o] + («-1) [(Qp\ - {Qp\]}.

3; 3x3x2 Qualitative-chto-Quantitative Experiments

In :qualitative-cwm-quantitative experiments there should be at
least two non-zero quantities of the factor, which is being tried in dif
ferent forms. Thus the possible 3x3x2 qualitative-CMm-quantitative
experiments are of the type:

(i) 3 quantities of'n', 3 qualities of2 quantities or qualities
orp\

(ii) 3 quantities of 3 quantities or qualities of 'p \ 2 qualities
of'n'.

It might be thought that in 6 plot blocks all the main eflfects in
case of a qualitative-cwm-quantitative experiment involving 3 quantities
of 'n', 3 qualities of 'n\ 2 quantities or qualities of 'p' cm be kept
free from confounding, but it can be shown that it is not so. With
blocks of 6 plots, there will be three blocks in each complete replica
tion and each block will-contain 2 common-treatments p^ and p^. The
other 4 treatments in each block are to be chosen out of the remaining
12 treatments. If the quality main effect is to be kept free from con
founding then there must be equal number of plots in every block
receiving through each quality. But this is not possible as there are
4 plots and 3 qualities. Thus with block size 6 quality main effect
cannot be kept free from confounding and also with block size 9 '/?'
main effect cannot be kept free from confounding. It is thus not
advisible to use confounded design for experiments involving 3 quan
tities of 3 qualities of 2 quantities or qualities of 'p\

Confounded design in 6 plot blocks for qualitative-cMm-quantitative
experiments involving 3 quantities of 3 quantities or qualities of

2 qualities of 'n' derivable from the classical3 X3x 2 designs given
in Kempthorne (1951) are presented in Appendix III.
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3.1. Confounded effects

It can easily be seen that both in designs I and II, not only NP
and NQP but QP is also affected by block differences. Thus the split
QP (2 d.f.) and NQP (2 d.f.) does not help in seeing what has happened
to this group of comparison. It can bsst be seen what has happened
to this group of comparison by splitting these 4 degrees of freedom
into two components, viz-, one with 2 degrees of freedom obtained
from the interaction QP at Hi dose and the other with 2 degrees of
freedom for the same interaction at dose of 'n' as done in section
1.2. An important advantage of this split of QP at Kj and QP at n^
is that the analysis based oh this split under the proportional model
is not very much different from that under the additive model. The
analysis only differs in the sum of squares for Q and NQ which are
free from bllck differences in both designs I and II. The components
affected by block differences in design I and design II are:

Design No. Components affected by block differences

I (i) iVP2(2d.f.)

(ii) 2 d.f.—which are the two independent compari
sons between (A,, + + /ng), (Ag + where

= Jiift ~ Jios H'Ji — Jaift ~ Jaoft-

II (i) ATP (2 d.f.)

(ii) 2 d.f.—which are the two independent compari
sons between (Aq + ^^2)= + (^2+J^i). ...

It is evident from above tha:t in both designs I and II, no informa
tion on QP at or QP at n^ would be available.. What would be
available instead is a joint effect of QP and NQP. In case the experi
menter is interested in the interaction gP, then neither of the designs
I or II is suitable. QP at and QP at n^ can both be kept totally
free from confounding by adopting design III, given in Appendix IV,
where NP^ and NP are totally confounded in replications 1 and 2 res
pectively.

3.2. Analysis under additive and proportional models—Design III

The analysis for design III both under the additive and propor
tional models is simple because NP'^ and NP are totally confounded
in replications 1 and 2 respectively. The sum of squares due to
unconfounded effects can be calculated in the usual way and the sum
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of squares due to NP^ and NP are to be calculated from replications
2 and 1 respectively.

In case the non-zero levels are in the ratio 1: a, the analysis under
additive model remains the same and for proportional model, weights
1 and a may be used instead of 1 and 2 in the calculation of the sum
of squares due to Q and NQ.

4. 4x3x2. Qualitative-cmw-Quantitative Experiments

Let the three factors be :—

(i) 4 qualities of 'n'—qa, q^, q^, q^,
(ii) 3 quantities of 'n'—«o, n^, n^,, in the ratio 0:1:2

(iii),2 quantities or qualities of 'p'—po, Px-

Confounded 4x3x2 qualitative-cMw-quantitative designs in 12
plot blocks are derivable from the classical 4x3x2 in 12 plot block
designs given by Li (1944) by using dummy treatments where necessary.
In case of qualitativa-cMMj-quantitative experiments the usual 9 repli
cations reduce to only 6 different ones because replications 2 and 3;
5 and 6; 8 and 9 become identical. These 6 distinct replications are
given in Appendix V. These 6 replications could also be obtained
otherwise by a method similar to the one used in section 1.1. In what
follows replications 1, 3, 5 will be referred to as designs I, 11 and III
respectively and replications 2, 4, 6 as designs IV, V and VI respectively.

4.1. Confounded effects

The components affected by block differences in different designs
are given in the table on next page.

It is evident from the table that the best choice for single
replicate. experiment would be any one of the designs IV to VI.

4.2. Analysis for single replicate experiment—Additive model".

The method of analysis for, say design VI, is indicated below and
for any other choice the analysis can be done on similar lines.

The additive model after simplification becomes:

= ,. + AT, + se, + s (-1)^ {NQ\ + P, + (iVPX

+ s (-1)1+" (QP), + s (-1)1+'+^ (iven- +
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Components affected by block differences
Design •— ——
No. Under additive model Under proportional model

I QP [1 d.f.], the comparison

{i.QP\ + (2^)3 - {QP\

-(QP),}

QP )j^QP^ 1d.f., the comparison
(3 [iQP\+(QP),-{QP)2-{QP)o]-[iNQP)i

+ mP),-{NQP\-mP\]

II QP [1 d.f.], the comparison

{{QP\ + (.QPh-{QP\
- iQP).)

