THE UNIVERSITY OF MICHIGAN
COLLEGE OF ENGINEERING

Simlation Center

Technical Report

ARTTFICIAL GENETIC BREEDING PROCEDURES FOR PARAMETER OPTIMIZATION

Roy B. Hollsbien

with assistance from:

NATIONAL SCIENCE FOUNDATION
GRANT NO. GJ-36115
WASHINGTON, D.C.

administered through:
OFFICE OF RESEARCH ADMINISTRATION  ANN ARBOR
Septenber 1973






ABSTRACT

This report describes a method of applying the breeding procedures of agri-
culture to optimization problems in computer science and/or engineering. A
direct search in parameter space is guided by an artificial breeding program,

so mathematical relationships between the parameters and the objective are not
required. Artificial organisms are represented by diploid genotypes composed

of chromosome-like arrays of binary bits. Each genotype controls the synthesis
of a trial point in parameter space, and the phenotypic worth of each indivi-
dual is determined by a measure of the search objective evaluated at that point.
Gene action algorithms employ intra-allelic additivity, intra-allelic inter-
action with dominance at the gene level controlled by modifier loci, inter-
allelic additivity of multiple factors, and epistatic control of different steps
in synthetic pathways. Agricultural breeding methods are used to select and
mate parents in successive generations, starting with heterozygous populations
that simulate wide crosses of genetically dissimilar varieties. Offspring are
produced by meiotic division of parental genotypes and the union of two gametic
sets of chromosomes. Genetic recombination is induced by independent segre-
gation of chromosomes and crossing—over of nonsister chromatids during gameto-
genisis; recombination is suppressed by inhibiting crossing-over within inverted
or translocated chromosome segments. Background variation is maintained by point
mutations that transform the diallelic genes into their opposite conformation.
Mathematical functions of numerical parameters are used to test combinations

of artificial species and breeding methods for rates and limits of progress on
objective surfaces with topological features such as ridges, plateaus, and

multiple peaks that are nemeses of general methods of optimization.
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INTRODUCTION

1.1 PARAMETER SEARCH PROBLEMS IN COMPUTER SCIENCE

The mathematical programming approach to parameter optimization is based on the
mathematical expression of cause-and-effect relationships between the adjustable
parameters and a quantitative measure of the objective to be either maximized or
minimized. When they are not known, or when the mathematical models are so
complex that the programming approach is impractical, direct search methods of

optimization may be the only available method of attack.

The direct search approach determines experimentally how parameters are related
to the objective. The objective is evaluated at trial points in parameter space
and the results are used to deduce what new trials are to be made. If successful,
the search progresses surely and rapidly to optimal parameter values. Algorithms
for direct search optimization have a wide range of applications and are of great

practical interest in computer science.

How objective values of trial points are obtained is not particularly important
in developing direct search algorithms; it may be assumed that they are determined
by an unknown mathematical function V(X) that is to be maximized by adjusting the

components Xys X see s Xy of the N-dimensional parameter vector X. Minimization

2’
problems can always be transformed into an equivalent maximization problem.

In practical search problems, there are always bounds on the range of individual
parameter values. There may also be constraints that define admissible domains
within the larger space bounded by the individual parameter ranges. These con-
straints are usually expressed on the form of mathematical relations among the

parameters X.

It is usually desireable to find the optimal parameters in as few trials as
possible. This may not be particularly important when the effects of parameters

are evaluated by computer simulation. However, charges for computing time are



seldom negligible. Minimizing the number of trials required to find optimal
parameter values may be very important in on-line control applications where

losses are suffered while operating at suboptimal conditions.

Most direct search algorithms move incrementally through parameter space along
paths of progressive improvement in the objective value (McMurtry, 1970; Swann,
1972). These algorithms are locally exploratory and may progress very slowly or
stall on ridges, or wander aimlessly on plateaus in an objective surface. The
possibility of multiple peaks makes search problems insolvable, in general, except
by exhaustive trial of all admissible points. Some risk of missing optimal pezks
must be accepted. But the risk can be reduced by continuing the search at addi-
tional cost; for example, incremental searches can be started at many points
throughout the parameter space if the cost of repeatedly returning to suboptima.
peaks is not too great. The most useful search procedures are those that minirize

the cost of reliability for a broad range of problems.

It appears that general search algorithms should begin with globally random trials
and progressively narrow the exploration to the most promising regions of the
parameter space. The question is how to infer from previous trials what new trials

should be made.

1.2 GENETIC SEARCH PROBLEMS IN AGRICULTURAL PLANT BREEDING

Breeding for improvement in quantitative characteristics of agricultural plants

can be viewed as a direct search for genotypic parameters that maximize a

phenotypic objective character. The genotypic parameters of the search affect

the objective at various levels of gene action, by means of extremely complex
biochemical reactions that for practical purposes are unknown to the breeder.
The quantitative objective characters of an agricultural breeding program are
analogous to continuous functions of parameters in a computer search. Quali-

tative characters are similar to discontinuous functions of search parameters.

To develop improved plant varieties, explorations of genetic parameter space are
first induced by crossing two or more source varieties. If the breeder crosses
varieties that are homozygous but differ genetically at loci having a major

effect on the objective character, there will be a large phenotypic variation



in the hybrid F. generation produced by the cross. The breeder's job is to select

1
and propagate (either by self- or cross-fertilization) specific plants in the
F1 and subsequent FZ’ F3, ... generations until a new, true-breeding variety is

developed.

Specialized breeding methods for self- or cross-pollination, for diploid or
polyploid genotypes, and for additive or epistatic gene action have been developed
by agricultural geneticists. Selecting plants to be propagated entirely on the

basis of individual merit will not always produce the best results.

The varietal development methods of agricultural plant breeding are actually
random searches in genetic parameter space that start with global explorations
and end with incremental explorations in the most promising regions of the para-
meter space. In the early generations, while there is still a large amount of
genetic variation "in the population, offspring are apt to lhave new combinations
of genes that are unlike those of their predecessors. In later generations, as
the population approaches homozygosity, there is a transition from a global to
an incremental random search because the offspring of nearly homozygous parents

are less variable.

Trial points in genetic parameter space are only indirectly controlled by the
breeder. Once plants have been selected and pollinated, genotypes in the next
generation are determined by the random mechanisms of inheritance. Nature, there-
fore, deserves much of the credit for success in agricultural breeding programs,
for it has been through natural selection over countless generations that the
remarkably adaptive capability of sexually reproductive populations has evolved
(Mettler, 1969).

1.3 AN ARTIFICIAL BREEDING APPROACH TO DIRECT SEARCH OPTIMIZATION

The adaptive mechanisms of sexually reproductive populations and the breeding
methods of agriculture can, by means of simulation, be applied to optimization
problems in computer science. This report describes a direct search method in
which trial points in parameter space are synthesized by artificial gene action
and information stored in the genotypes of artificial organisms. Parameter values

simulate intermediate products of gene action, and the phenotypic value of an



individual in a population of artificial organisms is represented by the search

objective value at the corresponding trial point.

Wide crosses of genetically dissimilar varieties are simulated by assigning
heterozygous alleles with random coupling/repulsion phase relationship in the

genotypes of F. populations of artificial breeding programs. The hybrids are

1
bred for improvement in the simulated character of interest (search objective)
using the selection and propagation techniques of agricultural plant breeding.
After improved varieties have been developed from completely heterozygous
first-cross populations, crosses among the improved varieties can be used to

continue the artificial breeding process of parameter optimization.

1.4 BACKGROUND AND OBJECTIVES

The artificial breeding method of direct search optimization was first envisioned
as a means of providing adaptive capability in computer-controlled systems
(Hollstien, 1971). Prior to this study, emphasis had been placed on the use of
cross~fertilizing species and random mating because the ability to store partial
descriptions of parameters in recessive form appeared to be genetically best

fulfilled by outbreeding.

In late 1971 and early 1972 I began to reconsider methods of plant breeding,
having earlier rejected the use of self-fertilizing organisms because latent
information can not be stored in homozygotes. Many plants are self-fertilizing
and these species rapidly approach homozygosity under almost any breeding plan.
I now believe that plant reproductive systems offer a powerful repertoire of
adaptive mechanisms, and, in this study, apply the breeding methods described
by Allard (1960) to completely self-fertilizing, partially cross-fertilizing,

and completely cross-fertilizing populations of artificial species.

Partial support of this study from November 1972 to August 1973 was provided by
National Science Foundation Grant No. GJ-36115. This portion of the study was
devoted to static and deterministic parameter optimization--where the dynamic
performance of the breeding population does not affect the stability of the
overall system, and there are no probabilistic phenomena involved in determining

the objective value of trial points in parameter space.



The specific objectives of the project were to
(1) Determine the relative effectiveness of additive vs. epistatic gene
action
(2) Model and investigate the effects of intra-allelic dominance at the
genotypic level
(3) Develop artificial breeding systems (computer programs) for direct

search optimization in up to 32-dimensional parameter spaces.



METHOD

2.1 ARTIFICIAL BREEDING FOR PARAMETER OPTIMIZATION

Let X represent a parameter vector with components X715 X see s Xy and V(X) the

2,

scalar measure of an objective to be maximized by finding the optimal parameter
* v

values X . Only maximization problems are considered because minimization prob-

lems can easily be converted to equivalent maximization problems.

Cause-and-effect relationships between the parameters and the objective are rep-
resented by a function V(X), but it will be assumed that these relationships are
either not known, are not expressible in mathematical form, or are not amenable

to the "mathematical programming' approach to parameter optimization.

The ARTIFICIAL BREEDING procedure described here is a '"direct search" method
based on simulation of agricultural plant-breeding programs. Contrived functions
V(X) will be used to test the method, but the mathematical form of these objective

functions are not used in any other way.
The method is summarized as follows:

Artificial organisms are represented by diploid genotypes composed of chromosome-
like arrays of binary bits. Each bit corresponds to a diallelic locus at which

there may reside either a "0" or a '"1" allele.

Offspring are produced by the union of gametic sets of chromosomes obtained by
meiotic division of parental genotypes. Chromosomes segregate independently
during gametogenesis. Crossing-over between nonsister chromatids occurs randomly

along the chromosomes.

Random translocations and inversions of chromosome segments occur during inter-
phase. Suppression of recombination is simulated by producing only functional

gametes in which there are no duplications or deficiencies of loci due to



crossing-over within inverted or translocated segments.

Background variation is provided by random mutation from one allelic conforma-

tion of genes to the other,

Numerical values of parameters are synthesized by gene action algorithms that
incorporate a) intra-allelic additivity, b) intra-allelic interaction with dom-
inance at the gene level controlled by modifier loci, c¢) inter-allelic additivity
of multiple factors, and d) epistatic effects of genes that control different
steps in synthetic pathways. The parameter values correspond to intermediate
effects of gene action, such as concentrations or activity levels of enzymes

synthesized by the combined effects of several genes in living organisms.

Quantitative characters of artificial organisms are simulated by evaluating the
search problem objective at trial points in parameter space corresponding to the

individual genotypes.

Plant breeding methods for varietal or hybrid development are applied to popu-
lations of artificial organisms. Initial hybrids formed by wide crosses of gene-
tically dissimilar varieties are simulated by random assignment of heterozygous
alleles with random coupling/repulsion phase relationship. Improved varieties
developed from random source populations are later crossed to continue long-term

searches in the most promising regions of the parameter space.

Achievement of maximum theoretical genetic gain in a simulated breeding program

corresponds to the optimal solution of the underlying parameter search problem.

2.2 GENETIC COMPOSITION OF ARTIFICIAL ORGANISMS

The artificial organisms are diploids with genotypes composed of two homologous
sets of chromosomes as shown schematically in Fig. 1. A particular artificial
species may have from 1 to 32 chromosomes, depending on the number of parameters
involved in the search problem and the type of gene action used to synthesize

the numerical values of parameters. Genes are located in complexes of 16 adjacent
loci and occur in either of two allelic conformations: "0" or "1". The complement

of genes in a species does not change during the course of a breeding program,



however, the relative positions of complexes in the chromosomes may be altered
by inversions and/or translocations. Up to 4096 genes in 256 complexes segregate
in present artificial breeding programs, but the maximum number is limited only

by the digital computer memory available.

In Fig. 2, which shows how a typical artificial chromosome might appear under
three degrees of magnification, we see that the complexes are on one arm of the
chromosomes, and that the positions of complexes within the chromosomes are
numbered from left to right, starting with the position nearest a hypothetical
centromere. Separation of gene complexes is represented by PCROS, the probability
that gametes will be produced with an odd number of cross-overs between any two
adjacent complexes, or between the centromere and the first position. Numerals
above the left end of each complex identify the function of the complex in the
artificial gene action algorithm. Loci within complexes are numbered from left
to right, and their separation is represented by PCROL, the probability that an
odd number of cross-overs will occur between any two adjacent loci within a
complex. The relative positions of loci within gene complexes are fixed, so the
function of every locus in the genome is uniquely identified by 1) a number
indicating its gene complex, and 2) the position of the locus within the complex.
At the bottom of the figure, under the highest magnification, the "0" and "1"

alleles at individual loci may be seen.

The basic elements of artificial genotypes are genes, and the binary alleles

of each gene simulate two conformations of chromosome segments that in living
organisms control the synthesis of either two functionally distinguishable
products (enzymes) or one functional and one nonfunctional product. In living
organisms, distinguishable effects of alleles are sometimes due to a difference
in only one nucleotide base pair, even though a long sequence of nucleotides
may be required to specify the amino acid sequence of the polypeptide chains.
Based on experiments with the bacterial virus T4, Watson (1970) estimates that

the average gene contains from 900 to 1500 nucleotide pairs!

Gene action in artificial organisms then begins with the interaction of inter-
mediate products of individual gene action rather than the primary genetic code
that translates DNA base-pair sequences into amino acid sequences of polypeptide

chains.



2.3 REPRODUCTION

During the reproduction of artificial organisms, the genotypes of two parents

and their offspring are stored in two, 3-dimensional arrays CP(I,J,K) and
8(1,J,K). Subscript I identifies a gene complex by its function in the gene
action algorithm, J identifies the parental genome, and K identifies one of the
two parents or the offspring. The organisms are monoecious, so the order of

parent genotypes may be interchanged. They are also capable of self-fertilization,
so the parent genotypes may be identical. Numbers indicating the chromosome and
position of complexes I are packed into integer locations of array CP. The binary

alleles in the complexes are contained in the corresponding elements of array S.

Inversion and translocation of chromosome segments during interphase are programmed
by calling subroutines INVER(CP,NSEG,PINV) and TRANS(CP,NSEG,PTRA), where argument
NSEG is the number of gene complexes in the genome, PINV is the probability of
chromosome breakage between any two adjacent loci and subsequent fusion with a
chromosome segment in an inverted position, and PTRA is the probability of chromo-
some breakage between any two adjacent loci and subsequent fusion with a trans-

located segment from a different chromosome.

Independent segregation of chromosomes, crossing-over of nonsister chromatids,
and the union of gametic sets of chromosomes to form zygote genotypes is pro-
grammed by calling subroutine FZYGO(CP,S,NSEG,PCROS,PCROL). Crossing-over occurs
with uniform probabilities PCROS and PCROL as defined previously. Crossing-over
between complexes is inhibited whenever duplications or deficiencies of loci
would occur in the resultant gametic sets of chromosomes. This eliminates the
need for time-consuming test for nonfunctional gametes and the repeated matings
that would otherwise be required to obtain a chance union of functional gametes.

FZYGO returns with the offspring genotype in array locations CP(I,J,3) and S(I,J,3).

Independent mutation of zygote alleles with probability PMUT of transformation
from "0" to "1" or "1" to "0" is programmed by calling subroutine MUTAT(S,NSEG,
PMUT) .

One record of a direct-access file is used to store the genotype of each arti-

ficial organism. Parent genotypes are read from the file and offspring genotypes



are written into the file as illustrated in the following sequence of instruc-
tions. Artificial organisms with genotypes in records K1 and K2 of file Fl are
mated and the offspring genotype is stored in record K3 of the same file.

READ(F1'K1) ((cp(1,J,1),8(1,J,1),I=1,NSEG),J=1,2)
READ (F1'K2) ((cP(1,J,2),5(1,J,2),I=1,NSEG),J=1,2)
CALL INVER(CP,NSEG,PINV)

CALL TRANS (CP,NSEG,PTRA)

CALL FZYGO(CP,S,NSEG,PCROS,PCROL)

CALL MUTAT(S,NSEG,PMUT)

WRITE(F1'K3) ((cp(1,J,3),8(1,J,3),I=1,NSEG) ,J=1,2)

2.4 PARAMETER SYNTHESIS

Agricultural breeders try to anticipate the effects of various breeding methods
on the genetic composition of populations when the phenotypic characters of
interest exhibit a) intra-allelic additivity, b) dominance interaction, c¢) cumu-

lative effects of multiple factors, and/or d) epistatic interaction.

These phenomena must also occur at an intermediate level of biochemical products
(enzymes) that interact in the final phases of gene action to produce observable
effects. In the ARTIFICIAL BREEDING method, the search-problem parameters play
the role of the postulated intermediate products of gene action. Numerical values
of the parameters are synthesized by artificial gene action algorithms that ex~-
hibit each of the properties mentioned above; i.e., additivity, dominance,
cumulative effect, and epistasis. The following gene action algorithms have been

investigated in artificial breeding programs.

2.4.1 Gene Action 1

Individual parameters are controlled by the cumulative action of four complexes
containing a total of 64 genes. The number of "1" alleles in each complex is
multiplied by a weighting factor and the results are summed to form the numerical

value of the parameter.

The parameter range under this gene action algorithm is [0,65535]. If all loci
are homozygous 0/0, the minimum value is synthesized. And if all loci are homo-
zygous 1/1, the maximum value is synthesized; this is obtained by summing the

maximum contributions of the four complexes given in the right-hand column below.

10



weighting

complex factor
1 15/32 15
2 15/2 240
3 120 3840
4 1920 61440

maximum value 65535

The algorithm is additive at the intermediate (parameter) level because the effect
of heterozygous genotype 0/1 is midway between those of the two homozygous geno-
types 0/0 and 1/1.

2.4.2 Gene Action 2

Individual parameters are controlled by the cumulative action of 16 genes in
a single complex. Each gene has a different level of effect equal to an integral
power of 2: 215 = 32768, 214 = 16384, ... , 2O = 1, The effects of all loci are

summed to form the numerical value of the parameter.

The parameter range is [0,65535] since genotypes 0/0 at all loci are equivalent
to the binary number 0000000000000000, = 0. and genotypes 1/1 at all loci are

2 10
equivalent to 1111111111111111, = 65535, ..

2 10

This algorithm is also additive at the intermediate (parameter) level because
homozygous genotypes 1/1 contribute the full effect of the binary-weighted loci,
heterozygous genotypes 0/1 contribute half that amount, and homozygous genotypes

0/0 contribute nothing to the parameter value.

