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Abstract
Efficient resource use is vital in early generation varietal trials (EGVTs), where replicating test lines across environments is often 
constrained. Partially replicated (pRep) designs address this by allowing a selective number of replications of test lines. This study 
introduces two series of pRep designs for EGVTs, facilitating comparisons between test and control line(s). The general form of the 
information matrix for these designs is derived to evaluate their properties, and SAS code was developed to calculate efficiency and 
variance factors. The proposed designs offer a flexible and effective framework for conducting EGVTs with fewer replications, 
enhancing their applicability across various environments.
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Introduction
Most plant breeding programmes follow a method of breeding 
referred to as a pedigree selection method. This method 
implies that programmes are structured around the grouping 
of breeding lines which have been derived as progeny of a fixed 
number of crosses between elite parents. Different crosses are 
made each year, and the cohort of breeding lines then 
undergoes selection through preliminary and advanced stages 
of testing. Traits of interest for selection in the preliminary stage 
include disease and herbicide tolerance, phenology type and 
functional quality of yield. Typically, selection in the advanced 
stages occurs in a sequential manner. The key selection trait in 
the advanced stages is yield. For example, correlation and path 
analysis in mothbean (Vigna aconitifolia) identified yield-
associated traits, including pods per plant and harvest index, as 
useful selection criteria for improving seed yield (Meena et al., 
2026). Yield data for each stage are generated from a series of 
field trials across several environments. Trials typically include 
the set of breeding lines of interest and some control lines, 
which will collectively be termed entries.

In general, varietal trials are classified as early generation 
varietal trials (EGVTs) and late generation varietal trials (LGVTs). 
The number of entries that are evaluated at the EGVTs often 
exceeds 1,000, while at LGVTs the number of entries tested is 
generally less than 100. In EGVTs, resource and seed limitations 
reduce the number of environments and plots that can be used 
for each breeding line. Replication within an environment is 
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often less than two, and the number of environments is 
usually less than four. For LGVTs entries are evaluated at 
up to ten environments, with between two and three 
replicates per environment. The different stages of 
breeding trials and the key selection criteria of plant 
breeding programmes are summarized in Fig. 1.

When complete replication of every line in every 
environment is unfeasible, researchers advocate for 
grid-plot designs (Kempton, 1984). These designs 
involve replicating well-known commercial varieties, 
check varieties, and un-replicated test lines in row-
column arrangements. As an alternative to grid-plot 
designs, resolved row-column designs, known as 
partially replicated (pRep) designs, were introduced to 
enhance the accuracy of selecting breeding lines 

 compared to traditional designs (Cullis et al., 2006). The 
pRep designs are more efficient in addressing the 
challenges associated with EGVTs conducted across 
multiple environments, particularly when the number 

of plots per breeding line is fewer than two. A 
construction method for pRep designs has been 
outlined, which is based on eliminating entries from α-
arrays (Williams et al., 2011; Williams et al., 2014). 
Moreover, the adoption of pRep designs in plant 
breeding experiments has been widely discussed 
(Clarke and Stefanova, 2011; Moehring et al., 2014; 
Sermarini et al., 2020). 

Additionally, Partially Balanced Incomplete Block 
(PBIB) designs and their association schemes (Bose and 
Nair, 1939) are commonly used in constructing designs 
suitable for breeding experiments. Harun et al., (2016) 
developed three-way cross designs for comparing test 
lines against control lines using PBIB designs and their 
association scheme. Recently, PBIB designs have also 
been explored for constructing mating environmental 
designs and enhancing pRep designs (Vinaykumar et 
al., 2023; Vinaykumar et al., 2026). Furthermore, a new R 
package called "pRepDesigns" has been developed by 

Fig. 1: Major stages of plant breeding programme
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Vinaykumar et al., (2024) to facilitate the easy 
generation of pRep designs for various lines and 
environmental structures. These designs empower 
breeders to comprehend environmental variations in 
breeding lines during data analysis. Recently, Santos et 
al., (2024) conducted a simulation study and concluded 
that pRep designs were more efficient than grid-plot 
designs, showing higher relative realized genetic gain, 
accuracy, and selection probability.

