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James 1: 2-4 (NIV)

Consider it pure joy, my brothers, whenever you face trials

of many kinds, because you know that testing of your faith

develops perseverance. Perseverance must finish its work, so

that you may be mature and complete, not lacking anything.
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Abstract

Linear programming has long been used in pig production to generate minimum cost
diets that are subject to nutritional constraints. More recently, the development of ac-
curate animal growth models and the development of effective nonlinear optimisation
techniques, in conjunction with linear programming, have allowed us to address the
bigger problem of building feeding schedules that maximise profitability. These feeding
schedules, which we name “optimal feeding schedules”, simultaneously minimise feed
costs while maximising gross return.

The random search for the optimal feeding schedule runs over an extremely large
space. The optimisation methods used to generate the optimal solution are of critical
importance. Software to perform the optimization, named “Bacon Max”, has been
developed in Visual C++. The search processes used in Bacon Max to determine the
optimum solution for this problem include pure random search, tabu search, Monte
Carlo search, ascent search and a genetic algorithm. Among these search processes
genetic algorithms were the most successful, despite the long search period needed.
This thesis extends this work in four ways.

First (in Chapter 3), an alternative optimisation methodology was developed, which
we call the “tailored” method, adapted to the known nature of the objective function,
found by examining several random cross sections through a known solution. This
revealed a single craggy peak. The tailored method finds the optimum more rapidly
than the genetic algorithm. The program for the tailored method is also developed in
Visual C++.

Second (in Chapter 4), profitability depends on feed costs and price at slaughter
which in turn are subject to variation across time. We show how to include such varia-
tion in our modelling and handle it using stochastic programming. The optimal feeding
schedule is influenced by pig type, costs and prices, and dietary restraints. The effects
are discussed. The Bacon Max software is developed to handle variations of feed cost
and price at slaughter using stochastic programming.

Third (in Chapter 5), the methodology is utilized to explore the impact of pig type,
costs and dietary restraints on the optimal feeding schedule. At the same time the
optimal feeding schedule is compared to the commonly used “feed-to-lean” schedule.

Fourth (in Chapter 6), an application to real data from southern Thailand is pre-
sented. The results indicate that profitability can be increased by changing the original
feeding schedule to the optimal feeding schedule resulting from Bacon Max.

In summary, results indicate that the optimal feeding schedule from Bacon Max
can improve profitability for the producer.
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Chapter 1

Introduction

1.1 Brief thesis aims

Linear programming has long been used in pig production to generate minimum cost

diets that are subject to nutritional constraints. More recently, the development of

accurate animal growth models and the development of effective nonlinear optimisation

techniques, in conjunction with linear programming, have allowed us to address the

bigger problem of building feeding schedules that maximise profitability. The research

work in this thesis continues the development of this area. In particular it includes

• A review of the basic background of linear programming, growth modelling and

nonlinear optimisation, the related software, and the landscape of the objective

function

• Development of an alternative algorithm to carry out the optimisation

• Accommodation of a changing feed ingredient schedule and price schedule to

cover practical aspects of pig production

• Considering the effect of pig parameters, costs and dietary restraints on dietary

nutrient specification

• Application of this method and software to an on-farm situation in Thailand

• Associated adaptation of the software in each section.
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1.2 General background

1.2.1 Pig industry

Pork has been the most consumed meat in the world in the past two decades. Statistics

of world meat consumption (kg/person/year) from the study of the Food and Agricul-

tural Organization of the United nations (FAO, World agriculture towards 2015/2030)

in a report from Alberta Pork (2006) shows that pork consumption is the highest of

all meats at 14.6 kg/person/year by comparison to poultry meat consumption (10.2

kg/person/year) and bovine meat consumption (9.8 kg/person/year) in 2000. Further,

we learn from Alberta Pork (2006) that the pattern of growth for pork consumption is

predicted to steadily rise until 2015. Despite the anticipation of greater demands for

poultry meat than pork meat by 2030 a significant proportion of the world’s population

is still predicted to consume pork meat.

The demand for food has increased due to the rising world population. Moreover, the

increased income and spending power of the consumers also influence the demand for

meat, especially pork meat. Food production increases to supply the need. Considering

the rising demand for pork meat, it is understandable that pig production is the largest

meat industry in the world. Demand continues to rise, as can be seen from the data

in Table1.1.

Table 1.1: Annual world pig meat production statistics from the FAO (2011), presented
in million metric tons.

Year Pig meat production
(million metric tons)

1970 35.84
1980 52.69
1990 69.92
2000 89.78
2009 106.32

Figure 1.1 (Global Livestock Production and Health Atlas (GLiPHA), 2011) shows a

world map of pig population density (livestock units(LU)/square kilometre) in 2007.

Countries such as the Netherlands (182.8 LU/sq km), Denmark (154.6 LU/sq km),

Vietnam (79.1 LU/sq km), China (15.1 LU/sq km), Canada (6.6 LU/sq km), United
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Chapter 1. Introduction

States of America (4.5 LU/sq km), Brazil (4.0 LU/sq km) and most European coun-

tries have a high density of pig production, to supply the world demand. The main

components across successful countries for pig production are human resources, access

to technology, competitive production costs and quality and safety assurance for the

consumers (Alberta Pork, 2006). Advances in knowledge and technology have been the

most important factor in catering to this growing market.

Figure 1.1: World map of pig population density (livestock units(LU)/square kilometre)
in 2007 from the Global Livestock Production and Health Atlas (GLiPHA) (2011). The
density of pig population is represented using colour, with the darker and lighter red
colours signifying the higher and lower density of pig populations respectively.

Efficiency of pig meat production mainly depends on three factors (5M Enterprises

Ltd., no date (n.d.)).

1. Environment, size and style of pig farm, farm management strategies and health

2. Feed and nutrition

3. Genetic potential of pig

The first factor is the environment which constitutes climate, temperature and humid-

ity and has an impact on pig growth. Different environments in each country have a

distinct impact on pigs and should be managed accordingly. The size and style of the

pig farm vary in each country and can change over time. Good farm management, such

as ongoing staff training programs, updated market information and farm records, farm

hygiene and vaccination (FAO, OIE & World Bank, 2010) are all needed for successful

pig production (5M Enterprises Ltd., (n.d.)).
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Second factor which is feed and nutrition directly impacts the cost and profitability in

pig production. The feed cost is around 55-75% of the total cost of raising a pig from

piglet to finisher (Queensland Government, Primary Industries and Fisheries, 2010b).

The last factor is the genetic potential of the pig. A pig’s efficiency in converting feed

into meat is influenced by the pig breed and pig genotype as much as is influenced by

its health and the environment. Understanding the genetic potential of the pig helps

the pig producer to provide a suitable feed and management system that maximises pig

performance. Market preference influences the lean growth genetic potential in pigs

(Coffey, Parker, & Laurent, n.d.; Schinckel, Richert, Clark, Frank, & Turek, 1997).

The more modern pig types have high genetic potential to reach full slaughter weight

within a short period without losing the carcass quality (Pieterse, Loots, & Viljoen,

2000). Merks (2000) shows that in the last century genetic change improved a pig’s

average daily gain by 100% with a reduction of backfat thicknesses by 75%.

1.2.2 Size, style of pig farm and farm management

The pig industry has varying farm structures and also variations in scale of farm size.

According to the report of Eurostat (2010) (the data is taken from Farm Structure

Survey (FSS) (2007)), pigs are recorded in three categories; piglet, breeding sow and

fattening pig. In this thesis we consider the fattening pig or grower-finisher pig from

the period of life from weaning until slaughter (Agricultural Research Council, 1981).

Eurostat (2010) also classified the pig farm by number of sows and fattening pigs into

four categories;

1. Small fatteners (no sows and fewer than 10 fattening pigs)

2. Large fatteners (no sows and at least 400 fattening pigs)

3. Large breeders (more than 100 sows and 400 fattening pigs)

4. Other pig farms.

The research in this thesis focuses on farms for fattening pigs, those with fewer than

10 pigs and also those up to 200 pigs. Larger numbers of pigs can be considered, but

this demands larger computer processing time. This is the reason why larger numbers

of pigs has not been included.
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In the past, most pig farms started as small scale farms. This is so in Thailand. Figure

1.2 illustrates an example of a small backyard pig farm in southern Thailand. The

photo is taken in 2003. Ten pigs per batch or less than that are taken care of by the

owner family. Pigs were fed with the diets that combined herbal plants as medicine and

feed additives to produce organic and high quality pork, instead of using high doses

of vaccines in the farming process. Table 1.2 compares the number of holdings and

number of pigs in Thailand from 1993 to 2003 (the data for 1993 is sourced from the

FAO and APHCA (2002) and the data for 2003 from a report in the National Statistics

Office (2003), respectively), classified on the basis of the number of pigs per holding.

The backyard pig farm was the traditional farm type, along with buffalo, or cattle and

poultry. Buffalo or cattle are mainly used for the purpose of labour in the crop field.

Pig and poultry supplement income from the rice field or other crops or can be con-

sumed within the family (Tisdell, Murphy, & Kehren, 1998). The pigs are either fed

food wastes or by-products from the farm. Table 1.2 shows that the number of holdings

which have fewer than 10 pigs roughly halved from 1993 to 2003. On the other hand,

the number of holdings which have 500 pigs or more doubled in the same period of time.

Figure 1.2: An example of small pig farm of Mr. Cheewa-isarakul (centre) in southern
Thailand (photo taken in 2003). Fewer than 10 pigs were raised at the backyard of the
owner’s house.

In some countries, small pig farms still carry on with the same principles as traditional

farms but have changed to use of modern knowledge and technology. For example,

(Eurostat, 2010) Romania, Bulgaria and Lithuania still run small pig farms which

have fewer than 10 pigs. Similarly, consumers have also begun to show a keen interest
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Table 1.2: Number of holdings rearing pigs in Thailand census in 1993 and 2003
classified by number of pigs per holding. The data is sourced from FAO and APHCA
(2002) and the National Statistics Office (2003).

1993 2003
Number of pigs per
holding (heads)

Number of
holdings

Number of
pigs

Number of
holdings

Number of
pigs

Less than 10 471,512 1,343,166 246,552 811,617
10-49 106,163 1,831,254 84,842 1,511,283
50-99 6,853 418,215 5,827 362,403
100-499 5,043 894,132 4,901 1,030,330
500 and over 1,045 1,693,213 2,200 3,466,879
Total 590,616 6,185,953 344,322 7,182,512

in knowing the strategies and conditions employed by farmers who practice pig farm-

ing. This further influences trends of pig farming. For example, small scale free-range

pig farming is developing where pigs are allowed to move and search for their food

freely in the paddock. Also we are witnessing the development of organic pig farming,

where no animal health products are used in the process of raising pigs. An example

of this (discussed further in Chapter 6) is a small farm in Thailand that uses herbal

plants as medicine and feed additives to produce organic and high quality pork.

Many factors are responsible for the growth of the pork industry, such as grain price

(price of feed), the high national and international demand for pork meat (Victorian

Government, Department of Primary Industries, 2011) and the innovation of farm

technology. Many small farms have lost business to larger farms due to their lack of

competitiveness in cost of production and product quality (Huynh, Aarnink, Drucker,

& Verstegen, 2007). On the other hand, when some smaller pig farm producers work

to advance their scientific and technological knowledge and skills of farm managements

this results in the positive growth of farm size. These advances not only reduce the

cost of production, but also increase the productivity and thus work towards meeting

the high demand for pork in the market (Key & Mcbride, 2008). This exemplifies the

trend mentioned in the previous example of Thailand where there is a progressive rise

in large scale farms. Huynh et al. (2007) reports the same trend of larger herd size in

Vietnam.
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The number of large scale pig farms in a limited area of space, is significantly rising,

to meet the needs of consumers. The example of a large scale piggery in New Zealand

shown in Figure 1.3 is also considered in this thesis (Chapter 5). This is an example

of an intensive piggery. A large number of pigs are grown in a limited area, such as a

pen or a stall shed. Examples of countries using this type of pig farm are the United

States (Britannica, 2009), Canada (The Animal Welfare Foundation of Canada, no

date (n.d.)), Denmark and Mexico.

Animal health products are often used in this type of piggery to protect the large

number of pigs from diseases that can cause heavy losses. Concerns about such pig

farms are numerous. As mentioned earlier, due to growing interest among consumers

regarding the outcomes of the pig farming process, consumers prefer the use of organic

food that is free from animal health products.

A further concern from both small and large pig farms is the large amount of pig ma-

nure which is washed into the environment. This can cause unpleasant odours and the

nutrients also cause pollution in the nearby soil and water. Concern regarding nutrient

excretion has been included in the extended work from this thesis, as we will discuss

in the Conclusion (Chapter 7).

a) b)

Figure 1.3: An example of large pig farm near Christchurch, New Zealand (photo taken
in 2005). A large number of pigs (more than 500) are accommodated in the farm. As
can be seen, a large number of pigs are put in the same pen. This type of farm creates
concerns for animal welfare, health issues and the environment.
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1.2.3 Feed and nutrition

Having considered the importance of the pig industry to the world and the style of pig

farms we now move on to discuss the nature of pigs and the management of the pig

farm. Pigs have a monogastric digestive system, meaning they have a single stomach.

They can eat and digest food such as grain but have a very limited capacity for di-

gesting high fibre food. On the other hand, pigs have an excellent sense of smell. The

palatability of food for pigs is important. Diet formulations for pigs have been studied

and developed to meet their nutrient requirements. Pigs need a balanced diet to grow

and produce the best quality pork meat.

Nutrient requirements for pigs have four components: energy, protein (or amino acids),

vitamins and minerals. Lean pork meat is preferable in the market and receives a higher

price in return. Although many factors impact upon the profitability of pig production

the major components to consider are the cost of production and effective animal nu-

trition. Feed cost is the major component of total pig farm cost. Feed cost is around

60-65% or up to 70% of the total cost for fattening a pig (Carr & Garth veterinary

group, n.d.; Western Australia Government, n.d.). Labour, maintenance and repairs

on a pig farm can be around 25% of the total cost. The bulk of the rest of the cost is

in animal purchase, electricity, water, medicine, transport and veterinary expenses.

It is for this reason that pig producers consider improving the feed efficiency of prime

importance. There are a few ways to accomplish this, such as reducing feed waste, diet

formulation, farm management (Sutton, 2008) and use of new pig genotypes (British

Pig Executive, 2009). Reducing feed waste controls the feed cost and also attempts to

minimise passage of nutrients (from excretion) into the environment. The diet formu-

lation should be adapted to the pig genotype and growth period.

Another way to increase feed efficiency is to consider the feeding system. The feeding

system comprises feeding form and method.

Feeding form

There are two types of feeding forms, namely dry feed and liquid feed (DeRouchey &

Richert, n.d.). Dry feed is a dry mixture of feed stuff formulated to meet pig nutrient

requirements. When using a dry feed it is critical to supply pigs with sufficient water.

The benefit of a dry feed is that it is simple and more hygienic for pigs (Elkmann &
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Bärlein, 2011) especially when the feed is available to pigs at all times (ad libitum

feeding). The excess dust created by this feed type is a limitation raising health risks

(for both pigs and workmen) and environmental concerns (Hampshire feeding system,

2011b).

Liquid feed on the other hand, is feed containing approximately 20-30% dry matter

and is liquid in form (Livestock knowledge transfer, 2001; Shurson, 2008). Some liquid

feeds contain fermented ingredients and lactic acid bacteria that result in improve-

ments in pig digestion and a reduction of undesirable bacteria in pigs (Brooks, Beal, &

Niven, 2001; Canibe and Jensen, 2003; Hampshire feeding system, 2011a,b; Livestock

knowledge transfer, 2001; Meat and Livestock Commission, 2003). The advantages

of liquid feed include an improvement in nutrient utilisation and animal performance,

greater flexibility while controlling the feeding program and a reduction in environ-

mental impact (Livestock knowledge transfer, 2001; Shurson, 2008). However the need

for a higher control of hygiene to reduce the risk of malfermentation is a disadvantage

of this feed type (Meat and Livestock Commission, 2003). Dry feeds are more com-

monly adopted in the United states, while liquid feeds are more popular in Europe and

Canada (DeRouchey & Richert, n.d.).

Feeding method

Commonly used are restricted feeding (controlled feeding) and ad libitum feeding (self

feeding) (Agricultural Research Council, 1981).

In the restricted feeding method the quantity of the feed given to the pigs is controlled

usually maintaining a level less than the pigs’ maximum voluntary intake (Queensland

Government, Primary industries and fisheries, 2010a). It results in a lower feed cost,

good carcass quality and better pig farm hygiene (EntrePinoys Atbp., 2009). However,

a restricted feed method could result in an unequal growth of the herd should some

pigs receive insufficient feed. In addition, pigs fed using this feeding method have a

lower average daily gain (EntrePinoys Atbp., 2009).

On the other hand, ad libitum feeding provides feed at all times without any restriction

(Agricultural Research Council, 1981). A dry feed form is typically used in this feeding

method (e.g. in the U.S.) and is known to work well among pigs in a healthy condi-

tion and having a high genetic potential (EntrePinoys Atbp., 2009). Every pig is fed

until 100% satisfaction with no competition in the herd. An advantage of this feeding
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method is a higher average daily gain among pigs. However, disadvantages include a

higher feed cost and lower carcass quality (higher backfat thickness). In addition, if pig

farms lack an effective feed waste management system this feeding method can cause

health risks and digestive problems in pigs (EntrePinoys Atbp., 2009).

There are two feeding systems used in this thesis namely restricted and ad libitum

feeding in the form of dry feed based on the practice of pig farms from which our data

is collected.

In practice, feeding formulas for fattening pigs consist of two diets, namely grower and

finisher diets. According to pig industry terms and definitions from the Queensland

Government, Primary Industries and Fisheries (2010b) a grower diet is used for a pig

whose live weight is between 20 kg (or weaning) to 70 kg. A finisher diet is used for pigs

whose live weight is between 70 to 100 kg (or until slaughter date, which can be varied

depending on a country’s market demands) (Willis, 2010). However, others prescribe

a grower diet for pigs between 20 to50 kg and finisher diet for pigs between 50 to 90

kg or above (Chiba, 2004; Roese & Taylor, 2006).

Improving the feed efficiency by trying to reduce feed waste and feed cost has been at-

tempted by many researchers. For example, Willis (2010) suggests use of phase feeding.

This allows the diets to change more frequently (possibly even weekly) to match pig

nutrient requirements to their growth period. In the study of Edwards (2011), however,

there is no significant difference in overall performance between the use of a single diet

or various phase feeding diets. The study suggests that the lysine requirements of pig

genotypes have to be met in pig diets before it is possible to decide between a single

diet and phase feeding.

In this thesis we consider issues that help improve feed efficiency by optimising pig

nutrition and minimising feed cost in a manner that is adapted to both pig type and

growth period. Farm management, however is not included in this study. Both diet

types (grower-finisher and phase feeding) are considered. Chapters 3, 4 and 6 discuss

using grower-finisher diets while Chapter 5 considers phase feeding diets (weekly) using

a maximum of 15 diets until slaughter.
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Chapter 1. Introduction

1.3 Achievements to date

1.3.1 Pig dietary specification and optimisation

We now move to discuss research in animal nutrition. Links between mathematical

optimisation and the animal industry have been considered for several decades, es-

pecially for animal nutrition. Linear programming (Kall & Wallace, 1994) have been

commonly used to calculate an animal diet by generating the minimum feed cost. (The

details of linear programming and its application in pig nutrition will be discussed in

Chapter 2.) The nutrient requirements for pigs (Agricultural Research Council, 1981;

National Research Council, 1998) are used as the constraints in linear programming.

For example, Kearney (1971) and the National swine nutrition guide diet formulation

evaluation software (U.S. Pork Center of Excellence, 2010) used linear programming

to formulate a least cost diet for pigs and also evaluate the adequacy of nutrition in

the diets.

The AusPig system (Australian Pork Limited, 2010; Black, Campbell, Williams, James,

& Davies, 1986; Menzies, Black, Fleming, & Dean, 1992) has been developed by the

Commonwealth Scientific and Industrial Research Organisation (CSIRO) for the Aus-

tralian pork industry, employing an advanced decision support system. Four compo-

nents are included in this system: the AusPig growth model, Feedmania, the PIGMAX

pig enterprise model and an expert system to interpret the model output. The AusPig

growth model simulates pig growth and is able to predict pig performance. AusPig is

linked and integrated with Feedmania which calculates the optimal cost diet. Linear

programming is also used in parts of the PIGMAX program to predict farm manage-

ment and marketing strategies to maximise profitability. PIGMAX requires informa-

tion from AusPig such as feed cost and carcass value to evaluate farm management and

marketing strategies, such as utilisation of pig pen space, the profitability of short-term

or long-term strategies and the different profitability of male and female pigs.

