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1. IN T R O D U C TIO N

P a rt it io n  of i n d i v i d u a l s  into a number of groups in such

a way that in d i v i d u a l s  in the same group are a l ik e  but distinct  

from i n d i v i d u a l s  in other  groups is  v e r y  advantageously used in 

breeding programmes.

Genotype x environment interaction p la ys  a v e r y  important

role in cro p  improvement  programmes.  Th e  phenotype of an 

i n d i v i d u a l  is  completely  determined by the genotype and 

environment.  T h e  difference in environments has greater effect on 

certain genotypes than on o thers .  Th e  in te rp la y  of genetic and non- 

genetic effects on p h enoty pic  express io n of in d i v i d u a l s  is known 

as ge notype-environment interaction.

Th e  w i d e l y  used regression approach to study genoty p e - e n v i r ­

onment ( G E )  interaction performs s a t is fa cto r i ly  only when the re gres s­

ion of the GE interaction on the environmental index has v e ry  high

p r e d i c t a b i l i t y ,  which  occurs v e r y  r a r e l y .  Moreover th is  approach

assumes homogeneity of e r r o r  variances in different  environments.  

Hence th is  ap proach also fa i ls  in situations when the e r r o r  variances 

in the d if fe re nt  environments are heterogeneous.

Stra ti f i cati on  of environments or  genotypes can be used effect­

i v e l y  to ac h ie v e  low o r  no genoty pe-environment interaction w ith in  

any g r o u p.  T h e  region for w h ich  a breeder is developing improved
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v a r ie t ie s  can be so sub d i v i d e d  that a l l  environments in any sub 

region are some what s i m i l a r .  A l t e r n a t i v e l y  the genotypes under

investigation are formed into d iffe re nt  groups such that the 

genotypes w i t h i n  any group have s im i l a r  response to differing 

environments .  Another method to reduce the genotype environment 

interaction is to select  stable  genotypes that interact less with the 

environments in w h ic h  the y  are to be grown.

Recent are the few attempts on grouping genotypes or e n v i ro n ­

ments such that GE interaction w i th in  any group is absent but

present between any two groups.  Thes e cluster ing techniques have 

been deve loped for situations where the e r r o r  variances in different 

environments are homogeneous. But often the e r r o r  variances do 

become heterogeneous. T h e re fo r e  it  is necessary to have cluster ing 

proce dure  that can be used when e r r o r  variances in different e n v i ro n ­

ments are heterogeneous.

Th e  present invest igation is taken up to e v o lv e  a procedure 

to form clu sters  of genotypes based on t h e i r  interaction with e n v i ro n ­

ment when the e r r o r  variances in d ifferent environments are

heterogeneous.
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2. REVIEW OF LITERATURE

Genotype environment interaction has long been known to

occur and variou s methods have been proposed for  analysing GE

interaction s t a t i s t i c a l l y .  Clu ster ing approach to study GE interaction 

is v e r y  recent and consequently the l i t e r a t u r e  in this  area is l im ite d .

Yates and Cochran (1938) used the regression approach to

study  the GE interaction in a v a r ieta l  t r i a l  on b a r l e y .  T h e y  regressed

the y i e l d  of each v a r i e t y  on the environmental  means and observed

that the regression sum of squares accounted for  a large part  of

the interaction  sum of squares.

Many wo rk e rs  (Wood, 1976; T a i ,  1971; E b e r h a r t  and Russell ,

1966; P e r k i n s  and J i n k s ,  1968; F r i p p  and Caten, 1971; Ha rd wick  

and Wood, 1972 e t c . )  suggested variat ions  of regression approach 

to study GE in teract ion.  T h e  s i m p l i c i t y  of these procedures might

have made them so po p u lar  among plant breeders for the study of

in t e r a c t io n .

Bala Krishnan at a K  (1978) a p p l ie d  the regression

techniques of F in la y  and Wilkinson (1963) and E b e r h a r t  and Russell

(1966) in Pi ne apple .  Suresh Babu (1981) used the sta tistica l  techniques 

proposed by F in la y  and Wilkinson (1963) ,  E b e r h a r t  and Russell

(1966) and P erk ins  and J ink s  (1968) to estimate s t a b i l i t y  parameters
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and GE interaction  in B h i n d i .  Devadas (1982) used the s ta b i l i t y  

an aly sis  of E b e r h a r t  and Russell (1966) in amaranth v a r iet ie s .  

Sulochana (1984)  used the s t a b i l i t y  an alysis  of E b e r h a r t  and Russell 

(1966) in Cowpea.  I b r a h im  et  ̂ a K  (1985) a p p l ie d  the regression 

techniques of F i n l a y  and Wilkinson (1963) and E b e r h a r t  and Russell 

(1966) in black p e p p e r .  Ushamani (1987) a p p l ie d  the s ta b i l i t y  

analysis  of E b e r h a r t  and Russell (1966) and Perkins  and Jinks

(1968a) in b r i n j a l .  Mini  (1989) studied different genotypic s t a b i l i t y  

an aly sis  in detai l  in sesame.

Wri ck e (1966) proposed ecovalence ratio (W^) of genotypes

grown under se ve ra l  environments as a measure of s t a b i l i t y  of perfoi—

mance. Ecovalence ( W . )  was defined as the percentage contribution 

t. hof the i genotype to the genotype-environment interaction sum of 

squares.  T h e  v a r ie t ie s  with  small W. values were considered as 

stable .  By t h is  method the genotype-envi ronment interaction sum 

of squares can be pa rt it io ned  into components a t t r ib u t a b le  to different 

^ s ,  though the performance of genotypes o ve r environments 

be p r e d i c t e d .  Ushamani (1987) used t h is  ecovalence ratio

_ ess the s t a b i l i t y  of performance of genotypes in an experiment

on b r i n j a l .

2
Shukla  (1972) proposed s t a b i l i t y  variance ( cT*i ) as a measure

of s t a b i l i t y  of i genotype and developed an F test taking into

2
account the environmental  component of variance ( <5"e ) .  I f  the
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s t a b i l i t y  varian ce  of genotype and environmental component of variances 

are equal,  that  genotype was as judged stable .

John (1984) studied the ge notypic s t a b i l i t y  analysis of 

E b e r h a r t  and Russell (19 66) ,  Perkins  and Jinks  (19 68) ,  Freeman and 

Pe rk in s  (1 9 7 1 ) ,  Wricke (1966)  and Shukla (1972) in detai l  and pointed 

out the d ra w ba cks  in the an alysis  of va riance of E b e rh a rt  and Russell 

and P e rk ins  and J i n k s .  She suggested that the regression methods 

could s a t is f a c t o r i l y  be used wi th larg er  number of genotypes 

p r o v i d e d  the regression ex plains  a substantial pa rt  of GE interaction. 

When regression cannot e x p la in  large pa rt  of the GE interaction

W r i c k e 's  ecovalence ra t io  o r S h u k l a 's  s t a b i l i t y  variance could satis ­

f a c t o r i l y  be used.

L in  and Thompson (1975) extended the regression approach 

to c lu ster in g  genotypes based on GE in teract ion .  T h e y  defined a

d i s s i m i l a r i t y  measure for  any subset of 1 1 ' genotypes as the variance 

ra ti o  for testing the null  hyp o the sis  of a common regression line 

against the a l te rn a t iv e  h y p o the s is  of * t * independent regressions.  