The algorithm can be viewed as though the parameter value is produced by a sequence

of reactions that transform a hypothetical substrate into one of 65535 possible
intermediate products or activity levels. In Fig. 3, the substrate is shown on
the left and alternate pathways at each reaction step appear as branching points.
Each gene in the complex controls one step in the reaction sequence: gene 1
controls the first step, gene 2 the second step, etc. Homozygous genotypes 0/0
route the pathway along the lower branches, and homozygous genotypes 1/1 route

the pathway along the upper branches at each step in the simulated reaction

11



sequence. When heterozygous genotypes occur, both of the possible reactions are
activated, creating alternate pathways through which two or more numerical
products are synthesized. Two are produced if any one of the loci are hetero-
zygous, four if any two 1loci are heterozygous, etc. The composite value of the
parameter is the average of values produced along the alternate pathways. This

simulates additive products of intermediate gene action.

A disadvantage of the binary number system as a basis for simulated gene action
is that the alleles at many loci must sometimes change simultaneously to produce
small changes in the numerical values of parameters. We can see from Fig. 3,

for example, that the alleles at every locus must change to transform the geno-
type for the numerical value 32767 to that for 32768. All but one of the loci
must change to transform 16383 to 16384 or 49151 to 49152. To the breeder these
genotypes represent barriers in genetic parameter space that are very difficult

to transcend by random recombination of genes.

If biochemical pathways have a similar structure, this mechanism could explain
the existence of suboptimal limits to selection for quantitative characters in

agricultural breeding.

2.4.3 Gene Action 3

Individual parameters are controlled by a single complex of 16 genes that determi
the numerical parameter values according to the synthetic pathway model in Fig. 4
Each gene controls one of a sequence of hypothetical reactions that transform a
substrate into one of 65535 possible intermediate products. In the group of reaction
steps controlled by a particular gene, the directions are reversed for every other
branch point as compared with the model in Fig. 3. These directions are based on

a permutation of the binary number system (the "Gray" code) in which contiguous

numerical values are encoded by changing only one bit in the binary representation.

In Fig. 3, changing the genotype at a locus controlling one of the first few
reactions will always have a large effect, whereas, in Fig. 4 the effect may be
large or small depending on the genotypes that control subsequent reactions.
In this algorithm, therefore, the genes in each complex are epistatic at the

intermediate (parameter) level.

12



The average of values produced along all pathways described by heterozygous
genotypes will always be the median of the possible values associated with

the branch point corresponding to the first heterozygous locus. To avoid this
cancellation of the effects of several heterozygous loci, an additional inter-
allelic interaction is introduced to make all heterozygous loci act simul-
taneously as either 0/0 or 1/1 genotypes. The products of two alternate path-
ways are then averaged to obtain the final parameter value corresponding to
each gene complex. If one locus is heterozygous, this will produce the median
value associated with the corresponding branch point. If two or more loci are
heterozygous, various end product interactions will be produced depending on

the genotypes at the homozygous loci.

2.4.4 Gene Action 4

In Gene Action 1, genotypes containing all "0" or all "1" alleles are required
to develop extreme values of parameters. Many genotypes produce intermediate values

in the parameter range, but there is no genetic redundancy at the extreme values.

To provide genetic redundancy over the complete range of parameter values, this
algorithm uses a subroutine PGA4(S1,S2,M) that returns a primary value M as in
Gene Action 1 and a subroutine SGA4(NSEG,S,NPAR,X) that transforms M into a
secondary value X as shown in Fig. 5. This increases the number of genotypes

that represent parameter values near the extremes of the parameter range.

Resolution is sacrificed to obtain this redundancy. Now only even values of

parameters in the range [0,65535] are synthesized.

The transformation from M into X is a discrete mapping of integers into integers

and is only represented approximately in Fig. 5 by what appears to be a contin-

uous function.

2.4.5 Gene Action 5

The transformation of Fig. 5 is used in conjunction with the primary algorithm

of Gene Action 2. The effect, as shown by the synthetic pathway model in Fig. 6,

15



is better distribution of genetic redundancy, for there are now alternate path-

ways to all of the intermediate products represented by numerical parameter values.
2.4.6 Gene Action 6

The transformation of Fig. 5 is used in conjunction with the primary algorithn
of Gene Action 3. This is the approach used to obtain Gene Action 4 from 1 and
Gene Action 5 from 2. After several experiments had been run, it was discovered
that there is in fact no increase in genetic redundancy provided by this schene.
This is a result of the reflected nature of the Gray code (Fig. 7). The foldin
effect of the secondary transformation very nearly eliminates the influence of
gene 2 on the numerical product, because the fold lines of the secondary trans-
formation pass through the pathway branch points associated with gene 2. Gene 2
does have a small residual effect, however, due to the integer arithmatic involved
in the folding operation of the secondary transformation. We should expect only
slight. differences in the average performance of artificial populations that use
Gene Actions 3 and 6, even though there may be considerable differences in par-

ticular breeding experiments in which the two algorithms are used.
2.4.7 Gene Action 7

Intra-allelic interaction is simulated by associating a dominance modifier locus
with each of the functional loci in the genome. Even-numbered complexes contain
functional genes whose dominance modifiers are found in corresponding positions
within the next, odd-numbered complex. Parameter values are synthesized by the
cumulative effect of four complexes containing polygenes weighted as in Gene
Action 1. If the functional loci are all homozygous, the modifier loci have no
effect and the parameter values will be the same as those determined by Gene
Action 1. When functional loci are heterozygous and the associated dominance
modifier loci are homozygous, dominance of the alleles present at the modifier
loci is imposed at the functional loci. When functional loci and the corresponding
modifier loci are both heterozygous, dominance at the functional loci is deter-

mined randomly.

This simulated dominance at the gene level is programmed by modification of

the primary gene action algorithm of Gene Action 1. Similar modifications of
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Gene Actions 2 through 6 are used to obtain additional algorithms as follows:

2.4.8 Gene Action 8

Dominance modifier loci are added to the primary algorithm of Gene Action 2.
There is now a single pathway in Fig. 3 along which the parameter values are
synthesized; the direction at each reaction branch point is determined by the

combined effects of a functional gene and its associated dominance modifier.

2.4.9 Gene Action 9

Dominance modifier loci are added to the primary algorithm of Gene Action 3.

2.4.10 Gene Action 10

Dominance modifier loci are added to the primary algorithm of Gene Action 4.

2.4.11 Gene Action 11

Dominance modifier loci are added to the primary algorithm of Gene Action 5.

2.4.12 Gene Action 12

Dominance modifier loci are added to the primary algorithm of Gene Action 6.

2.4.13 Gene Action 2A

A modification of the binary encoding scheme of Gene Action 2 is used in this
algorithm. Each parameter is controlled by a single complex of 16 genes. The
left-most gene acts as a regulator that controls the function of all the other
genes in the complex. If the regulator is homozygous 0/0, the arrays of alleles
in the two homologous chromosome segments are read separately as binary numbers
in the range [0,32767] and their values are summed to form the numerical value
of the parameter controlled by the complex. If either of the regulatory alleles
are "1", the alleles on the same chromosome are complemented before the value

is read and used in the parameter computation. For example, the genotypes
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1111111111111000 1111111111111000

0000000000000111 and 1111111111111000
are "equivalent" to the homozygous genotype

0000000000000111

0000000000000111

which represents the numerical parameter value 14, obtained by summing the two

gametic values of 7.

A single crossover between the 12th and 13th loci of the heterozygous genotype
above will produce two gametic arrays having numerical value 7 as illustrated

below

111111111111 1000 0000000000001000

<

000000000000 0111 > 1111111111110111

A synthetic pathway interpretation of the algorithm is illustrated in Fig. 8.

As in the previous diagrams, the pathways shown are those determined by a com-
pletely homozygous gene complex. In this algorithm, a complex heterozygous at

any loci will produce alternate products that are summed (not averaged) to form
the final parameter value. This corresponds to a cumulative effect of intermediate

products.

This algorithm was developed with two objectives in mind. The first is to reduce
the chance of stalling at suboptimal selection limits. To do this, it provides a
mechanism by which crossing-over, a "normal" event that occurs frequently in
short-term breeding programs, is capable of producing small variations in parameter
values throughout the parameter range. This should dimish the effects of the

barriers in genetic parameter space that are a result of the cyclic properties

of the binary number system.

The second objective is to slow down the approach to homozygosity. There are
polymorphic genotypes that encode the same parameter values throughout the
parameter range, so the selection intensity for a particular allele at any locus
should be reduced. Maintaining genetic variation as long as possible helps

avoid premature fixation of undesireable alleles.

The algorithm might also be viewed as a model of multi-allelic gene action with
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the arrays of 0's and 1's in the homologous chromosome segments representing
different functional conformations of a single gene. Parameter values would
then correspond to distinct enzymes with structural compositions controlled

by specific genes.

2.4.14 Gene Action 5A

The primary gene action algorithm is the same as that used in Gene Action 2A.
A secondary gene action subroutine transforms the primary value M into the
parameter value X as in Gene Action 4, but in this case the transformation is
discontinuous as shown in Fig. 9. The intent was to increase the genetic
redundancy of the algorithm. Fig. 10 shows this transformation also nullifies

the effect of gene 2.

2.4,15 Gene Action 8A

Dominance modifier loci are added to the primary algorithm of Gene Action 2A.
2,4.16 Gene Action 11A

Dominance modifier loci are added to the primary algorithm of Gene Action 5A.
2.5 OBJECTIVE CHARACTERS

Objective characters may be any process that transforms trial sets of parameter
values into corresponding objective values. The objective characters may be
evaluated either within or outside the computer used to simulate the artificial
population and breeding program. In the experiments described in this report,
objective characters were evaluated internally by subroutines that evaluate
mathematical functions of the parameters in simulated direct-search problems.
Two-dimensional contour plots of six objective functions used in the experiments
are shown in Fig. 11. These objective characters are identified by names that

refer to their main topological feature.

Functions of more than two parameters are obtained by summing evaluations of
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2-parameter functions. For example, if a 2-parameter objective character is
defined by V(X1,X2), the 8-parameter character of the same type is V(X1,X2,X3,
X4 ,X5,X6,X7,X8) = V(X1,X2) + V(X3,X4) + V(X5,X6) + V(X7,X8).

2.5.1 Plane

A hyperplane is inclined in parameter space in such a way that the maximum
phenotypic value of 100 units is achieved at the lower bound (0) of the odd-

numbered parameters and the upper bound (65535) of the even-numbered parameters.

A curved, knife-edged ridge passes through the origin and upper-right-hand
corner of each 2-parameter plane. The phenotypic value increases gradually
along the ridge to a maximum value of 100 units at the upper bound (65535) of
all parameters. The objective value decreases rapidly in directions away from

the ridge line.

2.5.3 Peak NE

Three peaks-~the highest of which is located in the North East quadrant--rise

out of each 2-parameter plane. The peaks have the form of normal probability
density functions and are therefore characterized by the means (locations of
peaks), standard deviations (sharpness of the peaks), and the correlation coeff-
icients (interaction of the two parameters) of the three probability density
functions. The functions are multiplied by weighting factors and summed to form
the phenotypic value of the objective character. When the peaks are sharp (small
standard deviations) and widely separated (differences in mean values large
compared to the standard deviations), the objective value at each peak is deter-

mined primarily by the three weighting factors.

The maximum value of this objective function is achieved when all parameters

have the value 49151, corresponding to the location of the North East peak in

each 2-parameter plane. The objective value is 60 at the West peak (coordinates
0,32767 in the 2-parameter plane) and 40 at the South peak (coordinates 26214,6553).

The parameters interact (correlation coefficient 0.95) in the neighborhood of the
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NE peak but do not interact (correlation coefficients 0.0) in the vicinity of

the other two peaks.

The standard deviations that characterize the sharpness of the peaks are all
equal to 10 percent of the parameter range. The peaks are, therefore, quite
sharp and isolated. As may be seen in Fig. 11, the phenotypic objective value

is less than 10 units over a large part of the 2-parameter plane.

2.5.4 Peak W

This objective character is similar to Peak NE with the weighting factors of
the North Ease and West peaks interchanged to make the West peak the highest-

valued of the three peaks in each 2-parameter plane.

2,5.5 Peak S

This objective character is also similar to Peak NE except that the weighting
factors of all three functions are interchanged to make the South peak the
highest valued, West peak the second, and North East peak the third highest
of the three.

2.5.6 Hypersphere

A hyperspherical surface is centered in the range of parameter values so that
the objective character has a maximum value of 100 units when all parameters
are equal to 32767. The character has a phenotypic value of 0 if all para-

meters are either 0 or 65535, i.e., they are all at the extemes of the parameter

range.

2.6 BREEDING METHODS
There are basically two different approaches to agricultural plant breeding. One
is to develop new, improved, true-breeding varieties. The other is to improve

the hybrid offspring of two or more established varieties.

To develop improved varieties, two or more source varieties are first crossed
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to obtain a hybrid F, generation. The breeder then selects and propagates (by

1
self- or cross-pollination) individuals in successive generations of the hybrid
population until a new variety is established. If 1) the original varieties

are complementary, 2) the variation needed for improvement in the characteristics

of interest is present in the F. generation, and 3) the necessary recombinations

1
of alleles occur and are not lost by genetic drift or too intense selection, then
the breeding program may succeed in producing an improved variety having greater

phenotypic value than the source varieties.

The second approach is used when the hybrids produced by the first cross of two
varieties are superior to either of the parents, but lose their superiority when
propagated in an effort to establish an improved, true-breeding variety. Selec-
tion and mating of individuals within the two parental populations according to
the phenotypic value of their cross-bred progeny, rather than on the basis of

their own characteristics, has become a standard plant-breeding procedure.

Methods of selection and propagation differ for self- and cross-pollinated plant
species, but a surprisingly few basic methods are applied successfully to many
different species and characteristics. While these agricultural breeding methods
do not guarantee success, they often do produce significant improvement in the
characters of interest in only a few breeding generations. What makes these
relatively simple breeding algorithms for selection and mating as reliable and

robust as they are?

One reason is that there is an intrinsically adaptive capability of sexually
reproductive populations under artificial or natural selection. Another reason
is that the mechanisms of reproduction and gene action are fundamentally the

same in all species of plants and animals (Stahl, 1964).

The basic idea of ARTIFICIAL BREEDING is that, if the mechanisms of reproduction
and gene action are accurately simulated, the genetic principles of agricultural
breeding should also be effective in breeding for improvement in direct-search

objective characters of artificial organisms.

The practical value of the method can only be established by experimental investi-

gations using realistic objective functions and specific breeding methods.
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The artificial breeding methods used in this study are based on the agricultural
methods of plant breeding described by Allard (1960).

Main programs, subroutines, input data and PDP-9 CHAIN/EXECUTE systems for all

of the artificial breeding systems are included in the Appendix.
2.6.1 Pedigree Method 1

In pedigree breeding, the procedure most widely used to improve characteristics
of self-pollinated species, two or more well established varieties are crossed

to form a large, hybrid F. generation. Families are started in the F2 generation

1
by growing several plants from self-pollinated seeds of F., individuals selected

for general appearance, but without particular regard to ihe objective of the
breeding program. Selection for the objective character is started within families
in the F2 generation., As family differences appear in later generations, selection
among families is introduced until finally the entire population is produced by

the single, most valuable individual selected from the previous generation.

Pedigree Method 1 (PMl) simulates an ideal F, population formed by a cross of

1
parental varieties that differ at all loci contributing to the objective char-

acter. F1 alleles are randomly assigned to one genome and the complement alleles
are assigned to the other. Although the virtual F1 population is large, completely

heterozygous, and in gametic phase equilibrium, only a sample of the F. generation

1

is used to produce the F2 generation. Therefore, the original genetic variation
needed to optimize the objective character in subsequent generations of pedigree

breeding may not be present in the F2 generation.

Trial points in the direct-search parameter space are first produced in the F2

generation. The S2 highest-valued individuals selected from the F2 generation

are selfed N3/S2 times to produce N3 individuals in the F3 generation. Thereafter,

commensurate population sizes Ni and numbers of families S, p are specified for
1—

successive generations in which families are propagated by selfing the single,

highest-valued member of the family in the previous generation.
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2.6.2 Pedigree Method 2

The pedigree method of PMl is used to obtain a sequence of improved varieties
starting with an initial cross of random, dissimilar varieties. In the second
cross, the first improved variety replaces one of the random parental varieties.
The third variety is bred from a cross of the first two improved varieties.
Subsequent varieties are derived from crosses between the two, highest-valued

varieties previously developed.

2,6.3 Bulk Population Breeding 1

Characters positively correlated witn naturali ritness are sometimes lmproved DY
propagating the entire (bulk) population. The breeder assumes (or knows from
previous experience with the species) that the fittest plants will also be the

most desireable with respect to the character of interest.

In Bulk Population Breeding 1 (BPBl), fitness is made proportional to the
direct~search objective value of each individual. The breeder may also impose
artificial selection by specifying some number NSEL of the highest-valued
individuals in each generation among which the competition for producing off-
spring occurs. The artificial species may be completely self-fertilizing,
partially cross-fertilizing, or completely cross-fertilizing as specified by

a probability POUCR of outcrossing in producing each offspring organism.

2.6.4 Mass Selection 1

A procedure used to improve characteristics of outcrossing species is simply
to select individuals from each generation entirely on the basis of their own
merit and then mate the selected individuals randomly to produce the next
generation. Genetic varjation in the original population can be produced by
crossing two or more varieties, or, as is often the case, there may be enough
variation in populations that have not previously been under selection for the

character of interest to the breeder.

In Mass Selection 1 (MS1), a completely heterozygous first generation is formed

with random alleles in one genome and the complement alleles in the other.
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The population size and number of individuals selected in each generation remain
fixed throughout the breeding program. The artificial organisms are considered
monoecious and have equal probabilities of self-fertilization or cross-fertilization

with any other selected individual.
2.6.5 Simple Recurrent Selection 1

Hybrid populations of outcrossing but self-compatible species are sometimes self-
and cross—-pollinated in alternate generations; two such consecutive generations
are called a selection cycle. Simple recurrent selection is started by selecting
the most desireable individuals in a hybrid population. These selected individ-
uals are selfed to produce progeny that, on the average, are homozygous at half

of the loci contributing to the character of interest to the breeder. The third
generation (first generation of the second recurrent selection cycle) is formed

by making all possible crosses of offspring from individuals selected in the

first generation. This process of selection in alternate generations is continued

until a new, true-breeding variety is obtained.

In Simple Recurrent Selection 1 (SRS1), the population size is made an integer
multiple of the N(N - 1)/2 possible crosses of offspring from N individuals
selected in each cross-bred generation. Trial points are evaluated in only
the cross-bred generations, so the method is no more costly in terms of trial

point evaluations than the mass selection method.

Time is required to simulate the intermediate generations, but, because the
progeny of selfed individuals can be produced as they are needed and do not
have to be stored in disk memory, the total time required for a recurrent
selection cycle is less than twice that of a mass selection generation of equi-
valent population size. The additional memory required to simulate the inter-

mediate generations is negligible.
2.6.6 Simple Recurrent Selection 2
The simple recurrent selection method of SRS1 is used to obtain a sequence of

improved varieties starting with an initial cross of random, dissimilar varieties.

The first improved variety replaces one of the random varieties, and the third
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is bred from a cross of the first two improved varieties. Subsequent varieties
are derived from crosses between the two, highest-valued varieties previously

developed.

2.6.7 Reciprocal Recurrent Selection 1

Reciprocal Recurrent Selection 1 (RRS1) improves the hybrid offspring of two
parental varieties. Two completely heterozygous source populations, A and B,

are formed by randomly assigning alleles and their complements to homologous
chromosomes as described earlier. Each individual in population A is crossed
with a sample chosen randomly from B, and each individual in B is crossed with

a sample chosen randomly from A. The recurrent parents in each population
having progeny with highest individual value are selected and selfed to propagate

populations A and B.