1 d.f., the comparison

'n{QP)o+{QP)^-(.QP\-{QP\]-[{NQP,)
, +{.nqp),-{nqp\-{nqp)^]

1 d.f, the comparison

"i{iQP\HQP\-{QP\-{QPU-{mP\
. +{NQP)i-{NQP),-{NQP)^)

QP )jfQp^ 1d.f, the comparison
(3 [mp\ + mp)z - mp)2 - mp\\

+ mP)i + {QP)z - {QP\ - {QP\]

^QP^ 1d.f, the comparison
(3 [{NQP\ + {NQP\ - {NQP)^ - {NQP '̂H

+ mP\ + i.QP\-{QP\-{QP\]

1 d.f., the comparison

:3 [{NQPX + {NQP\ - (NQP),- (NQP),]
+ mP)o + (QP)i - (QP)2 - (QP)^]

III QP [1 d.f.], the comparison

mP), + {QP\-(.QP),
- m).)

IV NQP [1 d.f.], the comparison

{{.NQP)i + {NQP\

-{mp)2-mp)o}

V NQP [1 d.f], the comparison

{mP\ + {NQP\
-i.NQP\-{NQP)^)}

VI NQP (1d.f.), the cornparison

{mp\+{NQp\
-iNQP)^-{NQP),}

where is the yield from the treatment combination niq^pf. and the
other symbols have their usual meanings. The restrictions on the
parameters are:

8 = 0 for / = 0 otherwise 8 = 1.
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. i: N, = 0 z; (NQ), = 0 ]jiNP)i = 0 i;iNQP\=^0
yao /so

2

S Qi = 0 i7 p, = 0
y=o fc=o

S (.QP), = 0 27 i3„ = 0
/so

Thenormal equations for the components affected by block differences come
out as:

4 mP)o +

—(J201 —3^200) (^101 ~ J'loo) i [(72.1 J'a.o) ~ J'l.o)]
4(jven + 2 08i-j8,)

= (^211 —J210) ~ (J'm J'lio) i [(j'a.i J'2.0) (j'l-i J'l.o)]
4{NQP), + 2(§,^p,)

~ (>*221 J220) (j'lai ~ Jiao) ~ i [(Ji;.! 3'2.o) (j'l.i 7i.o)]
4iNQP), + 2(P,-^^)

~ (J23I —J230) (Jl31 r~ Jl3o) i [(>*2.1 3'2.o) (j'l.l 3'l.o)]

Normal equations for block parameters are:

12j8„+12^.+2 (-1)1+"' [(NQP)o + iNQP\ - {NQP)^)
- (NQP)s] = for m= ], 2 I

(21)

(22)

(23)

Splitting the 3 degrees of freedom for NQP into three orthogonal
components, viz.,

[mp)o+mp)i - {mp\ - {nqpu ;

[{NQP\ + {NQP\ - {NQP\ - {NQP\]

and

[{NQP\ + (NQP)^ - {NQP\ - (.NQP)i]

each carrying one degree of freedom, it is clear from set (22) that the
last two components are free from block differences and their esti
mates are:

{NQP\ + {NQP\ - {NQP\ - {NQP\

Ei-inym-Viio) '
•l 1<=1. 2 3=0, 3

<=1.2 y=i. 2
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lid, 2 i=l. 3

— 2J S (—"1)* (ym ~
i=l,2 1=0,2

10?

But the comparison •

KNQP)o + imP)i - i^QP)2 - (NQP)s\

is affected by block differences and the corresponding normal equation
when solved with the help of (23) gives:

(NQDo+ (NQP), - {NQP\ - {NQP\

S S {-\y{y,i^-ym)- 2 S. (-ly
<=1,2 1=0.1 <=1,2 1=2,3

X (Jill - ym) - 2 ['Ho plots in - '«o plots in

The sum of squares due to all the' components other than NQP
can be calculated in the usual way. The sum of squares due. to un
confounded components of NQP, viz.,

[(NQP\ + (^2^)3 - imP\ - {NQPW
and

i{NQP)x+imp\ - mp\ - mp\^
are

{NQP\ + {NQP), - (NQP), - (NQP),

and'

'(NQP), +(NQP), - (NQP),- (iVeP)oJ
respectively and the sum of squares due to partially confounded effect

mQP)o + (NQP)! - {mP)^ - (NQP),]
IS

1

aL

12

(NQP), + (NQP)i - (NQP)^ - (NQP),

The relative information oi NQP partially confounded degree
of freedom with respect to an unconfounded design can easily be seen
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to be i where and are the variances per plot in case
of designs with 24 plots and 12 plots per block respectively.

4.3. Analysis for design Nl—proportional model

The proportional model after simplification becomes:

ym = + SQ,- + S' (-ly {NQ\ 4- + (-1)1+^ {NP\
+ 8 (-1)1+® {QP\ + a' (-l)W + i3„ +

where

S = 0 for 1 = 0 8' = 0 for / = 0 '

S = 1 for / = 1 S' = 2 for i= 1

6=2 for i-=2 3' = 1 for i = 2

and the other restrictions on the parameters are (21).

