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INTRODUCTION 
Consider the factors that dictate how we implement our breeding programs at the operational 
level. The scientific tools that we have developed, and the fruits of those tools, constitute one 
set of factors. Another set of factors relates to the attitudes of practicing animal breeders (the 
‘practitioners’), and the practical constraints that they face. 
 
When it comes to on-the-farm operations, it is the practitioners who have to integrate the 
outputs from a range of scientific tools, and then somehow accommodate their attitudes and 
any outstanding constraints, to form action decisions for application (figure 1a). This is not a 
simple process, and it probably leads to suboptimal outcomes in most cases. 
 
This paper describes an alternative approach. This is to develop and use practical scientific 
tools that are sufficiently flexible to accommodate both sets of factors, exploiting objective 
data and parameters, but also the attitudes of practitioners and the practical constraints they 
have to satisfy (figure 1b). 
 
Experience with this approach has shown that it can indeed integrate a wide range of otherwise 
largely disjointed technical ideas, methods and tools, while also integrating practical 
constraints and the sometimes idiosyncratic desires of practitioners. This is done in a balanced 
manner, such that scientific theory can be applied to a maximum possible extent while 
simultaneously accommodating practical and attitudinal deviations. 
 
THE TACTICAL PARADIGM AND DYNAMIC IMPLEMENTATION 
The approach suggested in figure 1b can be termed a Dynamic Tactical Decision System 
(DTDS). It is ‘tactical’, as the accepted outcome is formed as operational decisions – relating 
directly to actions to be taken that will together serve overall objectives. These operational 
decisions are akin to forces employed at the battlefront, and can almost exclusively be couched 
as mate selection decisions. Mate selection, the simultaneous choice of parents and mate 
allocation, covers all key issues in animal breeding except for those relating to what 
measurements to make on animals, including genotyping. 
 
The approach suggested in figure 1b can also be termed ‘dynamic’. The scientific tools are 
used in an analysis that attempts to optimize an objective function – such as predicted progeny 
merit across traits. At any stage during the analysis, its outcome, most notably a mate selection 
set, can be analysed and visually presented to the practitioner. This is done in a manner that 
illustrates all the important consequences of that outcome, such as financial cost, predicted 
progeny merit for each trait, progeny trait distributions, extent of use of individuals as parents, 
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patterns of migration of stock, exploitation of heterosis and maternal effects, inbreeding in 
progeny and coancestry of parents. The software gives the practitioner the opportunity to 
interrupt the analysis and change the objective function to seek a more desirable outcome. This 
dynamic approach can be extremely educational for the practitioner(s) – who might be a 
practicing breeder, or a software operator and a breeder working together. Where appropriate, 
breeders become less dogmatic about preconceived ideas that they have. 
 

a. Two sets of factors have a 
bearing on application of breeding 
programs: 
 
• scientific tools and the 

information they use, and 
 
• the attitudes of practitioners 

and the practical constraints 
that they face. 

Attitudes

Scientific tools

Application

Constraints Data, Knowledge 
and Science

 

b. Involving practitioners in the 
use of dynamic scientific tools 
can lead to a more rational use of 
both science and practical 
experience. 
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Figure 1. The classical approach (a) and a more balanced approach (b) to using both 
science and practical experience in the application of animal breeding programs 
 
THE ARCHITECTURE OF A DYNAMIC TACTICAL DECISION SYSTEM (DTDS) 
A DTDS to aid animal breeders must be rather comprehensive. This is because a DTDS will 
recommend or dictate a range of relatively simple actions that will impact on all the key issues 
in animal breeding. This means that the DTDS itself must accommodate all the key issues that 
are pertinent to the prevailing task – such as direction of response, exploitation of QTL and 
heterosis, management of costs, and even the number of mating paddocks available. 
 
The objective function. A selection index is an objective function. We select parents ranked 
on this function with the objective of maximizing progeny merit. The objective function for a 
DTDS need be no more than this – but the potential is much higher. 
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We can incorporate many more breeding issues. We can offer rewards through the objective 
function for solutions that exploit more heterosis, lead to less inbreeding, exploit QTL non-
additivity and give narrower distributions of birthweight. 
 
We can issue penalties to solutions that require construction of more mating paddocks, involve 
importations that constitute health risks, or cost more dollars to implement.  
 
We can also issue penalties to solutions that we simply don’t like the look of. However, we 
have opportunity to discover the consequences of this before leaving the keyboard, and learn 
from any mistake we make. 
 