The objective values of A and B individuals are never required, so trial points
in direct-search parameter space are evaluated for only the hybrids in each
selection cycle. The entire A and B populations must be stored in disk memory
because any particular individual may be required in determining the combining
ability of individuals in the opposite population. There is no need to store

the hybrid individuals, however, once their objective value has been determined.

In RRS1, populations A and B are the same size and equal numbers of trial crosses
are used in determining individual combining abilities. The number of hybrid
offspring in each reciprocal recurrent selection cycle is therefore 2Nn, where

N is the size of populations A and B, and n is the number of trial crosses of

each recurrent parent.

Initially, populations A and B are completely heterozygous. After several
selection cycles, the two populations approach homozygosity. Individuals in
the final A and B populations may themselves have low phenotypic value, but,

if the breeding program is successful, they will have high combining ability
with the opposite population. The recurrent selection procedure was originally
developed to test simultaneously for general and specific combining ability.
General combining ability is measured by an individual's progeny when crossed

with a heterozygous population; specific combining ability is measured by an

individual's progeny when crossed with a particular homozygous population.
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RESULTS

Experimental studies of ARTIFICIAL BREEDING for parameter optimization were
run on a Digital Equipment Corporation PDP-9 computer at the University of

Michigan Simulation Center. The programs are documented in the Appendix.

3.1 COMPARISON OF GENE ACTION/BREEDING METHOD COMBINATIONS

All combinations of 16 gene action algorithms and five breeding methods were
first compared for general performance using an 8-parameter version of objective

character Plane.

Genotypes with eight complexes per chromosome were used in each case. Polygenic
complexes were arranged in descending order of effect and in normal order of
parameter indeces. When using Gene Action 1, for example, each chromosome con-

tained two sets of four complexes and controlled the synthesis of one odd- and

one even-numbered parameter. When using Gene Action 2, the genome consisted of

one chromosome containing the eight complexes for all of the parameters.

This structural arrangement of genes on the chromosomes was fixed by setting the
probabilities of inversion and translocation to zero. Free recombination was
simulated by setting crossover probabilities PCROS and PCROL to 0.5, so the

genes were effectively unlinked and the structural arrangement is immaterial.

The probability of mutation was also set to zero.

Initial populations were completely heterozygous, simulating an ideal cross of
source varieties that differ genetically at all loci contributing to the charac-
ter of interest to the breeder. Alleles in one genome were chosen randomly and

the complementary alleles were assigned to the homologous genome.

The solution of the underlying direct-search problem is at the lower bound (0)

of the odd parameters X1, X3, X5 and X7, and at the upper bound (65535) of the
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even parameters X2, X4, X6 and X8. Notice that the parameters do not interact
in the objective character Plane; the optimal value of each parameter can be

determined with the others fixed at any value.

Even though the parameters do not interact, the search problem is somewhat more
difficult than it might appear at first glance. Consider a very crude exhaustive
search. Suppose we divide each parameter range into ten equal intervals and
make trial evaluations at the centers of the 100 million subdivisions of the
parameter space. At a rate of one trial evaluation per second, this would

require more than 30,000 hours.

Let us obtain a rough estimate of the number of trials required for a sequential
search of the parameter space. This will of course depend on the starting point
and increment step size used. Starting at the midpoint of each parameter range
and increménting by say five percent (10 steps to either extreme parameter value)
will require 80 trial points. This is the average number for randomly chosen
starting points. If five replications of the sequential search are made to be

reasonably sure a global optimum is found, 400 trial points are required.

The populations for each breeding method were sized to obtain approximately the
same number of trial points in each experiment--zbout 300--which is somewhat
less than the estimated number of trials required to make a sequential search of
the 8-dimensional space. The objective of this preliminary comparison of gene
action/breeding method combinations was to determine whether marked differences
in performance could be used to narrow the study to those most promising combi-
nations. It seemed essential to base this decision on ARTIFICIAL BREEDING

experiments that use an encouraging number of trials.

Pedigree Method 1. An F2 population was formed by selfing completely hetero-

zygous individuals drawn from a large, virtual F

1 population. In the following
generations the highest-valued individuals in each family were compared, and

the highest-valued individuals among these family representatives were selected
and selféd to propagate their families into the next generation. The population
size was held constant after the F_, generation by increasing the family size as

; 3
the number of selected families was reduced according to the following schedule:
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Population Families Family

Generation size selected size
2 64 32
3 32 16 1
4 32 16 2
5 32 8 2
6 32 4 4
7 32 2 8
8 32 1 16
9 32 1 32
10 32 1 32

Bulk Population Breeding 1. Populations of 32 self-fertilized individuals were

propagated in bulk for ten generations with simulated artificial selection of
the highest-valued half of each generation. The probability of outcrossing,

POUCR, was set to zero.

Mass Selection 1. Populations of 32 cross-fertilized individuals were bred

for ten generations with mass selection of the highest-valued half of each
generation. The selected individuals were mated randomly to produce each

individual in the next generation.

Simple Recurrent Selection 1. Populations were bred for ten simple recurrent

selection cycles. The eight, highest-valued individuals in each cross-bred
generation were selected and selfed to produce the intermediate generations.

A diallel cross of eight individuals in each intermediate generation was used

to produce (8)(7)/2 = 28 individuals in each cross-bred generation. The diallel

cross of eight individuals numbered 1 to 8 is illustrated by the following diagram:
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Reciprocal Recurrent Sclection 1. Two populations of eight individuals were

bred for ten reciprocal recurrent selection cycles. Four individuals were
selected from each population on the basis of the highest-valued offspring
produced by crossing each individual with a random sample of two individuals
from the opposite population. There were, therefore, (4)(2)(2) = 32 individ-
uals in the hybrid generation of each selection cycle. The selected

individuals were selfed to propagate the two parental lines.

A single breeding experiment was run for each gene action/breeding method
combination. Graphical results of the experiments are shown in Fig. 12a-h.
In each part of the figure the phenotypic values of all individuals are shown
in the order that they are produced in the simulated breeding program. The
sequential order of individuals within a particular generation is not sig-
nificant from the genetic or breeding viewpoint, but the progressive improve-
ment of the objective character is of principal interest in evaluating the

direct-search algorithm performance.

The best overall performance was obtained using Gene Actions 4 and 6 in
combination with simple recurrent selection. These combinations achieved
approximately 90 percent of the maximum theoretical genetic gain within 280
trials. 1In each experiment, however, there was evidence that major genes
reached fixation prematurely. Without mutation, there was no way to break

through the resulting selection limits.

Gere action/breeding method combinations that reached at least 80 percent of
the maximum theoretical genetic gain were considered promising for use in
ARTIFICIAL BREEDING. A list of these prospects is given below in descending
order of phenotypic value achieved by the end of a single breeding experiment:

Gene Action 4/simple recurrent selection

Gene Action ¢/simple recurrent selection

Gene Action 3/simple recurrent selection

Gene Action 9/simple recurrent selection

Gene Action 6/mass selection

Gene Action 6/pedigree method

Gene Action 8/simple recurrent selection

Gene Action 8/mass selection
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Gene Action 2A/pedigree method
Gene Action 11A/simple recurrent selection

Gene Action &4/mass selection

It was of course impossible to draw firm conclusions on the basis of single
experiments with each gene action/breeding method combination. Therefore,
several of the most promising gene action models and breeding methods were

investigated in further experiments.

3.2 PEDIGREE METHOD 1 EXPERIMENTS

Definite progress was observed in pedigree breeding for the 8-parameter
objective character Plane during the preliminary comparison of gene action/
breeding method combinations described in Section 3.1. However, in every case
fixation of undesireable alleles prevented genetic advance beyond suboptimal
selection limits of approximately 75 to 85 phenotypic units. The maximum

possible objective value for Plane is 100 phenotypic units.

3.2.1 Breeding for 2-Parameter Plane

To verify that this problem is related to the number of segregating loci, the
Gene Action 3/Pedigree Method 1 combination was used in ARTIFICIAL BREEDING
for a 2-parameter version of Plane. The results of this experiment are shown
in Figs. 13a-c. The population reached a limit of 96.77 in the 8th generation
with final parameter values of X1 = 2078 and X2 = 63379. This is greater than
the genetic advance observed in any of the experiments using the 8-parameter
version; it shows that the chances of finding optimal values are greatest when

there are fewer loci (parameters) affecting the objective character.

The results of ARTIFICIAL BREEDING experiments are averaged over replications

of the experiment. The AVERAGE VALUES are printed at the bottom of the output
as shown in Fig. 13c. When the experiment is not replicated, the AVERAGE VALUES
are the actual values of the single experiment, as in the case of Fig. 13c. The
column headings for the AVERAGE VALUES are defined as follows:

EFF Efficiency of the breeding program; the ratio of the total
phenotypic value of all individuals to the maximum possible
total value
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AVG Average phenotypic value of the population in the current
generation

STD Standard deviation of phenotypic values for the population
in the current generation

AVGS Average phenotypic value of selected individuals in the
current generation

STDS Standard deviation of phenotypic values of selected
individuals in the current generation

NIZ Number of inviable zygotes in the current generation

NTR Number of trial evaluations of the objective tfunction
in the current generation

PM1A in the input data of Fig. 13c indicates that Gene Actions 2A, 5A, 8A and -

11A had been compiled on disk at the time the experiment was run.

3.2.2 No Selection Among Families After the F3 Generation

I1f fixation of undesireable alleles was caused by too intense a selection among
families in the early generations of the last experiment, reducing that pressure
might improve the breeding performance. So the experiment was repeated with

32 individuals selected from the F, generation as before, but 16 families were

2
kept in the remaining generations. There were two members in each family.

These results are shown in Fig. l4a,b. The average value of the late generations
decreased, but the maximum individual value remained about the same as in the
previous experiment--96.201 compared with the previous value of 96.770. The
population did not reach genetic fixation, but the average value changed very

slowly after the 7th generation.

Other experiments, in which no selection among families was practiced after
the F3 generation, were also run using Gene Action 3 and Gene Action 4 in

conjunction with the 8-parameter Plane. The results were similar to those of

Fig. 14.

Eliminating selection among families, therefore, did not have an appreciable

effect on the pedigree method performance.
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3.3 BULK POPULATION BREEDING 1 EXPERIMENTS

In the preliminary experiments of Section 3.1, bulk population breeding also
produced definite genetic advance in the 8-parameter objective character
Plane. Several populations reached phenotypic values of 75 to 80 units, but

in all cases progress was limited by fixation of undesireable alleles.

The following additional experiments were run using Gene Action 4/Bulk

Population Breeding 1.
3.3.1 Effect of Selection Intensity

Figure 15 shows the results of three experiments in which 4,8 and 16 individ-
vals were artificially selected from populations of 32. Increasing the
artificial selection intensity increased the initial rate of response with

little effect on the final selection limit.
3.3.2 Effect of Population Size

Bulk population breeding of these extremely small populations can not be com-
pared with agricultural programs where hundreds or thousands of individual
plants afe bulked in each generation. However, large populations can not be
used in ARTIFICIAL BREEDING for parameter optimization if it is important to
keep the number of trials at a minimum. We must be concerned with the
performance of the bulk population method when applied to very small popula-

tions even though the results will be subject to "small sample errors."
g

Effects of population size were explored briefly in experiments using popula-
tions of 16 and 64 individuals. These results are shown in Fig. 16. 1In each
case one-fourth of the population was artificially selected. The small
population reached fixation in approximately five generations (after 160
trials). The larger population did not reach fixation during the 10-generation
breeding program, but the total genetic advance was only slightly greater than

the selection limit of the smaller population.

There appeared to be no reason to use populations of more than 32 individuals

in ARTIFICIAL BREEDING by the bulk population method.
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3.3.3 Effect of Cross—fertilization

Performance improved when the probability of outcrossing, POUCR, was
increased from zero to 0.5 and 1.0. Results obtained using Gene Action 4/
Bulk Population Breeding 1 and artificially selecting four individuals

from a population of 16 are shown in Fig. 17. A greater initial rate of
response and a higher final selection limit were observed when using the
completely outcrossing species. The eight parameter values of each individ-
ual produced during that experiment are shown in Fig. 18. The selection

limit is clearly due to fixation of genes that control parameters X3 and X8.

Increasing the population size to 32 with artificial selection of eight
individuals in each generation produced further improvement in the parameter
optimization performance. These results are shown in Fig. 19a,b. Progress
was steady over the ten generations, and genetic variation remained in the
population throughout the breeding program. The selection limit was

increased to above 90 phenotypic units.
3.3.4 Effect of Linkage

In the last experiment all eight of the parameters approached the optimal
values individually, but the performance would have been greatly improved

if the values nearest the optimal values had occurred in the same individuals.,
This raises a question as to whether linkage would improve the parameter

optimization performance of the ARTIFICIAL BREEDING program.

The experiment was repeated with 0.05 probability of crossover between

adjacent loci within complexes (PCROL) and 0.1 probability of crossover between
adjacent complexes (PCROS). Results are shown in Fig. 20a,b. The rate of
response is slightly lower, but steady. Genetic variation is maintained, but
there is now evidence of fixation of many genes that control parameters X2 and

X4. The other parameters also exhibited slower convergence.

It appears that linkage impedes the performance of bulk population breeding

of cross-fertilized species.
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3.3.5 Replicated Breeding for 8-Parameter Plane

Five replications of a bulk population breeding program for 8-parameter Plane
were run using Gene Action 4, no linkage, completely cross-fertilizing
organisms, populations of 32 individuals, artificial selection of eight
individuals and 20 generations.

In Fig. 2la are plotted the generation mean and standard deviation when
averaged over the five replications. The printed results of the replicated
experiment are shown in Fig. 21b. With the print control IPBP set to 1,

only parameter values with corresponding objective values that exceed the
values at previous trial points are printed. The AVERAGE, MAXIMUM, and
MINIMUM VALUES of "generation" information are printed following the parameter
values for the five experiments. The lowest mean phenotypic value for the
20th generation in the five replications was 93.259, so the bulk population

breeding method appears to be reliable.

The maximum individual phenotypic values that occurred in each of the five

replications of the breeding program are listed below:

Experiment Maximum value Trial
1 97.871 611
2 97.870 586
3 96.684 575
4 97.037 457
5 97.606 589

3.3.6 Breeding for 8-Parameter Ridge

The same bulk population breeding program was applied to the 8-parameter objective
character Ridge with the results shown in Fig. 22a,b. Genetic progress was

slow but steady over the 20 generations. Parameters X1 and X2 became stalled
along the ridge line in the 2-dimensional subspace, but the other parameters

were driven close to the optimal values at the upper bound of the parameter

range, 65535.
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3.3.7 Replicated Breeding for 8-Parameter Ridge

Five replications of the same experiment were run with the results shown
in Fig. 23a,b. The population mean of the 20th generation, averaged over

the five replications, was 80.795 phenotypic units.

Robustness of the ARTIFICIAL BREEDING system should not be judged on the
basis of averaged phenotypic values, since these values may vary widely
depending on the features of the objective character. A distance measure

of how close trial points come to the optimal point would be more appropriate.
A numerical measure of this sort was not computed, however, Fig. 22 gives an

indication of the parameter '"miss distance" in one particular experiment.

The 605th trial of the first replication came closest to the optimal

parameters for Ridge during the replicated experiments. The parameter values
for this individual are 55388, 48452, 64206, 62950, 63086, 61146, 63160, and
63564 for X1 to X8 respectively. The phenotypic value is 94.023 phenotypic
units, quite close to the maximum theoretical gain considering the complexity

and degree of interaction among the parameters in this objective character.

3.4 MASS SELECTION 1 EXPERIMENTS

Bulk population breeding of cross—fertilized species with artificial selection
is actually a form of mass selection with random matings biased in favor of
mating the highest~valued individuals among those selected artificially. Mass
selection with uniform random mating was also investigated in experiments

described here.

3.4.1 Effect of Selection Intensity

Half of the population was selected for random mating in the preliminary
comparison of gene action/breeding method combinations described in Section 3.1.

Increasing the selection intensity by selecting eight of the 32 individuals

in each generation produced the results shown in Fig. 24a,b. The objective
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character is 8-parameter Plane with parameter synthesis by Gene Action 4.
Progress was steady during the first ten generations (320 trials). Considerable
genetic variation was maintained throughout the breeding program even though
there was no mutation of individual genes. All parameters approached the optimal
values at about the same rate. The final selection limit was at approximately

90 to 95 phenotypic units.
3.4.2 Effect of Dominance in Polygene Action

Repeating the experiment in breeding for 8-parameter Plane using Gene Action
10 instead of Gene Action 4 produced the results shown in Fig. 25a,b. Recall
that Gene Action 10 has functional polygenes as in Gene Action 4, and also

dominance modifier loci that determine intra-allelic intéraction at the level

of parameter synthesis.

The most noticeable effect of the dominance is an increase in phenotypic
variation during the early generations. The overall performance is about
the same as in the previous experiment using Gene Action 4. Parameters X6

and X8 show loss of genetic variation in the later generationms.
3.4.3 Effect of Epistatic Gene Action

Using Gene Action 3 in the mass selection program for 8-parameter Plane
produced rapid convergence of some parameters with nearly complete elimination
of genetic variation in later generations. These results are shown in Fig.
26a,b. Parameters X1, X5, X6 and X7 are driven very close to the optimal
values, but the others are stalled by premature fixation of genes having

major effect in the parameter synthesis,

3.4.4 Effect of Dominance in Epistatic Gene Action

The results in Fig. 27a,b were obtained by repeating the experiment using
Gene Action 9, which incorporates dominance modifier loci in the primary

algorithm of Gene Action 3. The most noticeable effect here too was a marked

increase in parameter variation, especially during the early generations.
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Sustained variation at the most significant locus controlling parameter X8
caused X8 excursions from one extreme of the parameter range to the other
even during the later generations when the less significant loci had become

fixed.
3.4.5 Breeding for 8-Parameter Ridge

Experiments in ARTIFICIAL BREEDING for 8-parameter Ridge using Gene Actioms 4,
10, 3 and 9 were also run. Slow progress was observed in all cases. Greater
variation in parameters occurred when using Gene Actions 10 and 9, which employ

intra-allelic dominance.
3.4.6 Effect of Gene Number

Rapid convergence to within a small neighborhood of the optimum was observed
in breeding by mass selection for 2-parameter Ridge using Gene Action 3. When
Gene Action 9 was used, however, the population converged rapidly to a point

along the ridge line below the optimum.
3.4.7 Effect of Population Size

Only slight differences in averaged performance were observed in five repli-
cations of mass selection for 8-parameter Ridge using populations of 16, 32
and 64 individuals. The results are shown in Fig. 28a,d. The initial rate of
average response is the same for all three cases, but the larger populations

reached slightly higher average phenotypic values.

The highest-valued individual in the replicated experiments was the 1004th
trial in the second replication of the largest population. Its parameter
values are 56623, 49183, 61423, 55421, 56850, 52249, 49951 and 38511 for X1
to X8 respectively, and its phenotypic value is 87.508.

3.5 SIMPLE RECURRENT SELECTION 1 EXPERIMENTS

In the experiments of Section 3.1, populations bred by simple recurrent

selection had not reached a definite selection limit by the tenth cycle.