In comparative breeding experiments, a control 
line is often established, and the primary objective is to 
compare new lines (or test lines) against control line(s) 
to identify that worth further study, rather than 
comparing new lines to select the best genotype. 
Efficient experimental designs are therefore essential 
for maximizing the use of limited seed material and 
experimental resources. The relative efficiency of 
different experimental designs for evaluating plant 
genetic resources has been investigated by 
Gangopadhyay et al., (2010). The efficiency of such 
experiments can be improved by replicating control 
lines more frequently than test lines, as in partially 
replicated (pRep) designs. Availability of pRep designs 
for comparing test lines with control line(s) in EGVTs is 
limited. Such designs are henceforth referred to as 
pRepTC designs. This paper presents two new series of 
pRep designs tailored for such comparisons. The 
information matrix is derived to examine the properties 
of these designs, and SAS code has also been developed 
to calculate their efficiency and variance factors.

Material and Methods 

In this section, we describe the experimental conditions 
in which pRepTC designs can be implemented. pRep 
designs are defined along with the experimental setup 
and model. The model for pRepTC designs remains the 
same as that of pRep designs.

Experimental situations 

Situation 1: There may be experimental situations 
where several new lines are developed in the initial 
stage of an experiment. Only a few of the new lines are 
expected to be investigated further. The new lines may 
first be compared with a control line already being used 
by the experimenter to screen out the best number of 
new lines for further investigation. In such cases, the 
experimenter would like to compare test lines with 
control lines with as much precision as possible, 
whereas comparisons within test lines may be of lesser 
interest.

Situation 2: In some experiments, an experimenter 
may have two groups of parental lines, one group 
containing lines that are of primary importance and the 
other group containing lines of secondary interest. It 
may always be desirable to have superior or well-
adapted lines represented in a high proportion of 
crosses in breeding experiments. 

Situation 3: The simplest case is a nested structure of 
entries, where entries fall into groups or families such 
that entries within a group are more closely related than 
between groups. In such cases, the experimenter would 
like to make a comparison between groups of close 
relatives with greater precision, whereas comparison 
within groups of close relatives may not be of much 
interest.

pRep designs for comparing test lines with control 
line(s): A pRepTC design is an arrangement of v = v  + vt c  

(where v  and v  represent the number of test lines and t c

control line(s), respectively) lines in b blocks, each of size 
k  (<v) ,  where 1< w <b distributed over e environments w

such that: 

· each environment consists of        blocks

· test lines are replicated (e + 1) times whereas 
control lines are replicated more [> (e + 1)] 

· e distinct sets of      test lines are formed from v  lines t

and in each environment, a distinct set of     test 
lines are replicated twice and the rest (1-     ) v   lines t

occur once.

For example, in a maize breeding trial with 602 hybrid 
lines, consisting of 600 newly developed test lines and 2 
existing control lines, these lines are evaluated across 
three distinct environments. Using pRepTC designs, a 
proportion (p %) of the test lines were replicated. If p = 
30%, then 180 test lines had two replicates across the 
environments, while the remaining 400 test lines, along 
with the 2 control lines, each had a single replication.

Model and experimental setup: To analyse the data 
obtained using a pRep design, the following nested 
model can be considered: 

th where, y  is the response of i line (i=1, 2, ..., v) ij(l)
th  thbelonging to j block (j=1, 2, ..., b), nested within 1  

environment  (1=1, 2, ..., e), μ is the general mean, t is i  
th ththe effect of i  line, η is the effect of 1  environment, bl  j(l)  

th this the effect of j  block in l  environment and  e  is the ij(l)
2random error component which follows iid N(0 s ).2 
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Results and Discussion 

The construction procedure for obtaining pRepTC 
designs is outlined in the following methods.