Another example in Canada (Ferguson, 2008) presents swine simulation software,

Watson®. This program incorporates a pig growth model developed by Ferguson,

Gous, and Emmans (1994) and least cost diet formulation. The optimum feeding

strategy and financial strategy can be predicted as the farm production environment

is changing. Pig producers can benefit from such models through then making better

farm management decisions.
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We now consider the bigger problem. Pig producers not only aim to keep the total feed

cost low, but also hope to gain maximum profitability from diet formulation. Alexan-

der, Morel, and Wood (2001, 2006) introduce a combination of linear programming, a

pig growth model and nonlinear optimisation in order to maximise gross margin in pig

production. Figure 1.4 shows the components involved in maximisation of profitability

(gross margin per pig place per year) adapted from Alexander et al. (2001). Pig diets

are described using three parameters: the proportion of the ad libitum digestible energy

intake, the lysine to digestible energy ratio (in grams per MegaJoule) and the digestible

energy density (in MegaJoules per kilogram). The nature of the objective function for

this problem is also examined. The study showed that a genetic algorithm is more

successful in identifying the optimal solution than pure random search. Optimisation

methods permit improved efficiency in the pig feeding industry.

Figure 1.4: The components involved in maximisation of gross margin per pig place
per year, adapted from Alexander et al. (2001).

In Jean dit Bailleul, Bernier, van Milgen, Sauvant, and Pomar (2000), a pig growth

model (Whittemore, 1983) was developed to determine the feeding management system

that maximises net return for two phase feeding, grower-finisher pig production. Four

submodels are included: an estimation of the growing pig’s maximal energy and protein

requirements for the entire growing period, the calculation of the least-cost diet using

linear programming that meets nutrient requirements (Agricultural Research Council

(1981)), a simulation of the pig growth in terms of protein and fat deposition and the

calculation of the net return from the simulated production system. Then, a nonlinear

optimisation algorithm (a gradient method (Kuester & Mize, 1973)) is used to find

the feeding strategy that maximises the net return (presented in dollars per pig place

per year). The optimisation method is based on two parameters, the length of feeding

period and the level of satisfaction of maximal protein requirement.
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Chapter 1. Introduction

In this thesis, we consider four parameters in the objective function: the proportion

of the ad libitum digestible energy intake, the lysine to digestible energy ratio, the

digestible energy density and the feeding period. Two pig parameters, minimum al-

lowable lipid to protein ratio and maximum daily protein deposition (g/day), charac-

terising genotypes, are also included in the model. The different methods of nonlinear

optimisation applied to this unique objective function yield significantly different re-

sults, as we will describe in Chapters 2 and 3. The growth model and nonlinear

optimisation that considered in this thesis aim to increase the accuracy for finding the

optimal feeding strategy. Of importance here is that the objective for pig production

should be to determine the optimal feeding strategy, rather than minimum feed cost

or maximum pig performance.

Another report, that of Morel and Wood (2005), presents a simulation study to max-

imise profitability while minimising the nitrogen excretion in pig production. Simula-

tions were conducted using different pig genotypes, various relative economic weightings

of profitability, and varying levels of nitrogen excretion for pig production in Switzer-

land. The results indicate that nitrogen excretion can be reduced and the profitability

is increased when using better pig genotypes and the optimal diet.

We carry further in this thesis the integration of linear programming for least cost diets,

the pig growth model and nonlinear optimisation to determine the feeding strategy that

maximises profitability. The aims for this thesis were listed in Section 1.1.

1.4 Challenges and thesis response

1.4.1 Pig growth model

To better understand the nature of pig growth many pig growth models have been

conducted. There are two main purposes for developing a pig growth model. Firstly, it

is valuable as a research and education tool and secondly, it predicts the performance

of pigs under a range of conditions (de Lange, Marty, Birkett, Morel, & Szkotnicki,

2000). Pig growth models are applied in many ways, such as in pig nutrition, breeding

selection and for farm management. One advantage of using a pig growth model is

suggested in de Vries and Kanis (1992) where the pig growth model gives better pig

production strategies compared with using an economic model. Another example, in

Skorupski, Garrick, Blair, and Smith (1995) uses a pig growth model to evaluate the
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economic values of traits for pig improvement.

Pig growth models are also used to illustrate nutrient partitioning and growth in pigs.

Most recent pig growth models are based on partitioning of energy and amino acid uti-

lization to predict the pig performance. Different approaches to pig growth modelling

for various group of pigs have been developed. Some examples of pig growth models

are mentioned as follow. Whittemore (1983, 1986) and Whittemore, Green and Knap

(2001) present a pig growth model and their applications. A pig growth model of Black

et al. (1986) has been used to develop AusPig. A pig growth model of Ferguson et al.

(1994) has been used to develop Watson®. Another example, by Moughan, Smith,

and Pearson (1987), presents a deterministic computer pig growth model for pigs with

liveweight in the range of 20-90 kg. Boisen (2000) presents a simple nutrient parti-

tioning model for a growing pig. Schinckel, Li, Einstein, and Miller (2002) develop a

simple stochastic compositional pig growth model. Pomar, Harris and Minvielle (1991)

develop a computer simulation model for female pig growth, foetal development, milk

production, and growth of suckling pigs. The National Research Council (1998) also

includes a pig growth model for predicting nutrient requirements and also equations

for determining the lean growth rate of pigs. de Lange et al. (2000) however argue that

the NRC model has some issues regarding parameters and calculation. These cause

difficulty in practical use.

Problems and proposed solutions in the different approaches to pig growth modelling

are presented in Emmans and Kyriazakis (1997). Wellock, Emmans, and Kyriazakis

(2003) describe a pig growth model that predicts the effects of genotype and the ther-

mal and nutritional environment on food intake, growth and body composition of a

growing pig. Another piece of research by Wellock, Emmans, and Kyriazakis (2004)

compares the growth functions for pigs and desired criteria for predictors of potential

growth such as few parameters and that growth should be seen as a continuous pro-

cess. The research proposes that the Gompertz function (Gompertz, 1825) is a suitable

descriptor of potential growth.

In de Lange (1995) a simplified pig growth model is demonstrated using the basic

principles of energy and amino acid partitioning for growth. This model contains all

of the important features that should be included in a growth model and predicts

pig performance with reasonable accuracy under defined conditions. This pig growth

model requires two pig type variables: minimum allowable lipid to protein ratio and

14



Chapter 1. Introduction

maximum daily protein deposition (g/day) as inputs. These parameters need to be esti-

mated from on-farm conditions and affect the accuracy of the predicted growth model.

The specific conditions of pig health and farm environment are captured through these

pig parameters. They give more practical results in comparison with using experimen-

tal values in ideal conditions (less empirical). Including health and farm environmental

factors directly in the model adds to the complexity of the method. Moughan (2003)

also describes new directions of simulating the partitioning of pig dietary amino acids.

The empirical based growth model is replaced by the less empirical model. The basic

principle for modelling is the development of a simple approach involving minimal pa-

rameters yet offering greater validity and utility. This is one of the advantages of de

Lange’s pig growth model (1995) (avoiding over parameterization). The other advan-

tage of de Lange’s model is accessibility for public research. For these reasons we used

de Lange’s growth model in this thesis.

An example of application of a pig growth model in commercial pork production is

presented in de Lange et al. (2000). A pig growth model can be a useful tool to im-

prove the efficiency in pig production, but it also requires accurate input information

and has some limitations. Detail is explained in Chapter 2 when we use this simple

pig growth model.

Another example of new developments in pig growth modelling is presented in Morel

(2009). This paper briefly introduces two software products, PorkMaster and Ba-

conMax, using a pig growth model in a commercial environment and in a research,

respectively.

Sandberg, Emmans, and Kyriazakis (2005a,b) evaluated various pig growth models

based on the rules of partitioning of protein and energy. It considered three variables

in the model, namely food, animal and environment variables. Qualitative and quan-

titative analysis were used in these studies. There is a need for pig growth models to

be further developed not only to achieve greater accuracy but also to be more user

friendly; especially for their use in commercial pig production. It should be reason-

ably inexpensive to measure required model inputs and on-farm parameters. Also, they

should be simple to run on a computer and give a clear interpretation of model outputs.

We now move from the basic knowledge of pig growth model to the extended optimisa-

tion to maximise the profitability that is considered in this thesis. This thesis extends
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past work in the four following ways.

1.4.2 Nonlinear optimisation

We study nonlinear optimisation. Nonlinear optimisation is needed to deal with the

search for the optimum of the nonlinear objective function, a challenge when the search

space is extremely large. A number of such optimisation techniques have been devel-

oped, namely the Monte Carlo method (Metropolis, Rosenbluth, Rosenbluth, Teller,

& Teller, 1953), the Nelder-Mead simplex algorithm (Nelder & Mead, 1965), ascent

search (Eldor & Koppel, 1971), a genetic algorithm (Holland, 1975), simulated anneal-

ing (Aarts and Korst, 1989), pure random search (Zabinsky & Smith, 1992) and tabu

search (Glover & Laguna, 1997). The genetic algorithm is the most successful approach

in this particular problem and is used in this thesis. Details of genetic algorithms are

described in Chapter 2.

A first contribution of this thesis is an alternative optimisation method that is able to

perform competitively with a genetic algorithm and reduce computer processing time.

This detail is described in Chapter 3. The point of this method is that it is adapted

to the nature of the objective function.

1.4.3 Cost of production and pig price at slaughter

In reality, pig producers face the challenge of coping with the variation of the feed

ingredient cost and pig price at slaughter over time. Decisions concerning feeding and

farm management strategies have to be made accordingly (Reese, 2007). A means of

addressing the problem of a changing feed ingredient cost and pig price at slaughter

would be to reformulate the feed in accordance with the change or by introducing phase

feeding (Willis, 2010). A sudden change by reformulation could however affect pig per-

formance (U.S. Pork Center of Excellence, n.d.) and add to the cost of feed replacement

(Campos, 2003). Reese (2007) advises that a consideration of feed ingredient prices

would better prepare pig farmers against a loss of profitability from pig feed variation.

Chavas, Kliebenstein, and Crenshaw (1985) used a differential equation specification

to present a production growth model for grower-finisher pigs. The results show that

dynamic decisions for pig production are based on knowledge of the growth function.

The U.S. Pork Center of Excellence (n.d.) also mentioned that the pig producer should
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carefully consider any practices aiming to optimise feed cost and maximise profitability.

Niemi (2006) applied a dynamic programming model for optimising feeding and slaugh-

ter decisions for fattening pigs in Finland. The research shows that price changes and

changes in slaughter premium can have a large effect on income for pig producers. In

this study, the effect of pig genotype on feeding and slaughter patterns is also con-

sidered. The results suggest that producers can benefit from improvements in the pig

genotype and must adjust feeding and slaughter decisions based on it. Niemi and

Sevón-Aimonen (2009) applied optimisation methodology to determine the optimum

time for heterogeneous pigs to be delivered to slaughter. The results suggest that by

splitting the harvest, that is, by delivering the pigs with a high genetic potential be-

fore pigs with a low genetic potential (to avoid the penalty of heavy carcass weight)

profitability increases by 5 per pig place per year.

Secondly, this thesis handles the variation across time in the feed ingredient cost and

pig price at slaughter in a different way, by using stochastic programming (Chapter

4). The purchased weaner pig cost however is fixed. The other costs, such as that of

labour, maintenance and repairs, electricity, water, medicine, transport and veterinary

expenses are not included.

1.4.4 Effect of pig type, cost and price change, and dietary

restraints on dietary nutrient specification

Many studies show that the genotype has a significant impact on pig growth. Inter-

actions between pig genotype and their nutrition are considered. Interactions between

expression of genetic performance potentials and partitioning of energy and protein

intake for growth and carcass quality in grower-finisher pigs were studied in de Lange

and Coudenys (1996). As mentioned earlier, Niemi (2006) points out that ingredient

cost changes and price of pigs at slaughter affect dietary nutrient specification.

Thirdly, we will consider this effect in Chapter 5. Moreover, in response to consumer

demand and the higher market price of leaner pork meat, so called “feed-to-lean”

growth aiming for leaner pork has been developed. Feed-to-lean growth in pigs can be

influenced by both: a) pig genetic improvement and b) farm management strategies

(including the feeding schedule) (Schinckel & Einstein, n.d.). The performances of the
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optimal feeding schedule and the feed-to-lean schedule are compared in Chapter 5.

1.4.5 On-farm situation

An application of the computer simulation model to real situations also should be con-

sidered (Tagliapietra, Ceolin, & Schiavon, 2005). Estimation of pig growth parameters

using on-farm data is challenging because of variation due to both data collection and

estimation method. The causes of the variation of on-farm data can be many, for ex-

ample, the method of data collection, the location of the pig farm and the different

types of pigs. The methods of estimation of model input parameters also have to be

considered due to their impact on model outcome.

The fourth contribution of this thesis is that on-farm pig growth model parameters are

estimated using different methods. Optimal animal nutrition is studied for pig pro-

ducers in Thailand. A pig growth model for Thailand, based on a simple pig growth

model (de Lange, 1995), has been developed, aiming to maximise gross returns for pig

producers in Thailand (Siriwathananukul, 2000). Estimation of on-farm pig parame-

ters is also examined and presented in detail in Chapter 6.

1.5 Summary

This thesis focuses on the combining of linear programming, an accurate growth model

and nonlinear optimization methods in order to maximise market profitability for pig

producers. Figure 1.5 illustrates the work done in this thesis and the order of its pre-

sentation.
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Figure 1.5: A summary of the contributions in this thesis.

We conclude with a synopsis of the content of the coming chapters.

Chapter 2 A description of the program “Bacon Max”, which is based on the idea of
including linear programming to estimate minimum feed cost, a simple
pig growth model and nonlinear optimisation. It is written in Visual
C++. The landscape of the objective function surface is also explored.
The nonlinear optimisation method used in Bacon Max and the genetic
algorithm are explained, followed by subsequent discussion of Bacon
Max. Covariance of pig type parameters has been added to the Bacon
Max program.

Chapter 3 Development of an alternative optimisation methodology. A new search
algorithm called the “Tailored method” with its program written in
Visual C++ is introduced.

Chapter 4 Accommodation of variation in feed ingredient schedule and price
schedule. Stochasticity is added to Bacon Max program.

Chapter 5 Exploring the effect of pig parameters, costs and dietary restraints on
dietary nutrient specification.

Chapter 6 Application of Bacon Max for southern Thailand data including the
estimation of on-farm parameters.

Chapter 7 Final conclusion and further work summarised.
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Chapter 2

Optimisation of profitability - the

basics

Efficient pig meat production is of critical importance on our increasingly finite planet.

Statistics from the Food and Agricultural Organization of the United nations (FAO) in

2009 inform us of the significantly greater annual world production rates of pig meat

(106.07 million metric tons) over other meats such as chicken (79.59 million metric

tons), cattle (61.83 million metric tons) and sheep (8.11 million metric tons). With

the increasing global human population presenting greater demands for more pig meat

produce it is of critical importance to offer pig farmers an efficient pig meat produc-

tion method that generates maximum profitability. Three major factors that have an

impact on the profitability of pig meat production are considered in this thesis. The

first being feed cost, the second, pig breed and genotype and finally pig market price

at slaughter.

For many decades, linear programming alone has been used to determine pig diets with

minimum ingredient cost, based on a range of feedstuffs, their cost, their composition

and dietary constraints. With the advent of pig growth models and nonlinear opti-

misation algorithms, it is now possible to extend this traditional use of optimisation

to determine a feeding schedule which maximises profitability, rather than considering

only minimisation of feed cost by linear programming.
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The format of this chapter is as follows. In the next section well established methods

for finding minimum cost diets using linear programming are discussed. Then, the

advent of pig growth models is described. Next, nonlinear optimisation methods are

discussed in Section 3. Finally, the problem and objective function are explained in

Section 4.

2.1 Linear programming

Linear programming (LP) is a mathematical method for finding the optimum (mini-

mum or maximum) of a linear function subject to linear constraints. The linear function

to be maximised or minimised is termed the objective function and the conditions that

need to be met are linear constraints which can be presented as below (Kall & Wallace,

1994):

Objective function minimise: c1x1 + c2x2 + · · ·+ cnxn

Linear constraints subject to: a11x1 + a12x2 + · · ·+ a1nxn ≥ b1

a21x1 + a22x2 + · · ·+ a2nxn ≥ b2
...

...

am1x1 + am2x2 + · · ·+ amnxn ≥ bm

x1, x2, . . . , xn ≥ 0

where xi are the decision variables and ci, aij and bj are the coefficients that have fixed

known real values.

In our problem,

xi is the amount of each ingredient (kg) for example, barley, fish meal and trypto-
phan, in 1kg of a pig diet, for i = 1, ..., n where n is the number of feed ingredients
that are available for the pig diet.

ci is the cost ($) for 1kg of feed ingredient i, as in the example shown in Table 2.1.

aij is the nutrient (energy, protein, vitamins and minerals) (kg) in 1kg of feed ingredi-
ent i appropriate to constraint j = 1, ...,m where m is the number of constraints,
discussed in Section 2.1.2.

bj is the requirement or limitation for constraint j.
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Minimisation of cost per kg of feed has been traditionally set as the objective function

for finding the pig diet formulation as we will show in Section 2.1.1. All animals need

the basic nutrients, energy and protein, for maintainance of the normal body processes,

for growth and reproduction. Small amounts of vitamins, minerals, fibre and water are

also needed. The linear constraints are set by the requirements for basic nutrients for

pig growth, as we will discuss in Section 2.1.2.

2.1.1 Objective function for LP - feed cost per kg

An example of feed ingredients and their associated costs are shown in Table 2.1; these

are used in linear programming to find the least cost pig diet.

Table 2.1: A sample of New Zealand feed ingredient costs in September 2007.

Ingredient Barley Fish meal · · · Tryptophan
x1 x2 · · · xn

ingredient cost 0.42 2.3 · · · 20
($/kg) c1 c2 · · · cn

From these feed ingredient cost, the objective function for a least cost diet is

0.42x1 + 2.3x2 + . . .+ 20xn

where xi is the amount of feed ingredient i (kg/kg) in a pig diet.

2.1.2 Constraints - via nutrients in feed ingredients

As already mentioned, energy, protein, vitamins and minerals are required nutrients

for a pig to maintain body processes, to grow and to reproduce as shown in Figure 2.1.

Limitations on the amount that can be used in a pig diet for each feed ingredient also

have to be considered. Each constraint for the linear program is now described.

Energy

Energy content in feed ingredients can be classified by gross energy (GE), digestible en-

ergy (DE), metabolizable energy (ME) and net energy (NE) National Research Council

(1998) measured in MegaJoules (MJ), as shown in Figure 2.2.
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Figure 2.1: Partitioning of energy and protein from feed intake for pig maintenance
and growth, adapted from de Lange (1995).
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Figure 2.2: Energy breakdown of feed intake into gross energy, digestible energy, me-
tabolizable energy and net energy for pig maintenance and production. Some of the
energy is lost in the form of faecal energy, urinary and gaseous energy and heat incre-
ment.

Gross energy (GE) is the energy or the amount of heat that is released from the burning

process of the specified quantity of feed ingredients (initially at 25℃ in a bomb calorime-

ter after the products have returned to a temperature of 25℃. A bomb calorimeter is a

laboratory device used to measure the heat of combustion). The gross energy depends

on the proportion of carbohydrate, fat and protein in the feed ingredients.

Digestible energy (DE) is the energy remaining from GE after subtracting faecal energy.

Not all energy in the feed ingredient can be digested and be available for use by the pig.

Some of the energy will be lost as gas and in faeces. DE is preferred in describing the

energy requirements of swine and the energy content of swine feeds, because DE is easy

to calculate and more accurate. In addition, DE values are available for most of the

commonly used feeds (National Research Council, 1998). So, DE density (MJ/kg) for

feed ingredients has been used in the linear program in this study as shown in Table 2.2.

Metabolizable energy (ME) is the digestible energy less the energy in urine and gaseous

products of digestion. Net energy (NE) is the final energy after loss of the heat incre-

ment from ME. This energy will be use for two purposes, maintenance and production.
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Table 2.2: Digestible energy density (MJ/kg) for feed ingredients, using New Zealand
data.

Feed ingredient Barley Fish meal · · · Tryptophan
x1 x2 · · · xn

DE density (MJ/kg) 13.2 17.14 · · · 27.7
a11 a12 · · · a1n

In this study, total DE density in a pig diet is a critical parameter in the feeding sched-

ule. We will denote DE density in a pig diet as parameter d from now on. That is,

d = total digestible energy density in a pig diet, in MegaJoules per kilogram ; d has

range of 12 - 17 MJ/kg for grower to finisher pigs.