L2



The method was continued for 20 cycles in the experiments described here,
with results that indicate species capable of self- and cross-fertilization

are probably the most versatile organisms for use in ARTIFICIAL BREEDING.

3.5.1 Effects of Selection Intensity and Population Size

Figure 29a,c shows the results of a single experiment in breeding by simple
recurrent selection for 8-parameter Plane using Gene Action 4 with free
recombination, no inversion or translocation and no mutation of alleles.
Eight individuals were selected from 32 in each cross-bred generation, the
selected individuals were selfed, and their offspring were crossed in all
possible combinations to complete a selection cycle. The breeding program

was rum for 20 cycles.

'The mean phenotypic value increased from 50.00 in the first cycle to 93.169
in the last cycle. Genetic variation was maintained throughout the 20 cycles,
‘and individual parameter converged to the neighborhood of optimal values more

rapidly than in previous experiments using other breeding methods.

The initial rate of response increased when higher selection intensity and
smaller populations were used, but fixation of alleles caused selection

limits below the total genetic advance indicated in Fig. 29.

3.5.2 Effect of Epistatic Gene Action

The use of Gene Action 9 instead of Gene Action 4 caused even greater variation
of parameter values than that shown in Fig. 29b. Fixation of undesireable

alleles also caused lower selection limits.

3.5.3 Effect of Gene Number

Experiments were also run using Gene Action 4 and simple recurrent selection
for 8- and 2-parameter Ridge. These results show less dependence on the
number of interacting genes than had previously been observed using Gene
Action 3 and mass selection. This can not be definitely attributed to

1) differences in the epistatic effects of the two gene action algorithms,
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or to 2) differences in the effectiveness in breeding for epistatic

characters by the two methods.
3.5.4 Effect of Linkage

Additional experiments were run using Gene Action 9 and simple recurrent
selection for 8-parameter Plane, first with free recombination and then with
gene linkage defined by probabilities 0.1 of crossing-over between adjacent
segments and 0.05 of crossing-over between loci within complexes. A large
amount of parameter variation was observed in the experiment using free
recombination, as had been the experience using other breeding methods with
this gene action algorithm. Parameter values converged more rapidly when
gene linkage was introduced, and there was evidence that the linkage inhibited
the dismantling of desireable complexes. But the linkage also had the effect
of accelerating the fixation of undesireable alleles, so the population with
linked genes stalled at a selection limit below that of the population with

unlinked genes.
3.6 PEDIGREE METHOD 2 EXPERIMENTS

So far, initial populations have been either completely heterozygous or they
have been formed by selfing completely heterozygous individuals. This can be
viewed as simulating either of two situations in plant breeding: 1) the
development of new varieties from wild populations in which there is a large
amount of genetic variation, or 2) the development of improved varieties from
a cross of parental lines that differ genetically at all loci contributing to
the character of interest to the breeder. In either case, these ARTIFICIAL
BREEDING experiments have simulated only the first step of what in agricultural

plant development may require a protracted series of breeding programs.

The results of extended ARTIFICIAL BREEDING for 8-parameter Plane using Gene
Action 4 and the pedigree method are described here. The "extended" means
that after two varieties have been developed from completely heterozygous
source populations, further search of the genetic parameter space is based
on simulating the development of improved varieties. There are, of course,

many ways varieties could be crossed to obtain the hybrids. In this case,
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the two previous varieties that produced the highest individual phenotypic

value were used.

Six varieties were developed in all, including the first two derived from
completely heterozygous source populations. Ten generations of pedigree
breeding were used to develop each new variety. The population size was
decreased in the later generations of each varietal development program to
avoid repeated trials as the populations reached homozygosity. A total of

102 individuals were produced during each varietal development program.

Inversion, translocation and mutation were prevented by setting the prob-
abilities of occurrence to zero. Free recombination was simulated by using

0.5 probability of crossover between adjacent loci.

The results in Fig. 30a,c illustrate the importance of the extended breeding
program. The first two varieties reached phenotypic values of 72.929 and
76.489 respectively; the third variety, developed from a cross of the first
two, reached 85.371. The succeeding varieties improved steadily as. shown in
the following list:

Highest
Variety individual value

1 72.929
2 76.489
3 85.371
4 87.262
5 90.066
6 93.219

The highest phenotypic value of the sixth variety exceeds that of the fifth
by 2.804 units. This improvement exceeds the standard deviation of the Fl
population from which the sixth variety was derived, indicating that the
fourth and fifth varieties have complementary genotypes even though they are
déscendents of the same parental lines. Moreover, the pedigree method is
capable of fixing favorable combinations of the complementary genes in an

improved, true-breeding variety.
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The standard deviations of phenotypic value in the first two Fl generations
are 7.366 and 7.518 respectively. The last four F] generations have either
zero or very small variance, since they are obtained by crossing parental

lines that are homozygous at nearly all loci.

The effect of each varietal cross and the ensuing pedigree breeding process
can be followed closely in Fig. 30b. The complementary effects of crossing
previously improved varieties are strongest in the synthesis of parameter

X7 and weakest in the synthesis of parameter X8.
3.7 SIMPLE RECURRENT SELECTION 2 EXPERIMENTS

Extended breeding experiments were also run using simple recurrent selection
for 8-parameter Plane, Ridge, Peak NE, Peak W, Peak S and Hypersphere. Five
varieties were developed in each composite breeding program. The first two
were developed from completely heterozygous source populations, the third
from a cross of the first two, the fourth and fifth from crosses of the two

previous varieties that produced the highest individual phenotypic values.

Ten selection cycles were used in each varietal development program. In each
cycle, eight individuals were selected from 32 members of a cross-bred genera-
tion and their self-bred offspring were crossed in all possible combinations

to produce the cross-bred generation of the next cycle. The intermediate,
self-bred individuals were not evaluated phenotypically, so the number of trial

points in parameter space was equal to the number of cross~bred individuals.

Free recombination was simulated by setting the probability of crossing over

between any adjacent loci to 0.5.

Inversions, translocations and mutations were first inhibited by setting their
probabilities to zero. 1In later experiments random chromosome aberrations were
simulated and were found to have a surprisingly advantageous effect on the

performance of the ARTIFICIAL BREEDING system.

Gene Action 4 was used in the first sequence of experiments described below.

The epistatic Gene Action 6 was also tried but did not perform as well as

L6



Gene Action 4, which was then used again in the final experiments.

3.7.1 Breeding for 8-parameter Objective Characters Using Gene Action 4
Without Inversion, Translocation or Mutation

Plane. The phenotypic values and parameters for each individual are shown in
parts a and b of Fig. 3la,c. Each tic mark on the horizontal axis represents
the beginning or end of a varietal development program. The generation

statistics for the five varieties are shown in part c¢ of the figure.

The first two varieties reached phenotypic values of 80.967 and 86.886
respectively. Further improvement to a value of 93.798 was obtained in the
third variety. The mean value of the crossbred generations reached a limit
of approximately 94.5 during the fourth variety and, thereafter, remained

nearly constant.

The improvement obtained in the third variety of the extended breeding program
illustrates the importance of crossing "improved" varieties rather than
starting from completely heterozygous source populations. In this case, the
improvement was due primarily to complementary effects in the synthesis of

parameter X6 (Fig. 31b).

Ridge. The results of this experiment (Fig. 32a,c) also exhibit the advantage
of extending the ARTIFICIAL BREEDING program. The first two varieties reached
mean phenotypic values of 67.914 and 70.632 with only one individual phenotypic
value gréater than 80 units. The population means reached 74.877, 79.078 and
89.683 in the last three varietal development programs, with maximum phenotypic

values exceeding 93 units during the last program.

In this case the complementary effects that produced the improvement during

the development of the last three varieties are most evident in the plots of
parameters X5, X6 and X8 (Fig. 32b). The 2-dimensional Ridge functions
V(X1,X2), V(X5,X6) and V(X7,X8) are nearly optimized by the end of the sequence
of five varieties. However, the function V(X3,X4) was further from its optimal

value at the end of the fifth varietal development than at the end of the first.
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Peak NE. Each of the four, 2-dimensional Peak NE functions have three local
peaks at parameter-pair values: (49151,49151), (0,32767) and (26214,6553).
The North East peak at (49151,49151) is the optimum. There are three locally

optimal values of the four pairs of parameters, so there are 34 = 81 local peaks.

The results of the experiment are shown in Fig. 33a,c. The first two varieties
reached mean phenotypic values of 17.988 and 10.502 with only two individual
phenotypic values greater than 40 units. Definite improvement was obtained

in the last three varieties, but the mean values reached only 18.173, 22.134
and 27.146. Several individuals in the fifth varietal development program had

phenotypic values just under 60 units.

The extended breeding program converged in parameter values toward the suboptimal
peak with (X1,X2) and (X5,X6) at (0,32767) and (X3,X4) and (X7,X8) at the
optimal values (49151,49151). The optimal values of (X3,X4) were determined
as a result of complementary effects of crossing the first two varieties
(Fig. 33b). The optimal values of (X7,X8) were determined during the first
two varietal development programs. Parameters (X5,X6) converged toward
(0,32767) in both of the first two programs and remained in the neighborhood
of these values throughout the last three programs. Parameters (X1,X2)
converged rapidly to the same values in the first program, but failed to
converge to any of the local peak values during the second, third or fourth
development programs. Finally, during the last program, (X1,X2) were drawn

again to the false peak at (0,32767).

The breeding program determined the optimal values of four of the eight
parameters, but converged to a false peak. It seems unlikely that the
system would be able to move off the false peak in the development of

additional varieties.
Peak W. This objective function has local peaks at the same parameter-pair
values as Peak NE: (49151,49151), (0,32767) and (26214,6553), but the

optimum is at West peak values (0,32767).

Results of the experiment are shown in Fig. 34a,c. Mean phenotypic values

of 24.274 and 17.176 were reached in the first two varietal development
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programs. Means of 42.989, 46.315 and 56.491 were reached in the last three.

From Fig. 34a, complementary effects in crossing the first two varieties were

obtained in the starting population for the third. However, the cross used to
develop the fourth variety was a poor one and no further improvement was

odbtained in the fourth or fifth variety as compared with the third.

The breeding program found the optimal values of parameters X1-X6, but failed
to find the optimal values for X7 and X8. At the end of the fifth varietal
development program, parameters X7 and X8 are near but are not precisely at
values corresponding to the false peak at (26214,6553). So there is some
possibility that the system would find the optimal values of X7 and X8 if the

program had been continued.

Hypersphere. This objective function has a smooth, hyperspherical peak at

parameter-pair values (32767,32767). When using additive Gene Action 4, the

parameters of every individual in the completely heterozygous F. populations

used to develop the first two improved varieties are precisely it the optimal
values. The amount that the F2 mean value drops below the thimal value of
100.00 units is a measure of the average parameter error at the beginning of
the breeding program, and may be used to compare the parameter dispersion
produced by the use of completely heterozygous source populations with various

gene action algorithms.

Results of the experiment are shown in Fig. 35a,c. For the reasons explained
above, the mean values of the Fl generations in the first two varietal
development programs are 100.00 units. The means drop to 88.182 and 88.132
in the F2 generations but increase to 94.475 and 94.929 by the end of the
first two programs. Mean values of 97.053, 97.236 and 98.940 are achieved

in the last three varieties. By the end of the fifth program, the average

value of individuals selected from the cross-bred generations reached 99.515.
3.7.2 Effect of Epistatic Gene Action

Similar experiments in breeding for 2- and 8-parameter versions of the

objective characters were also run using Gene Action 6.
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Rapid convergence to the optimal parameter values was observed in breeding
for 2-parameter Plane and Ridge. The system converged rapidly but to false
peaks in breeding for 2-parameter Peak NE and Peak W. Optimum parameter
values were found in the third and fourth varieties while breeding for
2-parameter Peak S; but the fifth variety reverted to lower mean phenotypic
values, as had been observed in earlier experiments. Rapid convergence was

also observed in breeding for 2-parameter Hypersphere.

Gene Action 6 was effective in breeding for 8-parameter Plane. However, poor
performance was observed in breeding for 8-parameter Ridge; some parameters

failed to converge, and some became prematurely fixed with undesireable

alleles at loci having major effect.

Further experiments using Gene Action 6 were then suspended in order to

explore the effects of chromosomal aberrations while using Gene Action 4.

3.7.3 Effect of Inversions, Translocations and Mutations in Breeding for
8-Parameter Objective Characters Using Gene Action 4

The experiments described in Section 3.7.1 were repeated with the probabilities
of inversion (PINV), translocation (PTRA) and mutation (PMUT) all set at
0.0010. This means that, on the average, one chromosome in a thousand will
rupture between any two specific, adjacent loci and then re-fuse with a
chromosome segment in either an inverted or translocated configuration. It
means also that, on the average, one zygote in a thousand will have an allele
at a specific locus that is a mutant of the one transmitted by the normal

processes of inheritance.

Plane. Results are shown in Fig. 36a,c. The differences in parts a and b

of Figs. 31 and 36 are not pronounced, however, an improvement in performance
can be seen by comparing part c¢. The random aberrations of chromosome
structure and gene conformation increased the mean phenotypic value of the
fifth variety from 94.551 to 97.201. Many individuals in the last generation
of the fifth varietal development program (Fig. 36c) have phenotypic values
greater than 97.0, while only one individual in the last generation exceeds

this value in the previous experiment. One individual in this experiment
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reached a phenotypic value of 98.082 units. The parameter values X1 to X8 of
this individual are respectively: 416, 64156, 1082, 64774, 1096, 63724,
2182 and 64206.

Ridge. Results are shown in Fig. 37a-c. In the previous experiment (Fig.32),
a mean phenotypic value of 89.683 was reached in the last geheration of the
fifth varietial development program; the corresponding value in this case was
87.407. The final phenotypic values in Fig. 32c are higher than those of

Fig. 37c. The general performance was, however, quite similar, and the small
differences observed in these two experiments do not indicate a decrease in
performance due to the use of simulated inversion, translocation and mutation;

performance variations of this amount would be expected in replicated tests.

Peak NE. Results are shown in Fig. 38a-c. In this experiment, parameter pairs
(X1,X2), (X5,X6) and (X7,X8) converged toward the optimal values (49151,49151)

of the 2-parameter Peak NE objective function. The parameters (X3,X4) converged

to false peak values (26214,6553). Although the system again converged to a
false peak, six of the eight parameters were optimized here compared to four

in the previous experiment where inversion, translocation and mutation were
inhibited.

Peak W. Results are shown in Fig. 39a-c. Mean phenotypic values of 18.865
and 16.769 were reached in the first two varietal development programs with
only three individuals exceeding phenotypic values of 40 units. In the last
three programs, mean values reached 41.403, 50.990 and 78.063 units with many
individual values in the fifth variety exceeding 80 units; one individual in

the fifth variety reached a phenotypic value of 94.855 units.

All four of the parameter-pairs (X1,X2), (X3,X4), (X5,X6) and (X7,X8) converged
toward the optimal values (0,32767). Individuals with desireable combinations
of alleles at loci controlling parameter-pairs (X3,X4), (X5,X6) and (X7,X8)
were produced in the first #arietal development (see Fig. 39b), and it appears
that some of these combinations were preserved in the cross of the first and
second varieties used to develop the third. Crossing the first and third
varieties to develop the fourth must have produced many homozygous loci that

control (X3,X4), (X5,X6) and (X7,X8) because these parameter-pairs were near
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the optimal values in the earliest generations and remained there throughout
the fourth varietal development. Parameter-pairs (X1,X2), on the other hand,
moved toward the false peak at (26214,6553) during the fourth prograﬁ. In the
fifth program (X1,X2) too were driven rapidly to the optimal values (0,32767).

By the end of the fifth varietal development, the system had definitely found
the optimal peak among the 81 local peaks of the objective function. Continued

breeding would have undoubtedly refined the adjustment of the parameters.

Peak S. Results are shown in Fig. 40a-c. The first two varieties reached
mean phenotypic values of 35.802 and 34.721 units; the third, fourth and fifth
varieties reached means of 71.129, 64.784 and 76.083 respectively. The third
variety reached a higher mean, value than the fourth, and the highest-valued
individual was in fact produced in at the end of the third program. The set-

back in the fourth variety was overcome in the fifth variety which reached the

highesf mean phenotypic value.

From Fig. 40b, it appears that desireable combinations of alleles for
parameter-pairs (X1,X2), (X3,X4) and (X5,X6) were found in the first varietal
devélopment program. The pair (X7,X8) converged to the optimal values
(26214,6553) in the third program, but the cross used to develop the fourth
variety appears to have been heterozygous at many of the loci controlling
this pair of parameters. This would explain the setback at the beginning of

the fourth program observed in Fig. 40a.

