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CBMBTNI?GG-ABILITY DETERMINATIONS 
FOR INCOMPLETE MATING DESIGNS 

It is shotfin hou; general combining ability 
values (GCA's) from cross-, open-, and self- 
pollinated progeny can be dericed in  a single 
analysis. Breeding calzkes are emplo yecl to  fncili- 
tate explaining genetic models of the expected 
family means and the derication of the GCA's. A 
FORTRAN comptlter progrnnz also inclades 
co~np3utntion of specific combining ability 
lialzies and several options. 
Additional keywords: Diallel cross, reciprocal 
cross, specific combining ability, panmixia. 

The plant breeder ranks parents according to their 
general combining abilities. The calculation of mean 
effects is complicated when all parents of a particu- 
lar set have not been crossed systematically, but 
theories and procedures for analyzing even severely 
unbalanced data are nevertheless available ( Bohren 
e;t al. 1965, Gilbert 1987). 

The mathematics of such theories may present 
difficulties to the practical breeder. Here, k advance 
a simplified explanation by showing how breeding 
values (2  CCA + Z terlns) can be manipulated for 
analyzing data from cross, self, and open pollina- 
tions in a single analysis. T will also disctlss the use- 
fulness of sclfing, a means of testing the randomness 
of open-pollination, a technicque for estimating the 
population mean, and a method for combining data 
from several cxperin~ents. 

As computer programs for such rrnbalanced data 
have generally not been published, a versatile, effi- 
cient FORTRAN program is described along with 
srabstitilte procedures requiring no more than a desk 
calculator. 

ITne author is P r i n e ~ p a l  Plant Genefieisc, Southern Forest Eaperl- 
ment Station, Fnresr Ser-,kt--USDA, Gulfpart ,  Mississippi. He I. 

indebted to W. &. N ~ n c e ,  Southern Forest Expewiment Station, for 
n l*~ch grridanee, and to N, E. G~lber t ,  University of British Coiurnbra, 
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THEORY AND APPLICATIONS 

When reciprocal crosses are pooled, a model for 
tfetern~ining general combining ability effects 
( GCA's ) from intercrossed parents is : 

yijh=/~-"/--gca~-"/--gcaj -"/ - -&~,k 

where y, ,l,-=ktil individual in the i, j th  cross 
gca, =GCA effect of the ith parent 
gca, =GCA effect of the j lh parent 

with the assumptions that 
Xnigcai===O 
{E,,J+NID (0,a2) 

where n, =the number of plants per family (given 
a value of 1 in rrnweighted analyses). 

The GCA estimates are applicable only to the re- 
stricted set of parents tested, i.e., the model is fixed. 

Breeding values ( 2  CCA+X) are easily visual- 
ized and hence facilitate explaining the genetic 
iiiodel. -4 value of the i'" parent is ( 2  GCA,+X), or 
twice the parental eoi~tribution to an individual 
progc11)~. The rraodels for the expected family means 
j mid-parental values ) of individual progeny of 
t-arious types are: 

Cross-pollinated ( 2 GCA, +T ) + ( 2 GCA 4-X ) 
2 

= GCA, LGCA J-Z 
- 

Self-pollinated ( 2  GCA4.-!-S 1 - ( 2 GCA, +?( 



Since formulae for all three family types are built 
LIP from breeding \.altles, observed means can be 
used to calertlate breeding values for each family 
type. Furtherntore, breeding values for each type 
can be entered irldepelldently or together in a single 
ciinllel analysis, thereby giving more replication and 
conficicncc to estimates. 

Selfs should be incorporated only if there is no in- 
I~reeding itepressiol-r. As the structural nnodel shows, 
an cxtrerne breeding \ -due is rtortbled among selfed 
progcn??, ~vhereas among crosses it is diluted by be- 
ing paired with a less extreme ~ a l u e .  Thus, the ex- 
tremeness is a "selfing" effect only in the sense that 
a. single extreme breeding value (variant) would 
not he so conspicuous in cross-pollinated progeny. 
If there were no inbreeding effect or if it could be  
compensated for, selfing would efficiently and un- 
ambigriously identify extrenie parents. 

Provided there are sorne parents in common, 
poprrlations of various types of material from differ- 
ent experiments can be used in a single diallel table 
11)- ac'fjtlsting breeding values and, from these, the 
phenotypes to be  integrated. Combining popula- 
tions thus requires the preliminary analysis of each 
and subsequently calculating the adjusting ratios 
frorn the average of breeding values in common. 
Similarly, data from separate plantings of the same 
families :nay be combined after appropriate adjust- 
~tnents. 

Data from open-pollinated ( 0 P )  families can be 
includect in the same analysis with those frorn cross- 
pollinated families. This is possible when wind- 
borne pollen is treated as that frorn a single male 
parent re~sresenting the population. Two values of 
interest to the breeder can be deduced from the OP 
model. Deviation of the GCA,, value from zero 
measures the deviation of selected females from 
randomnccs, Also, the mean of the population is 
cstiniated ky the OP breeding value. 

The computer calculations are based on the usual 
least-squares methods suggested by Gilbert j 1964) 
and illustrated by England j 1974). If a computer is 
not available, itergtion with a calculating machine 
will ser\l-c.. Thus, for un~veigfited analysis with re- 
ciprocals ahscnt or pooled and no selfs (Yates 1947,  
parental mean of i"' parmt. F , g  
Breeding value of it'' parent -+ of other parents 

crossed with P, 

2 

For example, the breeding value for parent 3 of a 13- 
l~arent  half-diallel with no se%fs becomes : 

The P value is the mean of all families for which P, 
i.; a parent. Ulien the initial equations are set up, F, 
valrres must be substituteci for the ( ~ G C A ~  -+-f ) 
values within the righthand parentheses. As the 
analysis continues. (.7GC;\,+fi) values are entered 
as soon as determined. Usually, satisfactory con- 
vergence will be achieved with five or fewer itera- 
tions. 