The normal equations for the components affected by block
differences come out as:

10(en+ (^1-^2)
= (jlOl J'loo) "1" 2 (j'201~j'200) i {(3^1.1 ~^].o) JJ'a.o)}

= (Jui"~>'iio) + 2 (j2n~J'2io) ~~ i{(j].i~ V].o) + 2 (J2.1—J2.0)}

io(2P)2 + (^2-W
= (>'l2X~>'l2o) + 2 (3'221~J'22o) ~~ ^{(jl.l^j'l.c) + 2 (j2.1~.)'2 o)}

\0{QP)2 + W2-^i)

—(^131 >"130) + 2 (J231'̂ J23o) ~ Jl.o) + 2 (J2.1—>*2.0)}

10(AreP)o+3(i3,-^2)

= (^>^201—3^200) —2 (j'lOl—J'loo) ~ i{(.y2.1~y2.o) ~~ 2 (jl.l—>'].o)}
\0iNQP\ + 3{P,- B,)

= (3'2ii~~3'2io) 2 (.J'ni—Jiio) ?{(>'2.i"~J'2.o) 2 (ji.i—>"1.0)}
10 (NQP)2+3 - Bi)

—(j'221~.V22o) ~ 2 (j'lai >*120) ~ i{(>'2.1~>'2.o) 2 (jj.j—7l.o)}

\0{NQP)^ + 3(B2- Bi)

= (>'231~J'23o) ~ 2 (j'lSl—Jl3o) ^{(>'2.1~">'2.o) ~ 2 (j*, j—.Vj.o)}

Normal equations for'block parameters are:
+ (-i)i+'"{[(ei')o + (en - (qp)^ - (2^)3]

... + 3.[(iV!2P)o + mP\ - mP)2- (NQP),]} •
-r - . := for w = 1, 2. : (26)

(24)

(25) ^J
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It is clear from the normal equations that both QP and NQP are
affected by block differences. The 3 degrees of freedom for QP can
be split up into three orthogonal components, viz.,

{iQP)o + {QP)i -

mP)i + (QP)2 - iQP)2- (QP)o}

and

mP)o + iQP)^ - iQP)i - (QP)2}
each carrying one degree of freedom. From set of normd equations
(24), it is clear that the last two components are free from block dif
ferences and their estimates are:

(QP\ + iQP)s-{QP\-(.QP)i

10
S [(yiji —.Vi^o) + 2 (jsn —3'2io)]

1=0, 3

- 2 +
i=l, 2

{Qp)x + m)z - - {Qp\

~To {y-^3 ~J'lio) +2(yzjl —J'2Jo)]
— 2 [(ji/i ~ yiio) + 2 {y2si —yao)]

i=0,2

But the component

[{QP)o + (QP)i-{QP)2-(.QP),]
is affected by block differences and the corresponding normal equation
is;

10 [(eP)o + {QP)i - (QP)2 - (QP)^] + 4 (i5i - jSa)

= 2 [iyin-yiio) + ^(y2n-y2io)]
i=«.i

S [(j'lji —yiio) + 2 {yzji ~ y2io)V
i=2, 3

(27)

Similarly splitting NQP (3 d.f.) into three orthogonal components,

[(NQP), + INQP\ - (NQP), - {NQP),];

mQp)i + mp), - mp)^ - mp\] .

viz..
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and

each carrying one degree of freedom., It is clear that the last two
components are free from block differences and their estimates are:

mP)o + {mp\ - i.NQP\ - i.NQP\

~ 2 [(jan ~ J'a/o) ~ 2 (jiyi —Jijb)]
1=1. 2

{NQP\+mp\ - mp)^ - {nqp\

~ {j-'Fs ~ ~^ ~•>'uo)]-
— S [{ym ~ J'mo) ~ 2 (jyi —>*1/0)]

J=0, 2

But the component

{{mp\ + (^<2^)1 - i.NQP)^ - {NQP),-\

is affected by block differences and the corresponding normal equation
is:

10[(iVeP)o + {NQP\ - {NQP\ - {NQP\] + 12QSj - jS^)

S [(j2n ~~ ym) ~ 2 (yiii —Jiio)]
i=50. 1

— 2 [(j'211 ~ Jsio) ~ 2(jjji —j'ijq)]!. (28)
i=2,3

It is important to note that if the block parameter values are sub
stituted from set (26) in (27) and (28) and the resultant equations solved,
the estimates of

mP)o + (QP)i - iQP\ - iQP) '̂\

and

{{NQPo) + (.NQP\ - (NQP)^ - (NQP)s]

so obtained would not be orthogonal; To overcome' this difficulty,
some joint estimates ,of .
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KQPX + iQP)i - - (<2^)3]

111

KNQPX + (NQP)i - (NQP)2 - (NQP)^]
which are not only mutually orthogonal but orthogonal to all other
effects are obtained as follows :

3 X (27) - (28) gives: '

•3[{QP)o + <.QP)i - (2^)2 - (2^)3] - [(W)o + (NQP)i -

-iNQPh-mP)^]}

=U..r, 27 (ym-ym)- s 2 (ym-ym)}-2 (<=1.2 1=0.1 <=1. 2 •'

Estimate given by (29) is 1 unconfounded degree of freedom.

3 X (28) + (27) when solved with the help of set (26) gives;

•3 [mp)o+mp)i - (nqp), - mp)z] + mp)o+(qpi

-(QP)2-{QP)2]

S 2 [ym-ym]-2 2 i-iy [ym-ym]\
1-1.2 y=0. 1 <-1.2 y=2, 3

—2 ['«o plots in —'«o plots in ^2'].

(30)

The estimate given by (30) is partially confounded degree of
freedom.