The populations had not reached complete homozygosity by the er

breeding program, so, strictly speaking, they should not have been referred

to as "varieties". However, the genetic variance does decrease within and
over successive programs, and it is incorrect to infer from the increasing
phenotypic variance that the genetic variance also increased. Increasing
phenotypic variance is brought about by the greater steepness of the objective
function in the vicinity of the optimal parameter values. A population with
small genetic variance but nearly optimal genotype may, therefore, have larger
phenotypic variance than a population with large genetic variance but far

from optimal genotypes.
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429 94,602 1586 63420 2420 638504 3424 86574 2738 635830
435 95,494 1774 63502 1482 59868 4660 84462 1338 59918
436 85,777 1794 64688 1393 64254 170 60428 18508 55582
457 97,737 20818 63982 1642 63482 3338 64272 1848 63414
{ 54,433 25548 44286 36770 29108 24876 37794 33504 32782

5 55,081 16698 36816 32540 51082 S1688 40654 40866 39702

e 56,165 28700 136878 44330 37104 28510 136874 25613 48618
12 60,275 27708 44238 36918 28326 9992 283p6 21936 49358
27 60,624 24622 51970 16926 40688 9936 20046 43326 37806
31 61,350 20404 59138 21426 40432 32288 36412 3IoB88 39Q30
44 62,356 21020 45488 37582 32556 17916 45044 21800 40042
54 63,479 8736 56958 39548 4719068 37536 48888 323768 36424
57 63,904 21188 47172 1334p 32544 13612 36338 388p8 43790
67 72,856 2258 55492 290219 408812 3220 35200 18162 41376
106 73.494 3240 51706 21864 31412 5676 51758 26820 44496
109 81,828 K628 55522 21316 44108 2724 50544 10464 36724
187 81,974 1344 63186 18374 4786 13818 38782 13570 649412
190 82,5852 6859 55836 1379 28390 {286 47438 7086 55596
198 92,278 1596 684272 2339 54762 2762 54880 18176 62076
257 90,755 6882 63732 1288 58088 11012 89166 11424 63292
263 91,834 1266 63740 6688 55868 5942 62270 10738 55314
293 91,971 13296 56756 2108 64120 798 59436 4416 62338
294 93,232 8928 64610 2524 63190 2024 58730 7596 84178
308 98,476 80@ 63732 2074 65032 3288 63050 10076 63744
3802 95,832 1712 59864 238p 63670 1542 63982 18506 159886
394 96,570 2352 64708 1876 598pm 2468 82750 8588 84182
458 97,496 1884 62624 5A4 640868 1722 63732 1084 63744
508 97.599 1374 64184 284 63590 2214 63938 2786 64470
589 97.606 1358 63256 1302 6378 1718 62784 544 64734

AVERAGE VALUES

GEN EFF AVG 870 AVGS STDS NIZ NTR
1 49,682 49,680 5,903 57.092 3,083 p,0200 32.000
2 53,497 57,313 4,163 62,140 1,467 2,000 32,000
3 56,460 62,387 4,187 67,704 2,258 2,000 32,000
4 59,141 67.181 3,886 71.850 1,960 2,000 32,000
5 61,592 71,397 3,636 76,097 1,666 2,000 32,000

Figure 21b Parameter values of individuals with increasing phenotypic values
during five replications of bulk population breeding for 8-parameter
Plane (Sheet 3 of 4)
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6 64,085 76,069 3,522 80,271 1,388 2,000 32,000
7 66,277 79,911 3,229 83,892 1,714 2,000 32,000
8 68,352 82,875 3,213 86,511 1,102 2,000 32,000
9 70,286 85,762 2,606 89,040 1,336 2,020 32,000
1@ 72,852 87,945 2,671 91,247 1,041 2,000 32,000
11 73,655 89,684 2,490 92,652 2,9¢8 2,080 32,000
12 75,127 91,318 2,031 93,666 0,772 a.000 32,000
{3 76,453 92,362 1,956 94,757 8,741 8,000 32,000
14 77,646 93,165 1,564 95,044 2,637 p,002 32,000
{5 78,708 93,566 1,815 95,748 2,803 2,080 32,000
16 79,668 94,077 1,469 95,749 2,549 2,000 32,000
17 80,529 94,154 1,446 95,907 2,464 2,020 32,000
18 81,288 94,334 1,484 96,071 2,579 2.P20 32,000
19 81,995 94,727 1,301 96,106 0,494 0.000 32,000
20 82,833 94,756 1,379 96,397 7,429 2,000 32,000
MAXIMUM VALUES
GEN EFF AVG 87D AVGS $TDS NIZ NTR
g 50,513 50,513 6,637 57,918 4,814 ® 32
2 54,344 58,460 5,288 63,793 2,74 e 32
3 57.234 64,281 4,801 70,044 2,926 ? 32
4 60,218 69,169 4,851 74,337 3,778 ® 32
5 63,21 74,232 4,457 77,710 2,233 ° 32
6 65,371 77.120 4,228 81,9039 2,348 e 32
7 67,540 81,017 3,668 85,542 2,992 e 32
8 69,488  BS5,189 3,795 89,286 1,668 0 32
9 71,376 87,956 3,252 90,411 1,687 ® 32
1e 72,956 80,801 3.181 92,514 1,797 0 32
11 74,480 91,480 2,965 94,7358 1,308 ¢ 32
12 75,843 92,373 2,274 94,6586 1,269 @ 32
13 77,189 93,473 2,564 95,594 1.156 ® 32
14 78,333 94,011 1,911 95,530 2,969 0 32
15 79,409 94,484 2,058 96,428 3,930 o 32
16  B8m, 3520 94,664 1,678 96,319 2,730 o 32
17 81,182 94,931 1,692 96,783 8.710 ? 32
18 81,924  9%,538 1,798 96,951 2,749 ¢ 32
19 82,624 95,749 1,648 97,103 2,680 0 32
2n 83,2680 95,904 1,833 97,875 2,661 ) 32
MINIMUM VALUES
GEN EFF AVG ) AVGS $TDS NIZ NTR
g 48,961 48,961 5,191 56,406 1,287 o 32
53,018 56,394 3,278 608,553 2,993 ? 32
3 55,437 67,244 3,718 65,885 1,553 ? 32
4 57,987 65,668 2.669 70,049 1,074 e 32
5 60,247 60,286 2,925 74,429 1,263 @ 32
6 62,692 74,918 2,844 78,688 2.924 ? 32
7 65,179  77,64D 2,805 81,241 ,464 ® 32
8 67,33t  8p,%99 2,661 83,878 2,788 0 32
9 69,384 83,353 2,877 86,612 1,100 ? 32
10 71,182 85,824 2,312 89,900 2,568 '] 32
11 72,645  87,78% 2,131 91,557 0,653 0 32
12 74,167 97,371 1,777 92,963 2,486 @ 32
13 75,552 91,143 1,584 94,126 P, 416 ° 32
14 76,802 92,443 1,101 94,567 ,461 ? 32
15 77,864 92,297 1,439 94,423 8,626 @ 32
16 78,812 93,046 1,232 94,831 a.420 @ 32
17 79,657 93,174 1,213 94,9814 2,359 ® 32
18 80,417 93,339 1,136 95,786 0,347 o 32
19 81,122 93,804 1,084 05,414 a,317 ] 32
20 81,729 93,259 2,967 95,409 2,275 0 32

Figure 21b Parameter values of individuals with increasing phenotypic values
during five replications of bulk population breeding for 8-parameter

Plane (Sheet &4 of 4)
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20031
BPB1A 6/26/73

NDVLP 4
NVALU 2
PINV 2.2000
PTRA N, 27200

PCROS a.5200
PCROL 2.5%2002

PMUT N.0000
POUCR i1.2000
Cv R, 0200
NPOP 32
NSEL 8
LGEN 20
NPAR 8
NSEG 32
NREP 5
IX 4
IPAP 7]
1PBP {
IPAF 2
PCS n
sTOP

1 60,860 37836 36646 3I71mp 176878 35828 288564 36598 29214

8 62,791 24606 21518 40238 37106 4p476 24756 37116 17588
17 63,83 49ipe 36112 32236 25m26 47256 37026 3I6i14p 49954
41 77,135 48836 31458 45948 21978 47828 40160 44812 28714
102 71,118 45066 27588 44298 25572 44200 36398 41616 25354
125 72,844 43854 32182 49116 3354 43734 36876 41406 28712
119 73,452 55776 39574 48396 32062 59514 49128 36798 27962
174 73,728 43564 23506 56598 44620 59062 45246 37786 21214
187 75,377 A4R146 35778 46026 28436 58842 40474 48798 36376
197 8,589 44076 31622 563na 44mP4 59540 53178 42392 28626
265 82,254 47932 35942 52776 36384 63384 60920 49098 40906
333 83,626 55356 36408 56782 51527 64312 60874 53942 43518
3558 86,436 51486 40234 52716 448P3 59286 49612 61384 58864
417 86,650 51576 39782 61@7p 48852 59996 56856 6p182 53730
433 86,661 51516 39512 56782 5irem 359238 52686 857576 85506
488 87,.853 51546 39556 5984p 51208 59468 522068 60198 56226
497 88,378 48158 44793 56586 47892 63564 60860 65016 64016
499 88,514 51328 43846 57p38 52080 59472 60394 64760 64284
539 89,346 55356 47474 60592 51220 63340 5990n 64594 59358
550 91,m88 51530 40756 56316 52422 63114 60874 63270 64p44
551 92,762 58716 51796 6371n 55512 63610 62274 64780 64400
605 94,023 55388 48452 64236 629850 63086 61148 63160 63564
1 50,448 37322 20872 4028p S56mp2 24556 12382 38624 21486
17 62,520 3B3IBR 24606 26046 24878 43564 29680 43?99 43146
23 65,366 25312 21239 44272 35888 44296 37146 479n4 20404
36 66,197 30662 25336 4nB898 25208 33272 250868 3I7pss 3IJ340
53 69,636 4pR12 28958 48400 3I946p 48156 37146 35628 38690
91 75,873 44064 3I3IN72 4456n 27698 54180 44872 35854 19116
198 70,475 58736 47978 39996 24102 46340 33562 47898 39682
292 80,306 44576 4p478 51216 38488 61112 56108 49176 39968
483 83,777 60638 55692 52222 3I6ASA 57992 48670 48410 39982
549 83,085 58768 4Bi72 52206 44484 64756 57344 48154 I9714
565 85,330 59892 55374 48110 36324 87914 49452 52234 39280
| 83,389 5A348 56272 32078 28852 36354 25270 36878 36788

4 66.333 51068 32596 479016 28220 39486 32028 44106 40732
4 68,434 48588 29538 48138 32764 35946 24602 45012 44810
42 69,288 52192 47692 47872 36382 44240 36108 3IB94S 45546
45 70,518 38576 21214 52204 44296 44268 25358 44226 45260
57 71.957 56720 356014 40958 32494 39684 25778 3I7e7@ 26014

Figure 23b Parameter values of individuals with increasing phenotypic values
during five replications of bulk population breeding for 8-parameter
Ridge (Sheet 1 of 3) 8



88 71,986 52448 40934 4838p 372068 50990 20764 51494 48774
95 73,118 28896 16624 52978 47428 43656 28236 44528 33210
122 75,957 56960 52652 45288 28154 35844 19098 41648 26234
159 76,738 51888 36812 53388 40442 JI0802 21528 51248 37388
232 79,543 62336 53462 51968 39932 3IB946 28028 48B4AR 144886
275 81,973 63966 62852 57260 43A00 44420 33082 48382 41630
326 82.675 63754 6@B824 35321@ 448p4 39634 25180 52448 44800
394 82,604 63476 61326 58522 48842 43446 20780 562858 43020
438 83,304 59838 55094 B3798p 486832 39158 25276 532028 40266
441 85,504 64466 64414 B87756 52216 50690 3ISII6 81730 48394
544 86,451 63048 58722 56782 52174 43460 31114 59618 36044
545 87,308 64722 62292 5993p 52444 47316 38962 B59p78 856222
578 89,151 684678 64668 56092 47898 50960 43310 856249 48378
638 89,391 64662 64433 60170 56106 50706 43266 55588 59834
| 45,288 21200 37098 40420 41346 35930 50764 44282 36154

2 56,226 44130 28898 33022 44736 41000 40282 37598 32346
3 64,661 47142 47210 25296 288p4 45262 32838 44508 28220
31 76,423 40730 24688 52656 39574 48786 37338 37184 20810
184 76,824 48152 35484 56286 51842 45496 2837p 36248 23166
310 77.836 55754 47048 63804 586n6 3392 16810 3I2n94 11902
363 77.232 56018 46822 59838 51268 33046 1615p 32124 18710
389 77.398 55772 46828 59598 54854 36694 16134 31642 18726
39 77,814 56282 46824 59653 51878 36932 20212 2124 15292
418 77.969 49292 38862 6m124 55574 32820 16132 35689 19372
454 78,621 53146 43168 64188 59386 36614 20218 I1136 15534
509 78,884 55534 468p8 63264 589034 32852 16120 32618 15488
582 Bp,130 55548 47p48 63506 5898Q 3I7156 20168 35242 18682
1 41,820 25548 44256 38770 29108 24876 37794 3IIS04 32782

3 46,837 28906 36846 36816 26270 21770 39326 51678 28636

4 52,471 28178 28418 40156 35890 44510 25082 20046 290166
11 65,159 3344p 21230 I9968 35466 3I2706 17632 51892 32498
17 65,453 44784 28442 36828 43882 52206 29930 49352 39022
26 67,939 37100 28032 47848 33742 40910 20994 28926 14778
70 69,944 45262 22068 36830 17110 48528 37367 44322 28850
102 70,892 48096 33784 32082 26604 52172 40732 39932 33166
116 71,217 D593BB 43186 33888 19262 40358 25326 48766 44962
147 71.840 52402 41720 32044 26062 44016 26048 48408 32690
160 72,708 55036 43934 36992 15604 44480 36668 55983 62334
162 72,969 62972 S1188 37474 19024 4P416 28697 51904 48832
168 74,456 47824 37662 28384 16010 48548 36638 63722 52610
220 75,011 51422 51794 29898 16144 4PpS56 32798 50628 56466
239 77.747 51962 44390 A4pB4R 27436 49040 44828 85746 44486
292 81,070 51660 36694 33228 24540 56420 48232 64414 63188
338 82,805 55322 44118 33212 2046n 56418 48428 63436 39600
37y 83,032 59776 48198 3I7@72 20672 55712 48179 63728 88332
419 83,338 51228 43906 41104 24046 52610 44030 63918 62510
439 B4,833 52412 47956 4p656 27646 60528 55857 63604 60174
489 85,206 58516 47688 32080 16618 55926 48140 63342 62762
527 88,267 59146 54990 3I629p 20194 60274 55610 64p32 63244

AVERAGE VALUES

GEN EFF AVG S$TD AVGS STDS N1Z NTR
1 48,188 48,186 9,728 80,176 4,760 p.noe 32.000
2 50,393 56,599 7.143 65,110 2,632 2,000 32,000
3 54,751 50,468 6,80 67,683 2,216 8,000 32,000
4 56,2086 60,572 7,023 69,013 2,367 2,000 32,000
5 57,183 61,089 6,245 68,589 2,258 2,000 32,000
8 58,377 64,347 6,079 71,384 2,044 a,000 32,000
7 59,346 65,163 5.777 72,832 2,448 0,000 32.000
8 60,329 67,044 5,262 73,380 1.959 0,000 32,000
9 61,249 68,771 5,502 75,410 2,104 2,000 32.000

10 62,174 70,497 4,850 76,373 1,937 9,000 32,000
11 63,762 71,949 4,756 77,739 1.718 2,000 32,000

Figure 23b Parameter values of individuals with increasing phenotypic values
during five replications of bulk population breeding for 8-parameter
Ridge (Sheet 2 of 3)
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i2 63,951 73,728 4,860 79,2485 1,624 2,000 32,000

13 64,766 74,553 4,859 79.421 1,348 2,000 32,000
14 65,512 75.209 4,275 80,507 1,477 2,000 32,000
15 66,182 75.553 3,926 80,2758 1,491 n,000 32,000
i6 66,831 76,577 4,124 81,620 1,628 p.200 32,000
17 67,454 77,407 3,789 82,111 1,622 2,000 32,000
18 6a,n61 78,389 4,154 83,132 1,509 2,000 32,000
19 68,724 80,603 3,028 84,054 1,188 g.000 32,000
20 69,325 80,795 3,209 84,456 1,320 2,000 32,000
MAXIMUM VALUES
GEN EFF AVG S$TD AVGS STDS NIZ NTR
1 49,311 49,311 10,868 60,468 7.200 ) 32
2 53,599 58,850 8,258 68,884 3,175 e 32
3 56,255 61,568 7,462 69,595 3,313 ] 32
4 58,123 63,728 8,292 71.162 3,050 o 32
5 50,104 63,226 8,408 72,328 2,487 ? 32
5 59,984 65,286 7.213 72,343 2,952 2 32
7 6,736 66,474 6,964 73,718 3,684 ” 32
8 64,783 69,110 5,753 74,820 2,368 (] 32
9 62,538 79,574 7,216 78,131 2,523 ] 32
19 63,291 72,314 5,839 77,833 2,753 e 32
11 64,150 74,239 6,329 80,6849 2,144 e 32
12 65,157 76,229 5,983 82,081 2,278 o 32
13 65,888 78,678 4,753 83,m32 1,428 o 32
14 66,693 77,891 5,063 84,035 2,023 ] 32
15 67,544 79,453 4,483 83,985 1,874 ] 32
16 68,359 8p,587 5,632 85,782 2,308 ] h T
17 69,111 81,144 4,842 86,522 2,072 ] 32
18 69,960 B4,384 4,894 on,n67 2,416 ] 32
19 78,785 85,641 3,865 90,180 1,798 )] 32
20 71.607 87,231 3,874 20,872 1.708 2 32
MINIMUM VALUES
GEN EFF AVG $TD AVGS STDS N12 NTR
H 46,517 48,517 8,966 59,804 2,417 ] 32
2 50,978 55,208 6,359 63,684 1,859 o 32
3 53,711 57.727 6,249 66,574 1,236 [ 32
4 54,912 58,130 5,664 67,473 1,348 " 32
5 56,248 59,950 5,133 66,960 2,080 ] 32
6 57,489 62,303 5,291 68,048 1,523 ) 32
7 58,421 64,812 4,774 70,374 1,404 ) 3
8 56,496 63,228 4,244 70,526 1,673 0 32
] 60,579 67,650 4,512 73,444 1,563 ” 32
10 61,477 69,636 3,718 75,127 1,487 ] b}
11 62,266 69,283 3,974 73,808 0,088 ¢ 32
12 62,975 70,666 3,422 75,618 1,074 ] 32
13 63,643 71,661 3,563 76,177 1,226 ? 32
14 64,278 72,155 3,724 76,728 n,621 ? 32
L5 64,863 72,067 3,273 76,007 1,313 2 32
16 65,407 72.872 2,876 76,904 0,846 ] 32
17 65,928 73,516 2,697 76,776 1,085 ] 32
18 66,382 76,101 I 111 77,182 P,713 ] 32
19 66,889 76,018 2.497 78,838 0,847 ] 32
20 67,361 76,333 2,062 78,743 3,729 ) 32

Figure 23b Parameter values of individuals with increasing phenotypic values
during five replications of bulk population breeding for 8-parameter
Ridge (Sheet 3 of 3)
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Figure 28b Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 16 (Sheet 1 of 3)
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Figure 28b Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 16 (Sheet 2 of 3)
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Figure 28c Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 32 (Sheet 1 of 4)
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25343 60479
186895 56287
25327 57453
28357 5726y
24927 56109
24271 55473
24316 55295
29919 55391
30172 55244
24383 55374
29919 57119
30195 655281
24883 87132
20935 57152
29935 55314
29916 85285
29918 55314
29887 55295
28884 55208
34132 9872
36291 50176
22540 23725
39043 48148
240@2 48312
24575 5p736
24387 54949
28284 53551

(Sheet 2 of 4)
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San Ba,348 636in  59m28 4192 22925 53481 44287 54005 44031
597 83,442 6347 59346 42015 23154 54047 44799 53215 44093
622 83,608 b3olb sps@2 41887 22530 54340 44733 52277 42004
647 B3,7B 63b1h  H16os 42868 22335 54043 44551 52223 492956

