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Abstract

Recent methodological improvements in replacement models comprising multi-level hier-

archical Markov prosesses and Bayesian updating have hardly been implemented in any

replacement model and the aim of this study is to present a sow replacement model that

really uses these methodological improvements. The biological model of the replacement

model is described in a previous paper and in this paper the optimization model is described.

The model is developed as a prototype for use under practical conditions. The application

of the model is demonstrated using data from two commercial Danish sow herds. It is con-

cluded that the Bayesian updating technique and the hierarchical structure decrease the size

of the state space dramatically. Since parameter estimates vary considerably among herds

it is concluded that decision support concerning sow replacement only makes sense with

parameters estimated at herd level. It is argued that the multi-level formulation and the

standard software comprise a flexible tool and a shortcut to working prototypes.
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1 Introduction

This paper continues an earlier paper (Kristensen and Søllested, 2004) where a bi-

ological model describing a sow was presented. The biological model is used to

predict the future performance of the individual sows in respect to their produc-

tivity and the optimization model presented in this paper optimizes the replace-

ment decision in respect to the parameter estimates given by the biological model.

Since in particular litter size parameters and conception rates vary considerably

between herds (Jørgensen, 1992) the need for parameter estimation at herd level

seems important and the biological model used in this study has been described

by Kristensen and Søllested (2004). The objective of this paper is to describe the

optimization model of the sow replacement model implemented as a prototype for

use under practical conditions.

2 Material and methods

The method used for optimization is based on a multi-level hierarchical Markov

process. For a detailed description of the method, reference is made to Kristensen

and Jørgensen (2000). In this paper we shall merely rely on a brief intuition based

explanation of the concept before it is applied to the optimization model where

a recently released standard software called MLHMP (Kristensen, 2003) is used

for implementation. We shall illustrate the concept by first considering a highly

simplified sow replacement example.

Assume that sows are drawn from a population with “low”, “average” or “high”

production capacity, and when a gilt is introduced it will turn out to be in either

of these three states with equal probability. Further assume that soon after its in-

troduction its performance shows that it has “low”, “average” or “high” produc-

tion capacity. This implies an action for the sow concerning how many production

cycles (parities) to accept before it is replaced. The action is for instance chosen

among the values 1, . . . , 4, if parity 4 is the maximum acceptable age. For each

combination of production capacity i and action d the expected net revenue can be

calculated from purchase of the gilt over the d production cycles to the slaughter

value of a sow in parity d. This net revenue is called the reward of a stage, which

is equal to the herd life of an individual sow. When the sow is replaced, a new gilt

is inserted, and a new stage is initiated.

This example defines a very simple ordinary Markov decision process, where a

stage is the herd life of a sow, the state is the production capacity, the action is the

number of production cycles to accept before culling of the sow. It assumes that

each time a sow is culled, a new gilt is immediately inserted, so creating a chain of

sows successively replacing each other. If the time of termination is known it can
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Process

Stage

State, i

Action, d

Fig. 1. The simplistic ordinary Markov decision process for a sow replacement problem.

be used as the time horizon of the model, which can put the number of stages of the

process equal to the number of production cycles before termination. Most often,

however, the precise time of termination is not known: it is only known that in

some sense it is far ahead. Usually this is modeled by assuming an infinite number

of stages in the process.

This model can be seen as a tree consisting of nodes of different kinds. The root

node is the process itself. The children of the process are the stages, and their chil-

dren are the possible states of a sow. Finally the children of the states are the actions

that may be chosen in that state. Such a structure is completely analogous to the di-

rectory structure of a harddisk and the model can be shown in a similar way. In

Figure 1 the model tree is shown as it is displayed by the MLHMP software.

In the figure, it is assumed that the time horizon is infinite so that we have an

infinite chain of sows. Since we cannot show an infinite number of stages, we only

show one with the label “A sow”. It is then implicitly assumed that this stage is

repeated again and again. Whereas Figure 1 defines the full structure of the model,

it does not show anything about the parameters of the model. The parameters of

this model are the transition probabilities defining the probability of having a new

gilt with “low”, “average” or “high” production capacity given the state and action

of the present sow and in addition the rewards defined as the net returns of a sow

of a given production capacity and action. In other words, the parameters all relate

to a specific stage (the current sow), the state (production capacity) and action.