T h e y  p r o v e d  that t h is  d i s s i m i l a r i t y  measure equalled  the mean of 

measures for a l l  po ssib le  p a ir s  of genotypes in the subset.  Thus 

'-'e index conformed to the condit ions set by Sokal  and Michener

(958) for use of t h e i r  unweighted group average l in k  strategy for

c lu ster in g .
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Lin  (1982) proposed a cl u ster  method to group genotypes 

acco rding to t h e i r  response to the environments.  He defined a d is s i m i ­

l a r i t y  index between a p a i r  of genotypes and used Sokal and 

M ic h e n e r 's  (1958) unweighted p a i r  group method in the clustering 

a lg o r i t h m .  T h e  index was given by

d( i ’ l "> = 27n-TT 2 :  [(Yij - Yi.> - (Yi'j - Yi ' . ) ) 2
J=!

where V. . is the o b se rv e d  mean value of i*^ genotype in the 
 ̂J   | u

environment ( j  = 1 , 2   n) and is the mean of the i

genotype o v e r  ' n '  environments.  He showed that the d i s s i m i l a r i t y  

index in a clu ster  of genotypes is nothing but the w i th in  group GE 

interaction mean square,  under a two way an alysis of variance.

Ramey and Rosie l le  (1983) used the d i s s i m i l a r i t y  index 

proposed by L in  (1982) and proposed a h i e r a r c h i c a l  agglomerative

sums of squares method for  c luster ing genotypes or  environments in 

presence of genotype x environment interaction.  T h e  procedure

consisted of minimising o v e r a l l  genotype x environment interaction 

mean squares w i th i n  c lu ster  at each fusion c y c le .

Suresh (1986) proposed a computer oriented interat iv e

2
alg or it hm  for  cl u ster in g  genotype using Mahalanobis D sta ti st ic  as

the d i s s i m i l a r i t y  i n d e x .
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Sreekala (1989) proposed three procedures for clustering

genotypes based on t h e i r  interaction with environment using L i n ' s

2
(1982) d i s s i m i l a r i t y  index and Mahalanobis D s ta t is t ic .
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3. METHODOLOGY

Procedures for c luster ing genotypes based on t h e i r  interaction

with  environments have been suggested by various w o rk e rs  in situation  

when e r r o r  variances in d ifferent environments are homogeneous. Herein 

procedures for  cl u ster in g  genotypes when the e r r o r  variances are 

heterogeneous in different environments are proposed.

Let us assume that *t * genotypes are t r i e d  in each of the

' s '  environments in a randomised block design with ' r '  repl icatio ns  and

that the e r r o r  variances in the ' s '  environments are found heterogene-

2
ous using B a r t l e t t ' s  X t e s t .

Next step is  to have a weighted analysis  of variance of

the data pooled o ver the environments in o rd e r  to test the presence

or absence of GE in teract ion.  T h e  weighted an alysis can be

ar ised  as fol lows (Panse and Sukhatme, 1978).

Weighted A n a ly s is  of Variance of the Pooled Data 

Source Sum of Squares

s
Total

s 2
Environments C

CGenotypes
s

GE interaction Total  SS -  Environments SS -  Genotypes SS
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where,

Y. is the mean obse rvatio n  of i **"1 genotype in environment

W . = r/ s  ?“,
J J

s^  is the e r r o r  mean square in the environment,

p . V , , ,
J i t r

t s
G =

C

i =1  > 1

J2.

t 'S-  W.
j=T J

w .Y.
J i j

Signif icance of GE interaction is tested using the X  test

2 ( n - 4 ) ( n - 2 )  I t

n ( n + t -3 )
(3.  i)

... , * * , ( s - 1 ) ( t - 1 ) ( n - 4 )with degrees of freedom — — ------------ -------------  , where
(n+ t -3 )

n is the e r r o r  degrees of freedom in each environment,

I is the interaction sum of squares,  w h ich  is given by

i,  = y  W.S.
1 jt r  J J

Ge w -y --
i t r  J l j J [ i  w -p -

L i t r  j i

j= i
w .

J

1 w . p .  uj

: T  : ' * —
t

(3. 2]

j =1
W.

J



Th e  f i r s t  step in any c luster ing procedure is to define a 

distance function between e v e r y  p a i r  of members a v a i la b le .  For  this 

purpose,  the GE interaction sum of squares,  when only two 

genotypes,  say ' i * and ' i ' ' are in v o l v e d ,  can be ex pressed as



W. V. .  _ >  W . Y . , .
where Y . .  = j=1 J 1J and Y.  = j =1  J 1 Jx - --------------------------------  1 .________

>  W.
pT J trr J

S

_  W.
j=1

T h i s  interaction SS can be taken as the d i s s i m i l a r i t y  index D ( i , i ' )  

between genotypes i and i ' .

D( i , i ' )  = \  2 Z  vM < Y h  -  Y i > " ( Y i<i  " Y i -    ( 3 ' 3)* j r y  J 1* 1 J 1 •

Th e  interaction sum squares for a group of ' r '  genotypes

is given by



= -  l_2 , where ,



Using
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- r  5
[n = 7 211 2 1  w- ((Y.. - Y. ) - (Y... - Y., ) )
" r  i 2 F̂ 1  > 1  J ^  X- 1 J 1 •

£  Z I  D ( M ' )
i -c. i ' = 1

T h i s  interaction sum of squares can be taken as the d i s s i ­

m i l a r i t y  index for  any subset of ' r '  genotypes.

9 r
i . e .  D ( 1 , 2  , 3 , ....................   r )  = -  2 1  D ( i , i f )  ( 3. 6)

r  i ^ . i '  = 1

3 . A.  S T A T I S T I C A L  CL USTER ING

By the method of s ta t ist ica l  cluster in g ,  it  is envisaged to 

id e nt if y  maximum subsets of genotypes such that GE interaction is 

not s ignif icant with in any subset w h i l e  any addit ion  to the set 

makes the GE interaction s ig nif ican t.

T h e  procedure proposed for the purpose is explained in 

few steps below.

(a)  T h e  d i s s i m i l a r i t y  indices for e v e r y  pa ir  of genotypes are 

calculated using ( 3 . 3 ) .

( b )  Th e  p a i r  of genotypes having smallest index value is id e nt if ie d .  

T h i s  index gi ves  the interaction sum of squares between the 

two genotypes.

( c )  Obtain the value of C h i -s q u a r e  s ta t ist ic  for testing the s ig n i f i ­

cance of GE interaction using ( 3 . 1 ) .
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( d )  If  the C h i -s q u a r e  value is insignif icant these genotypes are 

grouped together.

(e )  Each of the remaining genotypes is al located to the group and 

the corresp ond ing d i s s i m i l a r i t y  index for the group is calculated 

using ( 3 . 6 ) .  Id e n t i fy  the genotype which  gives the smallest 

d i s s i m i l a r i t y  index value and repeat steps ( c )  and ( d ) .

( f )  Continue the process in (e)  unti l  the C h i - s q u a r e  value becomes 

s ignif ic ant.  Th us formation of the f i r s t  c lu ster  is completed 

ex clu d in g  the genotype last entered which  leads to signif icant 

C h i - s q u a r e .

(g )  Th e  genotype from among those which  are excluded from the 

c lu ster/ c lu s ters  a l r e a d y  formed havin g the least index value 

with any of the remaining genotypes is id e nt if ie d .

( h )  Repeat ( c )  to ( f )  i r r e s p e c t i v e  of whether a genotype is included 

or not in the e a r l i e r  c l u ste r/ c lu s te rs .

( i )  Repeat steps (g )  and ( h )  unti l  a l l  the genotypes are exhausted.

3 . B .  CL US TE R IN G  G ENOT YP ES BY MINIMISING AVERAGE WITHIN CL USTE R 

GE I N T E R A C T I O N  SUM OF SQUARES USING I T E R A T I V E  RELOCATIO N 

A LG O R ITHM

T h i s  method aims at obtaining an optimum cluster  

configuration which  achieves the minimum w ith in  c lu ster  GE interaction 

sum of squares.  Th e  proposed procedure is expla ined in the fol lowing 

s t e p s .



(a)  D i s s i m i l a r i t y  indices for  e v e r y  p a i r  of genotypes are calculated 

and the p a i r  of genotypes having maximum index value between 

them are id e n t i f ie d .  These two genotypes are considered as the 

nuclei of two c lu ste rs .

( b )  A l loca te  each of the genotype to these clusters in such a way 

that the index value wi th the nucleus genotype is minimum.