.The sum of squares due to all the components other, than QP and
NQP can be calculated in the usual way. The sum of, squares due to
unconfounded components of QP and NQP are:

(QP\-\-{QP\-iQP)^-^QP)x

(ei')i + (ei')3-(ei')2-(ep)o
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and

5

2 .
n2

(.mP)o+ iNQP)^ - (NQP), - (_NQP\

iNQP\ + {NQP), - (iSrgp)^ _ ^j^QP)

respectively. The sum of squares due to j°qP}1 unconfounded degree
of freedom and 1 partially confounded degree of treedom are

3[{QP\ + (2^)1 - {QP\ - {QP\] - MQP), + {NQP\ - (NQP),

- (iV!2P)3]}'

+ {3 [{NQP),+{NQp\-

~(2-P)3]| respectively.
The relative information of partially confounded degree of

freedom with respect to an unconfounded design can easily be seen to
be i(o'24>i2^)-

4.4. Choice for two replicate design

Design for two replications can be chosen in the following alter
native ways:

(i) choosing any one of the six possible designs preferably from
designs IV to VI and using the same in both the replications;

(ii) choosing two different designs for the two replications. The
two different designs can be chosen in the following ways:

(a) choosing any two designs from I to III,

ib) choosing any two designs from IV to VI;

(c) choosing one from I to III and the second the corresponding
number from IV to VI, viz., I and IV; II and V; III and
VI;

(d) choices of the type I and V; I and VI; II and IV; II and VI-
III and IV; III and V.

With the help of section 4.1 it can easily be seen that out of
he choices (a) to {d), choice (c) is the best because with this choice
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more information , is available on QP and NQP separately rather
than QP + NQP. Choice (c) has been referred to by Fisher (1935)
as a modification of choice (i) of repeating the same design in both
the replications.

4.5. Analysis for two replicate design

Analysis for choice (i) is simple as the same degree of freedom
is partially affected by block differences in both the replications.

The method of analysis for choice (c), say for designs I and IV,
is indicated below and for any other choice the analysis can be done
on similar lines.

Proportional model.—^The normal equations for the components
affected by block differences come out as:

20(eP)o + 3(fti-i32i) + (j3i,-

= 2 (,y2oi.—ym) + (JioT."~Jioo.) i [2 (J2.1.—Ja.0.) + (yi.i.~J'i.o.)]

20(QP\ + 3(^,,-U + (^,2-^i2)

~ 2 (y2u."~J'aio.) + ~ i [2 (;V2.i.—J2.0.) + (7ia.~Ji.o-)]

20(eP)a + 3(^n-^2i) + (i3i2-i322)

= 2 (j'221.~>'2a0.) + (Jl21."~Jl20.) ~ i [2 (j'2.1.~>'2.oJ + (Jl.l.~^1.0.)]

20 (QP), + 3 03,1 - j3,,).+ (P,, - .

= 2 (J231.-J230.) + (Ji31.-Ji3o3 " i P (j2.1.-J2.o3 + (jl.l.-jl.0.)]

20 (NQP), + (1321 - J3ii) + 3 03,, - j3,,)

== (jaoi. Jaoo.) ~ 2 (jjoi. Jioo.) i [(J2.1. J2.0.) —2 (ji.i.—J'j.o.)]

20 (NQP), + (iSn - + 3 - p,,)

—(J211.~J210.) ~ 2 (yni.~JllO.) ~ i [(J2.1.~J2.0.) 2 (j].l.—J1.0.)]

20 (NQP), + (iSai - jSi,) + 3 - p,,)

= (Jaai.-Jaao.) - 2 (Ji2i.-Ji20.) " i [(J2.1.-J2.0.) - 2 (Ji.i.-Ji.o.)]
20 (NQP), + (j8n - U + 3 (P., - U

~ (J'231.~J'23Q.) 2 (jiai.—7130.) —i [(J2.1.~"J'2.0.) ~ 2 (ji.i.—Ji.o.)]

Normal equations for block parameters are:.

12)8„, + 12/Lt + 12y,+ 3(- 1)H». [(QP), + (QP), - (QP)^ - (QP)^j
+ (- 1)1+"' [(NQP), + (NQP), - (NQP), - (NQP)o] =

12j9„„ + 12/.+ 12y, + 3(- l)i+'» [(QP), + (QP),- (QP), - (QP),]

+ 3 (- l)i+'» [(NQP)o + (NQP), - (NQP), - (NQP),] =
for w = 1 and 2

(31)

(32)

(33)
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Splitting QP (3 d.f.) into orthogonal components each carrying
one degree of freedom we have:

20

S [2iyza^ym^ + "
/=0.1

- 2" [2 (3'2ii.-J2io.)+ (:Kin-J»o.)]
i=2, S

(QP\ + iQP)s-(.QP)^-{QP\

S [2 {y2ji—y2jo) +

— 2 [2 (ja/i.—Jg/o.) +
i=li 2

'20
i=0, 3

20 mP)i + {QP), - {.QP\ - {QP\] + 12(02i-Ai) + 4 OSaa-jS,,)

. S [2 (>'2J1.~>'2J0.) + (J'ljl.""jliO.)]
_ Ji=1.3

I — 2^ [2 (>'2Jl.'~y2Jo3 + (Jl/I.—Jlio.)]
\ i=0,2

(34)

Similarly splitting NQP(3 d.f.) into orthogonal components each
carrying one degree of freedom we have:

{NQP\ + iNQP)i - i.mp\ - (NQP)s

= I 2 [(y2n. ~ y2io) ~ 2(jiji. —jijo,)]
W=o,i

—S [(3'2<1. ~ >'2/0.) ~2Cjljl. —J'i/o3]|
1=2.3 '

{NQP\ + {NQP), - {mP)2 - {NQP),

1
^20 S [(J2/I. —>*210.) 2 (jiii; Jljo.)]