Therefore the parameters can be considered as attributes of the 3×4 actions defined

for this model.

The simplistic model defined above assumes that a sow’s early observed production

capacity decides once for all when to replace her. This is not the way farmers make

decisions. They observe the production results from each parity and decide after

each weaning whether or not to cull the sow. This calls for more detailed modeling,
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Process

Stage

State

Action
defined
by a child
process

Fig. 2. The founder process with all actions replaced by an artificial “Dummy keep” action.

The symbol used for the action has been extended with a dot in order to indicate that the

action is defined by an entire child process.

Process

Stage

State

Action
defined
by a child
process

Action,
directly
defined

Fig. 3. The 2-level process with one of the child process expanded. In the child process

only one state of one stage is shown expanded.

which can be obtained by adding a child level to the model and moving the culling

decision to the child processes at that level. This means that in the original founder

process the 4 defined actions are replaced with only one. This artificial action is

denoted as “Dummy keep”. The resulting model tree is shown in Figure 2.

At the child level three new Markov decision processes are defined (one for each

production capacity). A child process has 4 stages corresponding to the 4 parities

of a sow. The state of a child process is the current litter size of the sow. We assume

that the litter size is either “Small”, “Average” or “Big” (defined relative to the

production capacity), so for each stage there are 3 states. Furthermore, there is

an additional state, “Replaced”, indicating that the sow has already been replaced.

Having observed the current litter size, the choice is between the actions “Keep” or

“Replace”.

Figure 3 illustrates that adding an additional level just means that an action is repre-

sented by a child process, which is another ordinary Markov decision process with

limited time horizon. In other words, an action is either defined by a set of param-

eters or it is represented by an entire child process. In the latter case all parameters
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are defined in the actions at the child level, and the parameters of the parent are

calculated from the child as described by Kristensen and Jørgensen (2000).

The example can be further extended. We might for instance define more than 2

levels. In the present example a (grand-) child level could split the child stages into

three sub-stages representing the mating, the gestation and the suckling period,

respectively. The real world model described later in this paper has 3 levels.

As this simple example shows, real world models tend to be very big with a com-

plicated structure. In order to specify a model, the first step is to define the structure

with levels, processes, stages, states and action. The second and last step is to de-

fine the parameters consisting of rewards, stage lengths and transition probabilities.

Having specified the model through those two steps it may basically be used in two

different ways. The primary use is optimization where an optimal policy is identi-

fied by the algorithm developed by Kristensen and Jørgensen (2000). A secondary

use is for Markov chain simulation where the policy is kept fixed and a number of

technical and economic key figures may be calculated under the policy (typically

an optimal). This kind of simulation is sometimes referred to as probabilistic sim-

ulation. It is based on the solution of a set of simultaneous linear equations where

the transition probabilities determine the coefficients. Thus the expected values of

the key figures are calculated analytically as opposed to Monte Carlo simulation

which is based on random number generation and numerical calculation of the key

values as averages over many simulation runs.

The outline of the presentation is as follows: First the optimization model is de-

scribed by model structure and parameter values. A short section describes how

the model is run in MLHMP and an example of using the model with data from

two commercial Danish sow herds is given in order to illustrate the applicational

potential of the model.

3 Optimization model

Having illustrated the concept of multi-level hierarchical Markov processes through

the simplistic examples in the previous section, we are now ready to specify the

real-world sow replacement model which is the aim of this paper.

3.1 Model structure

As described by Kristensen and Søllested (2004), the litter size (total number of

piglets born) at parity n of a sow is described as the sum of a general herd specific

mean µn, a permanent trait A of the sow, an auto regressive trait M(n) and a random

5



term ǫn:

Yn = µn + A+M(n) + ǫn. (1)

Estimates Ân and M̂(n) are updated in a Bayesian fashion at sow level each time a

new litter size is observed. In most herds, we use a reduced model where the term

A is omitted. When A is included we correspondingly refer to the full model.