( c )  To  increase the number of c lu ste rs ,  by one, id e nt if y  the two 

genotypes having maximum index value w i th in  the clusters and 

these genotypes are taken as the nuclei  of two clusters in a d d i t ­

ion to the nuclei  of the ex is ti ng  clusters except the clusters 

containing the newly ide nt if ie d  genotypes.  Repeat ( b ) .

( d )  Repeat ( c )  unti l  the d e s ire d  number of clusters is a r r i v e d  at.

Th e  c luster ing so obtained for  any spe cif ic  number of clusters

can be fu r t h e r  optim ised by the fol lowing i t e r a t iv e  relocation

a l g o r i t h m .

(1)  Number the genotypes from 1 to t .

(2)  Ta ke  out genotype 1 from the clu ster  i t  belongs to. Al locate 

it  to each of the clust er s  and calculate the weighted ar it hm etic  

mean of the d i s s i m i l a r i t y  indices of the c lu sters ,  weights being 

the m u l t i p l i e r  used to obtain the C h i - s q u a r e  value ( 3 . 1 ) .  T h i s  

genotype is  fused wi th  the c lu ster  for  which  the weighted 

a r i t h m e t ic  mean of the d i s s i m i l a r i t y  indices is minimum.

(3)  Repeat the process w ith  a l l  genotypes.
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(4)  Repeat steps (1)  to (3)  until  two successive iterations give

ident ical  c lu ster in g .

OPTIMUM NUMBER OF CLUSTE RS

A major problem  in th is  t y p e  of cluster ing is that of f inding 

the number of cl usters  into which the genotypes or environments 

are to be grouped.  Determination of optimum number of clusters is

proposed to be done by the method of maximum cu rv atu re  as fo l lows .

A graph of weighted a r i th m e t ic  mean of the d i s s i m i l a r i t y  

indices of the cl usters  against the number of clusters is drawn with 

number of clu sters  on X ax i s .  T h e  point  on the X ax is  which  is

just  beyond the point  of maximum cu rva tu re  of the graph can be 

taken as the optimum number of c lu sters .
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4. ILLUSTRATION

Tw o  sets of secondary data have been made use for i l l u s t r a t ­

ion of the methodology developed here in .  T h e  f i r s t  set of data 

was taken from Vahab ( 1989) .  T h e y  consist  of observations on mean 

y i e l d  pe r plant from 2 re pl icati ons  of an experiment on 55 genotypes 

of b i t te rg o u r d ,  conducted in randomised block design ove r 3 seasons, 

at the Department of O l e r i c u l t u r e ,  College of Ho rt icu ltu re ,  Vellanikkara 

and are given  in A p p e n d ix  I .

Observat ions on mean y i e l d  pe r plant from an experiment 

of 9 genotypes (6 v a r i e t ie s  and 3 h y b r i d s )  of b r in ja l  conducted

in randomised block design with three repl ica ti ons  in 4 seasons, 

at Department of O l e r i c u l t u r e ,  College of H o rt icu l tu re ,  Ve l lanikkara  

form the second set of data and are given in Appen d ix  I I .  These 

were taken from Varghese ( 1992) .

4 . A .  F I F T Y  F IV E  G E NO TY P E S OF B IT T ER G O UR D  IN 3 ENVIRONMENTS

Th e  e r r o r  mean squares ( EMS)  in the analysis  of variance 

c a r r ie d  out in the three different environments are given below.

Season 1 2 3

EMS 0.0334 0.0873 0. 0136

These e r r o r  mean squares were tested for homogeneity using B a r t l e t t ' s  

C h i - s q u a r e  test and were found hetrogeneous. Hence to test GE i n t e r ­
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action,  weighted an aly sis  of pooled data was c a r r ie d  out and is 

given below.

T a b l e  4.1 WEIGHTED ANALYS IS  OF VARIANCE OF T H E  POOLED DATA

Source S. S.

To ta l 83573.56071

Genotypes 66500.86879

Environments 10280.56263

GE interaction 6792.12475

Calculated value of C h i - s q u a r e  was 3085.18 wi th  51 degrees of

freedem and hence GE interaction was signif ican t.  T h e  genotypes were

grouped based on t h e i r  interact ion. With environments by the two

methods d e s c r ib e d  in 3 . A and 3 . B .

T h e  d i s s i m i l a r i t y  indices for e v e r y  p a i r  of genotypes deter­
mined using ( 3 . 3 )  are given in Appendix  I I I .

4 . A . I .  S T A T I S T I C A L  CL USTER ING
Clu ster  configurations obtained using the procedure given

in 3 . A is given in Ta b le  4 . 2 .

T a b l e  4 .2  C L U S T E R  CO NFIGURATION BY S T A T I S T I C A L  CL USTERING

Cluster  No. No. of genotypes Genotypes in the cluster

1 2 3

1 3 42, 27, 32

2 3 36, 29, 30

3 4 40, 7, 50, 16

co ntd .
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Ta b le  4 .2  Continued

1 2 3

4 3 47 , 34 , 55

5 4 48 , 46 2 2 , 28

6 4 37 3, 9, 53

7 4 10 6 , 1 , 2

8 3 21 18 52

9 4 31 25 26, 53

10 3 11 16, 2

11 4 13, 2 2 , 46, 48

12 4 39, 2 , 1 , 10

13 3 33, 1 2 , 20

14 3 5, 6 , 10

15 2 54, 51

16 3 14, 47, 34

17 3 8 , 2 , 1

18 2 41, 4

19 3 19, 36, 29

20 2 43, 14

2 1 3 35, 5, 6

22 3 45, 19, 36

23 2 49, 13

24 1 15

25 1 17

26 1 23

27 1 24

28 1 38
29 1 44
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A . A . 2 I T E R A T I V E  R ELO C ATIO N ALGORITH M FOR OPTIMUM CLUSTERING

Eleven clusters were formed using IRA procedure.  Th e cluster  

configuration are given in Ta b le  4. 3.

T a b l e  4 .3  C L U S T E R  CONFIRGURATIONS USING IRA

Se ri a l  No. Genotypes in the cluster Weighted AM. No. of
of clusters of average i t e r ­

intera 'D ' ation

1 2 3 4

In i t ia l

Tw o clusters

1 2 3 4 5 6 7 8 9  10 11 

12 14 16 17 18 20 21

24 25 26 31 33 34 35

37 39 40 41 43 47 49

50 51 52 53 54 55

13 15 19 22 23 27 28 29 

30 32 36 38 42 44 45 

46 48 1255.769

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

14 16 17 18 20 21 24

25 26 31 33 34 35 37

39 40 41 43 47 49 50

51 52 53 54 55

12 13 15 19 22 23 27 28 

29 30 32 36 38 42 45 

46 48 1254.926

C o n t d .



22

T a b le  4 .3  Continued

In i t ia l

T h r e e  clusters

12 13 14 15 17 18 19 

20 21 22 25 26 27 28

29 31 32 33 34 35 36

37 42 43 45 46 47 48

49 52 53 55

2 23 30 38 44

3 1 2 4 5 6 7 8 9 10 11 16

24 39 40 41 50 51 54 725.703

Final 12 13 14 15 18 20 21 22 

27 28 31 32 33 34 42 

46 47 48 49 52 55

2 19 23 29 30 36 38 44 45

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

16 17 24 25 26 35 37

39 40 41 43 50 51 53

54 560.816

In i t ia l

Four clusters

1 2 3 4 5 6 7 8 9  10 11

12 14 17 18 20 21 25

26 31 33 34 35 37 39

41 43 47 49 51 52 53

55

15 23 38

Contd.
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T a b le  A . 3 Continued

1 2 3 4

3 7 16 24 40 50 54

4 13 19 22 27 28 29 30 32

36 42 44 45 46 48 392.014

Final 1 12 14 17 18 20 21 25 26

31 33 34 37 43 47 49

52 53 55

2 15 23 38

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

16 24 35 39 40 41 50

51 54

4 13 19 22 27 28 29 30 32

36 42 44 45 46 48 314.384 5

F i v e  clusters

In i t ia l 1 1 2 3 4 5 6 8 9  10 14

17 35 39 41 43

2 29 38

3 7 11 16 24 40 50 51 54

4 19 27 29 30 32 36 42 44

45

5 12 1315 18 20 21 22 25

26 28 31 33 34 37 46

47 48 49 52 53 55 246.504

C o n td .