Once the breeding v,:iltics are found, specific 
combining abilities ma): be con mted directly ir; the 
usual way: 

SC,!i===observed mean of it'" j t  " family - 
( 2  G C A , + ~ )  + (~GCA,+-X) - - 

2 

By definition? SCR's are not appropriate for selfs. 

Because the mid-parental expectation of a cross 
is the last term in the fornaula, definition and use of 
( 2  CCA+X) breeding values is easy. They are 
sinlply parental values whfcl-i, when averaged, pre- 
dict performance of the cross. The convenience and 
ease of visualization for instruction and breeding 
are lacking with GGA or 2 GCA deviations alone. 

THE PROGRAM 

The mathematics of the program is similar to that 
used by most statisticians-least-squares equations 
are formed and GCA values are solved for by invert- 
ing the matrix according to the elimination method. 
F'or some limitations to the program; Gilbert ( 1967) 
should be consulted. Solutions may differ slightly 
depending on the degrees of design balance and 
order in wl~ich data are fitted. Also, if it is desired to 
estirl~ate values separately within male or female 
sets, hlillilien et al. j 1970) should be consulted. 

The ~lsefr~lness of the progranl lies with its sup- 
gfemeritary options and listings: 

Srxn~ or mean data. with or -without the number 
of plants per &;iil;liT!- may be entered for as nmny 
as 50 parents. Options are offered for ~veighting 
by number of plants: not weighting: or both. If no 
reciprocal crosses are present, data are entered as 
upper-triangle ~zaatrix elements. Reciprocal data 
are entered in the lower triangle anct will auto- 
matically be accumulated or averaged into the 
rapper triangle. 

Input or data errors will be signalled, after 
Ivhicl-~ the iinalysis \+rill be terminated and the next 
one started. \VarnIngs of sorne types of singular or 



near-singular solutions are given, The program is 
generously supplied with comment cards that 
sliould facilitate modification by otlzers. 

Listed in addition to combining ability and 
breeding values are: the data entered, family 
means, nunlber of parents, effectil-e number of 
families per parent, meata breeding value. and 
experimental izzean. 

The int erse is printed for possible use in ob- 
taining confidence intervals for the GCA T-alues 
( \filliken et al. 1970). An error mean square n~rtst 
be available from a separate t~ariance-analyzing 
program. The program of Schaffer and Usanis 
( 1969) is adequate and so \-ersatile that we do not 
supply variance ternzs except for a GCA sum of 
squares for cornparison with it a~zd other pro- 
grams. 
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E ~ ~ . S Y Y C E R - * . ~ - A ~ C E , S F E S  Yrrs P R O G ~ P  IS F O R  W Y Y  T Y P E  O F  O I A L L E L  
d U T  A S S U Y E S  NC' S E L F i h G  E F F E C T S S S U W S  * P T Y  P L A h T  C O L ! N T S / F A H I L Y I A I + D  
W E A N S  * I T P  O R  K I T H C U T  C O U k q T S  K A Y  E E  E h T E f l E C  I0 P B T A I h  k E l G H T E D  0 2  
U l n E I G d T E D  V k L b E S s A L L  T Y P E S  O F  D A T A  A G E  A C C U K U L L T E B  IF* UPPER T k E -  
A ~ ~ G L E  C F  w B I R I C F S  F O R  P k 4 P L Y S I S  

X * * * + * * * * t + * Z t  

* C A R D  O R C t "  
* * * * * * * + * * * * * *  

C C Y V R C C  c w  p i  * + 
I I F U T  g G R i % b T  C A R D  + R E P E A T E D  F O R  E A C h  E X F F R f M E N Y  
T l X i - t  C A P O  rl. 

D ~ T A  c a w s  A %+ 

T R b P L c c  CdQC * *  C C p k S I S T S  O F  P E C A L K  C A R E  U S E D  C N t Y  A F T E R  F I f $ A t  
D A T A  S E T  

* 1 I F  I D  I S  P k O V I D E 9  w I T h  D a Y W  
C O L S . 1 8 - 5 9  " b N E H *  

* 3 I F  h C  I D  I S  p R O V I D E D ,  Ih T H I S  C A S E  Z E R O S  
" U S T  B E  E h T E R E D  d ~ E h E  " I C S I k G  D A T A  

* f  If A N A L Y S I S  L E I G H I E D  B V  P k A h T S l F A i q J L Y  
C O L b  23 PUACW + 2 I F  H E I G W T E D  P % D  U k e E I G h T E D  A h A b Y S I S  