The model presented in this paper has 3 levels defined as follows:

Founder process Infinite time horizon

Stage Stage length is equal to the life span of a sow in the herd

State space Only one dummy state is defined

Action space Only one dummy action is defined

Child level 1 Finite time

Stage Stage length is equal to a reproductive cycle from weaning to weaning.

Stage number equals parity.

State space Depends on parity:

Parity 1 Only one dummy state is defined.

Parity 2 Litter size of parity 1. An additional state representing a culled sow

is added. The number of states equals 20 + 1 = 21.

Parity n > 2 Estimated serially correlated effect M̂(n) (21 classes) and es-

timated permanet litter size potential (only for the full model) Ân−1 (21

classes). An additional state representing a culled sow is added. The num-

ber of states equals 21× 21 + 1 = 442 for the full model and 21 + 1 = 22
for the reduced model.

Action space Mating method: 2 options that for instance represent "Natural

mating" and "Artificial Insemination". Each action has its own effect on con-

ception rate, price of mating and price of the resulting piglets.

Child level 2 Finite time

Stage Stage length is equal to the duration of “Mating” (stage 1), “Gestation”

(stage 2) or “Suckling” (stage 3).

State space Depends on stage:

Stage 1, “Mating” Two states reflecting health status: “Healthy” and “Dis-

eased”.

Stage 2, “Gestation” Three states: “Pregnant”, “Infertile” and “Diseased”.

Stage 3, “Suckling” Litter size (total number born), present parity. An addi-

tional state representing a diseased sow is added. The size of the state space

is 20 + 1 = 21.

Action space Depends on stage:

Stage 1, “Mating” Mating policy: Allow 1, . . . , 5 matings before culling for

infertility if the sow is “Healthy”. If the sow is “Diseased”, only one dummy

action is defined.

Stage 2, “Gestation” Only one dummy action is defined.
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Stage 3, “Suckling” Two actions defined: “Keep the sow” and “Replace the

sow at weaning”.

The consequence of a sow entering one of the “Diseased” states of child level 2 is

that it is culled at once, and that the process terminates as described by Kristensen

(2003). The process at child level 1 then enters the “Culled” state with probability

1.

In general, parameters are defined at child level 2. At founder level and child level 1,

the parameters are calculated from the corresponding child processes as described

by Kristensen and Jørgensen (2000).

3.2 Transition probabilities

In the following description it is assumed that the litter size parameters belonging

to the model (1) as well as probabilities for involuntary culling between farrowing

at parity n and parity n + 1 have been estimated at herd level, see Kristensen and

Søllested (2004). We shall denote as qns, qnm and qng the probabilities of involun-

tary culling during the suckling, mating and gestation period, respectively.

The initial state probabilities of the process at child level 2 reflect the risk of invol-

untary culling at the beginning of the mating period (i.e. at the end of the suckling

period). If the sow has to be culled for reasons not directly included in the model,

it enters the disease state. The probability for involuntary culling at the end of the

suckling period in parity n is qns.

If the process is in the “Diseased” state at stage 1, the process at child level 2 termi-

nates, and the process at child level 1 enters the “Culled” state with probability 1.

Otherwise, the transition probabilities for a “Healthy” sow from stage 1, “Mating”,

to stage 2, “Gestation” are calculated from the conception rates estimated at herd

level. From these conception rates, a probability of conception before the end of

the time limit defined by the number of matings allowed under the action selected

is calculated. This probability is in turn combined with the probability of not being

involuntarily culled (1 − qnm) in order to supply the probability of entering the

“Pregnant” state of stage 2.

If the process is in the “Diseased” or “Infertile” state at stage 2, the process at

child level 2 terminates, and the process at child level 1 enters the “Culled” state

with probability 1. Otherwise (if the state is “Pregnant”) the process continues to

stage 3, where the states 0, . . . , 19 represent litter size and state 20 denotes the

“Diseased” state. The probability distribution of state j < 20 at stage 3 is equal to

the probability distribution of litter size (given the current estimates for A and M(n)
in (1)) multiplied by the probability of sow survival. According to Kristensen and

Søllested (2004) the conditional expected litter size E(Yn) as well as the conditional
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variance V(Yn) given all previous litter sizes are known.