Ta b le  4 .3  Continued

1 2 3 4

Final 1 1 2 3 4 5 6 8 9  10 17

35 39 41

2 15 23 38

3 7 11 16 24 40 50 51 54

4 13 19 22 27 28 29 30 32

36 42 44 45 46 48

5 12 14 18 20 21 25 26 31

33 34 37 43 47 49 52

53 55 217.856 6

Six clusters

In i t ia l 1 4 5 6 8 10 17 41

2 23

3 7 16 24 40 50

4 19 27 29 30 32 36 42 44

45

5 13 15 22 28 38 46 48 49

6 1 2 3 9 11 12 14 18 20

21 25 26 31 33 34 35

37 39 43 47 51 52 53

54 55 204.231

Final 1 1 2 3 4 5 6 8 9  10 17

35 39 41

C o n td .
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T a b le  4 .3  Continued

In i t ia l

Final

5

6

1

2

3

4

5

6

1

2

3

4

23 38

7 11 16 24 40 50 51 54

19 27 29 30 32 36 42 44 

45

13 15 22 28 46 48 49

12 14 18 20 21 25 26 31

33 34 37 43 47 52 53 

55 131.025

Seven clusters 

4 5 6 10 17 41 

23 38

7 24 40 50

19 27 29 30 36 42 44 45

13 15 21 22 28 46 48 49

1 2 3 8 9 11 16 26 35 37 

39 51 53 54

12 14 18 20 25 31 32 33

34 43 47 52 55 101.174

1 2 4 5 6 10 17 35 41 

23 38

2 7 8 11 16 24 40 50

19 27 29 30 32 36 42 44 45

2

3

4

7

C o n td .
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Ta b le  4 .3  Continued

1 2 3 4

5 13 15 22 28 46 48 49

6 3 9 25 26 37 39 51 53 54

7 12 14 18 20 21 31 33 34

43 47 52 55 89.885 4

Eig h t  clusters

In i t ia l 1 4 5 6 10 41

2 23 38

3 7 24 40 50

4 19 29 30 36 44 45

5 13 15 22 28 46 48 49

6 1 2 8 11 16 39 51 54

7 3 9 14 17 18 20 21 25

26 31 33 34 35 37 43

47 52 53

8 12 27 32 42 55 73.161

Final 1 1 4 5 6 10 17 35 41

2 23 38

3 2 7 8 11 16 24 40 50

4 19 29 30 36 44 45

5 13 15 22 28 46 48 49

6 3 9 25 26 37 39 51 53 54

7 12 14 18 20 21 31 33 34

43 47 52 55

8 27 32 42 62.363 5

C o n td .
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Ta b le  4 .3  Continued

In i t ia l

Final

Nine clusters

1 4 5 6 10 41

2 23

3 24 40

4 19 29 30 36 44 45

5 15 38

6 1 2 7 8 9 11 16 39 50 51

54

7 12 27 28 32 33 42

8 3 14 17 25 26 31 34 35

37 43 47 52 53 55

9 13 18 20 21 22 46 48 49

1 1 4 5 6 10 17 35 41

2 23

3 2 7 8 11 16 24 40 50

4 19 29 30 36 44 45

5 15 38

6 3 9 25 26 37 39 51 53 54

7 27 32 42

8 12 14 18 20 21 31 33 34

43 47 52 55

78.930

13 22 28 46 48 49 56.733

C o n t d .
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T a b le  4 .3 Continued

1 2 3 4

Ten clusters

I n i t ia l 1 4 41

2 23

3 7 24 40

4 19 27 29 30 36 42 44 45

5 15 38

6 1 2 5 6 8 10 11 16 17 35

39 50

7 12 20 32 33 52

8 3 9 18 21 25 26 31 37 43

51 53 54

9 13 22 28 46 48 49

10 14 34 47 55 56.113

Final 1 4 5 41

2 23

3 7 16 24 40 50

4 19 29 30 36 44 45

5 15 38

6 1 2 6 8 10 11 35 39

7 12 20 27 32 33 42

8 3 9 18 21 25 26 31 37 51

52 53 54

C o n td .
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T a b l e  4 .3  Continued

1 2 3 4

9 13 22 28 46 48 49

10 14 17 34 43 47 55 46.916 2

Eleven clusters

In it ia l 1 4 5 6 10 41

2 23

3 7 24 40

4 19 27 29 30 36 42 44 45

5 15 38

6 17 35

7 12 20 32 33 52

8 1 3 9 18 21 25 26' 31 37

39 51 53 54

9 13 22 28 46 48 49

10 14 34 43 47 55

11 2 8 11 16 50 44.728

r inal 1 4 5 6 10 41

2 23

3 7 24 40 50

4» 19 29 30 36 44 45

5 15 38

6 14 17 35 43

7 27 32 42

C o n t d .
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T a b le  4 .3  Continued

1 2 3 4

8 3 9 18 21 25 26 31 37 51 

53 54

9 13 22 28 46 48 49

10 12 20 33 34 47 52 55

11 1 2 8 11 16 39 33.336 4

To determine the optimum number of clu sters ,  the graph 

of weighted a r i th m e t ic  mean of average intracluste r  D values was 

drawn against the number of clusters and is p r o v id e d  in F ig .  4 . 1.  

Th e  optimum number of clusters obtained by the method of maximum 

cu rvatu re  is  5.

4 . B .  NINE G EN OT YP ES OF BRINJAL  IN 4 ENVIRONMENTS

Th e  e r r o r  mean squares ( EMS)  obtained from the analysis 

of var iance in different environments are as fo l lows.

Season 1 2 3 4

EMS 315838.24 35418.00 26078 8761.63

T h e y  were tested for homogeneity using B a r t l e t t ' s  C h i - s q u a r e  

test and were found heterogeneous. T h e  weighted an alysis of variance 

of pooled data is given in T a b l e  4. 4.
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Ta b le  4 .4  WEIGHTED ANALYS IS  OF VARIANCE OF T H E  POOLED DATA

Source S . S .

Total 711 .3815

Genotypes 300 .0143

Environments 42 .3459

GE interaction 369,,0213

Th e  calculated value of C h i - s q u a r e  was 176.1238 wi th 13 

degrees of freedom and hence the GE interaction was signif icant.  

The genotypes were then clustered based on t h e i r  interaction with 

environments using methods d es cr ib ed  in 3 . A and 3 . B .

Th e  d i s s i m i l a r i t y  indices between e v ery  p a i r  of genotypes 

determined are given in A p pe n d ix  IV .

4 . B .1  S T A T I S T I C A L  CL USTER IN G

Cl u ster  configuration obtained using the cluster ing  procedure 

given in 3 . A is  given in T a b l e  4 . 5 .

T a b l e  4 .5  CLUSTE RS O B TA INE D  BY S T A T I S T I C A L  CLUSTERING

Cluster  No. No. of genotypes Genotypes in the cluster

1 3 5, 3 , 4

2 2 6 , 2

3 3 9, 5, 3

4 3 1 ' ? 3, 5

5 3 8 , 1 , 3

6 1 7
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A . B . 2  I T E R A T I V E  R E LO C A TIO N  ALGORITHM FOR OPTIMUM CLUSTERING

Clu sters  obtained by IRA procedure  is given in T a b le  A . 6 . 