*3 I F  b N C F I G H I E D  A h P L Y S I S  

Q t * * * + t * * f * * * *  

* T I T L E  C A R D  * 
* * * * * * * * * * + a * *  

3 N E  T R A I T  P T  4 P I Y E  I S  a h k L Y Z E D B  W f A S U k E M E N T  C R T U V  F O R  A F A M I L Y  
I S  P 2 t F E R k k L Y  P Q E C E D E D  C Y  P A R E N T  e t  C D V P O S Z T f O Y  X D , r H E R E  F E M P L E  
( C O D E D  S E S G E R T I P L L V  3 T C  & >  l S  f w " t D I f i T E L Y  F C L L O m E 3  9Y P S I N I L -  
A R L V  C C i T E D  " A B E F E , G , C I S Z  G I V E S  P3Tw P b R E k T A G E  A S D  K k l S P X  1701- 
C E S ,  TkE V E h S U h E Y E Y P  D A T A  Y B Y  3 E  F G L L Q a E D  i h  T h E  S A V E  F I E L D  D V  
V b V F E d  O F  P L A Y T S I F P Y X L Y ,  S E E  OPffOkS L I S T E D  F O R  C O N T R O L  C h 2 D S  
F i 3 O V t c T e E  O k T A  F R O p  Y O R E  T W b h  D k E  P t A V T  C A h  6 E  PLACED O f v  ObE 



C G A R 3  O h L Y  I F  ID"% A R E  h O T  S U P P L I E D  B U T  H E R E  T H E R E  A R E  NO I Y P U T  
C E R R O R  C P E C K S *  A L L  D A T P  A K E  E k T E F E b  BY R O n S  AhO, I F  T h E i 3 E  A R E  NO 
I: R E C f P R O C k L  C K O S S E S , I h  T H E  UPPER T R I A N G L E *  M W E Q E  T H E  T R U E  V A L U E  
C O F  D k T U e  I S  Z F h O ,  A V E R Y  S M A L L  k U Y b E R  Y U S T  BE E h T E R E D  I h S T E A D *  
C 
~ t x + * * f + + * * * * + + t * + * e * * * a . l i a ~ - * * * s * * f * t + r k . ) : * * * * * * * * * * * * * * + * * * * * * * * * * * * * * * * * *  

G 
c 

AEWL & h , X a 7 K K  
I Y T E f  E R  PS @ D E  t ~ T , W s E M P T Y t F O b T F O  
D I M E N S Z O h  U ( 5 C 9 S O I r  X ( 5 0 7 S C ) T  I X C 5 C r S O ) ,  K K ( S O , ' C ) ,  M M ( 5 0 p 5 0 ) ,  & N (  

1 5 Q 9 5 0 > *  a t 5 0 , 5 C 1 9  Y ( S G 9 ? I P  N ( 5 C 1 7  P ( 5 3 I P  9 { 5 s ) ,  G f 5 D ) 9  F M T ( I 2 ) r  T I  
2 T t E ( ? ? ) ,  Y P Y C S b , ? )  

C FOR S O k E  C O P P U T E R S  T H E  F O t L O J f h G  C A Y  9 E  h E E D E D  
I: D I w E Y S f O k  R A Y ( 5 O , 5 O I 9  d 8 ! 5 0 , I ) ,  J J ( 5 G )  

E Q U I V k t E k C E  ( I X , X )  
D A T A  C O h T R O  I & W C O Y T R O /  
D A T A  f O U I I I U  P b t S /  
a n T A  E n p r y  / S V E ~ P T Y  / 
N R I T E  ( I O U 9 5 3 0 )  

5 R E A D  ( l I U 7 5 7 0 , k N O = 5 2 3 )  I A  
I F  ( I A o h E e C O N T R O )  G O  T O  6 2  

? G  R E B D  ( 3 , 5 4 6 )  P ? t h F , I D I D E , d l  
20 P F  ( P l e E Q e C I  G O  T O  5 2 0  

R E A D  ( I I U * 5 5 O )  ( F W T ( 1 1 ) 9 T I = Z e ? Z )  
R E A D  ( I I U  t 5 9 0 )  ( T P I t E ( f 3 1  , 1 3 = l p 1 2 )  
D O  3 0  f J K = ?  F P 1  

D O  3G I K k f l  ,P?  
Q b i ( I J K , I K L ) = U m  
I X C I J K 7 1 K t ) = E " P T V  

7 CJ e o l v f  I !vUE 
I F  ( I D e E G e ? )  GO 1 0  4 0  
I F  ( I D * E Q e C e A N O ~ D E e t T 9 3 )  R E A D  ( I I U I F W T )  ( ( X ( I p J I ~ N N ( I I J ) , J = I P P ? ) t I  

" r 1 , P l )  
1 F  C I D e E Q e G e A h D e D E e E Q a 3 )  R E A D  ( I I U , F A T )  ( ( X ( I p 3 > p J = I , P ? ) I % = ? p P ? I  
G O  T O  aC 

4 6  D O  5 0  I J K " I c h F  
I F  ( D E e L T e ? )  R E A D  C I I U l f T T f  I F E " I I M A L 9 X I k , X & & I N  
I F  ( D E m E Q e 3 )  R E A D  ( I I U , F K T )  I F E N 9 1 M A b r X I N  
I F  ( I F E P e t E e f e O R e I F E F I e G T e P l )  G O  T O  SG 
I F  C f P A L e L E s G e O R e I Y A L e G T e P l I  60 T O  6 0  
I F  ~ I X ( I F E ~ ~ f ~ A L ) e N % e E ~ P f Y ~  6 0  5 0  0 8  
X ( I F E P ,  I M A L ) = X I N  
I F  ( D E I L T e 3 )  Y h ( i F E Y 9 1 M W t I = X & N I h  

5L C O h T I k l U E  
T O  aG 

6 3  & R I T E  ( I O U I S O C )  

C S E A R C H  F O P  O T B E P  O R B B L E M S  S U B M I T T E D  GUT A R  E R R O R  C A Y  R U I k  T H C  
C R E A D Z Y G  1% O F  I M M E D I A T E L Y  F O L L O k X h G  P R O a L E q ( S )  