Then, the energy constraint in the linear program is

13.2x1 + 17.14x2 + . . .+ 27.7xn = d

Amino acids and proteins

A protein is a chain of amino acids. That is the reason why we often present a protein

in terms of amino acids. Amino acids are the major component for building pig muscle

and for body growth. There are two type of amino acids: essential and non-essential,

or indispensable and dispensable amino acids. The essential amino acids either cannot

be synthesised, or cannot be synthesised at a sufficient rate, for the pig body to permit

optimal growth or reproduction. On the other hand, non-essential amino acids can

be synthesised in the body. This is the reason that essential amino acids have always

been included in a pig diet, to keep them at a sufficient balanced level for maintenance

of the pig body, for growth and for reproduction. Lysine in particular is known as

the first limiting amino acid for a pig. With insufficient lysine in the pig diet, protein

synthesis in the body will malfunction. Methionine, cystine, threonine, tryptophan

and isoleucine are also required as essential amino acids in a pig diet (in a particu-

lar ratio to lysine, providing so-called “ideal balanced” protein). The ideal balanced

amino acids from the Agricultural Research Council (1981) are shown in Table 2.3 and

the amino acids in the feed ingredients are shown in Table 2.4; these figures are used

to create the constraints for protein and amino acid requirements in the linear program.
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Table 2.3: Recommended amounts and associated ratios required for balanced amino
acids in pig diets.

Amino acid ARC recommended balanced
amounts of amino acids
(g/kg protein)

Amino acid to
lysine ratio

Lysine 70 1
Methionine 17.5 0.25
Methionine and cystine 35 0.5
Threonine 42 0.6
Tryptophan 10 0.143
Isoleucine 38 0.543

Table 2.4: Amino acid densities found in feed ingredients used in New Zealand.

Feed ingredient
Amino acid Barley Fish meal · · · Tryptophan

x1 x2 · · · xn
Lysine 3.19 46.01 · · · 0
Methionine 1.6 17.25 · · · 0
Methionine and Cystine 2.85 20.18 · · · 0
Threonine 3 22.81 · · · 0
Tryptophan 0.98 5.33 · · · 980
Isoleucine 3.54 24.55 · · · 0

Then from Table 2.3 and Table 2.4, the LP constraints for balanced amino acids are

Lysine 3.19x1 + 46.01x2 + . . .+ 0xn = dr

Methionine 1.6x1 + 17.25x2 + . . .+ 0xn ≥ 0.25dr

Methionine and Cystine 2.85x1 + 20.18x2 + . . .+ 0xn ≥ 0.5dr

Threonine 3x1 + 22.81x2 + . . .+ 0xn ≥ 0.6dr

Tryptophan 0.98x1 + 5.33x2 + . . .+ 980xn ≥ 0.143dr

Isoleucine 3.54x1 + 24.55x2 + . . .+ 0xn ≥ 0.543dr

where the parameter r is defined as follows,

r = lysine to digestible energy ratio, in grams per MegaJoule; r typically ranges

between 0.2 - 1.2 g/MJ.
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Minerals

Minerals are required in a small amount, but have an important role in maintenance

and growth. An insufficient amount of minerals can cause malfunction or disease. On

the other hand, overdoses of minerals also can be toxic for a pig. For this reason,

constraints for minerals are also included in the linear program. We consider five min-

erals, calcium (Ca), phosphorus (P), sodium (Na), chloride (Cl) and potassium (K), as

shown in Table 2.5.

Table 2.5: Minimum and maximum amount for minerals in pig diets.

Minerals Minimum amount Maximum amount
(g/kg) (g/kg)

Calcium 8 15
Phosphorus 7 11
Sodium 1 2
Chloride 1 2
Potassium 2 10

The amount of feed ingredients in a pig diet

Each feed ingredient must appear within upper and lower bounds in a pig diet as shown

in Table 2.6 in order to meet body requirements for maintenance, reproduction and

palatability. Some examples for the causes of the limitations on feed ingredients are

high fibre, unbalanced amino acids, smell or expense.

Table 2.6: Minimum and maximum amount for feed ingredients in pig diets.

Feed ingredients Minimum amount of feed
ingredients (g/kg)

Maximum amount of feed
ingredients (g/kg)

Barley 0 no limitation
Maize 0 40
Fish meal 0 2
Blood meal 0 5
Soya bean meal 0 30
...

...
...

Tryptophan 0 no limitation
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2.1.3 Linear program for minimum cost diet

We showed the objective function in Section 2.1.1 and constraints in Section 2.1.2.

Then, the linear program that finds the minimum cost diet is shown as an example in

Table 2.7. New Zealand feed ingredient costs in September 2007 are used to set up the

objective function and the ingredient nutrients are used in the constraints.

Table 2.7: The linear program for the minimum cost diet using New Zealand feed
ingredient costs for September 2007 and their nutrient composition.

Ingredient Barley Fish meal · · · Tryptophan
x1 x2 xn

Minimise cost ($/kg): 0.42x1 + 2.3x2 + · · · + 20xn

subject to:
Digestible energy 13.2x1 + 17.14x2 + · · · + 27.7xn = d
(MJ/kg)
Lysine (g/kg) 3.19x1 + 46.01x2 + · · · + 0 = dr
Methionine (g/kg) 1.6x1 + 17.25x2 + · · · + 0 ≥ 0.25dr
Methionine 2.85x1 + 20.18x2 + · · · + 0 ≥ 0.5dr
and cystine (g/kg)
Threonine (g/kg) 3x1 + 22.81x2 + · · · + 0 ≥ 0.6dr
Tryptophan (g/kg) 0.98x1 + 5.33x2 + · · · + 980xn ≥ 0.143dr
Isoleucine (g/kg) 3.54x1 + 24.55x2 + · · · + 0 ≥ 0.543dr

...
Vitamins and 0.5x1 + 40x2 + · · · + 0 ≥ 8
mineral bounds 0.5x1 + 40x2 + · · · + 0 ≤ 15
(g/kg) 3.1x1 + 25x2 + · · · + 0 ≥ 7

3.1x1 + 25x2 + · · · + 0 ≤ 11
...

Ingredient upper 100x1 + 0 + · · · + 0 ≤ 100
bounds (g/kg) 0 + 100x2 + · · · + 0 ≤ 2

0 + 0 + · · · + 100xn ≤ 100
...

Diet mass (kg/kg) x1 + x2 + · · · + xn = 1

2.2 The advent of pig growth models

Pig growth models have been developed to predict with reasonable accuracy the per-

formance of pigs based on the diets that are fed and critical pig characteristics which

differ across pig genotypes. In our study, we use a simple pig growth model which

is described in de Lange (1995) and was shown in Figure 2.1. The pig growth model
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describes the energy and amino acid partitioning for pig growth for one instant in

time (static), for a one day period and for an individual pig with no variation (so is

deterministic). The model includes some empirical variables and can be defined as

mechanistic.

Pig characteristics depend on pig genotype, breed, strain and gender. This pig growth

model requires two pig type variables: minimum allowable lipid to protein ratio and

maximum daily protein deposition (g/day). As described in de Lange (1995), these are

minLP = minimum allowable lipid to protein ratio

Pdmax = maximum daily protein deposition (g/day)

Figure 2.3 a) and b) shows that a minLP of 0.6 and 1.0 represent a high genetic

potential and a low genetic potential pig type, respectively. A high genetic potential

pig type has a lower lipid to protein ratio and is able to reach Pdmax faster than a low

genetic potential pig type. A Pdmax of 120 g/day represents a low genetic potential

pig type. On the other hand a Pdmax of 200 g/day represents a high genetic potential

pig type. A high genetic potential pig type can deposit protein to build body muscle

at a maximum level of 200 g/day compared with a low genetic potential pig type which

can deposit protein at only 120 g/day.

2.3 Extended optimisation

As mentioned in Section 2.1, in the past linear programming has been used to find

the minimum cost diet. Now the combination of a pig growth model (Section 2.2) and

nonlinear optimisation is able to maximise pig profitability. In the next section we will

describe the domain, objective function and the nature of the objective function for

this research. Then the nonlinear optimisation method will be discussed in Section 2.4.

2.3.1 Domain

An animal “diet”, specifying nutrition for a certain growth period, and required as

input to a simple growth model, can be described using only three parameters, p, r

and d, defined as follows:
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Figure 2.3: Expected protein deposition rate against day from a simple pig growth
model for Pdmax of 120 g/day (dashed lines, a low genetic potential pig type) and 200
g/day (solid lines, a high genetic potential pig type) for a) a minLP of 0.6 and b) a
minLP of 1.0. All figures are for p of 0.8.
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p = proportion of the ad libitum digestible energy intake

r = lysine to digestible energy ratio, in grams per MegaJoule

d = digestible energy density, in MegaJoules per kilogram

Typical parameter ranges used are [0.8, 1] for p, [0.2, 1.2] for r and [12, 17] for d. The ad

libitum digestible energy intake is determined by a standard National Research Council

(1998) curve, relating digestible energy to live weight (LW) of the animal. Parameter p

determines the proportion of that amount to be fed. We mentioned earlier that lysine

is an essential amino acid, required for growth, and generally the first amino acid found

to be limiting in a diet. For that reason we specify the level of lysine required using

parameter r. Finally, the interval constraining energy density d of the diet reflects the

range of existing values in the ingredients.

In general, by a “feeding schedule” we refer to a finite sequence of diets,

((pk, rk, dk) : k = 1, . . . , q, . . . ,K)), with the kth diet fed for Tk days where Tk is set

at the beginning as an input for the feeding schedule. K is the maximum number of

diets for that feeding schedule. Each day within the growth period is represented by

the parameter x and generally used to identify the slaughter date (SD). Thus, x is

chosen in the range {1, 2, . . . , Tmax}, where Tmax is the maximum limit of the growing

period, so Tmax =
∑K

k=1 Tk . This total period of Tmax amply covers the usual time

from weaner arrival (it is assumed the producer buys in weaners) to slaughter date.

The feeding periods of T1, . . . , Tq−1 are predetermined times (fixed at the outset) with

q being the number of diets needed until profitability is maximised (1 ≤ q ≤ K) with

Tq is in the range {1, 2, . . . , (presetTq)}.

The feeding schedule that offers maximum profit for given conditions we term the

“optimal feeding schedule”. Thus we write a feeding schedule as

F = (p1, r1, d1; p2, r2, d2; . . . ; pk, rk, dk)
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Our aim will be to find the optimal feeding schedule and slaughter date, so the domain

of the problem is

P1×R1×D1×P2×R2×D2× . . .×Pq×Rq×Dq . . .×PK×RK×DK×{1, 2, . . . , Tmax}

where Pk = [0.8, 1], Rk = [0.2, 1.2] and Dk = [12, 17] for k = 1, 2, . . . , q, . . . ,K and

(1 ≤ q ≤ K).

The problem is set in 3K + 1 dimensional Euclidean space when the slaughter day is

allowed to vary. On the other hand, if the slaughter date is fixed, the problem is set in

3K dimensional Euclidean space.

In practice on a commercial pig farm today, around the world, pigs are fed two diets (or

sometimes three diets), which are growers, and finishers, during the period from 20kg

to slaughter; thus K = 2. For example, Table 2.8 shows a feeding schedule comprising

two diets. The first period (grower) is 35 days and the maximum of the second period

(finisher) is 70 days.

Table 2.8: Diets and the number of days that pigs are fed using the kth diet (Tk) for
two diets, so K = 2. The first period runs from day 1 to 35 and the second period
from day 36 to 105.

Number of diets (k) 1 2 Maximum day
(grower) (finisher) (Tmax)

Number of days that pigs are
fed using the kth diet (Tk)

T1 = 35 T2 = 70 T1 + T2 = 105

Diets p1, r1, d1 p2, r2, d2

If the slaughter date is set as day105 then the problem is set in a 2×3 = 6 dimensional

Euclidean space. On the other hand, if the slaughter date is varied in the range

{1, 2, . . . , Tmax = 105} then the search is then set in a (2 × 3) + 1 = 7 dimensional

Euclidean space. The feeding period T2 is in the range {1, 2, . . . , 70} days , with T1

fixed at 35 days. The domain for this two diet feeding schedule is,

P1 ×R1 ×D1 × P2 ×R2 ×D2 × {1, 2, . . . , 105} where K = 2
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With advanced technology, however, it will be possible to change diets more often

(weekly or even daily, with phase feeding). Alexander et al. (2006) investigated the

effect of changing diets more frequently, on a weekly basis, thus K = 15. For example,

Table 2.9 shows a feeding schedule comprising 15 diets. Each diet is fed to the pigs for

7 days.

Table 2.9: Diets and the number of days that pigs are fed using the kth diet (Tk) for
15 diets, so K = 15. Each diet is fed to the pigs for 7 days up to the maximum period
of 105 days.

Number of diets (k) 1 2 . . . 15 Maximum day
(Tmax)

Number of days that pigs are
fed using the kth diet (Tk)

T1 = 7 T2 = 7 . . . T15 = 7
∑15

k=1 Tk = 105

Diets p1, r1, d1 p2, r2, d2 . . . p15, r15, d15

If the slaughter date is set as day 105 then the problem is set in a 15 × 3 = 45

dimensional Euclidean space. On the other hand, if the slaughter date is varied in the

range {1, 2, . . . , 105} then the search is set in a (15×3)+1 = 46 dimensional Euclidean

space. For example, if the profit is maximised in the diet 10th, q = 10. The feeding

period T10 is in the range {1, 2, . . . , 7} days. The domain for this feeding schedule is,

P1 ×R1 ×D1 × P2 ×R2 ×D2 × . . .× P15 ×R15 ×D15 × {1, 2, . . . , 105} where K = 15

.

2.3.2 Objective function

The objective function to be maximised is profit, or gross margin per pig, given by

g(F ) = max
x

g(F, x)

where F is a feeding schedule and x the number of days until slaughter and

g(F, x) = Gross Return(F, x)− Feed Cost(F, x)−Weaner Cost,

the gross margin when we feed a pig using feeding schedule F for x days. We write this
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as g(F, x) = GR(F, x)−FC(F, x)−WC for notational convenience. Alternatively, we

prefer to measure the more practical “gross margin per pig place per year” GMPPY.

This is computed as

max
x

f(F, x) = max
x

(365/(x+ 7))g(F, x)

(when there is a seven day turnaround between batches).

The weaner cost is fixed by the price of a pig in the market at 20kg (for example, Chap-

ters 3 and 4 use weaner cost in July 2001, NZ$70 and Chapter 5 uses weaner cost in

September 2007, NZ$75). Feed cost FC is the minimum feed cost given F (determined

using linear programming), for the period of x days; this requires use of a schedule of

ingredient costs, as shown before in Table 2.1.

Gross return GR is determined by the backfat thickness and carcass weight of the pig,

which in turn are determined by F and x. This requires a schedule of prices, as shown

in the example in Table 2.10.

Table 2.10: A New Zealand price schedule giving prices in cents/kg for pigs at slaughter
in September 2007.

Carcass weight (kg)

35.0 35.1 40.1 45.1 50.1 55.1 60.1 65.1 70.1 75.1 80.1
Backfat and to to to to to to to to to and
(mm) under 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 over

<6 255 255 255 255 255 255 255 255 255 255 255
6-9 310 310 330 330 320 320 305 305 305 305 300

10-12 310 310 320 320 310 305 305 305 305 305 300
13-15 230 230 230 230 230 260 260 260 260 260 255
16-18 185 185 185 185 185 185 185 185 185 185 185
>18 165 165 165 165 165 165 165 165 165 165 165

An iteration of the routine uses rk and dk to complete the right-hand-side constraints in

the linear program; the least cost makeup of 1kg of feed for this period is the output.

Together with pk and the standard NRC feed intake curve this allows the feed cost

for this kth period to be computed. The amount of balanced amino acid can also be

calculated. This, together with the genotype parameters (and at the start the initial
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mass P0 of protein in the pig) and the growth model, allows us to grow the pig for

the kth period. Protein and lipid deposition are recorded. Overall growth allows us

to compute FC(F, x) (by summing the individual period feed costs) and GR(F, x) (by

referring the configuration of the pig at slaughter date to the price schedule).

Pig genotype parameters in the growth model which thence influence the objective

function are Pdmax, the maximum daily protein deposition, and minLP, the minimum

allowable lipid to protein ratio.

Thus the objective function of interest is calculated in two steps:

1. Calculation of f(F, x), the gross margin per pig place per year when feeding

schedule F is administered for x days.

2. Determination of the maximum gross margin per pig place per year for feeding

schedule F , namely f(F ) = maxx f(F, x).

The process of finding the optimal feeding schedule is shown in Figure 2.4.

Our aim now is to determine the maximum gross margin per pig place per year over

all feeding schedules, using nonlinear optimisation, as maxF f(F ).

2.3.3 The nature of the objective function

Next, we move to discuss the nature of the objective function for this research. In

Alexander et al. (2006) the nature of the objective function was determined by exam-

ining several random cross sections through a known solution. This revealed a single

craggy peak earning the description “craggy volcano” for the objective function surface

as seen in Figure 2.5. The cross-sections exhibit different slopes and the peaks are not

always central. Pig genotype parameters, Pdmax and minLP influence the level (and

shape) of the objective function. The discontinuities in the function are attributable

to discrete changes in x, the number of days for which the pig is grown, together with

passage of the grown pig (based on backfat thickness and carcass weight change) from

one cell of the discontinuous price schedule to another.
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Figure 2.4: The combination of a linear program, a simple pig growth model and
nonlinear optimisation for maximisation of pig profitability measured as gross margin
per pig place per year GMPPY.
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Figure 2.5: Showing a “craggy volcano” crosssection of a GMPPY surface.

2.4 Nonlinear optimisation methods

In the previous section the feeding schedule F involved three parameters, p, r and d.

The random search for the optimal feeding schedule covers a large search space, a hy-

percuboid R3K × {1, 2, . . . , Tmax} as shown in Figure 2.6. K represents the maximum

number of pig diets (usually K = 15) until slaughter date in {1, 2, . . . , Tmax}. Tmax is

the maximum limit of the growing period (day).

The probability of the random search to find the peak of this objective function in the

domain of [0,1] is shown as

If 2 dimensions: 1
2 = 0.5

If 3 dimensions: 1
4 = 0.25

If 46 dimensions: 1
23K+1 =

1

246 , where 3K + 1 = 46

The random search for our high dimensions problem, 3K + 1 dimensional Euclidean

space, has very low probability to find the optimal solution. The optimisation methods

used to generate the optimal solution are of critical importance. The search processes

used in Bacon Max to determine the optimum solution for this problem have included

pure random search, tabu search, Monte Carlo search, ascent search and a genetic
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algorithm. Among these search processes genetic algorithms were the most successful,

despite the long search period needed. We now consider the genetic algorithm and its

use in Bacon Max.

Figure 2.6: An illustration of the search space of the three parameters, p, r and d in
the feeding schedule. This cube is multiplied by itself K times to give the full domain.

2.4.1 Genetic Algorithms (GA)

Genetic algorithms were first introduced by Holland (1975). Since then they have

become a part of evolutionary computing and evolutionary algorithms, inspired by

Darwinian evolution. They further evolved to find optimal solutions for problems

using genomes, selection, crossover and mutation. A basic genetic algorithm is now

presented (adapted from Obitko (1998)). In the sequel we shall assume that diets

are fed weekly (or part-weekly, for the final diet), so that a genome has the form

F = (p1, r1, d1; p2, r2, d2; . . . ; pk, rk, dk), k = 1, 2, . . . , K

1. (Start) Generate a set of g random solutions for the problem, where a genome rep-

resents a possible solution. Thus the parent population is a set of g genomes. In

our study we start by randomly generating a set of feeding schedules F1, F2, . . . , Fg

as the parent population, where Fi = (pi1, ri1, di1; pi2, ri2, di2; . . . ; piK , riK , diK),

i = 1, 2, . . . , g
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2. (Fitness) Evaluate the fitness function of each genome in the population. Each

feeding schedule in the parent population is used to grow pigs via the growth

model and the profitability (GMPPY) calculated. Feeding schedule with higher

GMPPY have a higher chance of selection in the next step.

3. (New population) Create a new population by using the concept of reproduction

presented below

a) (Selection) Select two parent genomes from the current population accord-

ing to their fitness (the better the fitness, the greater the chance of selec-

tion). [For example, select feeding schedules F1 and F2 as those with highest

GMPPY in the parent population.]

b) (Crossover or recombination) With set crossover probability, crossover the

parents to form new offspring (children). If no crossover is performed, the

offspring is an exact copy of parents. [In our example, the parent population

is

F1 = (p11, r11, d11; p12, r12, d12; . . . ; p1K , r1K , d1K) and

F2 = (p21, r21, d21; p22, r22, d22; . . . ; p2K , r2K , d2K)

So if crossover happen at the point between (pi1, ri1, di1) and (pi2, ri2, di2)

the new offspring (children) are

F ∗1 = (p11, r11, d11; p22, r22, d22; . . . ; p2K , r2K , d2K) and

F ∗2 = (p21, r21, d21; p12, r12, d12; . . . ; p1K , r1K , d1K)]

where F ∗1 and F ∗2 represent the new offspring after crossover.

c) (Mutation) With set mutation probability, mutate new offspring at each

locus (position in genome). Mutation provides a minor change to the se-

lected feeding schedules in the hope of improving the objective function

value (GMPPY). [In our example,
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F ∗∗1 = (p∗11, r
∗
11, d

∗
11; p22, r22, d22; . . . ; p2K , r2K , d2K) and

F ∗∗2 = (p21, r21, d21; p12, r12, d12; . . . ; p
∗
1K , r

∗
1K , d

∗
1K)

where (p∗11, r
∗
11, d

∗
11) and (p∗1K , r

∗
1K , d

∗
1K) represent the mutation position in

each offspring feeding schedule. F ∗∗1 and F ∗∗2 represent the new offspring

after crossover and mutation.]

d) (Accepting) Place new offspring after crossover and mutation, F ∗∗1 and F ∗∗2 ,

into the new population

4. (Replace) Use the newly generated population in the algorithm. The new parent

population is F ∗∗1 , F ∗∗2 , F3, . . . , Fg.