T a b l e  A . 6 CLUS TE RS CONFIGURATIONS BY IRA

Seri a l  No. 
of c lu ster

Genotypes in the cluster Weighted 
A . M .  of 
average 
i n t ra ­
cluster

No. of 
i t e r a ­
tion

1 2 3 A

Tw o clusters

I n i t ia l 1 2 6 7

2 1 3 A 5 8 9 52.9A7A

Final 1 2 6 7

2 1 3 A 5 8 9 52.9A7A 1

T h r e e  clusters

In i t ia l 1 7

2 1 3 A 5 8

3 2 6 9 30.3798

Final 1 2 7

2 1 3 A 5 8

3 6 9 27.2883 2

F o u r c lu s te r s

In it ia l 1 7

2 1 A 8

3 2 6

A 3 5 9 9.3162

C o n t d .
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T a b le  4 .6  Continued

Final

In it ia l

Final

In i t ia l

1

2

3

4

1

2

3

4

5 

1 

2

3

4

5

1

2

3

4

5

6

7 

1 8

2 6

3 4 5 9

F i v e  clusters

7 

1 8 

2 6 

9

3 4 5 

7 

1 8 

2 6

3 9

4 5

7.9885

4.5632

4.3525

Six clusters

7 

1

2 6 

9

3 4 5

8 3.7776

Contd.
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T a b le  A . 6 Continued

Final

I n i t ia l

Final

1

2

3

4

5

6

1

2

3

4

5

6 

7 

1 

2

3

4

5

6 

7

7

1 3

2 6 

9

4 5

8

7 

1

2 6

9

4

8
3 5 

7

1

2 6 

9

4 

8

3 5

3.3716

Seven clusters

1.9305

1.9305
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T h e  gr aph of weighted ar it hm et ic  mean of average intracluster  

D values against the number of cl usters  was drawn and is given in 

F ig .  4 . 2 .  T h e  optimum number of cl usters  determined by the method 

of maximum cu rv atu re  is 5.



Dependence of average intracluster D
on No. of clusters

No.of clusters
F i g . 4 .1



Dependence of average intracluster D
on No. of clusters

No.of clusters
F i g . 4 . 2
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5. DISCUSSION

Clu ster in g  genotypes or environments based on t h e i r  in teract ­

ion wi th environments are being v e r y  advantageously used by plant 

b re e d e rs .  C luster ing techniques based on GE interaction have been 

developed for situations when the e r r o r  variances in different 

environments are homogeneous and these procedures fail  in situations 

when the e r r o r  variances are heterogeneous. Th ere fo re  some new 

procedures are developed herein to f i l l  th is  gap.

A distance function between any pa ir  of genotypes which  

measures t h e i r  interaction with environments when the e r r o r  variances 

in the d ifferent environments are heterogeneous was d e r i v e d  herein.  

Th e  d i s s i m i l a r i t y  index for  any group of genotypes was also d e r iv e d  

from these distance measures between e v e r y  p a i r  of genotypes in 

the group and it  also measures the w i th in  group genotype -  environment 

in teraction.  T h i s  c h a r a c t e r is t ic  feature of the d i s s i m i l a r i t y  index

is s i m i l a r  to that proposed by L in  (1982) for the case of

homogeneous e r r o r  v a ri ances .  T h i s  p r o p e r t y  is of great advantage 

in formation of clusters in that the d i s s i m i l a r i t y  index of any group

of genotypes w hich  also measures w ith in  group genotype -  environment 

interaction can be obtained d i r e c t l y  from the p a ir w is e  distance values 

without going to the o r ig ina l  obse rved  values at e v e r y  stage. Two 

methods of cluster ing using the newly defined d i s s i m i l a r i t y  index

have been proposed he re in .
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One procedure called  sta ti st ica l  cluster ing  technique which 

aims at id e n t i f y in g  maximum sets of genotypes such that the w ithin  

set genotype -  environment interaction is not signif icant in any set 

w h i l e  ad d it io n  of any genotype to the set makes the w ith in  set 

genotype -  environment interaction s ignif ican t.  In other words this  

proce dure  does not aim at optim ising  an o b je cti ve  function unlike 

any general  cluster ing proce dure.  What is aimed here is id e nt if ic at ­

ion of genotypes which have s im i l a r  response to d if fe ring environments.  

Th e  cl u ster  configuration result ing from th is  procedure may not be 

n o n -o v e r l a p p in g .  T h i s  should  not cause any concern to us, because 

it  is p o s s ib le  that a genotype has a response to environments which 

is not s ig n if ic an t ly  d iffe re nt  from that of two (distinct: genotypes

whose responses are s ig n if ic an t ly  d if fe ren t .  T h i s  is l ik e  the 

comparison of treatments after  doing analysis  of variance.

Another proce dure  -  the i i terative i  relocation algorithm aims 

at obtaining a c lu ster  configuration by minimising the w ithin  cluster 

genotype -  environment interaction sum of squares.  T h i s  is justi f ied  

in the sense that the o b je c t iv e  of any cluster ing technique is to 

form groups of genotypes in such a way that those belonging to any 

group are s i m i l a r  w ith  respect to some aspect in question w hi le  

those belonging to d if fe rent  groups are d i s s i m i l a r .  T h i s  objectiv e 

is met wi th by t h is  procedure with respect to the genotype 

environment interaction for  any s pe c if ic  number of clu sters .  By this 

method the ult imate cl u ster  configuration we get is non-ove rla pp ing
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as in the case of c luster ing in general .  Determination of the optimum 

number of c lu sters  to w hich  the genotypes are to be grouped is 

proposed to be done by the g raph ic al  method of maximum cu rv a tu re .  

I t  is to be noted th at ,  in general ,  the obje cti ve  function, v i z . ,  the 

weighted average of the w i th in  cluster  genotype -  environment 

interaction sum of squares decreases d r a s t ic a l l y  with the number 

of clusters  i n i t i a l l y .  With the increase in the number of cluster s,  

the rate of decrease of the o b je c t iv e  function also decreases.  In 

other words for i n i t i a l  increase of the number of clusters the 

decrease in the o b je c t iv e  function is substantial  and then it 

decreases g r a d u a l l y .  T h e re fo r e  the point  (number of clusters)  just  

beyond the maximum c u r v a t u r e  is proposed to be taken as the 

optimum number of c lu sters  into which  the genotypes are to be

grouped,  because for  f u r t h e r  increase in the number of clusters the

decrease in the value of the o b je c t iv e  function w i l l  only be marginal .

Though one proce dure  alone is named ' i t e r a t i v e  relocation 

a lg or i th m '  , in a way the same typ e of relocation algori thm is used 

in the s ta ti st ical  clu ster in g  also, though it is not i t e ra t iv e  in 

natu re .

So i f  the o b je c t i v e  is to have cluster  configuration which 

minimises the w i th in  cl u ster  genotype -  environment interaction, one

may use the i t e r a t iv e  relocation al g or it hm  proposed herein .  And if 

the o b je c t iv e  is to id e n t i f y  genotypes having s im i l a r  response to
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dif fe r in g  environments,  which  w i l l  be the case most commonly re quired  

the s ta t is t ic a l  clu ster ing can be used.

Both the procedures have a l ready  been computerised and 

hence it  w i l l  be easy for  a user to adopt any of the procedures 

proposed here in making use of the programmes wr itten in BASIC 

which are given  in A p pen d ix  V and V I .
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6.  SUMMARY

C lu ster  analysis  that forms cl usters of in d iv i d u a l s  such that

there is more homogeneity w ith in  cl usters  than those belonging to 

different clust er s  is a w id e ly  used technique by plant breeders .  

Very  few attempts were made to group genotypes or environments 

based on genoty pe -envi ronment  in teract ion.  But these procedures can 

only be used when the e r r o r  variances in different environments 

are homogeneous. New procedures for clustering  genotypes based on 

t h e i r  interaction wi th environments which can be used when the e r r o r  

variances are heterogeneous are presented here.