7 2  R E A D  ( I f U 9 5 7 S r t b 4 D = 5 Z g )  f A  
I F  C I A e % E e C Q k T R O I  6 8  TO 9 9  
R E A D  ( ; , 5 L C I )  P ? , k F t I D + O E , d T  
G O  T O  23 

F 3  N Q I T E  ( f O U 1 5 b f )  
J R I T E  ( I O U t 5 9 C I  ( T I T b E f I 3 ) 9 1 3 " ? * ? ? )  
d R I - r E  ( I O U * 5 3 ? )  P 1  
D O  9 3  I l = I , P l  

D O  9L 1 Z = I  , P 1  
IF  (IX(II , 1 2 1  * E Q ~ E ~ P T Y )  X ( I I , I Z ) = C ~  

9 5 C O I q T I k t i E  
KOU&T=%;  
Do 1 3 Q  I = ?  , p l  

3 0  ISS J = I , p + I  
U ( I  p J ) = X ( I * J f  

1 CS C O R T I N U E  



I F  C D E * h E . I f  G O  T O  2 2 ~ 3  
D O  1 1 0  1 = 1 9 P f  

DO 110 J = I , P 1  
I F  ( 4 Y ( I t J ) r E G o C s 1  GO T O  17: 
X ( I t J ) = X ( I s J I I N N C I , J )  

4'ld C O h l T I  % U E  
C T E S T  F O k  P E C I P h O C A L S  I k  L O h E R  T R X A Q G L E  

1 2 0  D O  1 3 3  I = Z , P l  
L = I  - 3  
DO 1 3 0  J = 1 ? t  

1 3 C  I F  ( X ( 1 r J ) e G f  S O * )  GO TO 4 2 6  
~ = 3  0 

C G I V E S  h A T U R E  O F  D A T A  E k T E R E D  b h D  M E I G H T I I ~ G  D E S I R E D  
14;  I F  ( D E s k E . 5 )  G O  T O  1 5 C  

& R I T E  ( l O U , 6 1 C )  
1 5 0  a F  ( D E . ~ E . : )  G Q  T O  1 8 0  

& R I T E  ( I O U , 6 2 p )  
I F  ( D E * E Q e Z o A Y C s * T r E G o 3 )  GO f 3  152  
d Q I T E  ( I O U q 6 3 P )  

1 6 0  W R I T E  ( I O U p 6 4 C )  
C E N T E R  1 " s  1 %  k k  M A T R I X  I F  U N w E I G W Y E B  A ~ B L V S L S  

Do 570  I J K = ? , P l  
D O  1 7 5  I K L = ! q P I  

1 7 3  N M ( I J K v I K L ) = 6 s  
DO 1 E q  I = 1 , P ?  

DO 1 b O  J = 1 9 P 1  
I f  ( X ( 1 q J ) s N E s O r )  & Y C I v J ) r ? e  

lecl C O P ~ T I ~ L U E  
6 0  TO L I O  

1 9 0  I F  ( D E e E Q s 1 )  6 0  T O  2 0 a  
& R I T E  C I O U p 6 5 2 >  

2 @ 0  I F  ( d T s E Q s - 3 )  GO T O  16G 
& R I T E  ( I O U , 0 0 0 )  

2 5 6  D O  2 2 g  I = ? , P 1  
DO 220  J = I , P ?  

2 Z 0  K K ( L , J ) = & V ( Z , J f  
C A D J U S T  F R E Q  O F  S E t F S  I k  O I A G  OF I%& 

O O  2 3 C  I = ?  , P I  
N M C I , B ) = 4 o * Q h ( l , I  3 

2 3 0  C O N T I h U E  
K O U N T = K O U N T + ~  
D O  2 4 "  I = ? , P l  

t J r r ) = a  
P ( I ) = O *  

2 4 9  3 ( I I = O s  
R 2 = 0  

C S T A R T  M A I h  P R O G R A e  BY S E T T I h G  S E L F  D A T A  i Y  A G C U P U L A T O R S  
DO 2 5 0  I = I , P I  

Y ( I I = O s 5 * N N ( I I I )  
P ( I ) = O s S * & k ( f 9 1 ) * X ( 1 1 1 )  

2 5 3  C O N T I h U E  
C A C C U M U L A T E  Y P F L D S  A N D  C C U Y f S  F O R  E P C H  P P h E l v T  

Do Z b f  J = Z , P I  
L=J -1 
D O  ZbC: H=I,L 

I F  f X ( I p J ) * E Q o O e )  G O  T @  Z 6 C  
h ( P ) = \ I I I + l  
Q ( $ I = k ( J ) + l  
P ( I ) = P ~ I ) + h N ( I , J ) * X ~ f  P J 3  
P C J ) = P C J ) + k N ( I I J ) + X < I ~ J l  

269 C O H X f N I I E  
D O  233 r = a , ~ ~  

\ 2 = Y i ? + M  (I 1 
2 7 5  C O h f l h U E  

C 8 9 5 A t * G E  P t J I  Ph M P T R S X  A k a  P R I h P  





203*  
2 6 1  * 
Z 0 2 *  
2 6 3 *  
2 5 4 *  
2 b 5 a  
2 6 0 *  
2 6 7 *  
z c i e *  
L 'CF* 
2 7 C *  
2 7 1 *  
2 ? 2 *  
2 7 3 *  
2 7 4 *  
i 7 5 *  
2 7 6 *  
2 7 7 *  
2 7 E *  
27 '3 * - -  P L e u *  