Optimising solutions. Optimisation across a wide range of technical, logistical and cost issues 
is a task that can in fact be achieved, thanks largely to the advent of stochastic optimization 
algorithms, such as evolutionary algorithms and genetic algorithms (see, for example, 
Meszaros, 1999). The days of struggling with strong-arm mathematical approaches to 
optimization, such as dynamic programming, are now over. Stochastic algorithms ‘breed’ 
better solutions to the prevailing problem over a number of generations.   
 
In the evolution of life, DNA of a given configuration can express its fitness through the 
performance of the organism that hosts it. It is not necessary to ‘calculate’ what is the best 
configuration of DNA – this can be evolved through expressions of fitness and a system of 
breeding. Evolutionary and genetic algorithms do the same thing. It is not necessary to 
‘calculate’ what is the best configuration of input parameters – these can be evolved through 
expressions of fitness (value on an objective function) and a system of breeding (better 
solutions being selected as parents, to mix and pass on their attributes at random). 
 
This means that if we can evaluate any set of input parameters on the prevailing objective 
function, then an appropriate stochastic algorithm can carry out the rest of the optimisation task 
for us. The input parameters are typically representations of selections and mate allocations for 
the prevailing solution, and the objective function is a comprehensive evaluation of the 
outcome(s) predicted for the prevailing input parameters. 
 
The Dynamic component. By using a stochastic algorithm, an optimal solution is not 
immediately ‘calculated’, but intermediate forms are generated as evolution progresses. This is 
in fact very useful, and the pattern of this progression across animal breeding issues is very 
informative to the user. It helps in visualizing the domain of possible outcomes, and often leads 
the user to doubt the suitability of the objective function initially chosen. 
  
This change of heart rarely comes as a surprise or disappointment, as the objective function 
covers a range of largely disjointed issues, and is often formed with more subjectivity and 
guesswork than objectivity. It is also true that the best direction to go in depends on how far 
you can go in each direction – and this does not become evident until a tool such as a DTDS is 
used. 
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The process is quite simple. The user can ‘change the goalposts’ by, for example, altering a 
constraint or a weighting in the objective function, or setting a target state for a key issue or 
variable. The software is engineered such that the optimization analysis is interrupted, the 
objective function changed, all current solutions are evaluated using this new function, and the 
analysis restarted. This process should be transparent to the user. 
 
With frequent manipulation of the objective function in this way, the user can explore the most 
exciting parts of the response surface, learn much about the problem in the exact context of the 
prevailing breeding operation, and develop confidence that the solution finally accepted is a 
good one. “Ownership” of the accepted solution is a very important phenomenon, especially 
for thinking practitioners. 
 
There is one final point to make here. When properly managed, this process constitutes a 
vehicle whereby scientists can bring the maximum possible power of their science into direct 
practical application. This is because the ‘scientific’ components of an objective function will 
always compete to be exploited as much and as appropriately as possible in the face of 
compromises, mostly realistic and useful compromises, imposed by practitioners. The 
alternative is to mix science and practice in a somewhat arbitrary manner, which all too often 
leaves science both misunderstood and ineffective. 
 
Implementing a DTDS. As noted before, a DTDS must be comprehensive to be useful. It is 
very difficult to alter a mating list to accommodate an issue not handled by the system that 
generated it. This means that a good DTDS will be able to access a wide database of animal 
information, so that it can 1) evaluate pedigree relationship among individuals to help manage 
diversity and inbreeding, and 2) exploit outside genetic material as candidates for importation 
into the breeding operation. 
 
This is one reason to structure a DTDS as an open interactive system, rather than an application 
sitting on each breeder’s computer. Figure 2 shows an example of a DTDS that uses the 
Internet for deployment. The user communicates with a server to construct a data set, to drive 
the technical component of the DTDS, and to gather and deliver results. Internet deployment 
can also give the DTDS service center immediate information on pattern and extent of use by 
individual users. This in turn can lead to relevant and timely user support and to dissemination 
of software upgrades with little or zero user intervention (see, for example, 
http://java.sun.com/products/javawebstart/). 
 