/=0. 8

— E [{ym.3'2io.) ~ 2 Jiyo.)]
1=8.1
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•20 [mp)x+mp), - imp)2 - mp),]
+ 4 —^21) "1" 12 (^22 —Aa)

2 [(j'a/i. '̂(yin- ~ J'uo.)]
•i=i, s

— 2 [{ytn. ~ >*2/0.) ~ 2 (jjji. —Jiio.)]
i=0,2

115

(35)

It is important to note that if the block parameter values are^
substituted in (34) and (35), the resulting equations give estimates of

{i.Qp\ + (6^)3 - iQP)2 - (em

and

[{NQP\ + (.mP)^-i^QP)^-i^QP)o\

which are not orthogonal. To overcome this difficulty, joint esti
mates of

{{QP)i + {QP),-i.QP\-m)o\

and

{{NQP\ + \NQP)^ - {NQP\ - {NQPW

which are not only mutually orthogonal but orthogonal to all other
effects are obtained as follows:—

3 X (35) + (34) when solved with the help of (33) gives:

'mp\+iQp)^-(<Qp)^-m)o\ + 3{<,NQp\+mp)z-mp\-iNQp\-\

S S (—1)'(j«i.j«o.)2 S i~ (ym. ~ ym)
.i=ll2y=l.S. <=l,Bi=0,2

— 2 (522— ^la) (36)

Also 3 X (34) —(35) when solved with the help of (33) gives:

{3 mp)xHQP)s-(.QP)2-iQP)o] - mQP)i+mp),-(NQP),-{NQP)o]}

- 2 [521- Bn]2 2 (.ym—ym) +2 2 iym~ym)
.«=i.2y=i, 3 (=1,2 y=o, 2

(37)

Estimates given by (36) and (37) are 2 partially confounded
degrees of freedom adjusted for blocks.
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The sum of squares due to unconfounded effects can be obtained
in the usual way. The sum of squares due to partially confounded
effects

mP\ + iQP). - {QP\ - {QPYo]

+ 3 {{NQP\ + {NQP)^ - {NQP\ - {NQP\]}
and

{^mp)x + m).-{QP)^-{Qp\'\

- mQp\ + {NQP), - imp)2 - (^ep)o]}

are

I L<=1, 2 i=l.s 4=1,2 i=0. 2 J192

— 2 (Bgg— Bli)

and

192
2 2, (yiji.—yao^ ~ E 2 (ym- ymJ

Lfcl,2 y=l. 3 (=1.2 /=0.2

respecitvely.

Additive model.—Under the additive model, the components

mP\ + iQPh-i.QP\-{QP\]

of QP and

+ {NQP), - {NQP\ - (iV!2P)o]

of NQP are partially affected by block differences in replications 1
(design I) and 2 (design IV) respectively. The sum of squares due
to these partially affected components of QP and NQP are the same
as that for

{3 mP\ + (QP\ - - {QP\]

- {{.NQP)! + mP\ - {NQP), - {NQP\]}

and . . . , ,

{3 [{NQP\ + {NQP\ - {NQP), - {NQP),]

+ [(ep)i + (ep)3 - {QP). - (en]}
respectively under the proportional model.
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Summary

Confounding in qualitative-cMm-quantitative experiments involving
dummy treatments and their analyses present some novel features not
met with in the analysis of ordinary factorial experiments. These
features have been studied in detail by discussing the possible types
of confounding and presenting the methods of analysis, both under
the additive and proportional models for the following types of
commonly used symmetrical and asymmetrical designs:

. . 'n' 'j?'

Quantities
Quantities Qualities or

qualities

3 3 3

3 2 2

3 3 2

3 2 3

3 4 2
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Appendix I

Designs for 3® qualitative-cum-quantitative experiments
in 9 plot blocks

Design 1 Design 2

Bg Bi B2 Bg

n Q P n 9 P n <1 P n 1 P n P n <1 P

0 - 0. 0 - 0 0 - 0 0 - 0 0 - 0 0 - 0

0 - 1. 0 - 1 0 - 1 0 - 1 0 - 1 0 - 1

0 - 2 0 - 2 0 - 2 0 - 2 0 - 2 0
- 2

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 ,1 1 2 1 1 0 1

1 2 2 1 0 2 1 1 2 1 2 2 1 0 2 1 1 2

2 0 0 2 1 0 2 2 0 2 1 0 2 2 0 2 0 0

2 1 1 2 2 1 2 0 1 2 2 .1 2 0 1 2 1 1

2 2 2 2 0 2 2 1 2 2 0 2 2 1 2 2 2 2

OR OR

Pf) Po Po Po Po Po

Pi Py Pi Pi Pi Pi

Pi Pi Pi Pi Pi Pi

h h li lo h li

V Ix li h' K To
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Design 3 Design 4

-®2 -Ss -^1 -52

n i P M ? P n q P n ? P n 9 P n P

0
-

0 0 - 0 0
-

0 0 - 0 0 - 0 0 - 0

0 - 1 0 - 1 0 - 1 0 - 1 0 -• 1 0 - 1

0 - 2 0 - 2 0 - 2 0 - 2 0 - 2 0 - 2

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 1 1 2 1 1 0 1

1 2 2 1 0 2 1 1 2 1 2 2 1 0 2 1 1 2

2 2 0 2 0 0 2 1 0 2 0 0 2 1 0 2 2 0

2 0 1 2 1 1 2 2 1 2 2 1 2 0 1 2 1 1

2 1 2 2 2 2 2 0 2 2 1 2 2 2 2 2 0 2

Oi? Oi?