A distance function between two genotypes i and i '  which  

measures t h e i r  interaction wi th  environments was d e r i v e d  as

where Y . .  is the o bserv e d  mean value of the i genotype in j 
i j

s 2
( 1 )

th th

Y
l . and Y . ,  are given by
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The d i s s i m i l a r i t y  index for  any set of genotypes was d e r i v e d  from 

this  p a i r w is e  distance function as

D( 1 , 2 , 3 , ............. , r )  = |  J Z  D(  i , i ' )   (2)
i ^ i '  = 1

The d i s s i m i l a r i t y  indices so defined based on the genotype-environment

interaction were u t i l ise d  for  two type s of clustering.

6 . A .  S T A T I S T I C A L  CL USTE RING

(a)  Th e  d i s s i m i l a r i t y  indices for e v e r y  p a i r  of genotypes are 

calculated using ( 1 ) .

( b )  Th e  p a i r  of genotypes having smallest  index value is ident if ie d.

T h i s  index gives  the interaction sum of squares between the 

two genotypes.

( c )  Calculate the value of the C h i - s q u a r e  s tati st ic  for  testing the

significance of GE interact ion.

( d )  If the C h i - s q u a r e  value is insignif icant these genotypes are grouped.

(e)  Each of the remaining genotypes is al located to the group and

the corre sp ond ing d i s s i m i l a r i t y  index for the group is calculated 

using (2)  . Id en t i fy  the genotype which gives  the smallest

d i s s i m i l a r i t y  index value and repeat steps (c )  and ( d )  .

( f )  Continue the proce dure  in (e)  until  the C h i - s q u a r e  value becomes

signif ic ant.  Thus  formation of the f i r s t  cluster  is completed

ex clu d in g  the genotype last entered which  leads to signif icant

C h i - s q u a r e .



(g )  Th e genotypes havin g the smallest  index value from the remaining 

indices are id e nt if ie d .

( h )  Repeat ( c )  to ( f )  i r r e s p e c t i v e  of whether a genotype is included 

or  not in the e a r l i e r  c lu ster/c lu ster  3 .

( i )  Repeat steps (g)  and ( h )  unti l  a l l  the genotypes are exhausted.

6 .B .  MINIM ISATIO N OF AVERAGE WITHIN CL US TE R  G E NOTYPE-E NVIRO NM ENT 

I N T E R A C T I O N  SUM OF SQUARES USING I T E R A T I V E  RELOCATION 

A LGORITH M

(a)  D i s s i m i l a r i t y  indices for  e v e r y  p a i r  of genotypes are calculated 

and the p a i r  of genotypes having maximum index value is id e nt i ­

f i e d .  These two genotypes are considered as the nuclei of two 

c l u s t e r s .

( b )  Al locate each of the genotype to these clusters in such a way 

that the index value wi th  the nucleus genotype is minimum.

( c )  To  increase the number of c lu ste rs ,  by one, id ent if y  the two 

genotypes having maximum index value w i th in  the clusters and 

these genotypes are taken as the nuclei of two clusters in a d d i t ­

ion to the nuclei  of the ex is ti ng  clusters except the clusters 

containing the newly ident if ie d  genotypes.  Repeat ( b ) .

( d )  Repeat (c )  unti l  the desir ed  number of clusters is a r r i v e d  at.

These cl usters are fu rth er  opt imised as fo l lows.

(1)  Number the genotypes from 1 t o  i .
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(2 )  Take out genotype 1 from the c lu ster  i t  belongs to. Al locate 

it  to each of the cl usters and calculate the weighted ar ithmet ic

mean of the d i s s i m i l a r i t y  indices of clu sters ,  weights being the 

m u l t i p l i e r  used to obtain the C h i - s q u a r e  value ( 3 . 1 ) .  T h i s  

genotype is fused wi th the cl u ster  for w hich  the weighted 

a r i t h m e t ic  mean of the d i s s i m i l a r i t y  indices is minimum.

(3)  Repeat the process w ith  a l l  genotypes.

(4)  Repeat steps (1)  to (3 )  unti l  two successive iteractions give 

id ent ical  c lu sters .

OPTIMUM NUMBER OF CLUS TE RS

A method for  obtaining the optimum number of clusters into

which the genotypes are to be clustered is given herein.

A graph of weighted a r i th m e t ic  mean of the d i s s i m i l a r i t y  

indices of the c lu ste rs ,  the weights being the m u l t i p l i e r  used to 

obtain the C h i - s q u a r e  value against the number of clusters is drawn

with  number of cl usters on X a x is .  T h e  point  just  beyond this  one 

on the X a x is  at w h ich  the graph takes maximum curva tu re  can be

taken as the optimum number of c lu ste rs .

T h e  methodology developed have been i l lu s t ra te d  using two 

sets of data.
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APPEND IX  I

D a t a  s e t  I Mean y i e l d  p e r  p l a n t  (kg) o f  55  g e n o t y p e s  
o f  b i t t e r g o u r d  o v e r  3 s e a s o n s

G e n o t  y p e  =
S I

1 1 0 . 1 9 0 9. 125 9.  625
9.  550 8 . 250 9 . 0 5 0

1 0 . 4 5 0 8 . 700 9. 250
4 3.  190 3. 075 3. 375

5 2.  500 2. 375 2. 050
6 3 . 5 0 0 2 . 9 7 5 3 . 0 7 5
7 1 0 . 1 7 5 8 . 625 1 0 .2 5 0
B 8 . 650 7.  625 8 . 5 0 0
9 8 . 850 7.  250 7 . 7 7 5

1 (2! 7 .  450 6 . 750 7 . 0 2 5

1 1 1 0 . 4 0 0 8 . 625 9. 905

1 2 1 0 . 5 0 0 8 . 750 7.  775

13 8 . 400 4.  750 5. 265
1  A 6 . 150 5 .  500 4. 425

15 8 . 950 4. 125 5.  200

I t 1 0 . 4 0 0 8 . 750 1 0 . 1 1 5

17 9. 800 9.  875 8 . 735

1 8 1 0 . 1 0 0 7. 575 7.  930
19 1 0 . 1 0 0 7. 500- 5. 945

2 0 1 0 . 6 0 0 8 . 450 8 . 055

2 1 7. 400 4. 625 5. 245

2 2 7. 400 3. 625 4. 050
■ 7 7 9.  800 3.  505 4. 100

24 1 0 . 9 5 0 S. 775 1 1 . 2 7 5

25 1 0 . 1 0 0 8 . 375 8 . 485

26 9. 750 7. 750 8 . 155

27 9. 550 7. 500 6 . 075

28 8 . 150 4.  425 4. 455

29 7 .  100 • 3 .8 2 5 2 . 7 1 5

30 8 . 2 0 0 4.  700 3. 515

31 1 0 . 0 0 0 8 . 125 8 . 190

t  *- 1 0 . 5 0 0 9.  250 7. 275

33 9 .  750 8 . 0 0 0 7.  255

34 9.  050 8 . 125 6 . 925
7 C-‘U 3 . 3 0 0 2. 625 2. 400

36 7. 600 4 . 4 0 0 3. 2 0 0

37 6 . 050 4. 250 4 . 7 3 5

38 9.  700 3. 875 5. 265

39 6 . 150 4. 675 5.  405

S e a s o n s

S2

C o n td .