Hence the transition probability for an n’th parity sow p0
0j(ρ2, 2) from state 0

(“Pregnant”) at stage 2 to state j < 20 at stage 3 of process ρ2 under decision

0 (“Dummy” action) is given as

p0
0j(ρ2, 2) =



Φ





j + 0.5− E(Yn)
√

V(Yn)



− Φ





j − 0.5− E(Yn)
√

V(Yn)







 (1−qn−1,g) (2)

where Φ is the distribution function of the standard normal distribution and (1 −
qn−1,g) is the probability of sow survival. The probability of entering the “Diseased”

state j = 20 is simply p0
0,20(ρ2, 2) = qn−1,g.

The terminal probability distributions at stage 3 of child level 2 link to the states

of child level 1, and they are in all cases deterministic, implying that we have a

degenerate distribution where the probability of one particular outcome is 1 and

those of all other outcomes are zero. Having observed the litter size of parity n we

may update M̂(n − 1) to M̂(n) and also (full model) Ân−1 to Ân as described by

Kristensen and Søllested (2004). Then the transition probability is 1 if the state at

next stage of child level 1 corresponds to the updated M̂(n) and Ân. Otherwise it is

zero. If the process is in the “Diseased” state, the process at child level 1 transfers to

the “Culled” state with probability 1. Thus we again have a degenerate probability

distribution where the outcome is known with certainty.

3.3 Rewards

The rewards of the model are equal to the expected economic net revenue of a sow

during the stage in question given all information available (i.e. the stage, state

and action of child level 2 and both ancestral levels). The economic net returns are

calculated as revenues from sold piglets and culled sows minus feed costs, mating

costs and costs of replacement gilts.

The expected revenues from sold piglets are calculated as the number of piglets

born (known from the state at child level 2) multiplied by the piglet survival rate

(i.e. 1 minus the specified mortality rate) and the price of piglets. The price in

turn depends on the mating method (known from the action at child level 1). The

expected revenue from a culled sow is found as the live weight times the price

specified. If it is a diseased sow (involuntary culling) the price is reduced by a

specified reduction factor.

Expected mating costs are calculated as a fixed cost relating to the mating pol-
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icy plus the expected number of matings (given the decided maximum number of

matings) times a price per mating (depends on mating method).

Feeding costs are calculated as the number of FEs consumed according to Kris-

tensen and Søllested (2004) times a specified feed price per FEs.

3.4 Time

For each state at child level 2 the duration of the corresponding stage must be speci-

fied. The duration may either be specified as a fixed expected value only depending

on state and action or as a vector where each element specifies the duration of a

stage that ends up with transition to state j at next stage. The latter option is used

for the mating stage. If the sow ends up being pregnant, the expected duration of

the mating period is calculated given the maximum number of matings decided and

the specified conception rates. If it ends up in the “Infertile” state we know that it

has been mated the maximum number of times allowed for the chosen mating pol-

icy. Thus the duration is set to 6 + 21m days where m is the maximum number of

matings. For the gestation stage the duration is set to 115 days, and the duration of

the suckling period is put equal to the weaning age used in the herd. The duration

of all “Diseased” and “Replaced” states is zero.

3.5 Physical quantities

The model allows for definition of a number of physical quantities given state and

action. They are used for calculation of various technical and economic key fig-

ures like annual replacement rate, piglets per sow per year, net returns per piglet

produced etc. under an optimal (or a specified) policy. The quantities may also

optionally be used for redefining the objective function in order to maximize such

technical results. In this model several such quantities are defined: piglets produced,

gilts inserted in the herd, farrowings, involuntary cullings, voluntary cullings, par-

ity n farrowings (n = 1, . . . , 12). The values are defined as the relevant figures in

states where such events occur. In all other states the values are set to zero.