Po Po Po Po Po

Pi Pi Pi Pi Pi Pi

P2 Pi •pi - — ^ pr "p2
---

Pa
—

/o h /2 h /l •^2

/2' h' /l' Jo ^l' ^2'

r-'
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Design 5 Design 6

Bi B2 B-y B2 B^

n P n q P n P n P K q p n

•K 0 — 0 0 - 0 0 - 0 0 - 0 0 - 0 0
-

0

0
-

1 0 - 1 0
I

-
1 0

-
1 0 - 1 0 - 1

p - 2 0 - 2 0
-

2 0 - 2 0 - 2 0 - 2

1 0 0 1 1 0 ,1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 1 1 2 1 1 0 1

1 2 2 1 0 2 1 1 2 1 2, 2 1 0 2 1 1 2

2 1 0 .2 2 0 2 0 0 2 2 0 2 0 0 2 1 0

2 0 1 2 1. 1 2 2 1 2 1 1 2 2 1 2 0 1

2 2 2 2 0 2 2 1 2 2 0 2 2 1 2 2 2 2

07? OR

Po Po Po Po Po Po

Pi Pi Pi Pi Pi

P2 /'s Pi Pi P2 Pi

h A h h h h

Jo 4' Jo Jl
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Design 7 Design 8

^3 ^3

n 1 P n q p n q P n q p n q P n P

0 - 0 0 - 0 0 - 0 0 - 0 0 - 0 0 - 0
i<

0 - 1 b - 1 0 - 1 0 - 1 0 - 1 0 - 1

0 - '2 0 - 2 0 - 2 0 - 2 0 - 2 0 2
>

1 b 0 I 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 2 1 1 0 i 1 1 1 1 2 1 1 0 1 1 1 1 .

1 1 2 1 2 2 1 0 2 1 1 2 1 2 2 1 0 2

2 0 0 2 1 0 2 2 0 2 1 0 2 2 0 2 0 0

2 2 1 2 0 1 2 1 i 2 0 1 2 1 1 2 2 1

2 1 2 2 2 2 2 0 2 2 2 2 2 0 2 2 1 2

OR OR

Po P": /'o Po Po /'o

Pi Pi Pi Pi /'i

P2 P2 Pi Pi Pi Pi

Jo Jl J2 Jo Jl Ji

Jo Jl J'2 Jl Ji Jo
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Design 9 Design

B2 -83 B2 ^3

n 9 P n q p n q p n q P n q P n 9 P

0 - q 0 - p G - G 0 - 0 G - G G - :P

0 - 1 p -
1 0 -

1 G -
1 P - ,1 G - .1

•*' 0
- 2 0 - 2 G - 2 G

- 2 P - 2 G - 2

1 0 0 i. 1 p 1 2 G :1 G G .1 1 G ,1 2 P

1 2 1 1 p 1 1 1 1 1 2 1 I P 1 1 1 J

1 1 2 .1 2 2 ,1 0 2 ,1 1 2 1 ,2 2 1 p 2

2 2 0 2 p 0 2 1 G 2 G ,0 2 1 P .2 2 P

2 J 1 2 2 1 2 p 1 2 ,1 1 2 2 1 2 P 1

2 0 2 2 1 2 2 2 2 2 2 2 2 G 2 2 1 2

OR OR

Po P.O Pi> Po Po Po

Pi Pi Pi Pi Pi Pi

Pi Pi Pi Pi Pi Pi

Jo Jl J2 Jo Jl Ji

Ji J.' Ji V I'l li'
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Design 11 Design 12

5i Bs iB« iBs

n q P n q p n q P n q P n q p n q ~'p

0 - 0 0 - 0 0 - 0 •0 - 0 0 - 0 0
-

0

0 - 1 0 - 1 0 - 1 0 - 1 0 - 1 0 -
1

0 - 2 0 - 2 0 - 2 0 - 2 0 - 2 0
-

2

1 0 0 1 1 0 1 2 0 -1 0 0 1 1 0 1 2 0

1 2 1 1 0 1 1 1 1 1 2 1 1 0 i 1 1 1

1 1 2 •1 2 2' 1 0 2 1 1 2 •1 2 2 • 1 0 2

2 1 0 2 2 0 2 0 0 2 2 0 2 0 0 2 1 0

2 2 1 . 2 0 1 2 1 1 2 0 1 2 1 1 2 2 1

2 0 2 2 1 2 2 2 2 2 1 2 2 2 2 2 0 2

OR OR

Po Ph P^. Po Po Po

/Ji Pi Pi Pi Pi Pi

/'a P2 Pi Pi Pi Pi

Jo J, h Jo Ji Ji

v u h' h' "lo' rr
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Design 13

B.,

Design 14

Ba Ba

n q n q p n q n 9 n q p n q P

0 - 0 0 - 0 0 - 0 0 -
0 0 - 0 0

- 0

0 - 1 0 - 1 0 - 1 0 - 1 0 - 1 0 - 1

0 2 0 - 2 0 - 2 0 - 2 0 - 2 0
- 2

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 1 1 2 1 1 0 1

1 2 2 1 0 2 1 1 2 1 2 2 1 0 2 1 1 2

2 0 0 2 2 0 2 1 0 2 1 0 2 0 0 2 2 0

2 1 1 2 0 .1 2 2 1 2 2 1 2 1 1 2 0 1

2 2 2 2 1 2

s

2 0 2 2 0 2 2 2 2 2 1 2

Oi? Oi?