2 E ? *  
2 3 2 *  
2 d 3 *  
2 5 4 *  
2 d 5 *  
2 4 Q *  
2 b 7 *  
2 d 8 *  
2 d F *  
P 9 3 * 
2 % 1  1* 
2 5 2 *  
2 9 5 4  
2 V 4 *  
2 9 5 * 
2 9 6 *  
2 F 7 *  
Z Y Z *  
2 9 9 ~  
7 "  P & & d *  

a 2 1  * 
3 ; 2 +  
3 c 3 r  
3 3 4 *  
t d 5 *  
3 3 5 *  
3 2 7 *  
3 3 e *  
3d9* 
331;* 
4 2 a *  
312* 
" 1 7 *  
3 4 4 *  
3 3 5 *  
3 7 6 *  
5 ? 7 *  
3 1 E *  
3 9 9 *  
3 2 0 * 
3 2 2  + 

322* 
?23+ 

k Q I T E  ( 1 3 U , 7 5 : 1  
CALL MPRINT ( V V ~ P I  * I  V b H N g  K A T )  
I F  ( D E s G f  e l  * A h C * h r E Q c G f  6 0  T O  3 9 0  
I f  C D E e E O e 1  s A \ C e * s E B e l ; )  6 0  T O  3EO 
w Q I T E  I I C U , 7 0 r l  
C 4 L L  P P R I % T  ( " k l F ? T ?  ? b H p Y  & A T )  
d Q I T E  ( I O U , 7 7 " 1  
CALL @ F R I S T  ( U 9 " l T ? t t H  U W A T )  
G O  T 3  3 9 ;  

3P; 3 P I T E  f I O U , 7 E m )  
CALL " F f i I l T  ( U , p 1  , 1 , 6 H  U P A T )  

3 9 0  % P n T E  t r o u , f ~ ~ ~  
* R I T E  ( I O U ? @ C C l  ( F ( I 1  * I = t  r P 1 )  
& R I T E  ( I O U , F t f )  
& R I T E  ( I O U , P Z C l  C F ( I )  , I = ?  , P I )  
k R I T E  ( I O U 1 c 3 r )  
L I ! V E S = ~  
D O  4 1 3  l = l t F 1  

D o  4 1 C  J = I , P l  
I F  I K C ( I , J ) * t O e C ! e )  G O  T O  4 1 0  
L I b E S = L I h F S + ?  
I F  ( L I V E S e h E s S 1 )  GO T O  4 0 C  
L I r ? i E S = C  
d R I T E  ( I O k ! T ? 3 0 )  

4 C ;  C RITE ( I O U ~ R ~ ~ I  I , J ~ K K < I , J ) , X C I I J ~ , Q C I P J I  
4 1 3  C O h f  l f : a ? E  

I E  ( ~ T e t G e 2 e A ~ ! U e K O U V T e L T e 2 1  G O  T O  1 6 5  
Gr;" TO 5 

C TYXS E % G S  A % A L Y S I S  
4 2 ;  i d - ? ,  

h: THE F O L L O k I N G  P U T S  R E C I P S  I &  H A L F  D I A t L E L  F O R M  
I F  ( D E . L T , S >  G O  T O  4 5 ;  
D O  4 3 ?  I J W = l p P ?  

0 0  4 3 3  I K L = ? p p I  
4 3 d  Y Y C X J K , I K L ~ = U  

G O  4 4 " f " ? * P I  
D O  4 4 0  3=1 

4 4 G I F  ( X C I ~ J ? , N E . O . >  & N ( I , J I = I ~  
4 5 G  0 0  4 5 Q  I = l , P 1  

Do L 6 C  J r I , P I  
K ( I ~ J > = ~ ~ ( I ~ J ) * Y C I ? ~ )  

46u C O P $ T I Y U E  
D O  4 7 ?  I = l , P I  

D O  47C J = I , P ?  
4 7 s  % * ( l , ~ f = h k ( ? , ~ )  

D O  48"1=4pP1 
D O  4bG J = l  , @ I  

% M ( L 9 J ) = h h ( T D J ) + h R ( J , I )  
X ( J F J l = X ( S I J ) + X ( J ~ I )  

4 5 C  C O h T I q U E  
a o  4 9 9  I = ~ , P I  

t N b l F l ) = ~ e 5 + ! x h 4 t I 9 I )  
X ( f  B i l = 7 e f * X < f  ? I )  

498 C O Y T I N U E  
9 0  53!3 I = Z , P 1  

L = I - 1  
e g  5 ; t ~  J = L L  

R l n t C I , J ) = C ,  
x ( I , J ) = ~ *  

50C C O N T I W E  
0 s  5 1 s  I = 1 , P 1  

D O  5 1 C  J = I I F l  
I F  ( X ( I v J ) e E ~ . C e l  G O  TO 5 1 0  
X C I p J ) = X ( I , J f  P N N ( I p J )  



5 1 ;  C O P i T I h i t i E  
GC) T O  1 4 3  

5 2 3  S T O P  
c 

53C F O R M A T  ( l M 1 , 0 7 h  S C A  A h 3  S C A  V R L U E S  FOR C O w P L E T t  O R  I h C O M F L E I  
3 E  D I A L L E L S 9  

5 4 3  F O R M A T  ( l f X t f 3 t Z 4 p 3 1 2 )  
5 5 3  F 9 R M A T  1 3 2 8 6 1  
5 6 2  F o R q a r  ( ~ H c , ~ : B  E V D  O F  ~ ~ P I Y S I S  O R  TERHI~ATIOQ D U E  T O  INPUT F O E P A T  