3.6 Running the model in MLHMP

The MLHMP software (Kristensen, 2003) is a free standard software tool for dy-

namic programming. In particular it supports multi-level hierarchical Markov pro-

cesses like the model described in this paper. It is programmed entirely in Java and
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it is available for download from the internet. 1

MLHMP has a process tree window where the model structure is shown graphically

as a tree, a window where a log for optimizations is shown and a result window

where the optimal decisions or the retention pay-offs are shown for all states. Small

models may be constructed and edited directly in the process tree window, but when

it comes to larger models as the one presented here, a better solution is to use the

plug-in facility of the software. A plug-in is a separate Java program constructed in

such a way that it may be installed and appear to the user as an integrated part of

the software system.

When the present plug-in is activated from MLHMP it initiates a dialog with the

user enabling entering of all herd specific information like parameter estimates and

prices. A full collection of settings for a herd may be saved as a file and reloaded

later. Having specified the parameters, the model is automatically created and the

full functionality of MLHMP may be used with it. The facilities include optimiza-

tion using several algorithms under several criteria of optimality as well as Markov

chain simulations calculating expected technical and economic key figures under

an optimal (or an arbitrarily specified) policy. The plug-in also contains an inter-

face enabling MLHMP to read sow records from the herd and determine the state

of all sows in order to show the retention pay-off and optimal mating policy for

each sow. Like MLHMP, the plug-in is available for download from the internet.

4 Example

4.1 Parameters

In order to illustrate the necessary input and produced output of the model we shall

apply it to two typical commercial Danish sow herds. In both cases the reduced

model is used. The herd specific biological input parameters are shown in Tables

1 and 2. Additional input parameters are the estimated basic conception rates of

Table 1 in Kristensen and Søllested (2004).

The litter size parameters of the two herds result in two rather different mean curves

as shown in Figure 4. Compared to Herd B, Herd A has a later peak and a faster

decline in litter size for high parities.

The estimated conception rates in Table 1 of Kristensen and Søllested (2004) show

a general tendency of lower conception rates in first parity. Similarly, the conception

rates seem to decrease as parities increases above parity 5-6.

1 http://www.prodstyr.ihh.kvl.dk/software/mlhmp.html
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Table 1

Litter size parameters estimated by Toft and Jørgensen (2002) and estimated mortality rates

for piglets in two commercial Danish sow herds.

Parameter Herd A Herd B

Litter size (cf. Kristensen and Søllested (2004) and (1))

Mean curve parameter (Gaussian part, scaling param.): θ1 3.529 2.736

Mean curve parameter (Gaussian part, exp. param.): θ2 0.103 0.286

Mean curve parameter (intercept of linear part): θ3 14.761 13.858

Mean curve parameter (slope of linear part): θ4 0.375 0.221

Variance of ǫn : τ2 6.147 6.198

Variance of M(n) : σ2 2.437 2.335

Correlation function parameter: α 0.109 0.122

Mortality rates of piglets

Parity 1 0.168 0.088

Other parities 0.233 0.187

Average litter size
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Fig. 4. Average litter sizes as a function of parity in two herds.

The raw conception rate was afterwards corrected by a relative effect of mating

method. For mating method 1 the relative effect was always set to 1, whereas for

method 2 it was varied over the values 0.80, 0.85 and 0.90 implying a conception

efficiency of method 2 of 80%, 85% and 90%, respectively, compared to method
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Table 2

Drop-out parameters for two commercial Danish sow herds estimated by logistic regres-

sion. The parameter β0 is the intercept, β1 is effect of litter size and β2 is the quadratic

effect of litter size. Parity 0 represents the period from mating of a gilt until first farrowing.

Herd A Herd B

Parities β0 β1 β2 β0 β1 β2

0 -3.7202 - - -2.8468 - -

1 -2.6485 - - -2.3503 - -

2 -0.3372 -0.3665 0.0137 3.4297 -0.8696 0.0304

3 - 5 2.6208 -0.5334 0.0137 4.4023 -0.8982 0.0304

6 and higher 2.0149 -0.4676 0.0137 4.9131 -0.9261 0.0304

1. If the methods are interpreted as natural (method 1) versus artificial (method 2)

service it is expected that method 2 is more expensive, but also implies a higher

value of piglets as reflected by the price settings of Table 3 below.