EXPERIENCE IN DEVELOPMENT AND USE OF A DTDS 
Early work developed indices that integrate selection, crossing and cost issues, for use within 
each sex. This led to use of a mate selection algorithm to handle these same issues for both 
sexes plus mate allocation simultaneously (Kinghorn, 1986). Mate selection was latterly used 
in the Australian Lamb industry, principally for avoidance of inbreeding in progeny. However, 
the linear programming approach used (Jansen and Wilton, 1985) could not handle 
management of effective population size due to interactions between the values of different 
matings made. This problem was solved by use of an evolutionary algorithm, adapted from 
Price and Storn (1997). This soon enabled accommodation of parental coancestry, decisions on 
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reproductive boosting of individuals, as well as a range of other issues (Kinghorn, 1998), with 
application in industry starting in 1997 via the LAMBPLAN system.  
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Figure 2. Implementation of a DTDS via the Internet 

 
This program and the service supporting it were launched as Total Genetic Resource 
Management (TGRM) in April 1998. Runs involving composite development, migration 
between flocks and juvenile IVF were carried out at an early stage. It was found that a number 
of runs had to be made for each application as practitioners would point out issues of 
importance to them not handled by the resulting mating lists. This led to the concept of 
‘interrupting’ the program during a run, to modify the objective, as outlined previously. In 
1999 this was invoked as outlined in figure 2, with delivery using the Internet to enable remote 
consultants and practitioners to be closely involved in developing solutions that satisfy (Vagg 
et al., 1999). 
 
The authors have continued to develop and work with this system. At first, frequent 
modifications to core code were necessary in order to handle new issues or novel patterns of 
constraint. However, the core code is now sufficiently comprehensive to require only 
occasional development for current applications. The system is now used quite widely across a 
range of species and countries. 
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POTENTIAL COMPROMISES IN THE USE OF DESIRED OUTCOMES 
Table 1 lists some examples of compromises that can result from invoking desired outcomes. 
There is room for concern that misguided use of the desired outcomes attribute of the DTDS 
approach described might lead to inappropriate results. This issue is analogous to the use of the 
desired gains approach to developing selection index weights and the relative economic 
weights they imply. 
 
Table 1. Typical compromises invoked by desired outcomes 
  

Example of desired outcome imposed Typical compromises invoked 

Maximise progeny merit as much as possible Effective population size becomes very low 
Higher reproductive technology costs 

No predicted progeny genetic merits below 
+1.0 for marbling score 

Reduced progeny economic merit 
Increased semen costs 
Increased parental coancestry. 

Use no more than 25 semen doses of bull 
“Ugly Bert” 

Reduced progeny economic merit 
Poorer connection between herds 
(But better looking progeny) 

Mate virgin ewes with experienced rams 
only. 

Reduced progeny economic merit 
Increased semen costs 
Increased parental coancestry. 

 
Economically rational (ER) optimization of the breeding objective v. Desired gains (DG). 
The classical ER calculation of economic weights for use in a selection index framework 
ignores genetic parameters. This means that the resulting direction of genetic gain is not fully 
addressed. The DG approach handles this and accommodates practitioner feelings that the best 
direction to take depends on how far you can go in each direction. Moreover, the ER approach 
usually assumes linearity, which may not be the case, usually ignores the reality of the 
seedstock marketplace, and can have difficulty in handling some traits such as disease 
resistance. On the other hand, DG can be hampered by irrational and dogmatic opinions. The 
best solution is probably a mix of each, using DG to explore solutions that are at least, say, 
90% efficient on the ER scale. There is generally a lot of room to move in that top 10 %. 
 
Economically rational optimization of the breeding program v. Desired outcomes. Many 
of the above points become relevant when extending from the breeding objective to the whole 
breeding program. However, as an example, it is even more difficult to compare the long term 
cost of inbreeding with the danger of breaking a quarantine barrier than it is to compare growth 
and disease traits. An economically rational framework to optimize a whole breeding program, 
including all logistical and cost issues, does not really exist. This is what has lead to the desired 
outcomes approach. 
 
However, it seems important to structure a DTDS such that good scientific balance is likely to 
be maintained within issues or groups of issues for which good science exists. For example, 
there is value in using economically rational selection index weights to describe predicted 
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progeny merit, and to focus mainly on progeny merit as a key factor, rather than its 
components. This approach will help to ensure that scientific theory is applied to a maximum 
possible extent while simultaneously accommodating practical and attitudinal deviations. 
 
A DTDS EXTENDS BREEDING PROGRAM OPPORTUNITIES 
Marker assisted selection. In using a mate selection paradigm we target genetic outcomes in 
progeny (or later descendants), rather than aiming to select parents with high breeding value at 
QTL, known genes, and ‘polygenes’. This gives a basis to properly exploit non-additive effects 
within and between QTL/genes (referred to as QTL hereafter). Where only a proportion of the 
population is genotyped for a marked QTL, we can use segregation analysis to calculate QTL 
genotype probabilities for all other animals connected by pedigree to genotyped animal(s), and 
thereby calculate genotype probabilities for prospective progeny in a DTDS analysis. 
Segregation analysis adapted from Kerr and Kinghorn (1996) has recently been carried out for 
a dataset of over two million beef cattle, greatly expanding the value of genotypings made and 
giving scope for wide use of genotyping data in a DTDS. 
 