5 4R D A T A  E k R O R )  
57C F o R M A T  ( A 6 9  
5 8 2  F O R P A T  ( 1 ~ C , 5 1 ~  a * z z * * * * r * * * * a * * * * + * a * a * * 

1) 
5 9 C  F C I R Y A T  ( 1 & 6 , 6 X , 1 1 a 6 )  
Q O G  F O R M f t T  C l H 0 , 2 5 i i  T H E  N U M B E R  O F  P A R E N T S  I S p P 4 9  
6 1 3  F O R R A T ( ? H Z 9 4 ? H  D A T A  E h T E R E D  k E R E  S U W S  A V D  P L A N T S l F A W I L V )  
Q 2 C  F O R M A T  ( 1 H G , P F h  D A T A  E f v T E R E D  & E R E  W E A h S  O k L Y )  
63; F O R Y A T  ( t H C V 3 f h  * E I G W T E D  P R A L Y S f S  k O T  P O S S I B L E )  
t54C F O R M A T  ( 1 H G 9 2 6 h  O V W E I G H T E D  A N A L Y S I S )  
6 5 2  F O R M A T  4 3 H C 9 4 6 h  D A T A  E h T E P E D  k E 9 E  M E A N S  AkD P L A Y T S  P E R  F A M I L Y )  
C t d  F O R M A T  C % M C  ,I% h r E I G H T E D  A h A L Y S l S l  
670 F O R M A T  ( 1 H G 9 E Z W  T H E  E F F E C T I V E  N U M B E R  OF F A M I L I E S  0 8  P L A N T S  P E R  P A R  

T E Y T C R E C I P S  A b S t N T  O R  P O O L E D ) A P E )  
68C F O R M A T  ( ' I H  , ? C F F 1 0 . 5 )  
006 F O R M A T  ( ? H G , ? C f H  U H E k E V E R  A B F P E h D E N C V ( S I k G U L A R  M A T R I X )  O C C U R S  T h E  

7 . G C R  E F F E C T  I S  S E T  T O  Z E R O ,  T H E  h U R B E R  O F  D E P E h D E F d C I E S  I S  r P 3 )  
7t75 F O R M A T  t l H C 1 2 g H  T H E  M E A N ( Z G C A + X B A R ) V A L U E  I S 1 E ' f 0 1 9 )  
7 7 3  F O R M A T  < 9 H G 9 1 1 7 H  I F  C O R R E C T  D A T A  k E Q E  E N T E R E D  T H E  F O L L O W I N G  b I L L  C 

S O R R E S P G N D  T O  T k R M S  F O U N D  P Y  I Y D E Q E N D E Y I L V  D E R I V E D  L E A S T  S O U h R E S  A N  
2 v r  

7 2 6  F O R M A T  ( 1 V 0 * 2 3 h  T H E  C O R R E C T I O Q  T E R C  1 S 1 E 1 6 e 9 3  
7 7 9  F O R M a T  Q 1 H G r 3 1 h  T H E  S S  T E P K  F C R  G C A  E F F E C T S  I S p E ? S c 9 )  
7 4 0  F O R M A T  C I H 0 9 2 5 h  T H E  E X P E R I M E N T A L  R E B h  I S , E f 6 * 9 )  
7 5 5  F O R B R T  : l u ' I p 5 ? ~ ' A T R P X  I N V E R S E  F O R  D E T E R M I N I N G  C O k F I Q E N C E  I N T E R V A L S  

t 1 
7 6 5  F O R M A T  ( ? X I c 6 L H  T H E R E  B E R E  R E G I P W G C A L  C R O S S E S e T p E  O R I G I N A L  P L A h T S  

1 / F A W I L Y  W E R E )  
7 7 3  F O R Y h T  C F H I , ~ ? H  T H E R E  J E R E  R E C I P R O C A L  C R d S S E S e T H E  D A T A  E h T E R E D - -  

f " E P N S  OR S U P S - - H E R E )  
7F;  F O R M U  t 1 M 1 p 3 Q H  T H E  O R I G I h A L  D A T A  E Y I E R E D  A S  S U M S  k E R E )  
793 F O Q Y A T  ( 1 P ' I , Z $ H  T H E  4 E A N  GCA V A L U E S  A R E )  
8QC F O R M A T  C I H  , S E 2 C a O )  
5 1 0  F O R R A T  (1 H I  p 2 6 H ,  T H E  ( Z G C A + X B A R ) V A L U E S  A R E )  
8 2 0  F o R n a r  ~ I H  , ~ E ~ c , Q )  
6 3 3  F 3 a f i A T  C 1 H 7 e 2 n X p 1 H f r f X 9 l H J , 7 X ( I I M h ( F . 1 4 X b 4 ~ X e A R 9 4 4 X 9 3 H S C A i i 1  
b L D  F O R M A T  ( 3 4  , % Q X v 1 2 1 4 X t f Z ~ % 1 6 e P )  

C 
E N D  



5* 
6 *  
7 9  
8 *  
9 4  

1 cs  
ll* 
l Z *  
2 3 9  
1 4 *  
1 5 *  
i 6 *  
174: 
1-59 
lQ* 
Z G *  
2 1 *  
2 2 *  
23s 
2 4 *  
2 5 4  
2 6 *  

27* 
2 8 4  
294:  
3 E *  
3 1 *  
3 2 *  
3 3 *  
3 4 4  
3 5 *  
3 6 *  
3 7 *  
3 8 4  
3 9 %  
4 0 s  
4 1 *  
4 2 4  
4 3 *  
4 4 * 
4 5 %  
4 6 *  
4  7  * 