Drop-out parameters were estimated at herd level as described by Toft et al. (2000).

Separate parameters were estimated for parities 0 (from mating of a gilt to first

farrowing), 1 and 2, whereas parities 3-5 were pooled. Similarly only one parameter

set was fitted to data from parities above 5. The results for the two herds are shown

in Table 2.

Also the price assumptions used by the model must be herd specific. Nevertheless, it

was decided to use a standard price set for both herds in this study so that possible

differences between the two herds may be explained solely by differences in the

biological parameters. The prices used are shown in Table 3.

In addition to the herd specific parameters, there is a number of parameters which

are assumed to be the same for all herds. Such parameters typically refer to prop-

erties that are not measured in practice. The sow weight figures taken directly from

Kristensen and Søllested (2004) are examples of such parameters. Table 4 summa-

rizes the remaining of those parameters. For a description of the ad libitum feeding

model used (O’Grady et al., 1985) as well as other assumptions concerning feed

intake, reference is made to Kristensen and Søllested (2004). During the mating

and gestation periods (as well as for piglets) a standard feeding regime is assumed

in accordance with official Danish recommendations.

The parameters of Tables 1 - 4 are given as input to the plug-in mentioned in Section

3.6. Given this information a model with the structure described in Section 3.1 is

generated and the transition probabilities, rewards, stage lengths etc. are calculated

as described in Sections 3.2 through 3.5.

12



Table 3

Price conditions (DKK) used for both herds

Description Unit Price

Feed in mating period FEs 1.30

Feed in gestation period FEs 1.30

Feed in suckling period FEs 1.30

Feed for piglets kg 2.80

Basic piglet price Piglet 249.00

Piglet price adjustment, mating method 1 Piglet 0.00

Piglet price adjustment, mating method 2 Piglet 10.00

Price per mating, method 1 Mating 20

Price per mating, method 2 Mating 30

Price of gilt for replacement Gilt 1704.00

Slaughter price of sow kg live weight 6.01

Table 4

General parameters used in the model

Parameter Value

Effect of remating on conception (cf. Kristensen and Søllested (2004))

1st remating, additive effect -0.03

2nd remating, additive effect -0.06

3rd remating, additive effect -0.09

4th remating, additive effect -0.12

Reduction factor for price of diseased sows 0.70

4.2 Optimizations and simulations

In order to illustrate the output produced by the model, optimal policies maximizing

average net returns over time for the two herds are calculated. The consequences of

the two resulting policies are compared through technical and economic key figures

calculated by Markov chain simulations.

In addition to the optimal actions, the model also provides the retention pay-off

(sometimes referred to as the future profitability) for all states. As mentioned in

Section 3.6, the plug-in defining the model also contains an interface for reading

sow herd data from a file and identifying actual sows with optimal decisions and

retention pay-off. In order to study the consequences of the calculated optimal poli-
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Table 5

Technical and economical results for the two herds under optimal policies.

Key figure Herd A Herd B

Net returns, DKK per sow per year 3526 4128

Net returns, DKK per piglet weaned 168.99 176.77

Piglets weaned per sow per year 20.87 23.35

Piglets weaned per litter 8.80 9.95

Average age (parity) at culling 5.46 6.33

Voluntary annual culling rate 26% 14%

Involuntary annual culling rate 17% 23%

cies for the actual sows of the two herds, litter size data from each herd were loaded

and compared to the optimal policy defined by the retention pay-off.

One of the leading ideas of the present study has been to use herd specific param-

eters so that the calculated replacement policies in all details reflect the animals,

production system and management of a particular herd. In order to illustrate the

importance of herd specific parameters a cross check of the validity of optimal poli-

cies was performed. The check was performed as follows: An optimal policy for

each herd was calculated using the herd’s own parameters. Then the retention pay-

off for all actual sows of Herd A was identified using the parameter set of Herd

A and again using the parameter set of Herd B. The same double determination

of retention pay-off was performed for the actual sows of Herd B. If, for all sows,

those two values are approximately of the same size we might use the parameters

estimated in one of the herds in the other herd as well.