AVERAGE VALLUES

GEN EFF AV STD AVGS STDS NIZ NTR

1 a3, 0ba 47,58 10,379 55,720 4,775 2,000 32,000

2 45,945 48,902 3,182 56,764 3,762 A, 000 32,002

3 47 744 Hy,244 3,424 61,251 4,167 n,000 32,000

4 44,303 E3,648p B4707 63,533 2,379 2,p00 32,000

8 51 ,.4u2 56,797 5,852 67,871 2,424 a.000 32,000

6 53,360 3,102 6,693 704733 1,762 B.000 32,000

7 58,112 fE L0238 6,387 73,773 2,385 n,000 32,000

8 56,754 68,205 5,064 74.597 2.408 N 000 32,000

9 SR, 245 70,431 4,643 75.999 1,635 0,000 32,009

1@ 59,685 72.364 4,102 77.005 1.288 7,000 32,000

11 60,014 73,212 4,91 77.7114 1.093 n,000 32,000

12 62,052 7,508 3,256 768,503 1,071 A.000 32,000

13 63,055 7R HE 3.n88 78,597 n,868 0.000 32,000

14 64,062 77.103 2,769 Br,.313 M.957 0,000 32,000

15 Ba,008 774349 2,409 Bn,.178 1.%64 2,000 32,000

16 65,762 77,981 2,331 82,717 B.677 N.,000 32,000

17 66,57 78,50% 2,021 80,959 B.749 2,000 32,000

18 67 .222 79,2ub 2,093 81.375 ¥,.569 2.000 32,020

19 87 ,RH3 79,223 1,917 81,551 n,594 D000 32,940

20 68,423 79.258 1.8453 81.643 N,.569 P00 32,000
MAXIHMUM VALLUES

GEN FFF AVG STNH AVGS STDS NIZ NTR

1 47,194 A7 . A98 11.159 58,818 5,568 f 32

2 47 JB5A 59,359 12,7237 64,103 4,565 ? 32

3 51,415 55,543 9,732 66,162 5,003 2 32

4 52,78 57,770 12,128 70,196 3,239 o 32

5 $4,736 65,370 7.586 73.062 3,88n o 32

6 56,973 A7.734 8,715 74,944 2,569 ) 32

7 58 664 70.771 10,608 76,323 3,874 ] 32

8 LY 71.759 5,131 77.639 3,283 ] 32

9 51,4014 75,108 B5,375 8n,nna 2,656 ” 32

in 62,705 77,217 H.119 81,426 2,085 " 32

11 63,9463 76,538 5,425 81,982 1.369 e 32

12 65,207 79,126 4,893 82,874 1,560 o 32

13 66,312 79,241 4,713 82,132 1,337 p 32

14 67,331 8n,.706 3,841 83,712 1,562 ] 32

15 68,171 79,936 2,897 83,134 1,324 ? 32

16 68,9585 80,882 3,020 83,631 %,884 @ 32

17 69,6855 82,684 2,835 83,822 1.267 o 32

18 70,321 81,642 2,855 B4,616 1,131 ) 32

19 72,929 81,.R68 2,618 84,492 1,291 ] 32

20 71.429 80,150 2,975 84,520 7,946 o 32
MINIMUM VALUES

GEN EFF AVG 870 AVGS 8TDS NIZ NTR

{ 4,669 47,6560 9,672 53,215 3,250 ) 32

2 43,416 45,665 8,217 53,337 2,880 ] 32

3 44,779 47,545 5,626 58,266 2,514 o 32

4 46,289 5m,118 7,297 59,489 1,719 e 32

5 48,929 55,145 6,277 62,698 1,749 0 32

_8 §0,491 57.994 8,145 67,269 2,532 e 32

? 52,341 59,011 4,449 71,430 1,414 0 32

_ 8 84,132 64,264 3,507 72,047 1,711 0 32

9 55,8048 64,922 2,583 71,448 2,880 e 32

e 56,039 66,780 2,700 73.n54 2,565 ) 32

Figure 28c Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 32 (Sheet 3 of 4)
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11 SR, a7n B, 478 24378 74,733 B.911 4] 32
12 59,242 72,182 1,674 77 .227 N,669 @ 32
13 6m,169 71,293 i.358 76,2158 n,3688 ] 32
14 1,103 74,359 1,504 78,664 fe333 ] 32
15 62,154 78,790 1,343 78,845 2,413 7 32
16 62,972 75,234 1,168 78,78¢ 2,490 ¢ 32
1?7 63,754 7 o 355B A BB 79,232 2,381 ] 32
18 B4,475 75,847 G 871 79,448 2,184 2 32
19 65,279 75,957 D,934 79,284 R,247 ) 32
20 65,607 76,143 m,831 76,978 n,098 ) 32

Figure 28c Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 32 (Sheet 4 of 4)
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3an2g
M81A 6/26/75

NDVLP 3
NVALU 2
PINY @,unpn
PTRA B ORAn

PCRUS BeBnpy
PCROL GaD0nn

PMUT n,0pnue
Cv DAt
NPOP 32
NSEL, K]
LOGEN 29
NPAR 8
NSEG ]
NRER 5
IX 1
IPAP @
IPEP 1
IPAF @
IPCS i
SRFIG

41,606 Baw7ZE 25258 11377 49266 39450 22494 34951 254093
47.945 2R1re 20336 92387 48632 27589 18130 3InSp6 21491
50,48 19R2 34525 51938 52512 25394 30198 24332 11162
50,362 47883 3BY7E 21429 26844 24417 32671 26974 14206
69,901 3Radb  Zhuhl 18120 25380 49353 48225 60994 49458
27 64,163 20192 3unin 55414 53587 47350 48246 31374 18334
43 68,162 42477 285139 31769 3315¢ 56855 49600 21966 8649
54 71.535 32742 10688 51236 51918 55835 47008 24655 12587
72 74,405 32663 1nY81 59415 B56R6Y 53786 48917 24588 12830
164 74,873 3Iovh6 26879 B3ga? 59647 57670 49151 55695 46709
168 77,248 3k376 36376 63847 57295 62413 46831 55026 47012
240 78,870 3A7€p 28443 57623 49263 57994 48367 4986 46713
233 76,403 3I364H 16319 59378 49201 57595 46p79 5507p 4915}
24p 4,785 30223 19451 63%83 BOs76 56837 48392 S5715p 48764
428 85,233 Ie772 15383 61439 59648 59391 53247 655136 46759
48p 85,360 3op1s 165447 61439 59679 60415 55529 57342 48818
560 B85 . 824 3Ip7AL 16384 63495 K9789 55073 53247 55839 46767
1 3,726 3I1Féy 29124 143 36038 55008 22438 2245 2 6464

3 43,135 47263 25113 275 21257 17706 28854 20769 13399

4 43,547 17831 31034 37877 Hur4av2 42263 232p1 16948 21982
i Bp,B36 B1773 31453 31411 27985 34391 19374 5ppl36 5272
21 56,425 Sopnd Baf2? 7p73 25082 47818 33681 22252 22332
22 57,678 26467 24934 34401 12327 37818 37638 48pep 45199
27 63,132 bHposey 38V 53366 26586 25414 18336 J6189 22763
43 64,301 Snn3Y 34259 22498 35015 31421 1930p 57991 5p28!
86 64,575 47481  358R7 32735 16781 24707 24323 37384 17454
129 69,512 4R77% 38611 489%7 58517 32445 18432 45156 32904
164 72,480 SB7YE3 44274 33945 9216566 37628 24837 4628¢ 32636
202 72,540 4871 3nvi5 55489 61029 33224 27074 46944 J3712
213 78,571 B3314 4p146 50383 46846 37664 195p7 48320 34600
216 78,392 49187 34816 56326 5376 JI7899 24323 49137 36686
2458 78,417 A9lud  34B16 55281 52053 49138 37843 49697 32085
260 78,970 4kl44 32831 be6a9 55061 37682 17541 51214 40783
371 76,907 Bm11s 47504 B7345 49408 379m2 24786 51592 4@783
385 79,713 56324 48663 53IR55 41449 37651 25643 491431 3I9IVE
42n 67,1582 57343 47116 53255 42241 37600 24786 52153 4p522
475 Br, 181 56324 48127 512m8 41493 37855 18477 51493 39536
477 80,3563 5637 48463 50368 42241 38639 25363 52113 42927
499 61,268 57343 49674 52431 42239 37864 25601 51664 42927
552 81,672 58374 48148 52023 42241 37916 24319 S2207 42934

PRGNS -

Figure 28d Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 64 (Sheet 1 of 3)

103



208 73,813 35199 15092 55134 57772 49151 41pi5 48505 38179
269 75,302 35839 15438 57718 55735 47047 40089 54207 408974
322 76,312 33163 B130 61342 57158 48987 391859 53999 51206
353 76,550 35059 149p0 57744 54143 51328 33271 53322 44038
ass 79,801 42387 33445 594p1 57491 53251 40296 53438 42782
396 82,589 45251 31627 590945 53352 46233 37185 53598 43149
576 83,107 45633 32639 60428 55404 50059 35376 54089 42801
787 83,306 45823 31997 59914 53247 48143 34067 83792 48879
ape 84,4498 45766 31777 58393 BIS?S 52200 41173 53739 42993
816 84,926 45824 34503 58395 54298 55440 46743 53246 42847
1044 85,553 47155 32762 58942 53226 56162 45527 55348 47388
! 49,928 33731 34189 33876 15224 26257 26n81 22787 28334

3 50,834 35623 22555 35996 42242 14599 12898 26962 2279

6 55,283 25934 17619 33533 28p61 29883 31678 46547 2457)
27 64,215 54453 38528 46266 13968 53647 58931 7821 23597
86 70,829 44841 32541 35836 27000 48113 37662 33541 28330
153 72,395 3858Y 25p38 43264 137810 52845 493561 40747 26414
243 73,882 43936 34617 3IB8701 22591 54242 42905 36278 23540
262 77,642 25127 13m66 45975 32473 58479 32527 54285 49090
539 77.881 41023 26111 42971 33432 57119 49038 852128 49183
698 79,467 42931 28044 42031 26438 57858 49052 48368 37438
84n 79,504 45055 33692 42799 26877 54057 44945 45175 36469
B4Y 79,764 46323 33248 434535 27878 53556 44155 48522 37269
866 79.829 46592 33055 42815 32216 58363 49151 53226 40908
998 82,368 46779 32812 43275 32366 58m92 50995 54249 40830
1921 82,689 48523 33279 43799 26431 5B659 51p91 49374 373088
10839 800,927 46479 3321 42042 26575 58087 51133 51969 3I7372
1104 87,999 46379 3I3282 42975 26408 6m126 55381 48127 37448
1126 81,152 4M147 3IJ135 43956 32446 S5BI4A6 S51on5 53238 40959
1204 B2.M85 47872 37475 42981 26633 61160 57201 49188 37443
1235 82,137 45957 32991 43986 3IIA71 61142 57235 493129 37370
1258 82,260 49083 37923 4302 27392 59710 55298 5p427 37446
1 44,458 21285 31651 35793 30942 9977 22015 59483 361tl

4 49,631 37234 25648 25556 2146 18286 20449 22792 27691

7 58,927 58201 29%4y 52733 24788 §789@ 20872 6155 535377

8 66,463 %5494 37278 4985 53617 40994 24792 25161 7879
129 67.289 385831 14924 39812 22591 59156 48416 59928 J5004
147 87.609 58336 54272 46121 34261 52295 38p51 59864 21598
168 74,147 56423 32845 39645 29227 87647 49904 55996 55062
202 74,251 57964 49662 33279 13437 50079 27853 52773 41998
364 77.207 61391 49229 32342 13977 58159 47100 59883 49652
394 78,232 58384 52955 19659 4672 48332 33315 56076 47396
429 79,301 57387 49189 39019 24674 83355 82676 56714 57617
639 80,382 49288 36599 4n64p 26785 51425 455093 56642 48123
757 87,516 4A345 32775 39222 26882 35359 46631 609167 52683
794 81.122 46294 36656 4n959 24207 53420 42721 59638 35115
848 81,287 AS338 33582 42833 26717 52833 45p57. 56562 51221
858 82,191 48336 32767 40908 26983 53448 42544 589645 53855
oay 83,702 46335 32751 4p831 26878 55252 48127 61692 58276
1194 83,918 46372 32791 40452 24451 55319 47435 61427 57333

AVERAGE VALUES

GEN EFF AVG STD AVGS STDS N1Z NTR
{ 42,538 42,536 12,667 55,382 5,099 2,800 64,000
2 45,379 48,222 9,738 60,704 4,038 2,000 64,000
3 47,688 52,307 8,835 63,721 3,531 2,700 64,000
4 49,744 55,912 7,951 65,272 3,204 2,200 54,000
5 51,529 58,668 7,989 68,3593 2,989 9.000 64,000
[ 53,200 61,556 6,894 70,059 2,538 n.000 84,000
7 54,784 64,288 65,933 72,371 2,420 e,.000 64,000
8 96,294 66,860 5,661 73,571 1,93¢ o,000 64,000
9 57,841 70.224 4,984 76,302 1.986 n,200 64,0200

10 59,225 71,679 4,237 76,759 1,707 %,000 64.000

Figure 28d Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 64 (Sheet 2 of 3)
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11 60,597 73,323 4,029 78,053 1,318 9,000 64,000

12 81,669 74,458 4,224 79,158 1,277 2,000 64,000
13 62,777 76,272 3,897 80,352 1,102 2,000 64,000
14 63,794 78,978 3,137 80,748 1,218 2,000 84,000
15 64,744 78,478 3,227 81,661 1,062 2,000 64,000
16 65,601 7H,457 3,109 82,118 1,095 2,000 64,000
17 66,374 78,746 3,151 82,418 A,960 ,000 64,000
18 687,145 79,532 2.573 82,8574 n,804 2,000 64,000
19 87,778 79,K98 2,768 83,088 @,948 2,000 64,000
20 68,418 82,511 2,502 83,422 M4674 0,000 64,000
MAXIMUM VALUES
GEN EFF AVG 870 AVGS S$TDS NIZ NTR
1 43,635 43,895 11,959 56,793 6,432 7 84
46,371 4G,422 19,265 67,576 5,322 e 84
3 48,665 53,359 9,361 64,391 4,218 e 64
4 51,261 58,416 9,208 68,651 3,513 ) 64
5 53,288 62,182 9,629 72,32) 4,080 /] 64
6 55,574 872,015 3,691 74,200 3,938 e 84
7 57.744 70,766 9,063 77.251 2,818 2 84
8 59,827 72,8045 6,270 77,585 2,913 0 64
9 61,223 73.996 6,919 78,960 2,094 e 84
10 82,629 75,193 4,735 79.686 2,897 ? 84
11 63,819 75,5849 4,965 80,956 1.69% 1] 84
12 64,872 76,753 6,965 81,275 2,148 ] 64
13 85,897 78,138 4,941 82,643 1.685 2 64
14 66,781 TR,334 4,142 82,792 1,718 e 64
15 67,634 70,572 4,558 83,5025 1,965 e 84
16 68,347 792,348 4,139 83,731 120684 2 64
17 88,967 79,773 4,492 83,535 1,513 @ 64
18 69,539 81,319 3,945 83,761 1,108 2 64
19 72.792 81,455 3,792 84,600 1,663 e 84
20 70.622 82,532 3,164 85,338 #,808 2 64
MINIMUM VALUES
GEN - EFF AVG 87D AVGS §TDS NIZ TR
L 40,315 4an,315 9,695 52,788 4,497 e 64
2 43,454 45,593 9,354 59,181 2,707 e 64
3 46,178 52,112 3,487 60,753 1,986 2 64
4 48,226 53,784 6,583 62,990 2,789 o 64
5 50,267 55,273 6,458 65,009 2,478 2 84
6 51,412 57,136 5,477 67.629 1,464 2 64
7 52,692 6,376 5,576 69,841 2,050 2 84
8 54,071 63,725 3,974 71.272 1,498 e 84
) 55,876 687,392 4,095 73,413 1,814 2 64
19 56,9853 69,346 3,462 74,853 1,206 e 64
11 58,153 74,159 3,418 75,880 1,102 e 84
12 50,198 72,68¢ 2.973 77,365 24,914 2 64
13 62,368 74,143 2,697 77,493 7,644 ) 64
14 61,381 74,537 2,164 76,426 812 ® 64
15 §2,412 76,356 2,122 78,811 0,604 2 64
16 63,429 764,577 1,965 78,863 2,521 @ 64
17 64,349 774373 1,918 79,873 0,631 ) 64
18 65,054 77,186 1,619 79,701 n,678 o 64
19 66,106 78,157 1,726 80,419 2,565 2 64
29 66,928 78,285 1.682 8p,864 9,556 - 64

Figure 28d Parameter values of individuals with increasing phenotypic values
during five replications of mass selection for 8-parameter Ridge
using Gene Action 3 and population size 64 (Sheet 3 of 3)
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Figure 29a Phenotypic value of individuals. during simple recurrent selection
for 8-parameter Plane using Gene Action 4
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Figure 29b Parameter values of individuals during simple recurrent selection
for 8-parameter Plane using Gene Action 4 (Sheet 1 of 2)
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40024
SRSiA 774473

NDVLP 4
NVALU .o . 1.
PINV 2,8280
PYRA _ .. 6.004%0

PCROS a.5a092
PCROL. . 9,5%00 _

PHUT a.0n00

[V — 1.1

NPOP 32

NSEL 8.

Leve 20

NPAR B

NSEG 32

NREP [

IX {

JPAP_ 4.

IPHP 0

IPAF___ B

1PCS )

STOP o

{ 50,0808 32766 32766 32766 32766 32766 32766 32766 12766
2. _53,0mB__32766 32166 32766 32766 32766 32766 32766 32766
3 50,000 32766 32766 32766 32766 3I2766 32766 32766 I276F.
4. 58,000 32766 32766 32766 32766 32766 32766 3Io74-
5 50,A00 32766 32766 32766 32766 327686 277 0aG4?
6. 50,008. 32766__32766 32766 327668 77 e 5386 62339
7 50.008 32766 32766 J276RF _ood 55442 1849 53352
8 5n.000 32766 327°° o374 2328 59834 2826 68756
9 Sa,apa *-7 2328 63254 3256 63854 5908 65154
ie " .oou. 555668 4958  628M4 1034 56134 2688 57414

-»2a033 3098 63486 2964 63249 3258 63614 2896 064948
196 84,127 2738 59888 5238. 63512 4934 63796 1208 F82717
vl7 96,677 2024 62994 1384 60626 8a4 63778 1030 62556
638 88,664 {8702 62752 13363 63344 44316 56686 5569 61866
638 94,011 5166 63276 2424 62796 5690 59402 2316 60864
640 92,212 9246 59888 5382 60824 6860 59252 1782 54138

AVERAGE_VALUES

GEN EFF AVG STD AVGS SYDS NIZ NTR
1. 50,000 5,000 2.000. 50,000 B.000 g,000 32,000
2 49,491 48,983 6,034 56,483 2,401 .00 32,009
3 51,858 56,592 4,260. 62,227 2,088 e, roR 32,000
4 54,055 60,646 4,081 65,732 3,106 0,000 32,000
5. 56,155 64,554 4,377 69,564 1.579 o, P00 B2,%40
6 58,348 69,334 4,187 73,841 1,969 g.r00 32,400
7 62,383 72.592 2,961 75.671 1,634 2,000 32,000
8 62,314 75,835 2.989 79,618 2,084 Y 32,00
] 64,096 78,350 3,632 . B2.987 1,482 2.700 32,220
10 65,783 Bn,967 2,832 84,267 9,937 n.eae 32,090
$4. 67,328 82,561 2,951, 86,033 1.14¢ . 8,000, J2.nnp
§2 68,858 85,893 2,472 88,861 8,907 A,000 J2.a20
$3 70,288 87,457 2,474 90678 {1,284 P.PEG 32,090
14 74,659 89,479 2,102 92,242 1,048 2,000 32,000
15 72,963 91,212 2.259 94,065 8,776 B.,000 32, a0n
16 74,148 94,933 2,812 94,245 6,974 0,700 32,0880
17_ 75,242 92,740 1.726 94,747 n,500 A.000 32,000
18 76,219 92,8314 $1,398 94,464 0,363 2.000 32,000
19 77,103 93,0813, 1,499 94,850 0,333 a.000 32,020

20 77,986 93,169 2,232 95,769 2,832 A 000 32,720

Figure 29c¢ Input data, parameter values and generation statistics during simple
recurrent selection for 8-parameter Plane using Gene Action 4
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Figure 30a Phenotypic value of individuals during extended pedigree breeding
for 8-parameter Plane using Gene Action 4
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Figure 30b Parameter values of individuals during extended pedigree breeding
for 8-parameter Plane using Gene Action 4 (Sheet 1 of 2)
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Figure 3lc Input data, initial and final parameter values, and generation
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Figure 32c Input data, initial and final parameter values, and generation

statistics for five varieties in extended simple recurrent selection
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Figure 33b Parameter values of individuals during extended simple recurrent

selection for 8-~parameter Peak NE using Gene Action 4
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80093
_.SRS2 7732773