Multi-stage selection. Animals at all stages of life history can be included in a DTDS analysis, 
including already - pregnant females, juvenile animals, and even embryos. With appropriate 
grouping and constraints on mating patterns, this approach can be used to cull at different 
stages, optimizing the use of resources/facilities for each stage in the life cycle. It can also take 
account of all animals at different ages and stages when managing genetic diversity.   
 
The key output remains as matings to be made between animals in the active breeding pool. 
However, multiple DTDS runs can be made to help decision-making at times such as 
castration, semen purchase and backup-mating as well as for the main round of mating. 
 
Look Ahead Mate Selection. There is value in considering ‘investment matings’ that aim 
primarily to benefit generations beyond the progeny generation. A simple example is the 
generation of F1 cross females to use as dams. Shepherd and Kinghorn (1998) developed a 
model to optimize such structured crossings, in which ‘realisation matings’ compete with 
‘investment matings’. Kinghorn and Shepherd (1994) used merit in grandprogeny, rather than 
progeny, as a criterion for mate selection, with the aim of optimizing connection between 
herds. Unfortunately, in both cases the algorithms proposed were computationally difficult. 
 
However, the mate selection concept has since been extended to cover several generations 
simultaneously, using cohorts with optimization of proportional representation in mating cells. 
This has been applied by Li et al. (2002) with an example in which the algorithm breeds two 
parental lines for opposite homozygotes of an overdominant gene, for five generations, with 
crossing in a final generation to exploit heterosis. It should be noted that it is the algorithm, not 
the user, that discovers this solution. This approach will prove to be even more valuable when 
we have access to multiple interacting QTL or genes, with known patterns of epistasis. Not 
only will we be able to target the generation of individuals that show optimal genotypic 
configurations, but we will be able to optimize a function of merit over all intervening 
generations, as done by Li et al. (2002). 
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CONCLUSION 
The DTDS approach outlined in this paper constitutes a new paradigm in implementation of 
breeding programs. It is a platform for integrating different scientific issues, as well as 
logistical and cost constraints. It moves further away from the classical approach of building 
rules to be followed by practitioners, and moves closer to meaningful participation by 
practitioners in the understanding and use of scientific breeding methods. However, in doing 
this there is a danger that misguided practitioner attitudes may lead to suboptimal results. This 
means that animal geneticists should try to ensure that practitioners use the system in a manner 
that educates them on the consequences of any desired outcomes that they may invoke. 
 
REFERENCES  
Jansen, G.B. and Wilton, J.W. (1985) J. Dairy Sci. 68 : 1302-1305. 
Kerr, R.J. and Kinghorn, B.P. (1996) J. Anim. Breed. Genet. 113 : 457-469. 
Kinghorn, B.P. (1986) Proc. 3rd WCGALP XII : 233-244. 
Kinghorn, B.P. and Shepherd, R.K. (1994) Proc. 5th WCGALP 18 : 255-261. 
Kinghorn, B.P. (1998) Proc. 6th WCGALP,  Production Genetic Field Day : 36-40. 
Meszaros, S.A. (1999) In  «The application of artificial intelligence, optimisation and Bayesian 

methods in agriculture», p. 101-116, Editors Abbass, H.A. and Towsey, M. 
Queensland University of Technology.   

Price, K. and Storn, S. (1997)  Dr. Dobbs Journal  264 : 18-24. 
Li, Y., van der Werf, J.H.J. and Kinghorn, B.P. (2002) These proceedings. 
Shepherd, R.K. and Kinghorn, B.P. (1998) Proc. 6th WCGALP 25 : 431-438. 
Vagg, R.D., Meszaros, S.A. and Kinghorn, B.P. (1999) In  «The application of artificial 

intelligence, optimisation and Bayesian methods in agriculture», p. 153-162, Editors 
Abbass, H.A. and Towsey, M. Queensland University of Technology.   

 

Session 23. Design of breeding programmes Communication N° 23-07 


	B.P. Kinghorn, S.A. Meszaros and R.D. Vagg
	THE TACTICAL PARADIGM AND DYNAMIC IMPLEMENTATION
	THE ARCHITECTURE OF A DYNAMIC TACTICAL DECISION SYSTEM (DTDS)
	EXPERIENCE IN DEVELOPMENT AND USE OF A DTDS

	CONCLUSION
	REFERENCES