C SUBROUTINE MPDThT  
C 
C T H I S  SUEROUTIF'E M I L L  P R I N T O U T  SQUAFE M A T R I C E S  UP TO 5 G X 5 0  
C A L L  ROWS AND COLUMNS ARE A P P R O P R I A T E L Y  L A B E L E D *  
C D E F I N I T I O h S  OF SUBROUTINES ARGUMEhTS 
C Q A Y f 1 , J )  = M A T R I X  TO E E  P R I N T E D  
C P=ORDER(MAXIPUM OF 5 r )  
C L = 1  FOR 6 E 2 0 . 9  OUTPUT OR Z FOR 1 C F 1 2 0 2  
C T I  I S  P SIX -CHPRACTER D E S I G N A T E  OF THE N A T D I X  
C 

SUBROUTINE H P R I M T  ( F A Y I P , L 9 T I I  
D I M E N S I O N  R A Y ( 5 C t 5 G l , J J ( 5 C )  
f F ( L - 1 ) 2 p 2 9 4  

2 L l = 5  
GO TO 5 

4 L 1 = 9  
5 J l = C  

J 2  = 
J S E C  = 3 
DO 8  I= 1,M 

8 J J ( I  )=I 
9  J1 = J Z + 1  

J 2  = J l + L l  
I F ( J 2 - % ) 1 3 , 1 3 , 1 2  

1 2  J 2 = V  
1 3  J S E C  = JSEC + 1 

I F ( J S E C  - 1 )  1 8 , 1 8 9 1 9  
1 8  k R I T E ( 6  , 1 7 1  T I T J S E C  
1 7  F O R P A T ( 1 H O 9 A b 1 9 H  S E C T I O N  9 1 3 / )  

GO TO 2 0 1  
1 9  d R I T E ( 6  ,201  T1,JSEC 
2C  F O R P A T ( l H l l f t b , 9 H  S E C T I O N  , 1 3 1  

2 C 1  I F ( L - 1 )  2 1 9 2 1  , 2 6  
2 1  w R I T E ( 6  , 2 2 1  ( J J ( I ) v  I z J l y J 2 1  
2 2  FORMAT(6HO POL , 3 X I T 1 Z , 5 1 2 0 )  

DO 2 3  I = l T M  
2 3  k R I T E 1 6 , 2 4 )  I ,  ( R A Y ( I , K ) ,  K = J I , J 2 )  
2 4  F O R M A T 1 1 6 9 4 X  p 6 E 2 0 . 9 )  

6 0  TO 3 1  
2 6  W R I T E ( 6  , 2 7 1  ( J J ( I ) , I = J l , J Z )  
2 7  F O R P A T ( 6 H O  P G U  , 3 X , I C I l l f  

DO 2 9  I = l , M  
2 9  w R I T E ( 6 , 3 C )  1 ,  ( R A Y f I , K ) , K = J l I J Z )  
3 0  F O R N A T ( I 6 , 4 X ~ l O F 1 1 . 4 )  
3 1  I F ( J Z - M ) 9 , 3 2 , 3 2  
3 2  RETURN 

EPJD 



C S U S R O U T I % E  * A T i N V  " O D I F I E D  T O  H A h D L E  D E P t % D E Y C i E S  
C 
C P 9 0 G R b M M E D  B Y  B U R T O Y  S a  G A R S O W ,  b R G O \ Y E  P d A T Z O b k L  L A S G R A T ~ R Y I  
C A Y D  R E P O R T E D  I k  S P Y  7 S 4 - 7 ? 9  S H A K E  t I d 9 A 9 Y  b S  A h  F t S Z *  
C 
C T H I S  S U B R O U T I k E  C O M P U T E S  T H E  I N V E R S E  A N D  D E T E R p I h A h T  OF 4 h T R I X  A ,  
C O F  O R D E R  N F  E Y  T H E  G A U S S - J O R D A h  " E T H O D .  A - I N V E k S E  R E P L A C E S  8 ,  
C A Y D  T H E  D E T E R W I Y A k T  O F  A I S  P L A C E D  I k  D E T E R Y .  I f  P = 'I T B E  

C V E C T O R  E b  C O h T A I h S  T H E  C O % S T A % T  V E C T O R  W n E k  M A T I h V  I S  C h L L E D ,  
C A N D  T H I S  I S  R E P L A C E D  W I T H  T H E  S O L U T I 0 Q  V E C T O R *  I F  M = C, h O  
C S I W U L T A M E O U S  F G U A T I O N  S O L U T I O V S  A R E  C A L L E D  F O R ,  A h 5  Y E  I S  & O f  
C P E R T I Y E h T *  N h  I S  N O T  T O  E X C E E E  5 0 .  A ,  Q Y ,  b B ,  K ,  A h D  D E T E R M  I\ 
C T H E  A R G U M E h T  L I S T  A R E  D U C M Y  V b k I A E L E S e  
C I O R D E R = 1  R O b S  O R  C O L U M N S  b O T  R E O R D E R E D  
C =C R E O R D E R E D  
c 
C  

S U B R O U T I N E  M A T l N V  ( A l ! V h t B E  , M , D E T E R Y  b h D E P 9 1 0 R D E R I  
C S U B R O U T I h E  " A T I N V  D I M E N S I O b  

D I q E N S I O h  I P I V O T ( S O ) F A ( S 3 t 5 O > T B B ( 5 g , 1 l r I i L D E X C 5 & ~ 2 ) ~ P X V Q T ~ ~ O ~  
E Q U I V P L E h C E  ( I R 6 w F J R O w ? ,  ( I C O L U M * J C O L U M ) ,  ( ~ M A X ,  T T ,  S N A P )  