A p p e n d i x - I .  Continued

1 2 3 4

40 6. 15(2 4. 625 6. 305
4 1 3. 05C 3. 375 3 . 1 2 5
4 2 6 . 6 1 5 4. 550 3. 125
A  T  “t O 4. 750 3.  800 3.  300
44 7. 050 3.  825 1 . 340
45 6. 550 3. 875 1 . 9 1 5
46 8. 100 4.  375 4. 645
47 5. 600 4. 800 3. 550
4& 8.  000 4.  400 4. 525
49 7. 000 3. 375 4. 350
50 9. 750 3. 375 9. 765
51 9. 350 7 . 3 7 5 8.  775
cr 9. 250 7. 150 6. 965
53 9.  300 7. 250 7. 900
54 1 0 . 1 5 0 7. 200 9. 030
cr er
w 'J 8.  150 7. 375 5 . 8 4 5



Data set II Mean yield per plant(gm) of 9 genotypes of 
brinjal over 4 seasons

A P P E N D I X  I I

Seasons
) types

O L 32 S3 54

1566.040 1448.130 957.920 565.000
476.680 27.270 33.020 455.000

3 1412.920 1066.040 687.920 527.920
938.290 606.880 609.170 312.080

p 1101.920 940.000 655.420 583.750
p 348.420 628.340 357.500 831.670
- 643.540 105.480 71.170 1251.250
p 17 6.3 . 340 1359.580 1361.250 706.670
9 1671.670 1579.330 917.500 1136.250
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APPENDIX-V
Programme to group genotypes by statistical clustering

10 REM N -  e r r o r  d e g re e s  of freedom 
20 REM NE -  number of e n v iro n m e n ts
30 REM NG -  number of g eno typ es
40 REM Cl  -  name of th e  f i l e  c o n t a i n i n g  C h i - s q u a r e  v a lu e s
50 REM C2 -  name of th e  f i l e  c o n t a i n i n g  th e  d i s s i m i  1a r i t y  i n d i c e s
60 DIM D ( 6 0 , 6 0 ) , C H I ( 6 0 ) , I C ( 6 0 ) , I N (55)
70 KL=0
80 INPUT N , N E , NG 
90 OPEN " i M, # 1 , " C l "
100 FOR ID= 1 TO 30 
110 INPUT # 1 , C H I ( I D )
120 NEXT ID '
130 NG1= NG—1
140 OPEN " i " , # 2 , "C2"
150 FOR 1=1 TO NG 
160 I N ( I ) =0
170 FOR J= 1 TO I •
180 INPUT # 2 , D ( I , J )
190 D ( J , I ) =  D ( I , J )
200 NEXT J
210 NEXT I
220 FOR 1= 1 TO NG
230 I F  IN ( 1 ) 0 0  THEN 250
240 GOTO 280
250 NEXT I
260 LPRINT " c l u s t e r i n g  o v e r "
270 STOP 
280 IA = I  
290 K A = I+1
300 IF  I=NG THEN KA= I - 1  
310 SA=D( I , KA)
320 FOR 1= 1 TO NG
330 I F  I N ( I )< >0 THEN 410
340 FOR J =  1 TO NG
350 I F  I = J  THEN 400
360 I F  S A< D( J , I ) THEN 400
370 SA = D ( J , I )
380 IA = I  
390 KA=J 
400 NEXT J  
410 NEXT I
420 X = ( ( N - 4 ) * ( N - 2 ) * S A ) / <N* ( N - l ) )
430 D F = ( ( N E - 1 ) * ( N - 4 ) ) / ( N - l )
440 ID=DF
450 IF  ( D F - I D ) >=. 5  THEN ID=ID+1 
460 IF  X< = C H I ( I D ) THEN 490
470 LPRINT "no further cluster can be formed"
480 STOP 
490 NC=2 
500 I C ( 1 ) = 1 A
510 I C ( 2 ) =KA ■ ;
520 KZ=0
530 FOR 1=1 TO NG



540 FOR J= 1 TO NC 
550 IF 1= IC(J) THEN 710 
560 NEXT J 
570 S=0
580 FOR K= 1 TO NC 
590 Kl = IC(K)
600 FOR K2=K+1 TO NC 
610 J1=IC(K2)
620 S= S+D(I,K 1)+D(I,J 1)+D(K1,J1)
630 NEXT K2
640 NEXT K
650 KZ= KZ+1
660 S= S*2/(NC+l)
670 IF KZ=1 THEN SA=S
680 IF S>SA THEN 710
6^^pA=S
700 IA=I
710 NEXT I
720 X1 = ((N-4)* (N-2)*SA)/(N*(N+NC- 
730 DF = (NC*(NE-1)*(N-4) )/(N+NC-2) 
740 ID=DF
750 IF (DF-ID)>=.5 THEN ID=ID+1
760 IF X1>=CHI(ID) THEN 800
770 NC= NC+1
780 IC(NC)=1A
790 GOTO 520
800 KL=KL+1
810 LPRINT "cluster no.",KL 
820 LPRINT "no.o-f genotypes" , NC 
830 FOR 1= 1 TO NC 
840 LPRINT IC(I) ,
850 NEXT I
860 FOR KK =1 TO NC
870 I=IC(KK)
880 IN(I)=9 
890 NEXT KK 
900 GOTO 220 
910 CLOSE #1,#2 
920 END



a p p e n d i x -vi
Programme to group genotypes by minimising GE interaction using IRA

* r* i Wu REN CC - -.a me of  t h e  - f i l e  c o n t a i n i n g
20 2 IN D ■.60 r 60  5 .; '  N ( 60 i , KK ( 2 0 )  , KS « 20 , 60

‘IB , . 0 , 60 ) , T O ( 2 3 ) , M l ( 2 0 )
22 4 2  Lj r 1 ”• C: of  u e n o t y p e s "  ,NG
40 ; n p l j t i f t . . n o .  of  c l u s t e r s " , K Z
50 □ PE 6 " 1 ' , i , "CC ’’
2.. 4J : n f  \ .r ' e r n o r  d e g r e e s  of  f r e e d o m " , N E
">'Z ^ UF. i. - TO NG
30 RR I
90 FOR J  = I TO I
130 I NP U T #1 , D ( I , J  )
1 10 D < J , I ) == D ( I , J  )
120 NEXT  J
1 30 NEXT  I
140 K K ( 1 ) — NG
150 FOR I -= 1 TO NG
160 KS ( 1 , 1 5 ,
170 NE XT  I
130 ’ r — A
1 90 S = 0
200 FOR 1=1 TO K
2: 3 I T  k k c i ; =1 THEN 360
220 KL = rK \ I > - 1
22 0 ■ L_. j \ j '
24 3 ■ - 0 J ■" ] i" iJ K 2-
250 J 1 - J + 1
2o2

■ i ~i.S ( J ,
J1 TO KL1

r ° e
- 2 -  : 3 ' , J J )

1 2 ) 2 )  THEM :
100 5 = D i K 1 , K2)
: : K o M- K  I
320 n0= - 2
330 K I = i
340 NEXT  j j

350 NE.XT  J

360 NE X T  1
370 K = K>1
350 K S ( K I , 1 ) = KM
390 KS (K , 1 ) = KO
400 FOR 1= 1 ro K
410 K I -  K S ( I i

1 ±
420 K. N ( K I 1 = I

30 -: i-x ( I  ~ i
440 NEXT
4 50 OP 1 = 1 TO NG
460 FOR L=1 TO K
470 IF I - KS ( L , 1 )  THEN t
480 NEXT  ..

l t  y i n d i 
, 6 0  5 ,



490 L I  = K S ( 1 , 1 )
500 S= D ( I , L 1)
510 LK=1
520 FOR L - 2  ' TO K 
530 L. 1 = KS ( L , 1 ;
540 I F  S < D ( I , L l )  THEN 570 
550 S = D ( I , L 1)

5 70 N E X T
580 XT . i_K ; =KR ( LK ■ +1 
590 KM^RX ( LK;
8 0 0  5 . :<M) = 1
■-■10 «.N I ) =Lk

8 0 "jE X ' I 
5 30 I NT " n o . o f  c l u s t e r s " , K  
t>40 GOSUB 680 
850 I F  K O K Z  THEN 190 
66 0  bTOP 
670 END 
680 REN
690 9 D r  i = i t o  k:
900 h o ( i ) = 0  
T 1 0  x E T T  I 

7 1 0  F O R  1=1 T O  NG 
7 3 0  M I = K N ( I )
740 MO ( H I )  = M 0 ( M I ) +1 
750 ML = MO( MI )
760 M A ( M I , M L ) =1