5. (Test) Stop if the stopping criterion is met, and return the best solution in the

current population. Use a set number of iterations, or run until the best solu-

tion (GMPPY) has no change for a given number of iterations as the stopping

criterion.

6. (Loop) Go to Step 2, if the stopping criterion is not met

2.4.2 Genetic algorithm in Bacon Max

We now present the Bacon Max genetic algorithm used for this study. Two parameters

g and I are used to control the search in the program and need to be set,

g = number of genomes in the parent population

I = number of iterations without change in the objective function

To begin, set the number of iterations for which the solution must not change as the

stopping criteria. The program will run until the stopping criteria is met. The process

of the genetic algorithm is illustrated in Figure 2.7.
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Figure 2.7: An illustration of the genetic algorithm based iterative process used in
Bacon Max version 2.1.
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2.4.3 Comparison of pure random search and a genetic algo-

rithm

We now compare processor time used by pure random search and by the genetic al-

gorithm. In Alexander et al. (2006), it was shown that the genetic algorithm is more

effective than pure random search for finding the optimal solution for our problem, as

illustrated in Figure 2.8.

Figure 2.8: Comparison of the processor time (in seconds) between genetic algorithm
and pure random search for finding the gross margin per pig place per year in Bacon
Max version 2.1 (taken from Alexander et al. (2006)).

2.4.4 Bacon Max version 2.1

We now move on to discuss Bacon Max. Bacon Max, whose opening dialogue boxes

are shown in Figure 2.9, was originally developed by Graham Wood, Patrick Morel and

a research team at Massey University, New Zealand, to find optimal solution values of

the objective function for pig production (gross margin per pig place per year). The

simple de Lange pig growth model, linear programming and a genetic algorithm were

combined in this program, written in C++.
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Bacon Max version 2.1 also includes four Excel files for the input, calculation and

output of optimisation results:

1. Input v2.1, (Figure 2.10) Bacon Max has two ways of setting up the input pa-

rameters;

a) as a single run in the input page; parameters for the optimisation need to

be inserted in this page and then “Start” pressed, for a single run.

b) as multiple runs by setting up the run file, as illustrated in Figure 2.11; then

run the program using “File Run”.

2. Run v2.1 (Figure 2.11) is the input file to set up the parameters for multiple

runs.

3. Output v2.1 (Figure 2.12) shows key values calculated during the optimisation,

such as combinations of feed ingredients calculated by the linear program, values

in the pig growth model for growing pigs until slaughter and the progress of the

solution in each iteration.

4. Outsummary v2.1 (Figure 2.13) provides a summary of the outputs of the opti-

misation.

2.5 Other discussion concerning Bacon Max

2.5.1 Conducting the optimisation for more than a single pig

The number of pigs contributing to the objective function (N) needs to be set up in

Bacon Max. In practice, the number of pigs grown exceeds one. An example of results

for different numbers of pigs in the objective function (1, 100 and 200) is presented in

Figure 2.14. GMPPY for a single pig, 100 pigs and 200 pigs is $216.6, $212.3 and $212.1,

respectively indicating that the number of pigs in the objective function influences the

resulting GMPPY. As the number of pigs in the objective function increases, GMPPY

decreases. In conclusion, feeding the diet which maximises profitability for a single pig

to a population of pigs resulted in lower GMPPY. Stochasticity should, however, be

included in the model, which we will discuss in the next section.
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Figure 2.9: Starting page and sample pig setup for input parameters for a single run
of Bacon Max version 2.1.
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Figure 2.10: Input file; feed costs, feed ingredients and their nutrients, price schedule
and feeding schedule setup of Bacon Max version 2.1.
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Figure 2.11: Run file; the initial setup for input parameters in an Excel file for multiple
runs of Bacon Max version 2.1.

Figure 2.12: Output file; showing the calculation values in the algorithm of Bacon
Max version 2.1.

Figure 2.13: Output summary file; this summarises the input parameters and the final
output values from the algorithm of Bacon Max version 2.1.
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(a) single pig

(b) 100 pigs

(c) 200 pigs

Figure 2.14: The backfat thickness (mm) and carcass weight (kg) resulting from optimal
feeding schedules when growing (a) a single pig, (b) 100 pigs and (c) 200 pigs which
all outputs include the stochasticity (standard deviation 10% of the mean) on initial
protein in purchased pigs P0, feed intake, minLP and Pdmax.
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2.5.2 Parameter stochasticity

As mentioned in the previous section, for practical reasons we must include more than

a single pig in the objective function. At the same time, we include stochasticity on

initial protein in purchased pigs P0, feed intake, minLP and Pdmax. Values are varied

using a standard deviation which is a percentage of the mean, as seen in the starting

page of the pig setup (Figure 2.9).

The result of different setup values for varying values of this percentage are shown

in Figure 2.15. Adding stochasticity to the parameters in the model via variation

in resulting backfat thickness and carcass weight increased. Each pig in the objective

function are generated differently when adding the standard deviation 10% of the mean

to parameters. Gross return is based on each individual pig performances. This is then

adding the variability in gross return and result in GMPPY as shown in Figure 2.16.

GMPPY with no parameter variation and with 10% standard deviation was $249.24

and $212.13, respectively. The slaughter date remains at 59 days for both no parameter

variation and 10% standard deviation, as shown in Figure 2.16. By adding stochasticity

to the model parameters, GMPPY decreases when the standard deviations percentage

of the parameter mean increases.

A standard deviation of 10% of the means of initial protein in purchased pigs P0, feed

intake, minLP and Pdmax will be used throughout the remainder of this thesis.

2.5.3 Covariance of pig type parameters

Also for practical reasons, covariance of the pig type parameters, minLP, Pdmax and p

proportion of the ad libitum digestible energy intake have been included in Bacon Max.

Stochasticity is applied to these parameters using the following correlation matrix,

shown in Table 2.11 Sherriff (2008):

Table 2.11: Correlation matrix for parameters minLP, Pdmax and p used in Bacon
Max program.

minLP Pdmax p
minLP 1
Pdmax -0.55 1
p 0.3 0.25 1
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(a) no parameter variation (b) standard deviations 10% of the mean

Figure 2.15: The backfat thickness (mm) and carcass weight (kg) resulting from optimal
feeding schedules when growing 200 pigs with (a) no parameter variation and (b)
standard deviations 10% of the means on initial protein in purchased pigs P0, feed
intake, minLP and Pdmax.

Figure 2.16: GMPPY against time resulting from optimal feeding schedules when grow-
ing 200 pigs. This compares between no parameter variation and standard deviations
10% of the mean on initial protein in purchased pigs P0, feed intake, minLP and Pdmax.
Both result in slaughter at 59 days.
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In de Lange (1995), the effects of parameters minLP, Pdmax and p in the pig growth

was explained. Firstly, minLP determines the protein deposition rate Pd in the early

growing period until a certain point. Then, the determination of Pd will replace by

Pdmax for the rest of pig growing period. These explains that minLP and Pdmax

are working in the opposite effect. The correlation between minLP and Pdmax in

Table 2.11 shows just that, it has moderate negative correlation (−0.55). Secondly,

the effect of p on Pd is if p increases, Pd also increases, until it reaches Pdmax. Pd

remains at Pdmax, even p is continuing to increase. This explains the weak positive

correlation (0.25) of p and Pdmax in Table 2.11. Finally, both p and minLP determine

Pd at the same time before it reach Pdmax. Once Pd reach Pdmax, p and minLP

are stop having any effect on Pd. p has an indirect effect on minLP, but both are

determine Pd. For this reason, the correlation between p and minLP in Table 2.11

reflect by weak positive correlation (0.3).

From this correlation matrix (Table 2.11), we now defined parameters minLP, Pdmax

and p as xi where i = 1, 2, 3, respectively. For example, correlation of minLP and

Pdmax presents as r(x1, x2) = −0.55.

The following steps were used to generate a number of pigs N contributing to the

objective function:

1. Convert the correlation matrix R as shown in Table 2.11 to a covariance matrix

Σ using the set of variances determined by the coefficient of variation (CV).

R =

 1 r(x1, x2) r(x1, x3)

r(x2, x1) 1 r(x2, x3)

r(x3, x1) r(x3, x2) 1


where cov(xi, xj) = r(xi, xj)σiσj when i 6= j, i is the number of column and j is

the number of row, i, j = 1, 2, 3. Σ is positive definite and we define aji is the

element in row jth and column ith in Σ. When i = j, aji = aii.

We can find Σ = DRD where D is a diagonal matrix with the desired variable

standard deviations on its diagonal

D =

 σ1 0 0

0 σ2 0

0 0 σ3
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Then

Σ =

 σ2
1 cov(x1, x2) cov(x1, x3)

cov(x2, x1) σ2
2 cov(x2, x3)

cov(x3, x1) cov(x3, x2) σ2
3



Form the Cholesky factorization of Σ (matrix square root, employing a lower

triangular matrix) by

Σ = LLT

L =

 l11 0 0

l21 l22 0

l31 l32 l33


and

LT =

 l11 l21 l31

0 l22 l32

0 0 l33



where lii =
√
aii −

∑i−1
k=1 l

2
ik and lji =

(
aji −

i−1∑
k=1

l2jkl
2
ik

)
lii

Then

L =


σ1 0 0

cov(x2, x1)
σ1

√
Σ22 − l221 0

cov(x3, x1)
σ1

Σ32 − l31l21
l22

√
Σ33 − (l231 + l232)


2. Generate independent standard normal random variables, A ∼ N(0, 1). (An

N×m array where N is the number of pigs contributing to the objective function

(the number of multivariate samples to be generated) and m is the number of

variables (in our case m = 3).)

3. Calculate a multivariate random normal variable B (N ×m array) from a distri-

bution with the required correlation matrix, using

B = ALT + µ

where L is the matrix square root (the lower triangular matrix from the Cholesky

factorization) of the covariance matrix (m ×m array) and µ is the mean vector

of pig parameters (1×m array).
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Chapter 2. Optimisation of profitability - the basics

4. Repeat Steps 2 and 3 until the parameters for a pig population of size N have

been generated.

Numerical example of calculating covariance of pig type parameters

Using the correlation matrix in Table 2.11 and take as a mean vector of minLP, Pdmax

and p, µ = [0.75, 180, 0.9] . The standard deviation vector of minLP, Pdmax and p is

[0.075, 18.0, 0.09]. As mentioned in Section 2.5.2 we bring in stochasticity using stan-

dard deviations which are 10% of the mean. The number of pigs contributing to the

objective function is N = 1000.

The output generated using the correlation matrix from Table 2.11 is presented and

Figure 2.17. It shows the scatter plot of the generated values of minLP, Pdmax and p.

R =

 1 −0.534 0.349

−0.534 1 0.244

0.349 0.244 1



2.5.4 The connection between standard deviation of Pdmax

and resulting standard deviation in algorithm outputs

The aim of this section is to explore the influence of the standard deviation of Pdmax,

σPdmax on the standard deviation in algorithm outputs GMPPY, σalg. We need to run

the genetic algorithm for sufficiently long so that variation in GMPPY is largely due

to variation in Pdmax. We assume that

Var(Gi) = σ2
alg + σ2

Pdmax

where

Gi = GMPPY for pig i, i = 1, 2, . . . , N

N = number of pigs contributing to the objective function

also, let

T = total GMPPY for every pigs in the objective function ($),

= G1 +G2 + . . .+GN
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(a) minLP and Pdmax

(b) p and Pdmax

(c) p and minLP

Figure 2.17: Scatter plots of the example generated values using the correlations of
Table 2.11, for (a) minLP and Pdmax, (b) p and Pdmax and (c) p and minLP.
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Chapter 2. Optimisation of profitability - the basics

Table 2.12 shows the standard deviation of GMPPY in 20 runs for a single pig (N =

1) and for g = 20 genomes and I (solution repeats) = 10, 20 and 30 using Bacon Max.

Values of the standard deviation of Pdmax used were 0%, 5% and 10% (of the mean).

Table 2.12: Standard deviation of objective values GMPPY Std(Gi) for one pig when
minLP = 0.8 and Pdmax = 160 g/day using (g = 10, I = 10), (g = 20, I = 20) and
(g = 30, I = 30).

Standard deviation
of Pdmax

(g = 10, I = 10) (g = 20, I = 20) (g = 30, I = 30)

0 0.34 0.18 0.01
5 7.46 5.31 6.98
10 13.69 13.29 11.66

The first row corresponds to a standard deviation of Pdmax of zero (σPdmax = 0).

For this setting we found the standard deviation of objective values GMPPY, Std(Gi)

is closed to zero (0.01) when we used g = 30 genomes and I = 30. This means the

standard deviation in the algorithm σalg is also close to zero. From this result, an initial

setup of g = 30 and I = 30 would control the standard deviation due to the variation

in the algorithm. Running time with such a setting is very long, however, especially

when the number of pigs in the objective function N is large. In the next section we

will discuss the effect of setting of parameters g and I in the genetic algorithm.

2.5.5 Tuning the genetic algorithm

In this section, the processor time of genetic algorithm by different setting of parame-

ters g and I are evaluated. The numerical results presented in Table 2.13 allow us to

compare the efficiency of the genetic algorithm with the different g and I on the basis

of average and standard deviation of GMPPY, average number of feeding schedules

evaluated, average and standard deviation of processor time with a ten run trial base.

This study was performed on an Inspiron 530 Desktop possessing an Intel® Core™ 2

processor (2.13GHz) with 2 GB of RAM. The operating system was Microsoft Win-

dows Vista Home Premium. Pig genotype parameters, minLP and Pdmax were set to

0.8 and 160 g/day respectively for a 200 pigs in the objective function.
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Table 2.13: Numerical results for a comparison of the performance of the genetic
algorithm. Ten runs were used in each of the three cases of (g = 10, I = 10), (g =
20, I = 20) and (g = 30, I = 30) for minLP = 0.8, Pdmax = 160 g/day and p = 0.8.

Results (g = 10, I = 10) (g = 20, I = 20) (g = 30, I = 30)
Average GMPPY 213.23 215.24 211.56
($/pig place/year)
Standard deviation of
GMPPY

2.98 2.03 2.45

Average number of feed-
ing schedules evaluated

6489 28406 89303

Average processor time 1 hrs 3 mins 3 hrs 47 mins 14 hrs 17 mins
Standard deviation of 39 mins 2 hrs 3 mins 6 hrs 27 mins
processor time

Table 2.13 shows that the average processor time and number of feeding schedules

evaluated increase when g and I are increased. However, the GMPPY of g = 30, I =

30 is not better than g = 10 and I = 10 and g = 20 and I = 20. As we discussed in

the previous section of controlling the standard deviation due to the variation in the

algorithm and comparison of the processor time of genetic algorithm. Using of g = 20

and I = 20 is proved to satisfy the results. For this reason in this study, using g = 20

genomes and I = 20 these values will be used throughout the remainder of the thesis.
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Chapter 3

An alternative optimisation

methodology

3.1 Introduction

As discussed in Chapter 2, the search space for the optimal feeding schedule is extremely

large and the discontinuous nature of the objective function, the “craggy volcano”, also

adds challenge. A number of standard optimisation techniques have been applied to

this problem, namely Monte Carlo method (Metropolis et al., 1953), the Nelder-Mead

simplex algorithm (Nelder & Mead, 1965), ascent search (Eldor & Koppel, 1971), a

genetic algorithm (Holland, 1975; Reeves & Rowe, 2002), simulated annealing (Aarts

& Korst, 1989), pure random search (Zabinsky & Smith, 1992) and tabu search (Glover

& Laguna, 1997). A genetic algorithm has been the most successful for finding the op-

timal feeding schedule, although a long search period is needed. It takes up to an hour

on a standard computer to satisfactorily solve a typical problem of the type shown in

Table 2.13.

3.2 Aim

The purpose of this chapter is to find an alternative optimisation methodology by ex-

ploring the nature of the objective function and so formulating an algorithm which

is tailored to its form and which moves to the optimum more rapidly than does the

genetic algorithm.
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We will start by exploring the particular shape of the objective function and then

an alternative optimisation method is introduced. After this, numerical results are

presented and discussion presented at the end.

3.3 Methods

In this chapter, New Zealand examples were used which employ two diets, namely

“grower” and “finisher” diets, with the first growing period of T1 = 35 days and the

second period maximum of T2 = 70 days until slaughter (T1 + T2 = Tmax = 105 days).

The slaughter date is chosen in the range {1, 2, . . . , 105}. Thus we write a feeding

schedule as

F = (p1, r1, d1; p2, r2, d2)

where Pk = [0.8, 1], Rk = [0.2, 1.2] and Dk = [12, 17] for k = 1, 2.

We pause for some practical supporting comments. On a commercial pig farm today,

around the world, pigs are fed two diets (grower and finisher) during the period from

weaner pig 20kg to slaughter; this is the situation investigated in this chapter, the next

chapter, Chapter 4, and in Chapter 6. With advanced technology, however, it will be-

come possible to change diets more often (weekly or even daily, with phase feeding). In

Alexander et al. (2006) and later on in Chapter 5 we investigate the effect of changing

diets more frequently, on a weekly basis, as methods exist to do so. In this chapter,

the New Zealand situation is used and determines the ingredients, their cost and the

price schedule, but not the number of diets fed.

New Zealand data from July 2001 is used in this chapter. The weaner cost is fixed at

NZ$70. A schedule of ingredient costs and a price schedule are shown in Table 3.1 and

Table 3.2, respectively.

Table 3.1: New Zealand ingredient schedule from July 2001: this comprises a list of
ingredients and the associated costs in $/kg.

Ingredient Barley Blood meal Soybean meal . . . Tryptophan
Cost ($/kg) 0.245 0.9 0.84 . . . 20
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Chapter 3. An alternative optimisation methodology

Table 3.2: A New Zealand price schedule giving prices in cents/kg for pigs at slaughter
in July 2001.

Carcass weight (kg)

35.0 35.1 40.1 45.1 50.1 55.1 60.1 65.1 70.1 75.1 80.1
Backfat and to to to to to to to to to and
(mm) under 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 over

<6 300 300 300 300 300 300 300 300 300 300 300
6-9 360 385 395 395 385 370 370 370 370 365 335

10-12 360 385 385 390 375 370 370 370 370 365 335
13-15 330 330 330 330 330 335 335 335 335 330 305
16-18 260 260 260 260 260 270 270 270 270 270 270
>18 230 230 230 230 230 240 240 240 240 240 240

Using this input, we will find the optimal feeding schedule that maximises GMPPY.

First, we move to explore the structure of the objective function.

3.3.1 Exploring the structure of the objective function

In Section 2.3.3 and Section 2.4, the nature of the objective function and the problem

of high dimensions were discussed, respectively. We now consider closely the struc-

tures of the objective function in directions determined by changing p, r and d through

optimal solution, as shown in Figure 3.1, to find an optimisation method adapted to

the functional form. The critical observation is that the cross-sections show peaked,

discontinuous profiles.

3.3.2 Tailoring a maximisation algorithm to the objective

function

In practice, we would like to be able to reduce the long processing time of the genetic

algorithm in Bacon Max, with all the variations created by parameter changes. For

this reason we have explored the very particular form of the objective function and

tailored a method to the finding of the maximum. This method climbs the objective

function quickly at the beginning, compared with a genetic algorithm. The method

is unashamedly a heuristic, deserving attention thanks to the practical importance of

this problem type.
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Figure 3.1: Cross-sections types that motivated the look-up table.
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Chapter 3. An alternative optimisation methodology

We set out to develop a sequential hill-climbing algorithm tailored to the characteris-

tics of this very particular objective function. It can be seen from the sections shown

in Figure 3.1 that it is sometimes wise to move downward in the short run, since this

can lead to the overall peak; picking the direction in which to move is the challenge.