4.3 Results

In Table 5, the consequences of the optimal policies are illustrated by selected tech-

nical and economical results. The figures of the table are calculated by means of

the Markov chain simulation facility of the MLHMP software. They are all based

on mating method 1.

In words, the optimal replacement policy for Herd A implies no culling based on

litter size before parity 5. From parity 5 through 10 the culling for low litter sizes

increases and all sows are culled after the 11th parity independently of litter size

results obtained. For Herd B, the same pattern is found, but no culling for low litter

size should be carried out before parity 6. This is in agreement with the higher

average culling age seen in Table 5 for Herd B. Even though there is no direct

culling for litter size before parity 5 and 6, respectively, there may be an indirect

effect trough the number of matings allowed before culling for infertility. In Figure

14



-1
0

-8

-6

-4

-2 0

2

4

6

8

1
0

1

4

7

10

0

1

2

3

4

5

Matings

Litter size potential

Parity

Herd A

-1
0

-8

-6

-4

-2 0

2

4

6

8

1
0

1

4

7

10

0

1

2

3

4

5

Matings

Litter size potential

Parity

Herd B

Fig. 5. Optimal mating policies (expressed as maximum number of matings to accept before

culling) depending on litter size potential (i.e. M̂(n)) and parity for the two herds.
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Fig. 6. Optimal age distributions (solid lines) of the two herds compared to the observed

distributions (dashed lines).

5 the optimal mating policies in the two herds are shown. For the same litter size

potential and parity, typically 1 additional mating is optimal in Herd B compared

to A.

In Figure 6 the optimal age distributions of the two herds are compared to the

observed age distributions. As it appears, Herd A seems to use a replacement policy

that is very close to the optimal. Herd B, on the other hand, uses a far too high

culling rate.

Table 6 summarizes the retention pay-off for the actual sows of the two herds (a

negative value means that the sow should be replaced).

The cross check of the validity of optimal policies based on differences in retention

pay-offs is shown in Figure 7. As it appears, there are marked differences in the

values depending on the parameter set used for calculation. This confirms that it is

important to use herd specific data in this kind of modeling. The differences should
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Table 6

Retention pay-off for the actual sows of the two herds. Herd specific optimal policies are

used.

Key figure Herd A Herd B

Number of sows 205 230

Lowest retention pay-off, DKK -66 -19

Average retention pay-off, DKK 396 472

Highest retention pay-off, DKK 778 880
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Fig. 7. Difference in retention pay-off when the herd’s own parameters are used compared

to those calculated using the other herd’s parameters.

be compared to the average sizes of the true retention pay-offs as shown in Table 6.

Also the mating method is optimized in the model. When the relative effect of

method 2 was set to 0.9, it was generally preferred in both herds. At a relative

effect of 0.85 method 2 was preferred to the sows having the highest expected litter

size, and at a relative effect of 0.80, method 1 was generally preferred. In other

words, if the relative effect of method 2 is higher than 85%, the higher value of the

piglets will compensate for the higher mating costs.

4.4 Discussion of optimization results

The parameter sets for the two herds differ considerably in many respects. Con-

cerning litter sizes, and piglet mortality, Herd B performs far better than Herd A,

but when it comes to conception rates, Herd A has the best performance. From the

Markov chain simulation results of Table 5 it is evident that the better litter size re-

sults (measured as weaned piglets) of Herd B leads to far better economical results

under an optimal policy despite the lower conception rates.