770 NEXT  I 
73 0  FOR 1=1 " U  K 
790 Ml ( I ) =M0 ( I )
80 0  M I - M 1 ( I )
810 9 q r  J ~  1 TO MI 
820 M B ( I , J : = MA ( I , J )
3 3 0  N E T "  J 
8 4 0  NEXT I 
3 5 0  G O S U B  1 7 3 0  
8 6 0  F O R  1= l  T O  K 
8 7 0  i_pR 1 hU 
8 8 0  M I = M 1 ( I )
890 FOR J =  1 t q  MI 
900 L. PRINT MB ( I , J  ) ;
910 NE X T  J
9 0 0  N E X t  I
9 30 L..PRINT
9 4 0 F Q R 1 x  T 0 1
95 0  uF ' RI NT
960 FOR J =  1 TO I
970 l- P R I N T  Y ( I , J  ) ;
980 NEXT  J 
990 NEXT I 
1000 l>' R1NT



1010 L P R I N T  " a v e r a g e  i n t r a  d " , X L  
1 0 2 0  KI< = 1
1030 FDR IL=  1 TO NG
1040 LX = K'N ( I D
1050 I F  M l i L X X  = l THEN 1330
1060 M I = K N ( l L ;
1070 MK=M1(MI>
1080 M l ( M I ) = M 1 ( M I ) -1
1090 MK1 = MK-1
1100 FOR J  = 1 TO MK1
1110 IF  M B (MI , J  ) •= 1L THEN 1140
1.120 NEXT J
1130 GOTO 1180
1140 FOR KB = J  TO MK1
1150 M B ( M I , K B ) = M B ( M I , K B + 1)
1160 NEXT KB 
1170 DA = X l  
1180 FOR L — 1 TO K 
1190 M l ( L ) = M 1 ( L ) +1 
1 2 0 0  MI =  M1 ( L )
1210 M B (L , M I ) = I L  
1220 GOSUB 1730 
1230 M l ( L ) = M 1 ( L ) -1 
1240 DB = XL
1250 I F  OB = DA THEN 1290
1260 L X =L
1270 K N ( I L )= L
1280 DA = DB
1290 NEXT L
1300 M l ( L X ) = M 1 ( L X ) +1
1310 M I = M 1 ( L X )
1320 MB (LX , MI ) I L
1330 NEXT I L
1340 FOR 1=1 TO K
1350 I F  M l ( I ) < >MQ( I ) THEN 1440
1360 NEXT I
1T 70 PAR .1 = 1 10 K
1380 M l=  M 1 ( I )
1390 FOR J = 1 TO MI
1400 IF  M B ( I , J )< >MA ( I , J ) THEN 1440
1410 NEXT J
1420 NEXT I
1430 GOTO 1540
1440 K T = H) K + 1
1450 FOR 1=1 TO K
1460 M O ( I > =M1 ( I )
1470 MI-M1 ( I )
1480 FOR J= 1 TO MI 
1490 MA ( I , J )  =MB ( I , J )
1500 NEXT J 
1510 NEXT I 
1520 GOSUB 1730



1530 GOTO 1030
1540 LPR INT  " n o .o - f  i t e r a t i o r
1550 GOSUB 1730
1560 FOR I = l  TO K
1570 L P R I N T
1580 MI = M1 ' I )
1590 FOR J = 1 TO MI
11>00 L P R I N T  M B ( I , J ) ;
1610 NEXT J
1620 NEXT 1
1630 L P R I N T
1640 FOR I = 1 TO K.
1650 L P R I N T
1660 FOR J= 1 TO I
1670 L P R I N T  Y ( I , J ) ;
1680 NEXT J
1690 NEXT I
1700 L P R I N T
1710 L P R I  NT " a v e r a g e  i  n t r a  c
1720 RETURN
1730 REM s u b  b e t  ( x , m , m b , y , r
1740 FOR 1=1 TO K
1750 FOR J= I  TO K
1760 V ( I , J )=0
1770 NEXT J
1780 NEXT I
1790 NK1=K-1
1800 FOR 1= 1 TO NK1
1810 MI =M1(1)
1820 IF  Ml 1; =1 THEN 1920
1830 MI 1 = M 1 — 1
1840 FOR KB=1 TO M i l
1850 k o =m b a , K B >
1860 K 1 =KB+ 1
1870 FOR K 2=K1 TO MI
1S80 K3= M B( I ,K2>
1890 Y ( I , I ) = Y ( I , I ) +D <K0,K3)
1900 NEXT K.2
1910 NEXT KB
1920 11= 1 + 1
1930 FOR J = i l  TO K
1940 ML=M1 ( I )
1950 MM=M1 ( J )
1960 FOR 11=1 TO ML
1970 FOR J J =  1 TO MM
1980 K 1=MB( 1 , 1 1 )
1990 K 2 =MB (J , J J )
2000 Y ( I , J ) = Y ( I , J ) + D ( K 1 , K 2 )

2010 NEXT J J
2020 NE XT I I
2030 NEXT J
2040 NEXT I



-k.' iJ o k] i- M1 ( K ) \  — 1 TH EN 21 6 0 
2 0 6 0  IT I=M 1 (K )
2070 HI 1 = IT I — 1 
2080 FOR 1 = 1 TO Nil 
2090 K B = M B (K , I)
2 1 0 0  1 1 = 1 + 1

0 •"OR J=  1 1  10  NI
1'i -Kwe u  . ,u
X. I c ,  t . ■* -'V vr ,m , +D (KB , K i  J

T ! 50 N E T '
2 1 60 m = £
21 70 X L = 0
2 1 80 i- OR
2 _ 90  "On J =  I TO <
2 2 0 0  17 I J  T H E N  2 2 8 0
2 2 10 -. A= ■. N E - 4  J * ( N E - 2 ) / ( NE* ( NE + M1 ( I ) - 3 )  )
2 2 2 0  X.. = XL+Y ( I , J > * K A * 2 / M 1  ( I )
2230 I -  T 1 ' I > = 1  THEN K'A=0
2 24  £ i_. N ■= l_ N -r (•■. H
2 2 5 0  I F  H I ( I ) = 1 THEN 2 3 0 0  
22 6 0  v - I , J ) = y ( I , J ) / ( Ml ( I ) * . 5 )
2 2 7 0  2 0 T O  2 2 9 0
2280 T I , J ■ = Y ' 1 , J  ) / ( H I  ( I ) *IY 1 ( J  ) )
2 2 9 0  v ‘■ J  , l ' - v f I , J  ;

200 N E X T  J 
3 1 S  NE X T  I 
212 XL-- XL/LN 
3 3 Z k c H jR N  
340 Enu
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A B S TR A C T

A distance function between e v e ry  pair  of genotypes which 

measures the genoty pe-environment interaction in the case of 

heterogeneity of e r r o r  variances in different environments was 

d e r i v e d  he re in .  A d i s s i m i l a r i t y  index for any set of genotypes which 

also measures the w i th in  group genoty pe-environment interaction sum 

ol squares in lerms of the p a ir w is e  distance function was also d e r i v e d .  

Two methods of c lu ster ing,  v i z . , s .a t is t ic a l  clustering and clu ster ing

b y minimisation of average wi thin cluster  genoty pe-environment i n t e r ­

action making use of the proposed d i s s i m i l a r i t y  index were also 

p r o p o s e d .

Stat ist ical  clu ster ing helps to group the genotypes such that

genoty pe-en vironme nt  interaction w ith in  any group is insignificant 

w h i le  any ad dit ion  to the cluster  makes it s ignif ican t.  In other

words the idea of sta ti st ica l  cluster ing is to id ent ify  genotypes having 

s im i l a r  response to v a r y i n g  environments.  A point  to be noted is

that al l  the groups formed by sta tistica l  clustering may not be non- 

ov e r l a p p i n g .

the other procedure h e l p s . a. torni optimum cluster ing  by 

minimising the average w ith in  cluster  genoty pe -environment interaction 

us inn an it e ra t iv e  relocation alg or it hm ,

thes e cluster ing  procedures were i l iustated making use of 

two sets of data.