Study of the cross-sections suggests use of comparison of “very close” and “close” func-

tion values in order to determine in which direction to step. Experimentation revealed

that use of 0.05 and 0.10 of the distance between the current feeding schedule and

the edge of the enlarged domain was successful. (The domain is enlarged in order

to incorporate reflection into the search, so avoiding jamming in domain corners, as

advocated in Romeijn, Zabinsky, Graesser, and Neogi (1999).) The decision regarding

sense (forward or backward) along this direction is then made based on the sign and

size of the objective function difference between these two points. Details are shown

later in Table 3.3. We generate three such random search directions at every iteration,

and choose that indicating the largest positive gradient.

After the decision has been made to move in a particular sense (positive or negative)

of a given direction, a move is made to the middle of the two calculated points, so

0.075 of the distance from the feeding schedule to the edge of the enlarged domain. In

every iteration this step size is reduced by a “shrink factor”, S. This has been tuned

and found to work successfully when S = 0.9× e−0.001×iter, where iter is the iteration

counter. After many iterations the step size will reduce substantially and allow the

algorithm to move close to the edge of the domain.

The three parameters comprising each diet (p, r and d) are on very different scales,

since Pk = [0.8, 1], Rk = [0.2, 1.2] and Dk = [12, 17]. Standardisation to a unit inter-

val of each parameter ensures that the search spreads over the domain. The enlarged

standardised domain is then a product of intervals [−0.5, 1.5] of twice the width.

The stages of this “Tailored method” are now described. For the purposes of descrip-

tion, we use two diets with the feeding periods of a grower diet (T1) being 35 days

and that of a finisher diet (T2) being 70 days until slaughter (Tmax = 105 days). The

slaughter day that maximises the GMPPY is found in the range {1, 2, . . . , 105} and so

the problem is in seven real dimensions.
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3.3.3 Tailored method

1. Generate initial feeding schedule. Generate the initial feeding schedule, on the

enlarged domain, using values for each coordinate drawn independently from a

uniform distribution on [−0.5, 1.5], giving

F ′′ = (p′′1, r
′′
1 , d
′′
1; p′′2, r

′′
2 , d
′′
2)

Set iter = 0 and S = 1.

2. Generate candidates for the next feeding schedule.

2.1 Generate directions for progress. Set iter = iter+ 1. Randomly draw three

directions, V1, V2 and V3, with each component of each direction drawn from

a standard normal distribution, as in Zabinsky and Wood (2002). Normalise

these directions.

2.2 Calculate two nearby feeding schedules for each direction. Calculate the

feeding schedules at 0.05S and 0.1S of the distance from the current feeding

schedule to the edge of the enlarged domain in the positive sense of each

direction (six points).

To find the feeding schedules at the edge of the domain on the generated

random directions, that is

F ′′up,i = F ′′i + βiVi ≤ 1

F ′′down,i = F ′′i + γiVi ≥ 0

or

F ′′up,i = (p′′ij, r
′′
ij, d

′′
ij) + βijVij

F ′′down,i = (p′′ij, r
′′
ij, d

′′
ij) + γijVij

where i is the number of the generated direction, i = 1, 2, 3 and j is the diet

number, j = 1, 2. The coefficients βij and γij are the distances from the

current feeding schedule (j diets) to the edge of the domain on direction i

for both sides (up and down), respectively. The coefficients βij and γij can

be found in the following way:
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Chapter 3. An alternative optimisation methodology

βij =

(∣∣∣∣1.5− p′′ijVij

∣∣∣∣ , ∣∣∣∣1.5− r′′ijVij

∣∣∣∣ , ∣∣∣∣1.5− d′′ijVij

∣∣∣∣)
γij =

(∣∣∣∣−0.5− p′′ij
Vij

∣∣∣∣ , ∣∣∣∣−0.5− r′′ij
Vij

∣∣∣∣ , ∣∣∣∣−0.5− d′′ij
Vij

∣∣∣∣)
These are the distances to move along the generated random direction to

reach the edge of the enlarged domain [−0.5, 1.5].

2.3 Reflection into the standardised domain. For each feeding schedule outside

the standard domain (including possibly the current one), reflect into the

standard domain using

y =


−x, if x < 0

x, if x ≥ 0 and x ≤ 1

2− x, if x > 1

where x is a component of F ′′ and y now constitutes the corresponding com-

ponent of a standardised feeding schedule F ′. An illustration of reflection is

shown in Figure 3.2.

Figure 3.2: An illustration of reflection of a feeding schedule (outside the standard domain)
from the enlarged domain [−0.5, 1.5]× [−0.5, 1.5] to the standard domain [0, 1]× [0, 1]. The
red dot presents the initial feeding schedule F ′′ (see Step 1). The solid line presents the
generated random direction Vi, where i = 1, 2 or 3. (see Step 2.1). The blue dots present
the two nearby feeding schedule at 0.05S and 0.1S of the current feeding schedule in the
Vi direction (see Step 2.2). The black dots present the reflected feeding schedule from the
enlarged domain to the standard domain F ′ (see Step 2.3); the feeding schedule F ′′+ 0.1SVi

is already in the standard domain.
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2.4 Back transform all standardised points. Back transform the six feeding

schedules and the current feeding schedule from the standardised form after

reflection to the original domain, where Pk = [0.8, 1], Rk = [0.2, 1.2] and

Dk = [12, 17], via

pk = 0.2p′k + 0.8, rk = r′k + 0.2 and dk = 5d′k + 12

We then have six feeding schedules and the current feeding schedule in the

form F = (p1, r1, d1; p2, r2, d2).

3. Calculate objective function values at these feeding schedules.

3.1 Calculate minimum feed cost. Use linear programming to find minimal cost

diets for each diet in the six new feeding schedules.

3.2 Grow the pig for x days where x is chosen in the range {1, 2, . . . , Tmax = 105})
using the de Lange’s pig growth model (1995) and calculate the backfat

thickness (mm) and carcass weight (kg).

3.3 Gross return and gross margin. Find the price of pig at slaughter in the price

schedule and calculate the gross margin per pig place per year (GMPPY) for

each feeding schedule and each x. Maximise over x and record the objective

function value f(F ) for each feeding schedule.

4. Choose best direction and sense.

4.1 Calculate objective function changes in the positive sense of each direction.

Calculate

∆F1 = GMPPY at 0.05 point − GMPPY at current

∆F2 = GMPPY at 0.1 point − GMPPY at 0.05 point

∆F3 = |GMPPY at 0.1 point − GMPPY at current|

4.2 Choose next direction and sense. Choose the next direction as the steep-

est, that producing the maximum value of ∆F3. Move in the forward or

backward sense in this direction, based on the decision criteria in Table 3.3.

Figure 3.1 showed varying patterns for the objective function cross sections

through the optimal feeding schedule. Table 3.3 responds to this pattern,

by providing rules for progress. For example, Figure 3.1a displays a small

positive value for ∆F1 and a larger negative value for ∆F2. This is Case 3

in Table 3.3, so we decide to move in the positive sense of this direction.
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Chapter 3. An alternative optimisation methodology

Table 3.3: This table is used to determine in which sense along the new direction we
step. Choose rows, using the signs of ∆F1 and ∆F2 and columns two and three (Figure
3.3 is an illustration of the signs). Choose further within rows if necessary using the
magnitude of the differences (with experience showing that the dividing point between
small S and large L is $3/pig place/year for New Zealand data). The rightmost column
indicates positive sense or negative sense.

Sign Size
Case ∆F1 ∆F2 ∆F1 ∆F2 Decision

1 + + S/L S/L Positive
2 + − S S Positive
3 + − S L Positive
4 + − L S Positive
5 + − L L Negative
6 − + S S Positive
7 − + S L Negative
8 − + L S Positive
9 − + L L Positive
10 − − S/L S/L Negative

Figure 3.3: An illustration of look-up sign. Figure a) shows sign (+,+) for Case 1 in
Table 3.3, b) shows sign (+,−) for Case 2-5, c) shows sign (−,+) for Case 6-9, and
d) shows sign (−,−) for Case 10.
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5. Move to next point. Move in the positive or negative sense on the steepest

direction by 0.075S of the distance from the initial feeding schedule to the edge of

the enlarged domain. This new point becomes the next current feeding schedule,

F ′′.

6. Stopping rule. Set S = 0.9×e−0.001×iter. We slow movement by this shrink factor

S as the algorithm progresses. This allows the current point to progressively move

toward the domain boundary, if necessary. Return to Step 2. (If the objective

function does not improve in 10 iterations, return to the previous current feeding

schedule and return to Step 2.) Stop after a preset number of iterations (usually

3,000).

3.4 Numerical results

The numerical results, shown in Table 3.4, allow us to compare the efficiency of the

genetic algorithm with that of the Tailored method on the basis of average GMPPY,

average number of feeding schedules evaluated and average and standard deviation of

running time using 10 runs. This study was performed on an Inspiron 6000 laptop

possessing an Intel® Pentium® M processor (1.73GHz) with 504 MB of RAM. The

operating system was Microsoft Windows XP Professional. Visual C++ was used in

the study of both methods. The genetic algorithm in Bacon Max, however, was pro-

cessed using a Windows application and the Tailored method was processed using a

Console application. Pig genotype parameters, minLP and Pdmax were set to 0.8 and

160 g/day respectively for a single pig in the objective function.

Two situations of live weight at slaughter have been included in this study. Firstly,

a live weight at slaughter of 84 − 86kg has been chosen which is consistent with the

slaughter weight used in New Zealand. Secondly, a live weight more than 80kg was

chosen to examine the efficiency of both methods on a wider range of weight sam-

pling. The price schedule from July 2001 indicated in Table 3.2 has been used for

these calculations. The best solution from a genetic algorithm following 20 iterations

(predetermined for this study) was a GMPPY of $578/pig place/year and was chosen

as the stopping criteria for the Tailored method in this section.
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Table 3.4: Numerical results for a comparison of the performance of the Tailored
method and the genetic algorithm. Ten runs were used in each of the four cases. Each
run was stopped when an objective function of $578/pig place/year was reached and
unchanged for 20 iterations.

Live weight constraint (kg)
84≤LW≤86 LW>80

Results GA Tailored GA Tailored
Average GMPPY ($/pig place/year) 578.67 578.58 579.96 579.60
Average number of feeding schedules
evaluated

18560 3872 17418 1994

Average running time 90 mins 72 mins 63 mins 38 mins
Standard deviation of running time 55 mins 15 mins 41 mins 10 mins

Figure 3.4: A comparison of the performance of the Tailored method and the genetic
algorithm for live weight constraint 84− 86kg.

Figure 3.4 and the results from Table 3.4 provide a typical comparison of the Tailored

method with that of the genetic algorithm. An analysis of the results indicates that

the Tailored method performs better, using a significantly smaller number of feeding

schedules than the genetic algorithm, for both live weight constraints. Further, with

regard to the average running time, the Tailored method was found to be slightly faster

than the genetic algorithm for live weight constraint 84− 86kg, but significantly faster

when the live weight constraint was more than 80kg. A possible reason for this emerges

from an examination of the cross-sections through the optimal value of the objective

function under the differing constraints, shown in Figure 3.5.
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Figure 3.5: Cross-sections through the optimal value of the objective function when a)
live weight is constrained to be 84− 86kg and b) live weight is constrained to be more
than 80kg.

For a live weight constraint of 84 − 86kg, the corresponding carcass weight is around

65kg. This yields a relatively narrow objective function peak, as illustrated in Fig-

ure 3.5a. On the other hand, for a live weight constraint of more than 80kg, carcass

weight is greater than 60kg. This produces a relatively broader peak of the objective

function, as seen in Figure 3.5b. For this reason, the Tailored method performs more

effectively on the second problem.

3.5 Discussion

We have examined the nature of the objective function, found it to provide a single

but very rough peak, and so tailored a heuristic algorithm to its shape. This algorithm
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climbs quickly and appears to find better optima than previous methods. We con-

clude that the Tailored method is more efficient than the genetic algorithm, using

fewer feeding schedules evaluations and shorter running times. We have shown that

the improvement in performance can depend on the pig genotype parameters and the

constraints. The Tailored method performs better when the liveweight constraint was

more than 80kg compared with a liveweight constraint of 84-86kg. The performance

relates directly to the shape of the objective function. Further investigation of appli-

cation of the Tailored method to different pig genotypes and various situations still

remains.

The usefulness of other optimisation techniques in maximising profitability can also

be explored in the future. For example, improving hit and run method (Zabinsky,

Smith, McDonald, Romeijn, & Kaufman, 1993), pure adaptive search (Reaume, Ed-

win, Robert, & Smith, 2001; Zabinsky & Smith, 1992), conjugate gradient method

(Shewchuk, 1994), uniform covering by probabilistic rejection methods (Hendrix &

Klepper, 2000).

Two feeding periods are the norm in pig production units in countries such as Thailand;

however, this can vary as seen in Australia where the norm is four diets. Further, with

increased use of computerised feeding on large production units, it will become feasible

to change diets more regularly. The methods of this chapter can be applied, but the

dimension of the problem will increase. The performance of the Tailored method in

such problems remains to be investigated. Inclusion of the Tailored method in the

Bacon Max program could also be considered in the future.
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Chapter 4

Ingredient and price schedules

varying with time

4.1 Introduction

Maximising profitability for growing a fattening pig depends on the feed ingredient

cost and the pig price at slaughter. So far both feed cost and price schedule have been

fixed in our research. In reality, feed costs and price received at slaughter are subject

to variation in time as in the example shown in Figure 4.1.

Figure 4.1: An example of the way in which the New Zealand ratio of pig meat price at
slaughter ($/kg) to feed ingredient cost ($/kg) varies with time, from July 1994 until
July 2007.
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4.2 Aim

To demonstrate how variation of costs and price received at slaughter can be included

in our modelling and handled using stochastic programming.

We begin with an explanation of the method. Then the numerical results are presented

and followed by discussion.

4.3 Methods

So far we have regarded the feed costs and price schedule as fixed. In practice, a

producer faces uncertainty in both the future cost of ingredients (in the form of the in-

gredient schedule IS) and the price received for a pig (in the form of the price schedule

PS). In this chapter we also considered two diets of grower and finisher. The ingredient

schedules IS1 and IS2 are presented in Table 4.1 and the price schedule (New Zealand

price schedule, in July 2001) for PS1 in Table 3.2 and PS2 in Table 4.2. We assume

now that we have I feed ingredient schedules ISi and J price schedules PSj occurring

with probabilities pi (in any period) and p′j, for i = 1, . . . , I and j = 1, . . . , J respec-

tively. Note that FC(F, x) is influenced by ISi and GR(F, x) by PSj. Note also that

we do not change the feed ingredients, but vary only the cost of the feed ingredients. In

order to simplify the immediately following presentation, but with no real loss in gener-

ality, we assume again that each feeding schedule comprises two diets, so F = (D1, D2).

Table 4.1: Ingredient schedules IS1 and IS2 used in the chapter: these comprise
a list of ingredients and the associated costs in $/kg. The first ingredient schedule
is carbohydrate cheap and protein expensive while the second ingredient schedule is
carbohydrate expensive and protein cheap.

Ingredient Barley Blood meal Soybean meal . . . Tryptophan
Costs for IS1 ($/kg) 0.2 1.5 1.2 . . . 20
Costs for IS2 ($/kg) 1.0 0.4 0.2 . . . 20

When finding the first diet, the ingredient schedule is fixed because we know the ingre-

dient cost at that time, but for the second diet, the ingredient schedule will be subject

to variation. Thus the producer is faced with a two-stage decision making process as

illustrated in Figure 4.2.
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Table 4.2: Price schedule 2 (PS2): a generated price schedule giving prices in cents/kg
for pigs at slaughter.

Carcass weight (kg)

35.0 35.1 40.1 45.1 50.1 55.1 60.1 65.1 70.1 75.1 80.1
Backfat and to to to to to to to to to and
(mm) under 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 over

<6 300 300 300 300 300 300 300 300 300 300 300
6-9 335 345 350 365 370 375 380 390 395 405 375

10-12 335 345 350 360 365 370 375 385 390 400 370
13-15 305 330 335 335 335 335 330 330 330 330 330
16-18 270 270 270 270 270 270 260 260 260 260 260
>18 240 240 240 240 240 240 230 230 230 230 230

Figure 4.2: An illustration of stochastic programming for pig problem of two diets,
F = (p1, r1, d1; p2, r2, d2).
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Bellman’s principle of optimality makes clear that an optimal strategy must be optimal

at each stage (using the outputs from the previous stage); we now separately consider

these two stages.

At the outset, a decision must be made about D1. This is made facing uncertainty in

IS2 and GR (via the price schedule), so is chosen to be D′1, the argument maximising

the expected gross margin per pig place per year, through calculation of

max
D1,D2

max
x

c(x)

{
J∑

j=1

p′jGRj(D1, D2;x)− FC1(D1;x)−
I∑

i=1

piFC2i(D2;x)−WC

}

where c(x) = 365/(x+7). Here GRj(D1, D2;x) is the gross return using price schedule

j and diets D1 and D2 for a total of x days, FC1(D1;x) is the minimum feed cost using

diet D1 in feed period one for x days and FC2i(D2;x) is the minimum feed cost using

diet D2 and ingredient schedule i in feed period two, when growth is for a total period

of x days.

At the second stage, given diet D′1 in period one and the now known second period

ingredient schedule ISi, we must choose diet D′2 and growth period of x days which

maximises the revised expected gross margin

max
D2

max
x

c(x)

{
J∑

j=1

p′jGRj(D
′
1, D2;x)− FC1(D

′
1;x)− FC2i(D2;x)−WC

}

Note that evaluation of the first stage objective function, for a given F and x, involves

I + 1 linear programs. Maximisation with respect to x, for fixed F , is carried out

pointwise, while maximisation with respect to (D1, D2) can be carried out using either

a genetic algorithm or the Tailored method. Evaluation of the second stage objective

function, for a given F = (D′1, D2) and period x, involves just two linear programs;

maximisation with respect to x, for fixed F = (D′1, D2), is again pointwise and the

genetic algorithm or Tailored method used again to find the optimal F .

In the case of K > 2 diets, the optimisation proceeds in K stages, with the mth

(m = 1, . . . , K − 1) stage involving solution of (with notation extending that above in
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a ready way)

max
F

max
x

c(x)

{
J∑

j=1

p′jGRj(F ;x)−
m−1∑
k=1

FCk(D′k;x)−
K∑

s=m

I∑
i=1

piFCsi(Ds;x)−WC

}

where F = (D′1, . . . , D
′
m−1, Dm, . . . , DK), and the Kth stage solution of

max
F=(D′1,...,D

′
K−1,DK)

max
x

c(x)

{
J∑

j=1

p′jGRj(F ;x)−
K−1∑
k=1

FCk(D′k;x)− FCKi(DK ;x)−WC

}

4.4 Numerical results

Uncertainty about the price schedule is easily handled, in that the optimisation uses

the p′1 and p′2 weighted convex combination of schedules P1 and P2 respectively. For

completeness, in our numerical runs we used two such schedules, those shown in Ta-

ble 3.2 (PS1) and Table 4.2 (PS2), with associated weights p′1 = 0.8 and p′2 = 0.2. As

the tailored method is currently unavailable in the Bacon Max software we have chosen

to use the available genetic algorithm for the purpose of our study. All optimisations

were carried out using a genetic algorithm.

Uncertainty in the ingredient schedule is of much greater interest. Pig producers have

to face a two-stage decision making process due to the uncertainty in the ingredient

schedule. The optimal diet in the second stage must be chosen using the outputs from

the previous stage and after knowing the change in the ingredient schedule. For these

we use the ingredient schedules in Table 4.1 with weights of p1 = 0.8 and p2 = 0.2.

Optimal feeding schedules (with two diets fed) are shown in Table 4.3 when there is

no uncertainty in the diet to be fed for the second period and in Table 4.4 when the

digestible energy cheap ingredient schedule IS1 is far more likely (p1 = 0.8) than the

protein cheap ingredient schedule (p2 = 0.2) in the second feeding period. Pig genotype

parameters of minLP = 0.8 and Pdmax = 160 g/day are used.

Some comments about the results are now provided. In Table 4.3, cheap energy (car-

bohydrate) via use of IS1 in the first period allows the proportion of the NRC standard

used in the second period to drop to 0.83 (for IS1 and IS2), whereas it remains higher

at 0.87 and 0.88 (for IS1 and IS2 respectively) if energy is expensive (use of IS2) in

the first period. No matter which ingredient schedule is used in the first period, the

move to cheaper protein, from IS1 to IS2, in the second period causes r2 to increase,
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as expected. In Table 4.4, first period diets, for a given ingredient schedule in the first

period, do not vary with second period ingredient schedule, again as expected. The

first comment made concerning Table 4.3, regarding p, still largely stands, although

it is moderated due to the uncertainty in the second ingredient schedule. The most

notable change from the deterministic to stochastic result tables is the larger r2 value

when IS2 is used in the first feeding period and IS1 in the second. Here the possibility

of cheap protein did not eventuate, so more must be taken in the second feeding period.

Table 4.3: Deterministic results: optimal feeding schedules when there is no uncer-
tainty about the ingredient schedule in the second feeding period. Entries are averages
over ten runs.