NOVLP 4
—NvaLu_ 3
PINV 0,0200
_ PTRA. A.00420

PCRUS 2,5002
.. PCROL 6,500

PHUT 3,0700
—Cv__ @.n2p0__
NPOP 32
_ NSEL 8 ..
Leye 10
__NPAR_ B
NSEG 32
NVAR 5
IX !
_IPAP_
IPBP @
_IPAF______@_
IPCS ]
80004 e
y 4,361 32766 32766 32766 32766 32766 32766 32766 32766
__...2. . __ 4,961 32766 32766 32766 32766 32766 32766 32766 32766
3 4,061 32766 327656 32766 32766 32766 32766 32766 32766
. _A____ 4,261 32766 32766 32766 32766 32766 32766 32766 3276
5 4,061 ‘32766 327556 32766 32766 32766 32766 3277 L7086
6 4,061__32766__32766__32766__32766__3276R "7 .o 49208 52068
7 4,861 32766 32766 32766 I27°T o458 32786 48610 44164
84,061 32766 32766 7., 63396 1340 26726 48342 51768
9 4,861 327¢° ;032 59452 .488p@ 2462 28934 45472 48726

A

P . -wo 6530 13982 52014 52372 2078 28219 42130 51576
ez 9,422 926 41649 55329 59360 5678 21012 52459 43426
308 23,191 oW1y 45452 51772 48118 2278 32788 52974 48168

_389.___ 36,093 __ 6766 26234 51522 596pa 1764 24852 4BB62 43228
310 34,516 2238 29832 5947y 59600 1568 . 33n42 45534 51824

_._.334 . 22,021 2524 37742 55854 5936 5394 28964 56770 47448
312 37,903 7246 29838 63038 &6are 2512 28916 45p26 44376
313 26,796 6816 29628 65536q_ 524vn___ 2286_ 28726 45744 51602 _
314 15,375 6348 295082 655364 63200 1558 40692 49099 48984

— 545 16,652 21696 25982 59438 5547¢ 1548 32222 49118 55366
316 28,973 6798 29102 5536u 44240 4912 36144 45504 47958

347 22,892 1mi6Q@ 14252 55614 51652 2482 36654 48866 52822
3186 41,629 {7e8 25996 63542 602306 2046 25362 48848 48454
319 56,383 0398 22382 51492 524162 1358 37614 52450 S52es2
329 - 25,679 6034 22184 545782 59330 2992 29684 45018 47944

VARIETY §

|
;

GEN EFF AVG STD AVGS S$T0S NIZ NTR
] 4,061 4,061 a.annﬁ_m_m4.n61“_w__a.aua ¢ 32
2 3,513 2,964 4,501 9,769 5,571 e 32
3 3.521 3538 4,209 (e,074__2,78% e 32
4 4,118 5,910 54974 12,967 4,897 ¢ 32
5 4,716 7,149 5,687 15,278 §11ﬁ1 @ 32
6 5,216 7.745 5,733 15,797 2,333 [} 32
7 6,372 13.3v7 8,214 25,484 5,102 2 32
8 7,337 14,093 8,527 25,514 3,282 e 32
9 8,255 35,594 6,901 24,191 2,364 e 32
i@ 9,228 17,948 9.647 38,519 7,439 [} 32
_VARIEYY . 2 e e - L
GEN EFF AVG STO AVGS $TOS NIZ NTR
Y 4.mby_ 4,061  A.n0m 4,064 N,n00 L. .. %2

Figure 33c Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter’ Peak NE using Gene Action 4 (Sheet 1 of 2)
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2 A,P3R______ 4,0iP__ 5,285 10,742 6,899 ¢ .32
3 4,333 4,942 5,194 13,158 2,197 /] 32
4 A.427__~_~4.593ﬁ~_,mﬁ.6$ﬁw_"~11,9ﬁ5 2,539 Ll .32
5 4,881 6,781 6,742 17, 007 3,544 [ 32
6 5,433 R.1914 6,135 16,539 4,125 L 32 _
7 5,735 7,546 7.819 18,954 5,145 e 32
8 6,543 12,199 9,912 25,343 8,213 ¢ 32
9 7.248 12,616 7,581 22,281 1,966 e 32
10 7.546 1M, 502 8,862 22,395 8,562 'd 32
VARIETY 3
_GEN EFF AVG S10 AVGS SYDs NXZ NTR
i 8,395 9,395 4,603 14,971 1,837 ® 32
2 . fp, 362 11,329 7,907 21,4814 7,718 @ 32 __
3 11,158 12,750 8,503 23,933 8,640 ) 32
4 11,238 11,472 6,939 223,6¢5 6,225 e 32_
5 11,174 1R,923 6,257 18,960 6,383 ) 32
—_—_  t2.2u3 327,352 @ 11,926 = 34,237 14,028 ) 32
7 13,667 22,452 11,754 36,756 2,252 e 32
8 14,281 18,573 14,479 33,715 4,851 ? 32 _
9 14,600 17,158 12,251 35,356 7.624 o 32
{8 14,958 18,173 2= 9,401 = 31,789 2,284 P 32_
VARIETY 4
_GEN EFF AVG S0 AVGS STDS NIZ NTR_
{ 10,445 10,445 4,619 15.625 1,602 @ 32
___jL___~34§ﬂ5___*_§J761 6,849 17,233 6,598 2 _ 32
fa,787 13,154 19,319 28,171 4,093 8 32
4 {7,976 11,544 7,762 21,395 4,524 @ 32
5 11,665 14,429 12,709 28,920 19,129 ) 32
[ 12,333 15,674 9,634 28,635 9,470 [ 32
7 13,052 17,308 11.389 33,447 6,944 @ 32
8 13,073 13,22} 11,779 29,146 9,629 d 32 __
9 13,565 17,504 13,472 36,846 12,0062 ) 32
__ 10 14,422 22,134 14,743 42,062 8,938 [ 32
VARIETY 5
_GEN EFF AVG ST AVGS $T1DS NIZ NTR
{ 23,859 23,850 12,241 39,938 9,949 ¢ 32
2 20,976 18,162 11,879 34,533 5,191 e 32 _
3 20,959 20n,924 11,627 37,526 4,654 [ 32
4 21,118 21.594 12,339 38,315 1,679 ] 32
5 21,027 20,667 12,192 37.177 19,375 ) 32
6 21,0823 20,999 13,263 39,275 7,419 ® 32
7 26,915 20,267 13,723 34,699 8,892 ) 32
9 21,748 26,818 12,046 39,796 8,759 ) 32
1@ 22,288 27.146 11,702 42,441 6,372 4 32

Figure 33c Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Peak NE using Gene Action 4 (Sheet 2 of 2)

127



100
L
3

INDIVIDUAL VALUE
% S0 &

g

o 320 640 960 1280 1600
INDIVIDUAL

Figure 34a Phenotypic value of individuals during extended simple recurrent
selection for 8-parameter Peak W using Gene Action 4
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8apa4
__SRS2 7712773

NOVLP 4
NVALU 4
PINV A, 2300
__PIRA_ Ba20R
PCROS 2.5400
_PCROL ~ @2,3342
PHMUT 2.3700
Cv 3,9209
NPOP 32
NSEL .8
LCYC 10
__NPaR 8
NSEG 32
NVAR 5
IX 1
__1PAP 1
IPBP )
IPAF 0
IPCS f
80305
{ 2.440 32766 32764 32766 32766 32766 32766 JP/€6 32766
2 2,448 32763 32756 32766 32766 32766 3I2766 32766 32766
3 2.44% 32760 32766 32766 32766 32756 32766 32766 32766
4 2,440 32756 32766 32766 32766 32766 32766 32766 327K
5 2,447 327656 32706 3I2766 32766 32766 32766 T
6 0,440 32766 32765 32766 32766 327RF  ° o omver 17684
7 0,440 32766 32705 32766 a7 <5432 421ip 17350
g 0.440 32766 3276K - ,,uwm_179§~_28982 42142 17142
0 < 08722 _ 1612 37322 5892 29192 38a62 17636

_e=v0 2032 34643 2726 29384 2856 29192 421728 25284
Y, 60,926 1824 31324 7252 33946 _ 1814 32794 41630 _ 209523 _
308 57.968 1338 32816 2692 29162 5598 36616 41648 16884
389 68,95 | {098 34686 2436 29416 2154 32522 37536 28743
310 47,815 1367 31326  634p 33226 9748 32776 42112 21192
.. 341 55,5091 _ 1b6od 35166 919 37564 6332 36394 383y 17364
312 67,343 2048 35423 998 33962 1544 28953 JI783I6 17366
— 883 47,822 5934 34896 2798 37322 6892 _3b6646__34192 22958
S14 65,188 1314 35426 (134 37592 2506 32762 37598 1738m
______ 69,385 1614 306816 878 29162 2084 32312 3374m 17830 _
3186 61,839 2288 34655 1628 3II7nd 5948 36134 3IrIR2 21220
— 317 56,862 __2528 30898 _ 5482 36824 _ 2254 37112 38272 17874
1R 63,433 1570 35138 1130 37322 2012 29446 33742 21702
— 319 431,862 5664 3uB3A 2952 32986 {3348 28952 3Bo6pA__ 20964
320 54,598 6412 39239 65 33464 1826 28959 3I78p6 25032

_VARIETY _1.__ . e .
GEN EFF AVG ST AVGS STLS NIZ NTR
Y 2,440 2,440 8,003 2,440 2,009 e . 32
2 2,649 2,840 3.851 8,427 3,988 2 32
3 3,084 3,962 5,157 11,500 4,804 e 32
4 4,639 9,315 7,749 20,401 4,501 3 32
5 6,819 __ 11,539 7,643 22,312 2,191 8 32
6 7,265 13,492 8,367 24,893 2,261 [ 32
7. B34y 14,798 B,727 27,152 __ 3.822 P 32
8 9,796 19,981 10,414 32,649 9,73 K2 32
-9 11,167 22,133 12,264 35,638 5,553 4 32
10 12,477 24,274 12,168 37,990 4,653 @ 32
_VARIETY 2 . . . — o e
GEN EFF AVG $T0 AVGS STDS NIZ NIRRT
e A 22440 2,440 0,803 2,449 D003 e 2

Figure 34c Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Peak W using Gene Action 4 (Sheet 1 of 2)
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2 3.m63 3,685 4,273 9,384 4,826 e 32
3 4,344 6,947 7.992 18,976 6,245 4 32
4 5,160 7,606 7,347 18.,m05 4,647 e _ 32
5 6,725 12,985 9,771 26,695 5,154 e 32
__.6 .7_.103.7“_.__,13'996 lusﬁd 23¢7.78___<,...2'209 ﬂ ,32.
7 8,883 14,502 3,015 24,813 4,148 @ 32
B 9,833  1A,457  7,3%3 25,694 3,879 B 32
9 in,67a 17,398 9,757 29,743 4,669 ) 32
30 11,321 17,178 12,296 31,318 4,808 e .92
VARIETY 3

_GEN EFF AVG STD AVGS ST0S NIZ NTR
{ 16,803 16,643 8,843 28,264 6,033 ¢ 32
2 15,553 14,304 11,384 38,792 5,755 e 32
3 17,677 21,925 9,253 33,101 4,920 ¢ 32
& 1B,BR74 22,463 10,476 37,279 6,449 n 32
5 21,326 31,135 11,379 45,304 3.680 ) 32

6 23,434 33,976 14,180 51,839 5,375 e 32 _

7 25,338 36,707 12,829 52,607 2,496 2 32
B 27,347 41,357 12,636 56,734 7,202 4] 32

] 29,023 42,483 13,630 55,720 4,279 [ 3o
_le_ 3m,419 42,939 14,558 63,186 4,982 e 32

VARIETY 4

GEN EFF AVG STD AVGS STDs NIZ NTR
1 33,621 3n.621 12,168 43,822 2,434 e 32

2 28,276 25.931 11,235 39,182 4,429 ) 32

3 28,912 In. 184 3,451 41,797 5,130 ? 32
4 39,215 34,126 _ {1.226 46,971 5,863 @ 32
5 31,386 36,007 19,482 48,924 3,582 e T T 32

6 32,109 35,723 9,764 47,847 3,429 e 82

7 32,532 35,876 12,001 47,339 4,157 e 32
B 33,668 41,599 12,779  87.,m27 2,623  p 32
9 35,204 47,528 9,689 59,741 3,669 e 32
1 36,315 46,315 12,343 69,797 4,702 e 82
VARIETY 5 - -
_GEN __ EFF_, AVG _STD _AVGS STUS NIZ NTR
{ 44,861 44,861 11,392 59,239 5,733 ) 32
R 44,127 43,394 13,754 56,175 6,282 ¢ 32
3 44,716 45,894 11,375 61,2214 5,919 4 32
4 46,355 51,269  9,73) 63,772 3,298 & 32
5 46,648 47,820 9,695 62,632 3,945 ] 32

6 46,948 48,448 9,582 59,619 3,045 4 32

7 47,169 48,495 11,614 624527 4,645 e 32
8 47,638 5a,B57 9,569 61,911 4,418 o 32

9 48,299 53,650 8,342 63,508 I, n2 d 32
18 49,118 56,491 = 9,214  67,1°P1 2,296 _ 8 32

{

Figure 34c Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Peak W using Gene Action 4 (Sheet 2 of 2)

131



Q
(=T
L ]

80

40
I
Fud
.
-

INDIVIDUAL VALUE

A
-

ry
——

o e +

0 320 640 960 1280 160
INDIVIDUAL

Figure 35a Phenotypic value of individuals during extended simple recurrent
selection for 8-parameter Hypersphere using Gene Action 4
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Figure 35b Parameter values of individuals during extended simple recurrént
selection for 8~-parameter Hypersphere using Gene Action 4
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806

Flgure 35¢ Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection

for 8-parameter Hypersphere using Gene Action 4 (Sheet 1 of 2)

13k

___SRS2 7/12/73
NOVLP 4
NVALY 6_
PINV A,A3a0
___PTRA ___0o,d%00_
PCROS 2.5%002
__PCROL_____0,52p@
PMUT 8.0000
Cv. 2.9008_
NPOP 32
NSEL 8.
Lcye 10
NPAR. 8
NSEG 32
NVAR 5
IX {
IPAP {
1PBP @
IPAF 2
1PCS a
ROAA7
VARIETY 1§
_GEN _ EFF _AVG -STD_ AVGS __ STDS NIZ NTR
1 120,000 100,000 2,982 100,000 2,060 ) 32
2 _ 94,09y  BB,182 3,833 __ 92,943 = 2,ee5 e 32
3 93,111 91,152 4,245 05,961 1,051 ] 32
4 92,935 92,406 3,513 95,541 2,510 [ 32
5 92,792 92,222 2.894 95,537 ¥,684 [ 32
6 92.557 91,979 3,264 95,416 = 8,722 @ 32
7 92,815 93,764 3,118 97,242 m.ssg ¢ 32
B 92,929 83,725 3,128 97,267 #,826 & 32
9 93,105 94,513 2,353 97,560 2,818 ) 32
38 93,242 94,475 2,237 97,009 8,767 4 32
VARIETY 2
__GEN_ EFF___ AVG _ STD  AVGS STDS NIZ NTR
| {dp,203 102,000 3,002 100,000 0,00 ¢ 32
._2 04,066 __ BR,132 4,897 93,325 _ 0,874 e 32
3 93,149 91,286 4,841 96,275 1,183 e 32
— A 93,m29 92,697 3.419 96,234 1,892 7 32
5 92,962 92,696 4,135 97,407 1,036 ) 32
. 6_ 93,187 93,832 3,421 97,369 8,738 e sz
7 93,163 93,500 3.496 97 . 458 8,718 ] T 32
B 93,274 _ 94,846 2,938 97,117 P, 775 0 32
9 93,353 93,983 2,791 97.288 0,302 e 32
10 93,519 94,929 2,763 97,557 9,311 ) 32
VARIETY 3
__GEN __EFF___ AVG D) ~ AVGS STDS NIZ NTR
] 95,763  95,76@ 1,766 97,991 2,741 ) 32
2 94,516 93,272 3.434 96,625 1,127 e 32
3 94,653 84,927 2,903 97,528 9,245 ¢ 32
4 94,R34 95 379 2,344 98,797 #4734 e 32
5 94,802 73 2,376 97,587 4,275 ) 327
6 94,073 95.024 2,151 97.857 9,592 e 32
7 95,128 96,758 2,357 98,528 A.512 R T2
B 95,325 9h.7V4 1,263 98,167  ®4,536 ¢ 32
9 95,452 96,473 1,599 98,318  @8,417 T TTTTTgT T 32
18 95,612 97.053 1,639 98,716 ﬁeéEﬁ e 32
T VARIETY 4 T
GEN EFF_ AVG $TD AVGS ~ 8§70s NIZ NTR
i 96,841 96,841 1,797 98,692 0,495 T o T 32
2 95,0064 95,086 2,392 $7.380 n,387 (] 32



3 95,023 95,84¢ 2,082 97,930 8,563 ) 32
4 96,048 96,423 1.829 98,304 @501 o 32
5 96,084 96,231 1,899 98,135 0,433 @ 32
6 96,067 95,982 1,465 97,809 v,580 [ 32
96,128 ____ 9R, 49} 1,523 98,376 1,461 ¢ 32
8 96,272 97,282 1,518 98,871 0,317 3 32
_ 9 986,383 97,364 1,273 98,048 P,331¢ s 32
10 96,478 97,736 1,272 98,552 ?e392 [ 32
VARIETY .5 . — L — R
GEN EFF AVG 3 ) AVGS STDS NIZ NTR
— % 97,183 __ 97,109 1,363 98,685 ®,527 ) 32
2 96,842 96,654 2,123 98,618 n,368 e 32
.3 95,988 __ 96,959 1.614 98,504 B,548 [ 32
4 97,127 97,785 3,841 98,876 8,277 e 32
5 97,245 ___ 97,716 1,286 99,965 2,346 () 32
6 97,323 97,713 1,478 99,163 8,339 8 32
7 97,416 97,973 1,185 99,050 2,254 P 32 _
8 97,529 98,324 3,770 99,252 0,341 2 32
— 9 97.659___ 98,692 Ne702 99,460 8,154 | d2 .
10 97,787 98,940 0,663 99,515 8,173 ) 32

Figure 35c¢ Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Hypersphere using Gene Action 4 (Sheet 2 of 2)
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Figure 36a Phenotypic value of individuals during extended simple recurrent
selection for 8-parameter Plane using Gene Action 4 with random
inversion and translocation of chromosome segments and random
mutation of gene conformation
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Figure 36b Parameter values of individuals during extended simple recurrent

selection for 8-parameter Plane using Gene Action 4 with random
inversion and translocation of chromosome segments and random

mutation of gene conformation
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8rndy