Method I: The steps involved in this method are as 
follows:

Step 1: Let v = p(p - 1), where p ≥ 3, and L = {1, 2, 3, 
…, v} is the set of lines. Consider two subsets of L, 
viz., R = { where = (h - 1)p + 
1, (h - 1)p + 2, …, hp, and S = {s lg=1,2,…, p}, g

where s  = g, g + p, g + 2p, ......, g + p(p-2). Clearly, g

RÇS = L, n(R) =n(S) =p(p-1), n(r ) =p, and n(s ) =p - h h

1, where n(.) denotes cardinality of set. For a line 
qÎL, qÎr , or s .h g

Step 2: Form the first replication (R1) with b = p - 1 1 
thblocks, each of size k = p, by considering r  as the h  1 h

block. Similarly, form the second replication (R2) 
with b₂  = p blocks, each of size k₂  = p - 1, by 

thconsidering s  as the g  block. This results in a series g

of three associate resolvable PBIB designs.

Step 3: 

th thStep 4: Reinforce the control lines (v + 1) , (v + 2) , ..., (v + 
th st nd thp)  into the smaller blocks of 1 , 2 , …, p  

environments respectively. 

Here, the design obtained through Steps 1-2 is a 
resolvable PBIB(3) design. However, there is a constant 
number of test lines shared between any two blocks 
from different sets, defining these designs as affine 
resolvable; hence they are optimal (Bailey et al., 1995). 
Therefore, these designs emerge as the superior choice 
among competing classes of resolvable designs.

Example 1: Using Steps 1 and 2, a layout of a resolvable 
three-associate PBIB design for 20 (i.e., p = 5) test lines in 
9 blocks is obtained as follows:

r | h = 1, 2, ..., (p- 1)}, rh h 

Divide the b blocks of R1 into e sets (e<p) of 1 

blocks and associate them with the b₂ blocks of 
the R2, or vice versa. Here, e sets are considered as 
environments.

yij(l)  = μ + τi + ηl + βj(l) + εij(l)

Following Step 3, the layout of the pRep design for two 
environments (e = 2) is obtained as:

Environment 1 Environment 2
B1 B2 B3 B4
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B12 B13 B14
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The control lines, 21 and 22, are then augmented to the 
smaller blocks of Environment 1 and Environment 2, 
respectively, to obtain the layout of the pRepTC design, 
as shown below:

The parameters of resulting design are: v  = 20, v = 2, b = t c 

14, r = 3, r = 5, k = 5, where v and v are the number of t c t c 

test and control lines with replications r and r , t c

respectively. The canonical efficiency factor (Dey, 1995) 
and average variance factor of this design have been 
computed as 0.7923 and 0.6678, respectively, using SAS 
code (given in APPENDIX II).

Example 2: For p = 6, the layout of the pRepTC design 
for 33 lines (v  = 30 test lines and v  = 3 control lines) in 21 t c

blocks is presented below:
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Method II: The steps involved in this method are as 
follows:

2Step1: Consider v = s  lines, where s > 5 is an odd prime 
or prime power. Construct s - 1 arrays of size s×s 
as follows: Start with the 1st row in natural order. 
Keep the 1st entry unchanged, and add 
increments of 1, 2, ..., s - 1 to the subsequent 
entries (mod s). Develop these rows cyclically 
(mod s) to form s - 1 square arrays.

2Step 2: Now, arrange the s  lines in an s×s array and 
superimpose it on s - 1 arrays of Step 1. Then, form 
s - 1 new arrays by considering the line numbers 

thcommon to a particular s  symbol as the entries 
thin the respective s  column. 

thStep 3: From the arrays of Step 2, delete the entries of s  
st nd th strow, then delete the 1 , 2 , ..., (s-1)  row from 1 , 

nd th2 , .., (s-1)  array, respectively. Assign the first two 
arrays to Environment 1, the next two arrays to 
Environment 2, and so on. These columns form 
the blocks of a pRep design with parameters: v = 
s(s-1), b = s(s-1), r = 3, k = s-2.

Step 4: Replace the higher-numbered test lines with 
control line(s).