Optimal feeding schedules 2nd period
IS1 IS2

Parameter D1 D2 D1 D2

IS1 p 0.95 0.83 0.94 0.83
r 0.64 0.50 0.65 0.52

1st period d 12.10 14.40 12.10 13.82
IS2 p 1.00 0.87 1.00 0.88

r 0.98 0.91 0.99 1.01
d 15.02 14.80 15.01 15.02

Table 4.4: Stochastic results: optimal feeding schedules when there is uncertainty
about the ingredient schedule in the second feeding period. Entries are averages over
ten runs.

Optimal feeding schedules 2nd Period
IS1 IS2

Parameter D′1 D′2 D′1 D′2
IS1 p 0.97 0.81 0.97 0.81

r 0.69 0.52 0.69 0.55
1st period d 12.48 13.99 12.48 12.31

IS2 p 0.98 0.88 0.98 0.88
r 0.98 0.99 0.98 1.00
d 15.08 15.00 15.08 15.01
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4.5 Discussion

In this chapter we have considered the challenge of including variation in the ingredient

schedule and price schedule, and shown how to find optimal feeding schedules under

such conditions using stochastic programming.

Many optimisation methods for pig feeding schedules consider the feed cost and price

schedule only at the beginning of the estimation, but do not consider the variation of

this cost and price over time. This variation may call for a diet reformulation. In this

chapter we considered the challenge of including variations in the ingredient and price

schedule, and have shown how to find optimal feeding schedules under such conditions

using stochastic programming.

We caution that the optimal feeding schedule for a single pig is unrealistic, since in

practice many pigs, exhibiting minor variations in genotype and feed intake, are grown

on a single feeding schedule. The optimum schedule in such a situation is different

from that found for a single pig. Such variation can be incorporated into an objective

function for further work, but was not in this chapter, in order to focus on the devel-

opment addressed.

We conclude by acknowledging that there will always remain scope for improved

methodology in this rich application area for optimisation. Other methodology can

be applied, for example Niemi (2006) handles the change in feed cost and pig slaughter

price using a dynamic programming technique for optimising feeding and slaughter

decisions for fattening pigs in Finland.
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Chapter 5

Effect of pig type, costs and dietary

restraints on dietary nutrient

specification

5.1 Introduction

As discussed earlier in Section 2.3 the optimal feeding schedule offers maximum profit

for given conditions. This chapter looks at the effects of three factors on the optimal

feeding schedule for grower-finisher pig herds: pig type (genotype), feed costs and car-

cass payment scheme, and dietary restraints (ad libitum and restricted feeding). In

addition, feed-to-lean growth and optimal growth schedules are compared.

5.2 Aims

1. To study the effect of different pig types, ingredient costs and price schedules,

and dietary constraints on the optimal feeding schedule.

2. To compare feed-to-lean growth and optimal growth schedules.

This chapter is organized as follows. In Section 5.2 we describe the methodology

used for identifying the optimal feeding schedule and also describe the factors whose

influence on the optimal feeding schedule are studied. In Section 5.3 we then report

results, first considering the influence of pig type on optimal dietary nutrition. The

effect of a level change of ingredient cost and the effect of a level change of price schedule
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on optimal dietary nutrition is then discussed. Next, the effect of dietary restraints on

the optimal feeding schedule is examined; this includes a comparison of feed-to-lean

and optimal growth feeding schedules. Finally, the opportunity cost relating to use of

feed-to-lean and optimal feeding schedules for a range of pig types is presented. Results

are discussed in Section 5.4.

5.3 Methods

Our aim is to find the feeding schedule F that produces maximum profit, measured as

“maximum gross margin per pig place per year (GMPPY)” for the different pig types,

ingredient costs and price schedules, and dietary constraints. A feeding schedule F

takes the form of a sequence of diets,

F = (p1, r1, d1; p2, r2, d2; ; pn, rn, dn),

each fed for a fixed period (typically one week) with each diet described by three pa-

rameters (p, r, d) where p is in the range 0.5 to 1.0, r is in the range 0.2 to 1.2 g/MJ

and d is in the range 12 to 17 MJ/kg.

Gross return is determined by the backfat thickness and carcass weight of the pig at

slaughter. This is taken from a price schedule, an example of which is shown in Ta-

ble 5.1. Feed cost is the sum of weekly feed costs, each determined using a linear

program, for the total period of x days (if x is not a multiple of seven, the final period

will be less than one week and pro-rated accordingly). The LP requires use of a sched-

ule of ingredient costs; an example is already given briefly in Table 2.1 and given fully

in Table 5.2. The weaner cost is fixed at NZ$75. We use ingredient costs and price

schedules from New Zealand (September 2007) with feeding schedules consisting of 15

diets (so n = 15).

Then, we measure the gross margin per pig place per year (GMPPY) when we assume

a seven day turnaround time between batches. A population of 20 feeding schedules

and a stopping rule of 20 iterations with no change in the best value of the objective

function has been used to find the optimal feeding schedule for each growing environ-

ment. For practical reasons, we grow 200 pigs in the objective function rather than a

single pig; optimal feeding schedules for a single pig can be different to those of a large

group of pigs whose type parameters vary about set base values as mentioned earlier
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Table 5.1: Standard price schedule: a New Zealand price schedule giving price in
cents/kg for pigs at slaughter in September 2007.

Carcass weight (kg)

35.0 35.1 40.1 45.1 50.1 55.1 60.1 65.1 70.1 75.1 80.1
Backfat and to to to to to to to to to and
(mm) under 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 over

<6 255 255 255 255 255 255 255 255 255 255 255
6-9 310 310 330 330 320 320 305 305 305 305 300

10-12 310 310 320 320 310 305 305 305 305 305 300
13-15 230 230 230 230 230 260 260 260 260 260 255
16-18 185 185 185 185 185 185 185 185 185 185 185
>18 165 165 165 165 165 165 165 165 165 165 165

Table 5.2: Standard ingredient costs: a New Zealand feed ingredient list, with costs
given in cents/kg for September 2007.

Feed ingredient
Cost

(cents/kg)
Feed ingredient

Cost
(cents/kg)

Barley 42 Wheat 43
Blood meal 116 Whole milk powder 250
Broll 26 Lysine 355
Full fat soybean meal 106 Methionine 550
Imported fish meal 230 Premix 650
Maize 42 Di-calcium phosphate 150
Meat and bone meal 73 Sodium hydrogen

phosphate
100

Skimmed milk powder 245 Salt (Sodium chloride) 55
Soybean meal 70 Limestone 4
Soybean oil 150 Threonine 1400
Tallow 80 Tryptophan 2000
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in Section 2.5.1. We vary the pigs by generating pig genotype parameters minLP and

Pdmax, initial body protein content at 20kg in the purchased pig and feed intake using

a standard deviation of 10% of an inputted central value. Finally, the optimal feeding

schedules of 10 runs are summarised for each growing environment.

We now discuss the three factors of pig type, costs/prices and dietary constraints,

whose influence on dietary nutrient specification will be investigated.

Factors influencing dietary nutrient specification

5.3.1 Pig type

Two genotype factors are considered:

minLP, the minimum allowable lipid to protein ratio (with values 0.6,

0.8 and 1.0)

Pdmax, the maximum daily protein deposition (with values 120, 160 and

200 g/day)

Combinations of these factor levels yield nine pig types. Correlation between the

parameters, minLP, Pdmax and p is taken into account when generating a set of 200

pigs, using the correlation structure as discussed earlier in Table 2.11 (Sherriff, 2008).

5.3.2 Costs

In order to calculate the gross margin per pig using feeding schedule F for x days,

g(F, x), ingredient costs are needed for calculating feed cost and the price schedule

is needed for calculating gross return. A feed ingredient list and associated costs (in

cents/kg) were shown in Table 5.2.

A change of what we term “level” in ingredient (equivalently, feed) costs is considered

in this research. The level change for ingredient costs is generated using multiples of

0.8 and 1.2 of the costs shown in Table 5.2.

Table 5.1 presented a standard price schedule; the price of a pig (in cents/kg) depends

on the carcass weight (kg) and backfat thickness (mm). The level changes (lower and

higher) for the price schedule are generated from the standard price schedule in the

same way as the level changes for ingredient cost; we term these the “deflated” and
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“inflated” price schedules, respectively.

A change of what we term “pattern change” in the price schedule is considered also

in this section. The pattern change for price schedule is generated from moving the

highest price return cell in the standard price schedule (Table 5.1) to the higher carcass

weight as show in Table 5.3 which we call “heavy price schedule”.

Table 5.3: Heavy price schedule: generated from the standard price schedule of Ta-
ble 5.1 by moving the highest price cell to a higher carcass weight. Price is shown in
cents/kg for pigs at slaughter.

Carcass weight (kg)

35.0 35.1 40.1 45.1 50.1 55.1 60.1 65.1 70.1 75.1 80.1
Backfat and to to to to to to to to to and
(mm) under 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0 over

<6 255 255 255 255 255 255 255 255 255 255 255
6-9 295 295 300 300 305 305 310 330 330 320 300

10-12 290 290 295 295 300 300 305 310 310 310 300
13-15 230 230 230 230 230 260 260 260 260 260 255
16-18 185 185 185 185 185 185 185 185 185 185 185
>18 165 165 165 165 165 165 165 165 165 165 165

5.3.3 Dietary constraints

We use p and r as dietary constraints and study their influence on the optimal feed-

ing schedule specification. At one extreme is the “feed-to-lean” schedule and at the

other is the “fully optimal” schedule (in which there are no restrictions on either p or r).

The growth model used calculates, for a given liveweight (LW), the energy required for

maintenance and protein deposition of Pdmax. If the energy available is less than this

amount, then the extent of protein deposition possible is calculated, keeping the pig

lipid to protein ratio lean at minLP (hence “feed-to-lean”). If the energy available is

more than this amount, protein is deposited at the rate of Pdmax and excess energy

put on as lipid, so that minLP is exceeded. From this, r can be calculated. We call the

resulting feeding schedule the “feed-to-lean (p fixed)” schedule. A second feed-to-lean

feeding schedule is found by progressively reducing p so that minLP is never exceeded;

associated with this will be a weekly set of r values, differing from those just described.

This schedule we term “feed-to-lean (p reducing)”. We can progressively relax these
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constraints, releasing r from both feed-to-lean sequences and finally, allowing both p

and r to be unconstrained. These five scenarios are pictured in Table 5.4. In practice,

we fix p at one of two values, 0.8 or 1.0. When p is reducing, p is allowed to run below

these values. When p is free, it is allowed to run between 0.5 and the fixed upper limit

under consideration (either 0.8 or 1.0).

We remark that a feed-to-lean restriction results in a single feeding schedule for a period

of N days. On the other hand, any of the three systems with an element of optimality

involves a search amidst a family of (F,N) pairs.

Table 5.4: The various levels of restriction on p and r for feed-to-lean and optimal
feeding schedules. For convenience, we label the combinations with a site number,
using these later in the interests of brevity.

Optimal
Free p and r free

(Site 9)
Feed-to-lean Optimal

p Reducing p reducing p reducing, r free
(Site 5) (Site 6)

Feed-to-lean Optimal
Fixed p fixed p fixed, r free

(Site 1) (Site 3)
Fixed Reducing Free

r

We will look at the influence of each factor (pig type, costs/prices and dietary con-

straints) on the fixed (or optimal) feeding schedule. Each factor most influences some

aspect of feeding; that aspect will be studied. The influence of pig type will be assessed

using plots of r against time. The influence of ingredient costs and price schedule will

be assessed by a comparison of slaughter dates. Finally, the influence of dietary con-

straints, for fixed pig type and costs/prices, can be assessed using the plot shown in

Figure 5.2. The aim of a feeding schedule is to move rapidly along the minLP horizon-

tal to point P and stay there, at the same time using minimising feed cost; this path

maximises GR. That it is efficient to move left to right along the minLP line is based

on the observation that if Li/Pi = minLP (where Li and Pi are, respectively, the lipid

and protein content of the pig on the ith day), then Li+1/Pi+1 = (Li +Ldi)/(Pi +Pdi)

= minLP provided Ldi/Pdi = minLP (where Ldi and Pdi are the lipid an protein

deposition on the ith day).

84



Chapter 5. Effect of pig type, costs and dietary restraints on dietary
nutrient specification

Figure 5.1: The relationship between finding feed-to-lean (large left box) and optimal
(large right box) feeding schedules. The influence of the four small-boxed items on the
process is studied in this paper.
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Figure 5.2: Efficient growth follows a trajectory from left to right along the minLP
horizontal, then stays at point P, where Pdmax is deposited daily, while keeping the
lipid to protein ratio at minLP.

An alternative graphic which monitors how well a dietary restraint works is shown in

Fig 5.3. An efficient feeding schedule will have Pdi rise rapidly to Pdmax, Ldi/Pdi

stay on the minLP horizontal and the cumulative feed cost curve remain low.

Figure 5.3: Plots of Pdi, Ldi/Pdi and cumulative feed cost against time; SD is the
slaughter date.
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An illustration that the lysine to digestible energy ratio r curves have two phases which

corresponding to the two phases as shown in Figure 5.2; the first phase can be a con-

stant or increasing curve when minLP is active while the second phase is a decreasing

curve when Pdmax is active, as shown in Figure 5.4:

Figure 5.4: Plot of r curve corresponding to minLP and Pdmax. In the initial phase,
minLP is active while later Pdmax has greater influence.

5.4 Results

Results are presented in three parts as follows. We begin by considering the influence

of pig type (via minLP and Pdmax), on the feed-to-lean and optimal feeding schedules.

We then consider the influence of costs and prices and finally, we discuss the influence

of dietary constraints on growth.

5.4.1 Influence of pig type

The influence of minLP and Pdmax (using the standard ingredient cost and standard

price schedule) on the plots of r against week until slaughter is shown in Figure 5.5

for the p fixed feed-to-lean (Site 1) at p = 0.8 and in Figure 5.6 on the average r over

10 runs for the fully optimal feeding schedule (Site 9) where p runs between 0.5 and

0.8. Note that the slaughter dates for both sites varies with minLP and Pdmax; this

is made evident by the position of the curve end point in the graphics.
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Figure 5.5: A comparison of the r curves of the feed-to-lean feeding schedule, where p
fixed at 0.8 as minLP and Pdmax vary, for the standard ingredient cost and standard
price schedule.

It is evident that minLP and Pdmax significantly influence the r curve. As minLP

decreases (and the genotype improves) the r curves start higher and minLP is the

active constraint for a shorter period. As Pdmax increases (and again, the genotype

improves) the r curves start at the same level, minLP is the active constraint for a

longer period and the growth period is longer.
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Figure 5.6: A comparison of the r curves using the fully optimal feeding schedule as
minLP and Pdmax vary and p is free to run from 0.5 to 0.8, for the standard ingredient
cost and standard price schedule. The optimal feeding schedule curve tracks the average
r over 10 runs; individual run values are shown with dots.

Again, minLP and Pdmax significantly influence the r curve. As minLP decreases, the

r curves start higher, minLP is the active constraint for a shorter period and the growth

period extends. As Pdmax increases, the r curves start at the same level, minLP re-

mains the active constraint for a longer period and the growth period is longer. The

r curve for the optimal feeding schedule is generally higher than the corresponding

feed-to-lean r curve.
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5.4.2 Influence of costs

Subject to the correctness of the modelling process it is possible to prove the following

result about the effect of changes in ingredient cost and price schedule on the slaughter

date. A proof of the theorem is provided in the Appendix.

Theorem

Assume that GR and FC are smooth functions of the growing period x.

1. Let the ingredient cost be multiplied by factor α. Then for conditions in which

gross margin g is positive, slaughter date decreases if and only if

(α− 1)((GR/FC)′(x) +WC ∗ FC ′(x)/(FC(x))2) > 0

2. Let the price schedule be multiplied by factor α. Then for conditions in which

gross margin g is positive, slaughter date decreases if and only if

(α− 1)((GR/FC)′(x) +WC ∗GR′(x)/(FC(x))2) < 0

We present two immediate corollaries.

Corollary

1. If ingredient cost is multiplied by α > 1 and (GR/FC)′(x) > 0 and conditions

are such that gross margin g is positive, then slaughter date will decrease.

2. If the price schedule is multiplied by factor α > 1 and (GR/FC)′(x) < −WC ∗
GR′(x)/(FC(x))2, and conditions are such that gross margin g is positive, then

slaughter date will decrease.

We now present the result of runs of the model to illustrate these theoretical results.

Influence of ingredient cost

We consider the influence of level change of the ingredient (or feed) cost on the optimal

feeding schedule, using the standard price schedule. The result is shown in Figure 5.7

below.
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A level change in ingredient cost appears to very slightly influence the level of the

optimal r curve. Evidently the r curves are parallel but at slightly different levels; as

ingredient cost increases the level falls. Figure 5.8 shows the effect of ingredient cost

change on GMPPY and cumulative feed cost from the example of one run. Note that

as ingredient cost rises from 0.8 to 1.0 to 1.2 times the standard cost, the slaughter

day decreases from 59 to 58 to 57. Here it will be the case that (GR/FC)′(x) > 0, so

bearing out the result in i) of the above theorem (since FC ′(x) is always positive).

Figure 5.7: Showing r curves, averaged over 10 runs, for level changes in ingredient
costs where minLP = 0.8, Pdmax = 160 g/day and p fixed at 0.8.

Figure 5.8: GMPPY and cumulative feed cost for different level changes of ingredient
cost from an example of one run where minLP = 0.8, Pdmax = 160 g/day and p fixed
at 0.8.
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Influence of price schedule

In this section we consider two types of influence of price schedule, the level change

and pattern change on the optimal feeding schedule. Firstly, we present the effect of

level change on the r curve and then the effect of pattern change.

Influence of level change in price schedule

In this section we consider the influence of level change in price schedule (deflated,

standard and inflated) on the optimal feeding schedule, keeping the standard ingredient

cost. The effect of price schedule level change on the r curve is shown in Figure 5.9.

Figure 5.9: Showing r curves, averaged over 10 runs, for the deflated, standard and
inflated price schedules where minLP = 0.8, Pdmax = 160 g/day and p fixed at 0.8.
Only slaughter date is affected.

Deflated and inflated price schedules do not change the shape of the objective function

and so do not alter the optimal feeding schedule. The only difference noticed between

the r curves is a change in the slaughter day. This decreases from 70 to 58 to 57 as

the level change increases from 0.8 to 1.0 to 1.2. Evidently the conditions described in

Corollary 2 hold here.

Less regular changes in ingredient cost or price schedule may cause a considerable

change in the optimal feeding schedule. Level changes, however, especially in price

schedules are what we normally see.
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Figure 5.10 displays the effect of price schedule change on GMPPY and cumulative

feed cost.

Figure 5.10: GMPPY and cumulative feed cost for level changes in price schedule from
an example of one run where minLP = 0.8, Pdmax = 160 g/day and p fixed at 0.8.

Influence of pattern change in price schedule

In this section we consider the influence of pattern change in price schedule (standard

and heavy) on the optimal feeding schedule, keeping the standard ingredient cost. The

effect of price schedule pattern change on the r curve is shown in Figure 5.11.

As discussed before in Section 5.3.1, minLP and Pdmax significantly influence the r

curve. The influence of pattern change in price schedule (standard and heavy) is also

different in different pig types. When Pdmax = 120 g/day for all minLP and p = 0.8, r

curves are significantly altered in that the growing period for the heavy price schedule

is much longer than that for the standard price schedule. On the other hand, where

Pdmax = 200 g/day for all minLP, the pattern change in price schedule has lesser

impact on the growth period. The slaughter date for both standard and heavy price

schedules are similar. For minLP = 0.6 and for all Pdmax, the level of r curves for the

heavy price schedule is higher than for the standard price schedule.
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Figure 5.11: A comparison of the r curves using the fully optimal feeding schedule as
minLP and Pdmax vary and p is run from 0.5 to 0.8, for the standard price schedule
and heavy price schedule, by keeping the standard ingredient cost. The optimal feeding
schedule curve tracks the average r over 10 runs. The solid line and dashed line present
the mean of r for the standard and heavy price schedule, respectively. Individual run
values are shown; dots and crosses represent r values for the standard and heavy price
schedule, respectively.
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5.4.3 Influence of dietary constraints

Throughout this section we fix minLP = 0.6, Pdmax = 200 g/day, and p = 0.8 and

use the standard ingredient cost and standard price schedule. We now present the

diagnostic plots described in the Methods section, together with the r-curves, for the

five key dietary constraints (the two feed-to-lean strategies (Sites 1 and 5) and three

optimal strategies (Sites 3, 6 and 9). We then draw conclusions.