SRS2 7/24/73

NOVLP 4
_NvALY
PINY J.,A010
__PTRA a,0710
PCROS 4,500n
__PCROL 8.5200
PMUT A, A2{0
_Lv__ a,040a
NPOP 32
_ NSEL 8
LecYe {0
NPAR 8
NSEG 32
_NVAR 5
1X {
IPAP {
IPBP )
IPAF ]
1PCS )
8An32
{ 50,200 32766 32766 32766 32766 S2768 J2766 32766 3I2766
2 50,780 32766 32766 32766 32766 32766 32766 32766 32766
3 50,208 32766 327667 32756 32766 32766 32766 32768 32766
& 5n,mp@ 3276 327066 32756 32766 32766 32766 32766 3274
5 53,080 32766 32765 32766 32766 32766 32766 77
6 5,800 32765 32766 32786 2766 IDTES . e 63964
7 sd"zam 32766 32705 32768 - w1448 1448 59156
8 50,800 32766 3IP7Re -« 1114 64446 1672 64186
o p“‘“"sn,qgg_M1n~'" 022 64562 4952 6446 1427 62996
1o - ~_oub76  1n52 67692 1352 64218  21Bp 63n72
T otr1 3720 63944 826 65226 1624 64444 169p 64414
var 07,942 1524 43548 1079 64534 1112 64458 2438 63250
328 47,429 4r2 64332 3242 6nG32 1@96 64458 2422 3996
329 97,478 182 63Ya44  33a 64202 1296 64444 21BA 60096
3ia 9,363 4172 54144 634 61114 1096 64428 {1164 6304n
3y _M°b.895 388 63888 3012 64564 2994 64444 2183 56296
312 97,187 388 63944 1954 64324 4936 64218  24p6 63312
313 96,711 664 63688 812 64804 1112 64294 1926 56508
314 96,126 150 63994 4398 64786 4938 64458 1926 60294
315 96,918 3930 64144 1052 64996 1354 54458 1956 60678
316 96,734 3936 63902 4186 64532 1354 64444 1674 63284
317 gsﬂggz 416 64156 1082 64774 1096 63724 21B2 64246
318 97.941 6480 63944 B28 648p4 1368 63964 2428 63918
319 96,623 418 64144 576 64998 1410 64428 2648 55616
320 97,535 162 654848 816 64776 1112 63966 5299 63964
__VARIETY 1 . e
GEN EFF AVG 3) -AVGS STOS NIZ NTR ™
. | Sa,vv0 50,020 2,280 50,200 2,000 ) 32
2 Sa,r24 82,048 6,275 58,835 3,648 0 Y-
3 57,087 58,914 5,067 65,859 1,683 o 32
4 56,350 66,437 4,571 72,264 {.,424 [/ 3z
m__s___~p9,d 2 71.61} w}.9@2 76,230 2,563 a 32
6 62,215 76,076 878 8e,964 2,644 ¢ "32°
__“L_*_ﬁa,sqi__ﬁ]91§agwm_ 3 188 83,731 1.240 ] 32
8 66,9714 82,984 2,397 86,121 a.,846 T e 7T 32
.8 _6Rr,GH4) 85,856 2,244 87,863 ¥,081 f 32
1 7R.R2% 87,304 24393 89;978”"‘“n.904 e 32
_VARIETY 2
GEN EFF AVG SYD AVGS SYDS NIZ NYR™
Y Se,eun  Sa.rpl 94,082 50,200 0,002 (] 32

Flgure 36c Input data, 1n1t1al and final parameter values, and generation

statistics for five varieties in extended simple recurrent selection
for 8-parameter Plane using Gene Action 4 with random inversion and
translocation of chromosome segments and random mutation of gene
conformation (Sheet 1 of 2)
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2 49,rBS 43,772 9.938 56,313 4,607 ¢ 32
3 51,5558 Sd4.c96 4,194  59,AKES 2,593 o 32
A4 53,468 50,243 3,545 53,965 1,768 ¢ 32
5 55,654 Bu. By 4,593 7a,038 2,178 T T 32
6 LS R ALY 2,983 74,634 1,918 ? 32
7 60,558 74,950 3,.34Q0 79,297 1,359 p 32
__.8B S2,0my 70,127 3,403 83,25 1,634 ) 32
9 64,042 84,799 73,425 7 TBS,149 2,355 T e T 327
_1a 6,894  B4,910 2,337 88,195 1,098 > 32
VARTETY 3 .. €e397 iy .98 % . N
__GEN __FFF AVG STO AVGS STUS NIZ NTR
{ 90,741 9¢,.84% 2.195 @3,R27 @,96¢ e T 327
2 _9n,RBY 92,922 2,3v4d 93,632 2,568 ] 32
3 91,102 Q1,%85 7 T 4,773 93,624 T m, 983 e 32
& 91,142 91,259 1.872 93,455 1,002 [ 32
5 91,372 99,320 7 7T 2,197 T T gs, 2085 T A, 838 T e T T 732
6 94,F/5 93,152 1,764 95,329 a,589 [ 32
7 91,974 93,765 1,374 96,284 3,538 7 32
8 92,219 93,843 1,279 95,442 D,794 ] 32
"] 97,453 794,399 1.628 96,437  @a,454 -3 327
10 92,F28 94,248 1.798 96,5614 2,683 ] 32
VARIETY 4 - e MR T AR ITET-L ok SOOI AT
GEN EFF AVG 8TD AVGS SYDS NIZ NTR
{ 91,873 61.873 1,895 94,197 7,882 ] 3
2 91,721 94,567 2,742 94,332 B,583 ] 32
3 ¥2,106 YN, 877 T 1,914 95,243 T T @a,644 TTTTe T T 32 T
4 82,423 93,376 1,567 95,273 8,727 ) 32
5 92,764 G4, 1v7 fea/1 95,752 B,361 ) 327
6 93,017 G4,341 1,473 95,075 B.,790 ] 32
7 93,175 04,127 {,0664 96,752 1,038 ) 32
8 93,283 94,035 1,705 96,013 8,279 ) 32
9 93,408 Q4,387 {1,468 95,611 B,259 [ 32
R L 93,5881 95,164 1,194 96,510 8,326 ] 32
VARIETY 5 T T - T T
_GEN __EFF__ ave $TO AVGS STUS NIZ NTR
1 95,443 95,443 3,974 96,542 w,324 ” 327
2 o5,p48 Q5,247 1,426 96,762 ¥.561 0 32
3 4,31 95,444 1.212 96,943 7T TR, 419 T T e T T 327
4 95,223 94,960 1.417 96,7938 9,698 ) 32
5 us,321 95,713 1,203 96,952 ¥, 499 n 32
6 95,436 96,711 1,248 97,599 P.324 ] 32
7 85,592 06,527 2,944 97,512 n,212 n 32
8 95,750 96,829 3,735 97.762 ¥.249 2 32
9 95,885 96,901 8,794 97.,9¢8 0,243 [ 32
10 96,.m16 97.201 W,729 08,n72 N,133 f 32

Figure 36¢

Input data, initial and final parameter values, and generation

statistics for five varieties in extended simple recurrent selection
for 8-parameter Plane using Gene Action 4 with random inverstion and
translocation of chromosome segments and random mutation of gene
conformation (Sheet 2 of 2)
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SRS2 7/20/73

TNOVLP T )
_NvaLy 000 2
PINV .01y
PTRA 3.0410

TTPCROS T 2,5"e:
PCROL  ©,54p0

TPwUT 2,6410
Cv B, 2204
NPOP 32
__NSEL 8
Lcye 1
NP AR 8
TNSEG 32
NVAR 5
IX 1
__1PAP 1
1PEP ]
IPAF ]
TIPCS 7
80033
{ 50.100 32766 32766 33766 32766 I2T756 32766 32766 32766
2 52,179 32766 32766 32766 32766 32766 32766 32766 32766
3 5,109 T 327657 33765 32756 327667 32766 327667 32766 32766
4 50,1019 32766 32766 32766 32766 32766 32766 I2766 I2766
T T %n, {09 327686 327056 T 32766 32766 32766 32766  3o07-° -
6 50,109 32766 32755 32766 32766 32766 -7 Cwrzw 60370
7 ST 1P9 32785 327566 32786 T ovd70 63512 62798
___~____8___ ____5!_,"-.4.)_1@9_32766 32766 T° cou B39B4 55356 55844 59136
9 S¢.ipe RavSTT ~vad6 67334 55820 51434 63976 64974
10 € ov344 62720 61428 59916 55144 63224 62766

cevy 52402 42444 62526 61654 59932 55328 6m134 62649
wu/ 92,874 57230 51282 64274 61628 68144 54846 59926 54846
308 88,139 528096 4doY73 64nda4 61638 599942 47394 63494 62757

. 39¢ 91,268 56978 47226 63844 57816 60133 55198 63542 6323p
3ia B5,439 52095 34985 64744 61652 56344 55130 63736 60378
311 87,246 52918 39534 63170 65214 56064 55332 63254 63020
312 85,206 52882 38293 64p3a 57553 56328 51490 59649 59602
313 97,597 5H736 43625 62750 61656 59926 55314 63702 64¢1id4
314 88,099 52642 47225 03834 65242 64030 55114 63e6a 62064

315 84,347 4R563 46526 59136 61414 59918 59173 634B0 64014
316 85,682 56948 43109 64199 53728 59922 47408 63254 62433
317 87,382 48788 42946 64379 65346 55828 55304 637248 62722
318 86,521 4QuBS 39346 62728 61175 63996 51756 63978 65198
319 87,174 58753 43336 638m4  618BB2 59888 47392 63484 64480
320 86,741 52928 39542 63170 64974 6ri56 55356

__VARIETY 1
GEN EFF AVG 3D) AVGS T sTDs T NIZ® 'NTR™
i 50,109 50,199 3,020 53,109 0,0d0 [ 32
2 47,949 45,79¢ 12,7387 58,334 3,685 e 32
3 49,067 54,702 6,485 61,362 4,325 o 32
4 51,543 56,110 5,859 64,127 1,176 ¢ 327
5 53,043 59,004 5.578 65,226 2.196 ) 32
6 54,064 50,371 7.180  $B,398 7 3,614 T T T @ T 327
7 54,954 62,290 6,032 66,797 1,933 (] 32
8 55,997 63,242 6,296 71,204 72,576 T e T T 3e”
9 56,658 62,003 4,841 68,182 1,953 4 32
10 57,406 64,141 5.547 70,931 1,676 ] ‘32”7
_VARIETY 2
GEN EFF AVG $70 TTAVGS T T USTDS TTTUTTTTTNIZTTTT NIRRT
{ 50,3049 52,109 2,000 50,129 B.000, o 32

Figure 37c¢ Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Ridge using Gene Action 4 with random inversion
and translocation of chromosome segments and random mutation of gene
conformation (Sheet 1 of 2)
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2 49,234 4R, 292 3,135 58,449 1,842 ¢ 32
TR B 1,692 T 87,106 T 74428 T 66,474 7 34474 T T T e T T 82 T
4 53,459 58,201 6,925 67,369 1.696 e 32
TTTs s, 802 T 60,872 T 6,187 68,654 2,783 e 327
6 56,430 64,168 7,685 72,955 3,243 ? 32
7 87,420 T 63,420 7,114 71,4277 1,867 ' 327
8 57,.00a 61.b3R 7.004 70,253 1,380 (] 32
T 5R,74d1 64,829 5,955 72,112 1,561 e 327
10 59,359 64,918 5,422 71.797 2,264 ] 32
VARIETY 3
GEN EFF AVE STO AVGS STOS NIZ NTR
1 66,365 66,345 5,762 73,238 1,784 J d2
2 65,061 63,817 6,284 71,2514 3,711 ) 32
3 65,887 67,540 5,193 73,741 2,697 e 32
4 66,937 70,0487 5,943 76.575 1,431 6 32
5 67,534 69,923 4,675 75.654 1,921 e 32—
6 67,867 69,533 6.592 76,248 2,449 o 32
7 68,757 74,753 5,663 80, 308 {.,697 ¢ 32
8 69,417 74,077 3,913 78,968 1.518 ¢ 32
9 89,073 74,427 4,801 79,6567 1,833 e T3
16 7¢,503 75.271 4,233 80,267 1,679 ? 32
VARIETY 4 T
GEN EFF AVG STO AVGS STDS NIZ NTR
i 70,819 70.819 4,803 76.258 2,302 @ o
2 76,8497 72,975 5.139 76,833 1.633 e 32
3 71,453 72,563 6,037 79,242 0,887 e T3
4 71,7184 792,459 4,597 78,444 2,147 ) 32
B 72,474 75,551 3,858 80,273 2,639 e “32 7
6 72,049 75,327 5,287 31,248 2,147 e 32
7 73,401 76,533 4,275 81,224 71,260 [ T3
8 73,942 76,945 4,259 41,895 2,297 ¢ 32
T 746,539 79,634 T3,915 7 T B4L,147 T T 1837 T T e T T 3e
1n 75,219 81,245 2,828 64,829 1,499 ¢ 32
VARIETY 5o °1. 825 84,829 @ 1.4Y9
GEN EFF AVG STD AVGS $T0s N12 NTR
| 79,839 79.839 3,213 83,734 1,149 ] 32
2 8p,nd§ 80,253 4,251 £4,842 {1,934 ? 32
T3 80,453 B1,268 3,455 785,150 @763 777 T 7T e TR
4 80,385 80,182 4,127 85,433 1,303 o 32
s 8e 885 82,737 3.847 87,086 1,685 T T @ T T3
6 81,412 84,144 3,373 88,m23 1,719 @ 32
7 81,889 84,755 2,906 88,456 {.715 e 327
__ 8 82,362 85,655 2,871 £8,951 1,243 o 32
9 82,745 85,826 3,434 Qe 1t 2,944 ] 32
10 83,211 87,407 2,327 o9n,504 1,442 e 32

Figure 37c

Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection

for 8-parameter Ridge using Gene Action 4 with random inversion
and translocation of chromosome segments and random mutation of
gene conformation (Sheet 2 of 2)
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Figure 38b Parameter values of individuals during extended simple recurrent

selection for 8-parameter Peak NE using Gene Action 4 with random
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9 4,361 AsTETT vas22 §31147477047747362 5n538 63682
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T30 47,475 50484’ 52492 2A5887 1596 51260 51726 43818 48329
311 41,794 54333 4BS873 26583  9a18 51978 51950 51006 48050

312 64.672 5a51{2 92886 328 4936 51456 51726 51596 52160
313 35.121 50736 486534 18442 4923 55536 56462 465686 51929

314 49,259 A46K655 4823 20122 9034 476887 47150 5486 59360
316 41,466 57526 52714 22794 16712 47916 51696 47164 43336

316 37,525 43456 48943 26352 856 47180 47404 517¢8 43328
317 31,611 46448 52986 31216 1593 51470 51726 43596 48¢8Q

318 4§7§3§ 5R7G6 56588  3454@ 4938 471967 47164 51936 51929
319 18,790 3IR7S2 52746 3IAP22 5192 47196 43324 51276 48n83

329 11,915 50b2d 37808 34538 1574 557467 524487 55566 51650
VARIETY 1

GEN EFF AVG STD AVGS “8§Y0Ss T N1Z NIRRT
s 4,061 4,761 3,309 4,064 2,000 @ 32
2 3,939 3,816 4,682 9,364 6,427 T T T 32
3 4,335 5,137 6,743 14,670 6,819 n 32
4 4,837 Aed9? 6,795 15,776 6,413 T T a” 32
5 5,333 74316 7.187 18,025 5,187 7 32
6 5,738 7.768 4,870 19,681 77777 8,323 T T T e 32
7 5M§ﬁ? 6,408 7,261 17,204 . 5,897 e 32
8 6,129 8,136 8,845 oa,789 7 5,969 e T 327
9 6,635 13,682 9,281 23,279 4,593 ¢ 32
10 6,780 B, 086 9,520 21,760 8,305 @ 32
__VARIETY 2
GEN EFF AVG st AVGS $TYDs NIZ 7T NIRRT
{ 4,068 4,061 2,000 4,061 3,003, ) 32

Figure 38c Input data, initial and final parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Peak NE using Gene Action 4 with random inversion
and translocation of chromosome segments and random mutation of

gene conformation (Sheet 1 of 2)
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2 a.e2n 5,179 5,587 13,962 7,815 o 32
3 4,726R 2,004 5.623 9,906 8,123 4 32
4 4,297 _‘1.965 5.20% 1? R64 J.74AK ” 32
TTTe T T 5,075  R,186 7,615 19,363 4;221 o 327
6 5,224 5,971 6,912 15,278 7.251 4 32
7 5,942 1,594 9.400 24,0242 7,497 [ 32
8 6,855 12,942 9,614 26,241 5,004 o 32
e 7.6497 13,622 12,832 32:anf"“*““9;4uz @ 32~
_ 18 B,6v2 1745957 14,2052 36,625 7,918 @ 32 _
VARIETY 3
GEN EFF AVG $TD AVGS _ 8TDS NIZ NTR
{ 1p,27a {12,270 11,478 26,278 7.778 ) 32
2 9,352 8,434 9,1u4 22,149 5,324 ] 32
3 9,785% 10,649 11,716 27 269 6,769 ] 327
4 12,583 17,978 13,509 32,476 5,451 ] 32
T8 11,491 15,122 14,337 33,514 7 Tin.,511 /) 327
6 12,249 16,7241 12,992 31,786 5,417 ) 32
7 13,739 17,782 13,353 34,746 5.137 ] 32
8 13,503 16,746 13,149 32,7868 7,716 4 32
[ 13,994 17.926 15,399 36,924 9,844 ? 32
Y. 14,596 20,012 11,519 32,722 4,079 ) 32
VARIETY 4
GEN EFF AVG: STD _AVGS STDS NIZ NTR
{ 19,664 190,664 12,533 53,592 7.i7@ @ 32
2 28,764 21,863 12,887 35,165 3,488 L 32
3 14,678 17.5495 14,804 37,633 12,009 ] 32
4 29,084 21,302 11.816 35,852 6,177 ” 32
5 19,668 18,047 12,619 32,115 3,369 d 32
6 19,974 21,545 12,539 35,055 9,684 2 32
7 20,205 21,590 11,149 36,640 5,070 /] 32
B 22,484 29,435 11,773 37,334  7.36 @ 32
Ty em.283 1R8I 12,699 35,659 B,.838 2 32
_______ e 21,257 27,893 14,822 47,505 5,064 =@ 32
VARIETY 5
__(_;_EN FFF __4_}{(; STD __A_VGS STVD_S NIZ NTR__
| 21,731 21790 11,356 37,236 4,713 [ 32
2 o382 22.9u3_¢~m11_” ______ 38,314 _W”A5;313_ o 32
3 22,572 23,113 11,752 38,933 7.943 e 32
4 23,282 25,412  14,2b4 43,472 6,374 e 32
5 24,117 27.458 13,153 44,806 8,933 ? 32
6 25L715 33,703 11,255 47,515 nggs ¢ 32
7 26,892 33,939 14,445 51,082 7.818 ¢ 32
8 27,565 32,287 16,474 54,249 6,592 @ 32
e 28, 673 37.5387 15,746 58,362 8,817 [ 32
10 30,043 41,981 14,739 59,747 5.851 e 32

Figure 38c Input data, initial and tinai parameter values, and generation
statistics for five varieties in extended simple recurrent selection
for 8-parameter Peak NE using Gene Action 4 with random inversion
and translocation of chromosome segments and random mutation of

gene conformation

(Sheet 2 of 2)
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