Example 2: For s = 5, the four arrays of order 5×5 are 
constructed by cyclically developing the initial rows: (1, 
2, 3, 4, 5), (1, 3, 5, 2, 4), (1, 4, 2, 5, 3) and (1, 5, 4, 3, 2). 
Following Step 2, these arrays are then superimposed 
onto a 5×5 arrangement of 25 lines to generate four 
new arrays. The resulting arrays are given below:

Array III  Array IV  

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

12  14  11  13  15 13  12  11  15  14  
20  17  19  16  18 19  18  17  16  20  
23  25  22  24  21 25  24  23  22  21  

 
 

 

Array I  Array II  

1  2  3  4  5  1  4  2  5  3  
10  6  7  8  9  8  6  9  7  10  
14  15  11  12  13  15  13  11  14  12  
18  19  20  16  17  17  20  18  16  19  
22  23  24  25  21  24  22  25  23  21   

The last row from each array is deleted, followed by the 
st nd rd thdeletion of the 1 , 2 , 3 , and 4  rows from each 

respective array. Then considering columns as blocks, 
first two arrays to E1 and other two arrays to E2 are 
associated to obtain the test lines layout of pRep design 
with parameters v = 20, b = 20, r = 3, k = 3 as shown 
below:

Environment 1
 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 
10 6 7 8 9 1 4 2 5 3 
14 15 11 12 13 15 13 11 14 12 
18 19 20

 
16

 
17

 
17

 
20

 
18

 
16

 
19
  Environment 2

B11  B12  B13  B14  B15  B16  B17  B18  B19 B20
1 3  5  2  4  1  5  4  3 2
9 6  8  10  7  7  6  10  9 8

20
 

17
 

19
 

16
 
18

 
13

 
12

 
11

 
15 14

Finally, the layout of pRepTC design in two 
environments is obtained by replacing test lines 18, 19 
and 20 with control line 18 as shown below:

Environment 1
 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10
10 6 7 8 9 1 4 2 5 3 
14 15 11 12 13 15 13 11 14 12 
18 18 18 16 17 17 18 18 16 18 

Environment 2
 

B11 B12  B13  B14  B15  B16  B17  B18  B19 B20
1 3 5  2  4  1  5  4  3 2
9 6 8  10  7  7  6  10  9 8

18 17 18  16  18  13  12  11  15 14

The parameters of resulting designs are: v  = 17, v  = 1, b t c

= s(s-1), r  = 3, r  = 9, k = s-2. Further, in the following t c

section, the information matrix required for analysing 
the characterization properties of the proposed designs 
has been computed.

 Information matrix: The information matrix (C) for a 
pRepTC design framework (simplification given in 
APPENDIX I) is obtained as:

where                            ,  N  and N are incidence matrices t c 

of test and control lines, respectively. Here, r and r  t c

represent the replication of the test and control lines, 
respectively. I and J denote the identity and unit 
matrices of appropriate orders. The reduced normal 
equations pertaining to line effects under the above 

Ùmodel is C t= Q with 1'  = 0, where Q is the vector of 
adjusted line totals. The normal equations can be solved 

Ù
t
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_
to get an estimate of line effect = C Q, where 

Ùgeneralized inverse of C and p' t be an estimable 
contrast of line effects such that p' 1 = 0.  The best linear 

Ù _unbiased estimator of p' t s p't = p' C Q with variance _Ù 2V(p't )=  s p'C  p.

_  Ù
t  C is the 

Conclusion
This study introduces two innovative series of partially 
replicated (pRep) designs for EGVTs, focusing on 
comparisons between test lines and control line(s). 
Method I designs are constructed by reinforcing control 
lines into three-associate-class affine-resolvable PBIB 
designs, which are optimal within the considered class 
of resolvable PBIB designs. Method II designs are 
developed by replacing selected test lines with control 
line(s) in the constructed pRep designs using a 
systematic array-based procedure. SAS code was 
implemented to compute canonical efficiency factors 
and average variance factors for evaluating the 
statistical properties of the proposed designs.