The upper feed-to-lean plots in Figures 5.12 and 5.13 are distinct in two ways. First,

reducing p to keep the lipid to protein ratio at minLP does precisely that - this ratio

stays down (at 0.6 in this case). Second, it becomes evident that in order to maximise

GMPPY the growing period moves from 77 days to 90 days as also presented later

in Table 5.7. The parallel comparison (of Sites 3 and 6 in the lower row) where r is

free shows similar results, but the lipid to protein ratio are closer to Pdmax compare

with Sites 1 and 5. Finally, the fully optimal solution provides a surprise: the growth

period is reduced slightly but we see that GMPPY is maximised by use of a “feast or

famine” dietary regime. This optimal feeding schedule allows pigs to grow faster (Site

9, growing period 85 days in this example of a single run) compared with feed-to-lean, p

reducing (Site 5, growing period 90 days) with similar carcass weight and backfat thick-

ness at slaughter. These produce higher GMPPY as shown in this example of a single

run in Figure 5.14 ($317/pig place/year) compared with Site 5 ($298/pig place/year);

Figure 5.14 contrasts cumulative feed costs, GMPPY and slaughter date for these two

sites.

We conclude this subsection by comparing the r curves for the five sites.

The upper feed-to-lean plots differ in length and amount of lysine fed; in order to

maintain the Ldi/Pdi ratio at minLP in Site 5 (with p reducing) the diet fed can

remain higher in protein. The same comment applies to the comparison of Sites 3 and

6. All optimal curves permit higher ratios of lysine to digestible energy in the early

stages of development; the fully optimal curve (Site 9) shows the oscillation towards

the end of the feeding period.
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Site 1 (Feed-to-lean, p fixed) Site 5 (Feed-to-lean, p reducing)

Site 3 (p fixed, r free) Site 6 (p reducing, r free)

Site 9 (p and r free)

Figure 5.12: Daily lipid deposition to daily protein deposition ratio against daily protein
deposition from an example of one run, for each dietary constraints for minLP = 0.6,
Pdmax = 200 g/day, and p = 0.8 or run below 0.8.
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Site 1 (Feed-to-lean, p fixed) Site 5 (Feed-to-lean, p reducing)

Site 3 (p fixed, r free) Site 6 (p reducing, r free)

Site 9 (p and r free)

Figure 5.13: Daily lipid deposition to daily protein deposition ratio, daily protein
deposition and cumulative feed cost against time from an example of one run. The
first row shows the two feed-to-lean dietary restrictions while the second row shows
influence on growth of the two partially and the last row shows fully optimal dietary
regimes for minLP = 0.6, Pdmax = 200 g/day, and p = 0.8 or run below 0.8.
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Figure 5.14: Daily feed cost and GMPPY for Site 5 (feed-to-lean, p reducing) and Site
9 (p and r free) against time from an example of one run for minLP = 0.6, Pdmax =
200 g/day, and p = 0.8.

5.4.4 The influence of pig type and dietary restraints on GMPPY,

carcass weight, backfat thickness and slaughter date.

In this section we present three tables showing in detail, and separately, the influence

of pig type and dietary restraints first on GMPPY, then on CW and BF and finally

on SD. First, we exhibit, in Table 5.5, the difference (an opportunity cost) between

feed-to-lean growth GMPPY and optimal growth GMPPY, for the standard ingredient

cost and standard price schedule. These results are an average over 10 runs.

When p is fixed, GMPPY for the optimal feeding schedule (Site 3) is greater than that

for the feed-to-lean feeding schedule (Site 1) across all pig types. When p is reducing,

GMPPY for the optimal feeding schedule (Site 6) is also greater than for the feed-to-

lean feeding schedule (Site 5) across all pig types. The optimal feeding schedule, with

p and r free (Site 9), gave the greatest GMPPY for all pig types, except two cases,

where minLP = 1.0, Pdmax = 200 g/day and p = 0.8 and minLP = 0.8, Pdmax = 200

g/day and p = 1.0, when average GMPPY is slightly lower than that at Site 6. Since

Site 9 must give a higher GMPPY than Site 6, these two cases reflect the stochastic

nature of these values.
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Site 1 (Feed-to-lean, p fixed) Site 5 (Feed-to-lean, p reducing)

Site 3 (p fixed, r free) Site 6 (p reducing, r free)

Site 9 (p and r free)

Figure 5.15: Plots of r against time for the two feed-to-lean sites and the average r over
10 runs against time for the three increasingly optimal sites for minLP = 0.6, Pdmax
= 200 g/day, and p = 0.8 or run below 0.8.
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Table 5.5: The mean and standard deviation of GMPPY over 10 runs as pig type and
dietary restraints vary, for the standard ingredient cost and standard price schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

0.8 120 Feed-to-lean, p fixed 143.87(1.38) 137.01(1.58) 126.23(3.71)
Feed-to-lean, p reducing 156.98(2.01) 156.17(1.76) 143.27(2.08)
Optimal, p fixed 151.49(1.70) 146.16(2.27) 134.78(2.62)
Optimal, p reducing 158.12(1.63) 156.99(2.23) 146.68(2.66)
Optimal, p free 167.15(2.45) 161.63(1.55) 148.92(1.93)

160 Feed-to-lean, p fixed 221.57(2.65) 204.72(2.07) 184.50(1.46)
Feed-to-lean, p reducing 235.46(1.43) 218.92(2.42) 187.51(2.36)
Optimal, p fixed 230.21(3.74) 212.34(2.26) 192.73(1.82)
Optimal, p reducing 239.65(1.58) 223.18(3.62) 192.04(2.04)
Optimal, p free 247.75(2.65) 223.75(3.39) 193.79(2.05)

200 Feed-to-lean, p fixed 288.98(3.26) 257.22(2.99) 210.45(2.46)
Feed-to-lean, p reducing 300.72(2.15) 266.08(1.84) 208.81(1.83)
Optimal, p fixed 303.65(3.31) 266.08(2.87) 213.59(2.64)
Optimal, p reducing 303.59(2.16) 269.80(2.47) 213.74(2.84)
Optimal, p free 309.86(2.79) 271.02(2.74) 212.24(2.84)

1.0 120 Feed-to-lean, p fixed 13.92(8.28) -40.81(7.38) -68.05(4.16)
Feed-to-lean, p reducing 156.31(1.18) 157.18(2.10) 147.50(2.08)
Optimal, p fixed 103.86(4.94) 62.81(8.19) 25.30(8.91)
Optimal, p reducing 157.98(1.26) 159.65(1.89) 151.80(1.81)
Optimal, p free 166.12(1.66) 164.33(1.47) 153.52(2.25)

160 Feed-to-lean, p fixed 208.23(2.80) 197.19(4.73) 179.24(5.46)
Feed-to-lean, p reducing 241.62(1.89) 228.26(2.88) 213.20(2.48)
Optimal, p fixed 218.47(3.74) 210.16(4.25) 195.56(4.65)
Optimal, p reducing 244.38(2.15) 232.65(2.96) 217.78(2.91)
Optimal, p free 253.27(3.24) 236.05(2.79) 219.56(2.17)

200 Feed-to-lean, p fixed 282.82(3.41) 265.25(1.95) 250.60(2.48)
Feed-to-lean, p reducing 319.19(2.85) 294.45(3.58) 260.76(2.67)
Optimal, p fixed 296.98(4.46) 277.79(2.61) 258.26(2.64)
Optimal, p reducing 322.65(3.11) 302.71(3.88) 265.46(3.14)
Optimal, p free 330.82(1.71) 302.00(3.60) 266.02(4.25)
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Second, the influence of pig type and dietary restraints on optimal carcass weight and

backfat thickness is summarized in Table 5.6.

Table 5.6: The mean carcass weight (kg) and backfat thickness (mm) over 10 runs
as pig type and dietary restraints vary, for the standard ingredient cost and standard
price schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

CW BF CW BF CW BF
0.8 120 Feed-to-lean, p fixed 47.86 10.50 46.29 10.48 44.91 10.54

Feed-to-lean, p reducing 56.43 7.35 48.84 7.96 47.28 9.11
Optimal, p fixed 48.62 10.12 47.51 10.32 45.75 10.35
Optimal, p reducing 56.29 7.18 49.58 7.89 47.47 8.92
Optimal, p free 50.70 8.06 49.27 8.18 47.50 9.09

160 Feed-to-lean, p fixed 48.87 8.32 47.52 8.75 49.14 9.99
Feed-to-lean, p reducing 74.78 9.79 66.86 10.87 49.17 9.44
Optimal, p fixed 50.61 8.22 48.13 8.49 48.91 9.52
Optimal, p reducing 75.53 9.56 67.95 10.72 48.48 9.11
Optimal, p free 75.53 10.53 67.07 10.78 49.12 9.31

200 Feed-to-lean, p fixed 69.03 10.94 63.81 10.94 55.91 10.66
Feed-to-lean, p reducing 76.15 9.95 68.29 11.04 56.52 10.77
Optimal, p fixed 72.43 10.82 66.36 10.88 55.88 10.44
Optimal, p reducing 76.08 9.63 69.15 10.92 57.16 10.66
Optimal, p free 76.15 10.46 68.61 10.87 56.13 10.48

1.0 120 Feed-to-lean, p fixed 43.86 11.89 43.97 12.39 44.11 12.82
Feed-to-lean, p reducing 56.42 7.38 49.06 7.99 46.96 9.07
Optimal, p fixed 44.00 11.13 43.73 11.20 43.73 11.42
Optimal, p reducing 56.56 7.20 49.78 7.88 47.36 8.93
Optimal, p free 49.68 8.04 48.67 8.18 47.40 9.17

160 Feed-to-lean, p fixed 47.01 10.57 45.54 10.55 44.22 10.62
Feed-to-lean, p reducing 76.09 9.98 49.37 8.12 47.27 9.14
Optimal, p fixed 48.13 10.41 46.67 10.36 45.25 10.42
Optimal, p reducing 76.20 9.72 51.58 8.22 47.93 9.07
Optimal, p free 75.52 10.45 49.63 8.24 47.87 9.20

200 Feed-to-lean, p fixed 46.98 8.67 49.20 9.92 48.10 10.32
Feed-to-lean, p reducing 76.24 10.04 66.36 10.84 49.65 9.58
Optimal, p fixed 48.07 8.42 47.25 8.89 48.75 10.08
Optimal, p reducing 76.07 9.69 68.71 10.85 49.20 9.29
Optimal, p free 76.12 10.52 67.18 10.76 49.26 9.39

For p fixed, the optimal feeding schedule (Site 3) gives generally higher carcass weight

and lower backfat thickness than feed-to-lean (Site 1). Similarly when p is reducing,

the optimal feeding schedule (Site 6) gives generally higher carcass weight and lower

backfat thickness than the feed-to-lean feeding schedule (Site 5). The optimal feeding

schedule when p and r are free (Site 9) gives carcass weight and backfat thickness

values lying between those when p is fixed and p is reducing, across all pig types.
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Finally, the influence of pig type and dietary constraints on slaughter date are shown

in Table 5.7.

The optimal feeding schedule when p is fixed (Site 3), gives similar slaughter dates to

those for feed-to-lean (Site 1) across all pig types. Sites 5 and 6 also tend to produce

similar slaughter dates but generally larger than those for Sites 1 and 3. The slaughter

date for Site 9 is between that for Sites 1 and 3 and Sites 5 and 6, across all pig types.

5.4.5 The influence of price schedule on GMPPY, carcass

weight, backfat thickness and slaughter date.

In this section we present three tables of GMPPY, carcass weight and backfat thick-

ness and slaughter date showing in detail to compare between the influence of standard

price schedule (Table 5.1) and heavy price schedule (Table 5.3). These results are an

average over 10 runs.

For feed-to-lean feeding schedule (Site 1 and 5), GMPPY of heavy price schedule is less

than that for the standard price schedule across all pig types. For the optimal feeding

schedule (Site 3, 6 and 9), GMPPY for heavy price schedule is greater than that for

the standard price schedule, except when minLP = 0.8 and Pdmax = 120 g/day for

both p and all pig types when minLP = 1.0 that GMPPY for heavy price schedule is

less than that for the standard price schedule.

Second, the influence of pig type and dietary restraints on optimal carcass weight and

backfat thickness, for the standard ingredient cost and heavy price schedule, is sum-

marized in Table 5.9.

Most of the carcass weight CW and backfat thickness BF of heavy price schedule are

similar or greater than those values in standard price schedule, except all the optimal

feeding schedule (Site 3, 6 and 9) when minLP = 0.6 and Pdmax = 160 and 200 g/day

for both p (0.8 and 1.0) that CW and BF of heavy price schedule are less than stan-

dard price schedule. Notice that in this cases CW and BF for heavy price schedule are

keeping at the maximum price return of 330 cent/kg at CW 65 to 70kg and BF 6 to 9

mm.
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Table 5.7: The mean and standard deviation of slaughter day over 10 runs as pig
type and dietary restraints vary, for the standard ingredient cost and standard price
schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

0.8 120 Feed-to-lean, p fixed 65(1) 63(1) 62(1)
Feed-to-lean, p reducing 97(1) 77(1) 72(2)
Optimal, p fixed 65(3) 64(1) 62(1)
Optimal, p reducing 96(1) 78(2) 72(2)
Optimal, p free 76(5) 74(1) 70(1)

160 Feed-to-lean, p fixed 58(1) 58(1) 62(1)
Feed-to-lean, p reducing 105(0) 90(2) 63(3)
Optimal, p fixed 59(1) 58(1) 60(2)
Optimal, p reducing 105(0) 91(1) 61(1)
Optimal, p free 100(1) 88(2) 62(1)

200 Feed-to-lean, p fixed 77(1) 73(1) 68(2)
Feed-to-lean, p reducing 90(0) 80(1) 69(1)
Optimal, p fixed 79(1) 75(1) 67(4)
Optimal, p reducing 89(1) 81(1) 68(2)
Optimal, p free 86(1) 80(1) 68(2)

1.0 120 Feed-to-lean, p fixed 51(1) 51(1) 51(0)
Feed-to-lean, p reducing 98(1) 77(1) 69(1)
Optimal, p fixed 50(1) 50(1) 51(1)
Optimal, p reducing 97(1) 78(2) 69(1)
Optimal, p free 73(2) 71(2) 67(1)

160 Feed-to-lean, p fixed 47(1) 46(1) 44(1)
Feed-to-lean, p reducing 105(0) 59(2) 54(1)
Optimal, p fixed 47(1) 46(1) 45(1)
Optimal, p reducing 104(1) 61(2) 54(1)
Optimal, p free 97(2) 56(1) 53(1)

200 Feed-to-lean, p fixed 42(0) 45(2) 45(1)
Feed-to-lean, p reducing 85(1) 70(1) 49(3)
Optimal, p fixed 42(1) 42(1) 45(1)
Optimal, p reducing 84(1) 72(1) 48(3)
Optimal, p free 80(1) 69(1) 47(2)
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Table 5.8: The mean and standard deviation of GMPPY over 10 runs as pig type and
dietary restraints vary, for the standard ingredient cost and heavy price schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

0.8 120 Feed-to-lean, p fixed 96.18(2.99) 83.51(3.60) 69.58(2.56)
Feed-to-lean, p reducing 145.37(2.28) 145.78(2.51) 120.65(2.10)
Optimal, p fixed 111.50(4.31) 97.42(3.19) 82.69(3.78)
Optimal, p reducing 149.20(3.19) 150.93(1.79) 124.34(2.03)
Optimal, p free 171.23(4.82) 159.18(3.06) 124.68(3.15)

160 Feed-to-lean, p fixed 199.59(2.03) 178.49(4.55) 149.54(2.93)
Feed-to-lean, p reducing 261.89(4.00) 227.56(2.12) 170.18(1.34)
Optimal, p fixed 222.83(3.41) 193.50(3.96) 163.52(2.08)
Optimal, p reducing 271.06(3.13) 232.67(4.56) 176.58(4.65)
Optimal, p free 269.93(2.83) 233.65(4.14) 174.04(3.18)

200 Feed-to-lean, p fixed 299.08(2.28) 259.72(3.64) 195.34(2.84)
Feed-to-lean, p reducing 323.84(4.59) 276.40(4.18) 195.79(3.52)
Optimal, p fixed 316.25(3.20) 275.45(5.21) 203.58(4.78)
Optimal, p reducing 335.79(2.93) 281.67(3.49) 205.84(4.35)
Optimal, p free 335.45(3.42) 282.47(2.73) 203.63(4.21)

1.0 120 Feed-to-lean, p fixed -17.68(7.88) -57.87(6.49) -77.30(6.04)
Feed-to-lean, p reducing 145.99(1.92) 148.03(2.18) 125.36(3.14)
Optimal, p fixed 39.11(7.27) 10.90(8.26) -24.93(8.75)
Optimal, p reducing 149.62(3.12) 152.78(2.40) 129.12(2.61)
Optimal, p free 172.04(2.18) 161.02(3.11) 131.03(3.24)

160 Feed-to-lean, p fixed 137.57(2.99) 123.81(3.72) 105.03(3.14)
Feed-to-lean, p reducing 265.34(1.71) 236.97(3.76) 187.16(3.11)
Optimal, p fixed 161.33(5.43) 144.12(6.12) 121.31(5.22)
Optimal, p reducing 276.61(2.57) 245.48(3.47) 193.17(3.74)
Optimal, p free 277.59(2.50) 242.96(5.09) 195.10(2.59)

200 Feed-to-lean, p fixed 244.86(2.28) 221.35(4.75) 187.62(3.29)
Feed-to-lean, p reducing 342.21(4.21) 304.87(4.79) 235.84(4.41)
Optimal, p fixed 269.65(3.51) 239.21(3.26) 206.43(4.13)
Optimal, p reducing 358.52(4.44) 313.34(2.90) 244.87(3.18)
Optimal, p free 359.74(3.68) 314.79(2.65) 244.65(4.84)
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Table 5.9: The mean carcass weight (kg) and backfat thickness (mm) over 10 runs as
pig type and dietary restraints vary, for the standard ingredient cost and heavy price
schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

CW BF CW BF CW BF
0.8 120 Feed-to-lean, p fixed 49.09 10.87 47.05 10.71 45.28 10.66

Feed-to-lean, p reducing 59.97 7.81 62.02 10.12 57.36 11.04
Optimal, p fixed 51.46 10.90 49.77 10.89 47.09 10.67
Optimal, p reducing 60.51 7.63 62.67 9.89 58.50 10.99
Optimal, p free 63.86 8.94 64.82 10.67 57.95 10.97

160 Feed-to-lean, p fixed 59.70 11.12 56.43 10.99 52.52 10.82
Feed-to-lean, p reducing 68.98 8.94 67.75 11.00 57.83 11.08
Optimal, p fixed 62.58 11.01 58.92 10.91 54.91 10.88
Optimal, p reducing 69.26 8.64 68.53 10.80 59.27 11.09
Optimal, p free 69.34 8.75 68.46 10.88 59.45 11.15

200 Feed-to-lean, p fixed 69.10 10.99 64.81 11.14 58.00 11.07
Feed-to-lean, p reducing 69.45 9.01 67.99 10.99 58.37 11.13
Optimal, p fixed 72.08 10.80 66.97 10.96 59.68 11.11
Optimal, p reducing 69.77 8.69 69.41 10.93 60.37 11.20
Optimal, p free 70.51 8.83 69.41 10.97 60.42 11.19

1.0 120 Feed-to-lean, p fixed 43.82 11.91 43.95 12.39 44.00 12.76
Feed-to-lean, p reducing 60.09 7.82 62.37 10.18 57.07 11.05
Optimal, p fixed 43.97 11.13 43.82 11.35 43.77 11.58
Optimal, p reducing 60.52 7.65 63.02 9.97 57.37 10.81
Optimal, p free 63.80 8.76 65.07 10.62 57.98 10.95

160 Feed-to-lean, p fixed 47.74 10.81 46.14 10.75 44.22 10.63
Feed-to-lean, p reducing 49.83 10.76 48.54 10.84 45.87 10.60
Optimal, p fixed 48.13 10.41 46.67 10.36 45.25 10.42
Optimal, p reducing 69.46 8.70 68.47 10.85 58.65 11.03
Optimal, p free 68.96 8.70 68.01 10.90 59.09 11.12

200 Feed-to-lean, p fixed 56.06 10.95 52.83 10.91 49.91 10.80
Feed-to-lean, p reducing 68.59 9.02 67.23 10.99 56.93 11.01
Optimal, p fixed 58.18 11.02 55.09 10.89 52.23 10.91
Optimal, p reducing 69.73 8.75 68.74 10.86 59.28 11.15
Optimal, p free 69.91 8.79 68.70 10.95 59.20 11.10

Finally, the influence of pig type and dietary constraints on slaughter date for the heavy

price schedule are shown in Table 5.10.
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Table 5.10: The mean and standard deviation of slaughter day over 10 runs as pig type
and dietary restraints vary, for the standard ingredient cost and heavy price schedule.

p Pdmax Methods minLP
0.6 0.8 1.0

0.8 120 Feed-to-lean, p fixed 67(1) 64(1) 62(1)
Feed-to-lean, p reducing 105(0) 105(0) 92(2)
Optimal, p fixed 69(1) 67(1) 64(1)
Optimal, p reducing 105(0) 105(0) 94(2)
Optimal, p free 105(0) 105(0) 91(2)

160 Feed-to-lean, p fixed 73(1) 70(1) 66(1)
Feed-to-lean, p reducing 96(1) 91(1) 76(1)
Optimal, p fixed 75(1) 72(1) 69(1)
Optimal, p reducing 95(1) 92(1) 77(2)
Optimal, p free 94(1) 90(1) 78(2)

200 Feed-to-lean, p fixed 77(1) 75(1) 70(1)
Feed-to-lean, p reducing 81(1) 80(1) 71(1)
Optimal, p fixed 79(1) 76(1) 72(1)
Optimal, p reducing 81(1) 81(1) 72(1)
Optimal, p free 82(1) 81(1) 73(1)

1.0 120 Feed-to-lean, p fixed 51(1) 51(1) 51(1)
Feed-to-lean, p reducing 105(0) 105(0) 89(2)
Optimal, p fixed 50(1) 50(1) 50(1)
Optimal, p reducing 105(0) 105(0) 89(1)
Optimal, p free 105(0) 105(1) 88(3)

160 Feed-to-lean, p fixed 48(1) 46(1) 44(1)
Feed-to-lean, p reducing 93(1) 86(1) 68(2)
Optimal, p fixed 49(1) 48(1) 45(1)
Optimal, p reducing 93(1) 87(2) 70(1)
Optimal, p free 91(1) 85(1) 70(2)

200 Feed-to-lean, p fixed 51(1) 49(1) 47(1)
Feed-to-lean, p reducing 75(1) 71(1) 58(1)
Optimal, p fixed 52(1) 50(1) 48(1)
Optimal, p reducing 76(1) 72(1) 60(1)
Optimal, p free 75(1) 71(1) 59(1)

Both the optimal and feed-to-lean feeding schedules for the heavy price schedule, give

similar or longer feeding periods to those for standard price schedule across all pig types.