C I Y I T I P L X Z P T I O N  
? I D E P =  G 
E p S =  1 e C E - 0 6  

1 0  D E T E R M = ?  ef? 
1 5  D O  2 0  J = I r k N  
29 I P X V O T $ J ) = O  
30 D O  5 5 5  I = 1, hV 

C S E h R C H  F O R  P I V O T  E L E P E N T  
C F O L L O W f k G  A L t O k S  F O R  R O  A F O R D E R I Q G  

B F ( I O Q D f R * E Q . C )  G O  T O  4 C  
I W O w = I  
I C O L U " r = L  
SO T O  1 4 3  

4 0  A W A X = O t O  
4 5  D9 1 0 5  J = 1 , & N  
5 0  T F ~ I P I k O T ( J ) - ? )  6 C 9  1 0 5 ,  hC 
6 3  DCI  I a n  K=1 ,Q!V  
7 6  I F E l P I V O T ( K ) - 1 )  % G ,  1 0 3 1  7 4 0  
e &  I F r A 9 S t A R A X 1 - P a S c A ( J F K ) ) l  8 5 ,  103 ,  7 2 9  
135 1 ;74J=J  
FG L C D L U e = K  
9 5  A w A X = A t J , K )  

5 0 5  C O h T I N U E  
4 0 5  C O % P I N U E  
1 1 2  ~ ~ ~ ~ O T ~ I ~ ~ L U ~ > = I F I V O T ( I ~ O L ~ ~ W ~ + I  

C I V T E R C H B k G E  K O b S  T O  P U T  P I V O T  E L E V E N T  O Y  O I A G O h A L  
1 3 3  I F t I R O w - X C O L U W )  1 4 3 ,  2 5 D 1  14C 
1 4 9  D E T E R P = - D F T E R W  
1 5 3  on 2 3 ~  t = l t m  
160 s w a p = a r r p o m , ~ )  
1 7 0  A ~ I R O U , L ~ = A ( I C ~ L ~ V , L )  
Z & O  A ( I C O L U M , L ) = S W A P  
2 0 5  I F ( M 1  Z O O t  26g9 Z I C  
2 4 C  D O  2 5 C  L = t , M  
2 2 5  S d A P = P B ( I Q O d , L )  
2 3 0  @ S ( I R 4 w t L ) = 3 B ( I C O L U " , h )  
2 5 5  d S t I C 3 L U M  * L ) = S w A P  
260 I Y D E X  (1 *'I )=I R Q k  
2 7 3  I h D E X  (I * Z ) = I C C L U M  
3 1 3  P I V O T  ( f  f = A ( I C P L U M I L C O L U ' l  

I F ( A S S C P I V O T ( L ) F a G I m E P S I  G O  T O  3 2 0  
X F ( Y , % t , l )  60 T O  608 
D O  3 7 9 f  L = 1 9 Y  



3 7 0 3  B S ( I C 0 L U Y  v L I = 3 *  
DETER"=C;  
N D E P  = N D E P  4-1 
GO T O  5 5 5  

3 2 0  D E T E R @ = D E T E R M * P I V O T ( I )  
E D I V I D E  P I V O T  R O W  B Y  P I V O T  E L E W E N T  

3 3 6  A ( I C O L U M T I C O L U M ) = j  *!I 
3 4 0  00 3 5 3  L = f * Y k  
3 5 0  a ( X C O L U ~ , L 9 = A C n C ~ L U M , L i / P I f : V O T f f ~  
3 5 5  X F C M )  3 8 0 ,  3 8 C ,  3 6 0  
3 6 0  DO 379 L=? , '  
3 7 0  S R ( f C O L U M , L ) = P b ( I C O L U i r , I L ) / P f V O T ( f ~  

C R E D U C E  k O N - P I V O T  R O W S  
3 8 0  DO 5 5 C  L l = I  V k N  
3 9 6  f F ( L ? - I C O L U M )  4 C b T  5 5 0 *  4 3 0  
4 0 0  T T = A  ( C ?  , I C O L U w )  
4 2 0  A ( L 1  I I C O L U m ) = Q * 3  
4 3 0  D O  4 5 G  L = ? , N &  
4 5 6  A , L I = A  ( L ? , L ~ - A ( I C O L U ~ ~ L ) * T T  
4 5 5  f F ( M )  550 ,  5 5 f s  4 6 3  
4 6 a  D 9  5 0 0  t=?,m 
5 0 3  B F 3 ( L ?  t L ) = F ! E  ( L ?  , t ) - B B ( I C O L U k I , L ) * T T  
5 5 0  C O N T I N U E  
5 5 5  C O M T I W U E  

C I Y T E R C H k N G E  C O L U M ~ S  
6 0 0  D O  71Q I = ? , Y k  
6 1 0  L = 4 N + ? - I  
6 2 0  I F ( I Y D E x C L ~ ~ ) - I N D E X ~ L , ~ ~ ~  4 3 0 ,  7 1 0 ,  630 
6 3 0  J R O d = E h D E X ( L , t )  
6 4 0  J C O L U ~ = X N D E X ( L , ~ )  
6 5 6  D O  7 0 5  K = 4 , Y N  
660  S W A P = A ( K , J R O k )  
6 7 0  A ( K , J S O w ) = A  ( K f J C O L U H )  
7 0 0  A (K ,J C O L U " ) = S V A P  
7 0 5  C O V T I Y U E  
7 1 0  C O N T I N U E  
7 4 ' 3  R E T U R N  

E Y D  
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