The two series offer alternative construction 
strategies to accommodate different experimental 
requirements. Method I allows the allocation of blocks 
of different sizes across environments, whereas 
Method II provides a systematic construction with a 
prescribed block structure. Therefore, Method I designs 
are suitable for locations with uneven terrain, where 
maintaining equal block sizes may not be feasible, 
whereas Method II designs are preferable when 
sufficient resources are available to accommodate 
equal block sizes. Furthermore, the choice between the 
methods depends on the required number of test and 
control lines, block size, environmental allocation, and 
the resulting statistical efficiency and variance factors. 
Overall, the proposed designs provide resource-
efficient alternatives for EGVTs by reducing the need for 
extensive replication of test lines while facilitating 
comparisons with control line(s) across environments. 
Their systematic construction and SAS-based 
evaluation support their practical application in early-
stage varietal evaluation under resource constraints.
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SAS programme to generate information matrix, 
compute canonical efficiency factor and average 
variance factor of a pRepTC design 

%let t = 20;/* Enter number of test lines*/

proc iml;

a={

1 10 14 22,

2 6 15 23,

3 7 11 24,

4 8 12 25,

5 9 13 21

};

print a;

block_rep={5,5};

a1=countn(loc(a));

m=j(a1,1,1);/*mean vector*/

trt=j(a1,max(a),0);/*design matrix -obs VS direct 
treatment*/

k=1;

do i=1 to nrow(a);

do j=1 to ncol(a);

if a[i,j]>0 then 

do;

trt[k,a[i,j]]=1;

k=k+1;

end;

end;

end;

*print trt;

rep=j(a1,nrow(block_rep),0);/*design matrix -obs VS 
rep*/

k=1;

kk=0;

do i=1 to nrow(block_rep);

do j=1 to block_rep[i, ];

do l=1 to ncol(a);

if a[kk+j,l]>0 then do;

rep[k,i]=1;

k=k+1;

end;

end;

end;

kk=kk+block_rep[i, ];

end;

Block_withinrep=j(a1,max(block_rep),0);/*design 
matrix -  obs VS Blocks with in rep*/

k=1;

kk=0;

do i=1 to nrow(block_rep);

do j=1 to block_rep[i, ];

do l=1 to ncol(a);

if a[kk+j,l]>0 then do;

Block_withinrep[k,j]=1;

k=k+1;

end;

end;

end;

kk=kk+block_rep[i, ];

end;

Block=j(a1,nrow(a),0);/*design matrix - obs VS Blocks*/

k=1;

do i=1 to nrow(a);

do j=1 to ncol(a);

if a[i,j]>0 then do;

Block[k,i]=1;

k=k+1;

end;

end;

end;
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x=m||trt||rep||Block;/*design matrix*/

x1=trt;

x2=m||Block;

c_mat=(x1`*x1)-(x1`*x2*(ginv(x2`*x2))*x2`*x1)/*C 
matrix*/;

print c_mat; /*Information matrix*/

t1=comb(&t,2);/*total no of test vs test treatments*/

cot=j(t1,Max(a),0);/*for var_test*/

k=1;

do i=1 to &t-1;

do j=i+1 to &t;

cot[k,i]=1; 

cot[k,j]=-1;

k=k+1;

end;

end;

*print cot;

covt=cot*(ginv(c_mat))*cot`;

vart1=diag(covt);

onet=j(t1,1,1);

var_test=vart1*onet;

print var_test;

tot=comb(max(a),2);/*total pairs of treatments*/

if (max(a)-&t)>1 then do;  

cc=comb((max(a)-&t),2);

end;

else do;

cc=0;

end;

tc=tot-(t1+cc);

cotc=j(tc,max(a),0);

k=1;

do i=1 to &t;

do j=&t+1 to max(a);

cotc[k,i]=1; 

cotc[k,j]=-1;

k=k+1;

end;

end;

covtc=cotc*ginv(c_mat)*cotc`;

vartc=diag(covtc);

ones_tc=j(tc,1,1);

var_tc=vartc*ones_tc;

print var_tc;

av_var_test=var_test[+, ]/nrow(var_test);

av_var_tc=var_tc[+, ]/nrow(var_tc);

print av_var_test av_var_tc;

eig=eigval(c_mat);

eig1=eig[loc(eig>0.0000001),];/*positive eigen 
values*/

rep1=trt`*trt;

eig2=eig1/(rep1[1,1]);

eig3=1/eig2;

CanEffFactor=nrow(eig3)/sum(eig3);

print CanEffFactor;

quit;
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