Given the average litter size estimates of Figure 4, it is not surprising that the opti-

mal policy for Herd B implies a higher average culling age in that herd compared

to Herd A (on average almost one parity higher as it appears from Table 5).
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In general it is surprising that litter size influences the optimal culling decisions

as little as it is the case. During the first parities no direct culling for litter size

at all should be performed. This is obviously in contrast to the replacement poli-

cies actually followed in the two herds. The drop-out estimates of Table 2 clearly

show that both herds use litter size as an important criterion for culling already

from parity 2. It is also clear (from the estimates for β1, the linear effect of litter

size) that the manager of Herd B puts far more emphasis on litter size than Herd

A. This difference is also reflected in the age structures of the two herds compared

to optimal age structures as shown in Figure 6. Actually, Herd A is very close to

the optimal age distribution, whereas Herd B culls far too many sows (for low litter

size according to the drop-out estimates) at low parities. For Herd A the same phe-

nomenon is observed, but only as a weak tendency. It seems reasonable to assume

that Herd B would have a high benefit of a decision support system as this model,

since the actual policy is so far from optimality. In Herd A, only a minor benefit

should correspondingly be expected.

As it is illustrated by the comparison of retention pay-off values in Figure 7, it

seems to be even very important for these figures that herd specific parameters are

used. If also herd specific prices had been used in the example the differences could

have been even bigger.

5 General Discussion

As it has been loosely illustrated by the two herds used in this study, the biologi-

cal parameters differ considerably among herds. This observation is confirmed by

the results of Toft and Jørgensen (2002) who estimated litter size parameters and

dropout rates in more than 40 Danish sow herds. Since the genetic properties only

varies slightly among herds, the explanation must be found in the characteristics of

the production systems and the general levels of management. Because of this vari-

ation it seems obvious that decision support concerning sow replacement must be

based on herd specific estimates in order to make sense. The estimation technique

presented by Toft and Jørgensen (2002) enables us to obtain such herd specific

estimates.

The multi-level hierarchical Markov process is a very flexible tool. At the most

detailed level (child level 2) the stage length equals the duration of the mating

period, the gestation period and the suckling period, respectively. In case a more

detailed modeling of any of these periods is desired, the model may be extended

by a child level 3 in one or more stages of child level 2. If, for instance, a more

detailed modeling of the suckling period is desired in order to evaluate treatment

policies for the piglets, we only need to represent the suckling period by a separate

Markov decision process with daily or weekly stages at child level 4 in order to

incorporate such a feature. It is also expected that as a result of on-going research
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it will soon become possible to integrate the technique with other methods like

influence diagrams or the recently developed LIMIDs Limited Memory Influence

Diagrams by Lauritzen and Nilsson (2000).

Similarly, if we wish to evaluate decisions with a longer time horizon than consid-

ered here, we may include actions at founder level. An example could be optimal

weaning age, which is a decision that has to be made under a very long time horizon

since it interacts with the dimensioning of the various housing departments of the

herd. Whereas it is rather easy to estimate the costs of different dimensioning it is

rather complicated to estimate the consequences concerning the production results.

The multi-level hierarchical Markov process used in this study provides a general

framework for this. We just had to define weaning age as an action at founder level

and include the effect of weaning age on conception rates, piglet mortality etc. in

each of the resulting sub-models. Since optimal replacement and mating of sows is

most likely to interact with weaning age such a model would be able to compare

the effects of different weaning age under mating and replacement policies that are

optimal for each weaning age.

The MLHMP software used in this study has turned out to be an important shortcut

in the development of working prototypes. Even though the process still demands

some programming (in this case in Java) in the creation of the plug-in, it is certainly

an advantage that the basic algorithms used by multi-level hierarchical Markov

processes have been programmed once for all and are directly available for the

constructed model which becomes an integrated part of the software as soon as the

plug-in has been properly installed. It is expected that the MLHMP software may

be used for many similar models in the future.

6 Conclusion

The model presented demonstrates that proper use of Bayesian updating may de-

crease the state space dramatically without loss of information. Introduction of de-

cisions on multiple time scales further decreases the size of the state space.

Due to large variation in parameter values among sow herds as a consequence of

different production systems and management levels it is concluded that a sow

replacement model to be used in a commercial herd must be based on parameter

estimates obtained in the same herd.

The multi-level hierarchical approach used in this study is very flexible for adap-

tations involving decisions and policies at longer as well as shorter time horizons

than considered in the present model. The standard MLHMP software has turned

out to be an important shortcut in the development of working prototypes.
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