/'o /'o Po /'O' Pa Pa

Pi Pi Pi Pi Pi

/'a Pi Pi Pi Pi Pi

h h h h h h

To h' h' h' li
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Design 15

Si A

Design 16

82

n q P n q p n q p n q p n q P n

0 - 0 0 - 0 0 - 0 0 - 0 0 - 0 0 - 0

0 - 1 0 - 1 0 - 1 0
- 1 0 - 1 0 - 1

0 - 2 0 - 2 0 - 2 0 - 2 0 - 2 0 - 2

1. 0 0 1- 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 1 1 2 1 1 0 1

1 2 2 1 0 2 1 1 2 1 2 2 1 0 2 1 1 2

2 2 0 1 1 0 2 0 0 2 0 0 2 2 0 2 1 0

2 0 1 2 2 1 2 1 1 2 2 1 2 1 1 2 0 1

2 1 2 2 0 2 , 2 2 2 2 1 2 2 0 2 2 2 2

OR OR

Pf> Po /'o Po. P^ /'o

Pi Px Pi Pi Pi A

P2 Pi Pi P2 Pi. Pa

I, h h h h /a

h' /i' Jo Jo J2 Ji
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Design 17 Design 18

Bs Bi B^ B^

n 9 P n q p n q p « 9 p n q P n Q P

0 — 0 0 - 0 0 - 0 0 - 0 0 - 0 .0 - 0

0 - 1 0 - 1 0 - 1 0 - 1 0 - .1 0 - 1

0 - 2 0 - 2 0 2 0 - 2 0 - 2 0 - 2

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 1 1 1 2 1 1 0 1 1 1 1 1 2 1 1 0 .1

1 2 2 1 0 2 1 1 2 -1 2 2 1 0 2 1 1 .2

2 1 0 2 0 0 2 2 0 2 2 0 2 1 0 2 0 0

2 0 1 2 2 1 2 1 1 2 1 1 2 0 1 2 2 1

2 2 2 2 1 2 2 0 2 2 0 2 2 2 2 2 1 2

Oi?

J'o Po Po Z'o Po Pq

Pi Pi Pi Pi Pi Pi

Pi P2 Pi Pi Pi Pi

h h h h h h

h' Jo' J,' Ji' J,'
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Design 19 - Design 20

-Bj Bi B2 Bg

n <1 P n q p « q p n, Z' n q P n p

0 - 0 0 - 0 0 - 0 0 - 0 0 - 0 0 - 0

0 - 1 0 - 1 b - 1 6
- i

!

0 - 1 6 - 1

0 - 2 0 - 2 0 - 2 0 2 0 - 2 0 - 2

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 b

1 2 1 1 0 1 1 1 1 1 2 1 1 0 1 1 1 1

1 1 2 1 2 2 1 0 2 1 1 2 1 2 2 1 b 2

2 0 0 2 2 0 2 1 0 2 1 0 2 0 0 2 2 b

2 2 1 2 1 1 2 0 1 2 0 1 2 2 1 2 1 1

2 1 2 2 0 2 2 2 2 2 2 2 2 1 2 2 0 2

OJ? OR

/'o Pa /'o T'o Pi> j^O

/?! Pi /'l >1 Pi ifi

/Ja Pi Pi Pi Pi /'2

h h
r

Jo Ji Ji

>0' /2' J'l
/

•/l' >0' Ji
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Design 21 Design 22

Bi B2 Bg Bi ifg Bg

n g p n q p n q p n q p n q p n q p

0 -
0 0 -

0 0 - 0 0 - 0 0 - 0 0-
- 0

6 - 1
f

0 - 1 6 - i b - 6 - i 6
- 1

0 -
2 b -

2 6 - 2
f-.

0
-

2 b - 2 b - 2

1 0 0 1 1 6 i 2 6 1 0 6 i 1 b i 2 0

1 2 1 1 0 1 1 1 1 1 2 1 i 0 1 i 1 1

1 1 2 1 2 2 1 0 2 i 1 2 i 2 2 1 0 2

2 2 6 2 1 6 2 6 b 2 b 0 2 2 b 2 1 b

2 1 1 2 b 1 2 2 1 2 1 i 2 b i 2 2 1

2 0 2 2 2 2 2 1 2 2 2 2 2 i 2 2 b 2

OR bk

Po Po Po

©••••

©•

Po

Pi Pi Pi Pi Pi k

Pi P2 •pi Pi Pi k
(

Jo h 'J'o J'l h

Ji Jo h' ^ ii
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Design 23 Design 24

^2 ^3 Br ^2

n P n ? P n n q p P n P

0 — 0 0 - 0 0 - 0 0 - 0 0 - 0 0 - 0

0 - 1 0 - 1 0 - 1 0 - 1 0 - 1 0 - 1

0 - 2 0 - 2 0 - 2. 0 - 2^ 0 - 2 0 - 2 •V

1 0 0 1 1 0 1 2 0 1 0 0 1 1 0 1 2 0

1 2 1 I 0 1 1 1 1 1 2 1 1 0 1 1 1 .1

1 1 2 1 2 2 1 0 2 1 1 2 1 2 2 1 0 2

2 1 0 2 0 0 2 2 0 2 2 0 2 1 0 2 0 0

2 2 1 2 1 1 2 0 1 2 0 1 2 2 1 2 1 1

2 0 2 2 2 2 2 1 2 2 1 2 2 0 2 2 2 2

OR OJ?

/'o Pi /'a /'o Pi P2

/'o Pi /'o Pi Pi

Po Pi /?2 /'o Pi P2

/o Ji Ji J,

/'l lo /'2 h' h' h'
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Designs for 3x2x2 qmlitative-cum-quantitative experiments
in 6 plot blocks

Replication 1 Replication 2
or or

Design I Design II

-^2

p n q p n p n q p

0 - 0 0 - 0 0 - 0 0 - 0

0 - 1 0 - 1 0 - 1 0 -
1

1 0 0 1 0 1 1 0 1 1 0 0

1 1 1 1 1 0 1 1 0 1 1 1

2 0 0 2 0 1 2 0 0 2 0 1

2 1 1 2 1 0 2 1 1 2 1 0
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Designs for qualitative-cata-^uantiidWS experiments involving 3 levels
o/'n', 3 levels o/'p', 2 qualities of'n'' in 6 plot blocks

Design I

Replication 1 Replication 2

Bi -Bg Bi B2 -S3

n q p « p p n P n p q p

0 1 ci - 0' 0 - 0 0 - i 0 - 0 0 - 2

0 2 0 - 1 0 - 2 0' -
2 0 - 1 0 - 0

1 0 0 1 0 2 1 0 1 1 0 2 1 0 1 1 0 0

1 1 2 1 1 1 1 1 0 1 1 0 1 1 2 1 1 1

2 0 1 2 0 0 2 0 2 2 0 0 2 0 2 2 0 1

2 1 0 2 1 2 2 1 1 2 1 1 2 1 0 2 1 2

Design H

Replication 1 Replication 2

A B^ B^ B^ B^ 53

n P n p n p n q p 9 p n q p

0 - 1 0 - 0 0 - 0 0 - 2 0 - 0 0 - 1

0 - 2 0 - 2 0 - 1 0 - 0 0 - 2 0 - 0

1 0 0 1 0 1 1 0 2 1 0 1 1 0 2 1 0 0 >

1 1 1 1 1 2 1 1 0 1 1 0 1 1 1 1 1 2

2 0 2 2 0 0 2 0 1 2 0 0 2 0 1 2 1 1

2 1 0 2 1 1 2 1 2 2 1 2 2 1 0 2 0 2
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Design III

Replication 1 Replication 2

Bi B2 Bi B2

n q p n p n Q p n p q Z' « q

0 - 0 0 - 1 0 - 2 0 - 0 0 - ii 0 2

\ 0
-

0 0 - 1 0 - 2 0 - 0 0 - 1 0 - 2

1 0 I 1 0 2 1 0 0 1 0 2 1 0 0 1 0 1

\
\ 1 1 1 1 1 2 1 1 0 1 1 2 1 1 0 1 1 1

2 0 2 2 0 0 2 0 1 2 0 1 2 0 2 2 0 0

\ 2 1 2 2 1 0 2 1 1 2 1 1 2 1 2 2 1 0



Appendix V

Designs for 4x3x2 qualitatiye-cum-quantative experiments
in 12 plot blocks - -

Replication 1
or

Design I

B,

Replication 2
or

Design IV

Bo

n 9 P n q P n q P n P

0 - 0 0 - 0 0 - 0 0 - 0

0 - 0 0 - 0 0 - 0 0 -

0

0 - 1 0 - 1 0 - 1 0 - 1

0 - 1 0 - 1 0
- 1 0 - I

1 0 1 1 1 1 1 0 0 1 1 0

1 2 1 1 3 1 1 2 0 1 3 0

1 1 0 1 2 0 1 1 1 1 0 1

1 3 0 1 0 0 1 3 1 1 2 1

2 0 1 2 1 1 2 0 1 2 1 1

2 2 1 2 3 1 2 2 1 2 3 1

2 1 0 2 2 0 2 1 0 2 0 0

2 3 0 2 0 0 2 3 0 2 2 0
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Replication 3
or

Design II

Replication 4
or

DesignV

B^ B^

135

n q P n q P H 9 P n q P

0 - 0 0 - 0 0 - 0 0 - 0

0 -
0 0 - 0 0 - 0 0 - 0

0 - 1 G - 1 0 - 1 0 - 1

0 - 1 0 - 1 0 - 1 0 - 1

1 0 1 1 1 1 1 0 0 1 1 0

1 3 1 1 2 1 1 3 0 1 2 0

1 1 0 1 0 0 1 1 1 1 0 1

1 2 0 1 3 0 1 2 1 1 3 1

2 0 1 2 i 1 2 0 1 2 1 1

2 3 1 2 2 1 2 3 1 2 2 1

2 1 0 2 0 0 2 1 0 2 0 0

2 2 0 2 3 0 2 2 0 2 3 0



Replicajtion 5
or

Design III

Replipqtiqn 6
or

Design VI

B^

n q P n q P n P n P

0 - 0 0 - 0 0 - 0 0 - 0

0
-

0 0 - 0 0
- 0 0 -

0

0 - 1 0
-

1 0 - 1 p
-

1

0 1 0 - 1 0 - 1 0 - 1

1 0 1 1 2 1 1 0 0 1 2 0

1 1 1 1 3 1 1 1 0 1 3 0

1 2 0 1 0 0 1 2 1 1 0 1

1 3 0 1 1 0 1 3 1 .1 1 1

2 0 1 2 2 1 2 0 1 2 2 1

2 1 1 2 3 1 2 1 1 2 3 1

2 2 0. 2 0 0. 2 2 0 2 0 G

2 3 0 2 1 0 2 3 0 2 1 0