Only the slaughter dates for the heavy price schedule for optimal feeding schedules for

Sites 3, 6 and 9 for minLP = 0.6, Pdmax = 160 and 200 g/day are shorter than those

for the standard price schedule, across all p.
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5.5 Discussion

Using empirically determined rules for pig growth and standard mathematical tools

this chapter modelled the process of pig production, from weaner to marketplace. This

in turn allowed us to study the effects of changes in key inputs (pig type, costs and

prices, and dietary restraints) on optimal feeding schedules and GMPPY. As with any

modelling, the accuracy of results is only as good as firstly, the accuracy of the model

and secondly, our ability to fit an optimal model; here these correspond to the accuracy

of the pig growth model and the ability of the GA to maximise GMPPY. The findings

in places that are familiar confirm qualitative industry experience, for example, that

as Pdmax increases, minLP remains the active constraint for longer; the findings here,

however, are quantitative. The method, in addition, allows us to probe less familiar

situations, for example, revealing that an upward level change in the price schedule can

reduce the optimal slaughter date. Within the framework established in this chapter,

future improvements in the growth model for example de Lange, Morel, and Birkett

(2008) and optimisation techniques, for example in Sirisatien et al. (2009) will improve

the accuracy of results.

A world is now open to explore the influence on optimal feeding schedule and GMPPY

of many different growth scenarios. Here, for example, we have only considered the

effect of level changes in ingredient costs and price schedule. Any pattern change could

also be considered. The objective function can be enhanced to consider other costs,

such as that of nutrient excretion; this has been worked into the current version of Ba-

con Max. Beyond this, trials of the optimal diets in pig herds remain to be conducted,

to compare observed and predicted outcomes and so lead to improved modelling.
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Chapter 6

Formulation of diet for southern

Thailand

6.1 Introduction

In previous chapters we have dealt with New Zealand data with its diet type variation

(grower, finisher), changing diets every week. In this chapter a particular problem for

a pig producer, Mr.Cheewa-isarakul, in southern Thailand, as shown in Figure 6.1, is

considered. The aim of this chapter is to use the ideas already presented in this thesis

to find an improved feeding schedule for this context. This presents the prior chal-

lenge of estimating needed model parameters. The data has been collected by Yuthana

Siriwathananukul, a lecturer and research fellow at the Faculty of Natural Resources,

Prince of Songkla University, Hat Yai campus.

The pig industry in Thailand is rapidly advancing in the last few decades. Pig diets

are now carefully considered by farmers aiming to generate the best quality pork with

maximum profitability even in small village farms (backyard holder) as we shall see in

this chapter. The number of pigs in the farm are relatively small, ranging from five to

ten pigs per batch. Common practice involves two diets, grower and finisher. We will

contrast the results of Bacon Max to actual farm based results.
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a) b)

Figure 6.1: Farm of Mr. Cheewa-isarakul (first from the left in Figure a) and cen-
tre in Figure b)), in southern Thailand. The data was collected by Yuthana Siri-
wathananukul, a lecturer and researcher at the Faculty of Natural Resources, Prince
of Songkla University, Hat Yai campus (third from the left in a) and first from the left
in b)). Observing is Graham Wood (second from the left in a)) in 2003.

6.2 Aim

To explore the practicality of the ideas presented in this thesis and their usefulness in

various situations towards improving the feeding schedule.

In the next section we will explain the study method and followed it with the re-

sults. Finally, in the discussion and conclusion, strategies for improving profitability

by changing the feeding schedule are presented.

6.3 Methods

To begin with we examine the farm data, and so calculate the on-farm proportion

p of the ad libitum daily digestible energy intake and estimate the critical growth

parameters used in a simple pig growth model (de Lange, 1995): minLP, the minimum

allowable lipid to protein ratio and Pdmax, the maximum protein deposition rate. We

then use Bacon Max software to determine the optimal feeding schedule that maximises

the gross margin per pig place per year for this particular case.
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6.3.1 Estimation of the on-farm proportion p of the ad libitum

daily digestible energy intake

Ten pigs in the farm were fed using two diets (grower and finisher) in which herbal

plants were used as medicine and feed additives used to produce high quality pork.

Antibiotics were not used. The first diet was run for 56 days and the second run for 63

days, at which time the pigs were slaughtered. The calculated values of the chemical

composition of the two diets are shown in Table 6.1. Pigs of Mr.Cheewa-isarakul in

southern Thailand grew from 20kg to 112kg in 119 days as shown in Table 6.2.

Table 6.1: The calculated values of the chemical composition of the two diets from Mr.
Cheewa-isarakul’s farm, in southern Thailand, collected by Yuthana Siriwathananukul,
Prince of Songkla University. Note, these values were not measured chemically.

Chemical composition of the diets Diet 1 Diet 2
Lysine to digestible energy ratio r (g/MJ) 0.74 0.59
Digestible energy density d (MJ/kg) 14.57 14.65
Crude protein CP (g/kg) 181.3 162.1
Digestible protein DP (g/kg) (estimated at 85%CP) 154.1 137.8
Balanced protein BP (g/kg) (estimated at 85%DP for diet 1
and 76%DP for diet 2)

130.6 104.2

Price (Baht/kg) 8.41 7.92

The p of this producer is calculated using

p =
Average southern Thailand DEvi

Average theoretical DEvi

where DEvi is the voluntary daily digestible energy intake (MJ/day). The derivation

of the numerator and denominator is now discussed.

i) Average theoretical DEvi

DEvi can be calculated from de Lange (1995)

DEvi = f(LW) = 55.07×
(

1− e(−0.0176LW)
)

where LW = body liveweight (kg), −∞ < LW <∞
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Table 6.2: Measurement data, LW, daily intake and digestible energy from Mr.
Cheewa-isarakul’s farm. The first diet was run for 56 days (week 1 − 8) and the
second run for 63 days (week 9− 17), at which time the pigs were slaughtered.

LW Daily intake Digestible
energy in
diet

Digestible
energy
intake

Week Measurement data (kg) (kg/pig/day) (MJ/kg) (MJ/day)
Starting 2/6/2002 20.00

1 02/6/02-08/6/02 24.00 1.40 14.57 20.40
2 09/6/02-15/6/02 27.65 1.58 14.57 23.02
3 16/6/02-22/6/02 30.93 1.70 14.57 24.77
4 23/6/02-29/6/02 35.40 1.81 14.57 26.37
5 30/6/02-06/7/02 40.58 1.85 14.57 26.95
6 07/7/02-13/7/02 46.22 1.91 14.57 27.83
7 14/7/02-20/7/02 52.01 2.01 14.57 29.28
8 21/7/02-27/7/02 57.93 2.11 14.57 30.74

Average 26.17
9 28/7/02-03/8/02 63.81 2.19 14.65 32.07
10 04/8/02-10/8/02 69.60 2.25 14.65 32.95
11 11/8/02-17/8/02 75.50 2.33 14.65 34.12
12 18/8/02-24/8/02 81.51 2.36 14.65 34.56
13 25/8/02-31/8/02 87.58 2.40 14.65 35.15
14 01/9/02-07/9/02 93.68 2.45 14.65 35.88
15 08/9/02-14/9/02 99.85 2.45 14.65 35.88
16 15/9/02-21/9/02 105.97 2.45 14.65 35.88
17 22/9/02-28/9/02 112.08 2.45 14.65 35.88

Average 34.71
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The total voluntary daily digestible energy intake of pigs, between LW 20kg and

112kg, can be calculated by integration as the area under this curve (Figure 6.2).

Figure 6.2: Theoretical DEvi (MJ/day) and Thailand DEvi (MJ/day) against LW (kg)
for LW from 20kg to 112kg.

a) The first period, LW 20kg to 58kg

Total theoretical DEvi =

∫ 58

20

f(LW)dLW = 1019.50 MJ

Therefore, total theoretical DEvi in this first period is 1019.50 MJ.

The average weight increase of pigs is assumed (in Figure 6.2) to be 1kg/day.

According to southern Thailand data the LW of pigs was started from 20kg

to 58kg. On average, Thailand pigs grew for 38 days. Then,

Average theoretical DEvi =
1019.50

38
= 26.83 MJ/day

b) The second period, LW 58kg to 112kg

Total theoretical DEvi =

∫ 112

58

f(LW)dLW = 2282.22 MJ

Therefore, total theoretical DEvi in this second period is 2282.22 MJ.

The LW of pigs was started from 58kg to 112kg. On average, Thailand pigs
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grew for 54 days. Then,

Average theoretical DEvi =
2282.22

54
= 42.26 MJ/day

ii) Average southern Thailand DEvi

Table 6.2 shows the data collected in southern Thailand. The average southern

Thailand DEvi for the first period of 56 days is 26.17 MJ/day and for the second

period of 63 days is 34.71 MJ/day.

Then, the on-farm proportion p of the ad libitum daily digestible energy intake

for Thailand data can be calculated as:

First period; p1 =
26.17 MJ/day

26.83 MJ/day
= 0.98

Second period; p2 =
34.71 MJ/day

42.26 MJ/day
= 0.82

In conclusion, the proportion of the ad libitum daily digestible energy intake of

Thailand data for the first and second diets are estimated as p1 = 0.98 and p2

= 0.82, respectively. Note that we are making the crude assumption that these

proportions remain constant throughout these two periods.

6.3.2 Estimation of on-farm maximum protein deposition rate

Pdmax

The special diet used for Pdmax measurement is presented in Table 6.3. The diet

was fed to 10 pigs ad libitum and then initial weight, LW and backfat thickness (P2)

recorded, measured at 35 days and 82 days during the growing period. Backfat thick-

ness was measured on the left side at the last rib, 6.5 cm from the mid back with a

metal ruler (mm). Data is presented in Table 6.4.

Using the mean over 10 runs of data in Table 6.4, a number of approaches were used

to estimate Pdmax, described in the next section.
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Table 6.3: Feed ingredients for Pdmax measurement.

Feed ingredient Ingredient/100kg
Broken rice 55.8
Rice bran 10
Palm kernel meal 10
Fish meal (60%CP) 8
Soy bean meal (44%CP) 14.35
Oyster shell 0.55
Di-Calcium Phosphate 0.3
Salt (Nacl) 0.3
Lysine 0.2
Premix 0.5
Total 100.0

Table 6.4: Initial weight, LW and backfat thickness (P2) of 10 pigs which were fed ad
libitum using the diet in Table 6.3 measured at 35 days and 82 days into the growing
period. The growing period for pig LW from 20kg to 50kg was 35 days and LW between
50kg and 85kg was 47 days.

Initial LW LW P2 at P2 at
weight at 35 days at 82 days 35 days 82 days

Pig No. (kg) (kg) (kg) (mm) (mm)
1 22.5 48.3 86.5 3.71 11.12
2 25.4 51.1 87.7 4.22 10.42
3 26.1 51.6 88.1 4.35 11.92
4 23.3 49.5 85.3 3.81 10.12
5 24.1 48.7 86.4 4.12 10.92
6 22.8 50.1 88.5 5.88 15.12
7 25.5 50.8 89.1 5.45 14.42
8 24.0 49.7 85.0 3.82 9.92
9 23.2 47.6 85.1 4.25 11.92
10 26.4 52.1 89.0 5.90 15.12

Mean 24.33 49.95 87.07 4.55 12.10
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i) Estimation of Pdmax by conventional formulas using pig LW and backfat thick-

ness

a) Kerr (1990) as in Siriwathananukul (2000)

Empty whole body weight at 50kg =
LW at 50kg

1.05
=

49.95

1.05
= 47.57kg

Empty whole body weight at 85kg =
LW at 85kg

1.05
=

87.07

1.05

= 82.92kg

Total body lipid at 85kg =
P2

0.9
=

12.10

0.9
= 13.44

Fat free body mass at 85kg = Empty whole body weight at 85kg

− Total body lipid

= 82.92− 13.44 = 69.48

Whole body protein content = 16.4% of Empty whole body weight at 50kg

=
16.4

100
× 47.57 = 7.80kg

Protein mass = 0.1687× (fat free body mass)1.063

= 0.1687× (69.48)1.063 = 15.30kg

Pdmax =
Protein mass - Whole body protein content

day taken
× 1000

=
(15.3− 7.8)

47
× 1000

= 159 g/day

By using this method, Pdmax is estimated 159 g/day.
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b) Morel (1993)

Total body protein (TBP) while backfat thickness (P2) is measured with

ultrasound

TBP at 50kg = 0.59 + (0.190× LW)− (0.227× US)

= 0.59 + (0.190× 49.95)− (0.227× 4.551) = 9.05

TBP at 85kg = 0.59 + (0.190× 87.07)− (0.227× 12.10) = 14.39

Pdmax =
(TBP at 85kg - TBP at 50kg)

number of days on trial

=
(14.39− 9.05)

47
× 1000

= 113.60 g/day

By using this method, Pdmax is estimated 113.6 g/day.

c) Wood

Empty whole body weight at 50kg =
LW at 50kg

1.05

=
49.95

1.05
= 47.57kg

Empty whole body weight at 85kg =
LW at 85kg

1.05

=
87.07

1.05
= 82.92kg

Whole body protein content at 35 days

= 16.4% of Empty whole body weight at 35 days

=
16.4

100
× 47.57 = 7.80kg

Whole body protein content at 82 days

= 16.4% of Empty whole body weight at 82 days

=
16.4

100
× 82.92 = 13.60kg

Pdmax =
(Whole body protein content at 82 days - at 35 days)

day taken
× 1000

=
(13.6− 7.8)

47
× 1000 = 123.4 g/day

By using this method, Pdmax is estimated 123.4 g/day.
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ii) Estimation of Pdmax by growth curve fitting

In a simple pig growth model (de Lange, 1995), the actual digestible energy in-

take, and the values of minLP and Pdmax can be used to produce a growth curve.

Parameters minLP and Pdmax were adjusted to provide a good fit (lowest root

mean square error) between predicted growth curve and the true growth curve.

A good fit occurs when minLP = 0.8 and Pdmax = 105 g/day.

A variety of other approaches to estimation of minLP and Pdmax were tried; all

produce only “operational” values for these parameters. Determination of true

values were hindered by the fact that the diet used on farm appeared to be limit-

ing. This would cause Pdmax, for example, to be estimated as a low figure. For

this reason we sought an expert opinion to estimate the on farm Pdmax.

iii) Estimate Pdmax by expert opinion

Guided by the opinion of Dr. Patrick Morel, an animal science specialist, knowl-

edge about performance of the three hybrid cross genotypes used on farm, and

indications from our estimation results, we were led to the decision to use a

minLP of 0.75 and a Pdmax of 130 g/day. Initial body protein weight in the

weaner pig P0 is set at 3.123kg for 20kg body weight. We use these values of

minLP, Pdmax and P0 to find the optimal feeding schedule in the next section.

6.3.3 Finding the optimal feeding schedule using Bacon Max

We now describe the domain and input to find the optimal solution for this particular

problem.

The feeding schedule F for two diets has the form (p1, r1, d1; p2, r2, d2). Typical param-

eter ranges used are [0.7, 1] for p, [0.4, 1.0] g/MJ for r, [12, 16] MJ/kg for d, and the

maximum growth period using two diets is 140 days.

We fixed the weaner cost at 1,000 baht using the market price at that time (March

2003). Feed ingredients and their cost are presented in Table 6.5.
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Table 6.5: Thai feed ingredient costs in March 2003.

Feed ingredient Price (Baht/kg)
Broken rice 6.5
Rice bran 4.91
Palm kernel meal 3.21
Fish meal (60%CP) 18
Soy bean meal (44%CP) 11
Oyster shell 2
Di-Calcium Phosphate 16
Salt (Nacl) 4
Lysine 100
Premix 120

Gross return in Thailand depends on LW (kg) at slaughter (instead of carcass weight

as for New Zealand) and backfat thickness (mm), as shown in the typical price schedule

(Table 6.6).

Table 6.6: A Thai price schedule, giving prices in baht/kg of pig LW at slaughter date
for the farm of Mr.Cheewa-isarakul in March 2003.

Backfat LW (kg)
thickness (mm) < 90 90-100 100-110 > 110

< 10 31 34 35 32
10-13 30 32 33 31
13-16 29 30 31 29
16-18 28 28 28 27

Palatability constraints on feed ingredients are also used in the calculation of the least

cost diets. Testing was conducted to determine the best GA parameters, the number

of genomes to be used in the parent population g and the number of iterations I that

the solution should remain unchanged before stopping. This yielded g = 20 and I =

20, respectively.

119



6.4 Results

Optimisation using Bacon Max and the parameters and data so far described that

gross margin per pig place per year can be improved by changing the feeding schedule.

Table 6.7 gives results with LW at slaughter constrained to 105-120kg and Table 6.8

gives results with no slaughter LW constraint. Existing diets are shown in the centre

of the table and the improved diets using Bacon Max are shown for lots of five and ten

pigs in the objective function on the right.

Table 6.7: Feeding schedule and pig performance on Mr. Cheewa-isarakul’s farm com-
pared with the mean optimal feeding schedule over 10 runs (and standard deviation)
using Bacon Max with a LW constraint at slaughter of 105− 120kg.

Thailand diet
Optimal diet using Bacon Max

with LW constraint (105− 120kg)
Number of pigs
in the objective
function

5 10

Diets Diet 1 Diet 2 Diet 1 Diet 2 Diet 1 Diet 2

p 0.98 0.82 0.72 0.70 0.71 0.70
(0.02) (0.00) (0.01) (0.00)

r (g/MJ) 0.74 0.59 0.67 0.54 0.67 0.54
(0.01) (0.01) (0.00) (0.00)

d (MJ/kg) 14.57 14.65 14.00 13.95 14.00 13.95
(0.02) (0.00) (0.00) (0.00)

t (day) 56 63 64(3) 66(4) 65(3) 67(2)
LW at slaughter (kg) 112.08 105.55(0.50) 105.28(0.45)
Carcass weight (kg) 85.47 81.51(0.45) 81.28(0.41)
slaughter day 119 123(6) 126(3)
Average daily gain (kg/day) 0.77 0.70(0.03) 0.68(0.02)
Feed intake (kg/pig/day) 2.10 1.72(0.03) 1.69(0.02)
Total feed intake (kg) 250.00 213.36(7.20) 215.85(4.52)
Feed conversion ratio 2.72 2.47(0.08) 2.51(0.05)
Backfat thickness (mm) 12.10 13.25(0.64) 13.28(0.44)
Total feed cost (Baht) 2028.50 1654.14(56.35) 1672.31(33.63)
GMPPY (Baht/pig place/year) 1367.92 1985.53(487.02) 1791.19(274.43)
No. of cycles per year 2.89 2.81 2.74
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Table 6.8: Feeding schedule and pig performance on Mr. Cheewa-isarakul’s farm com-
pared with the mean optimal feeding schedule over 10 runs (and standard deviation)
using Bacon Max with no LW constraint at slaughter.

Thailand diet
Optimal diet using Bacon Max

with no LW constraint
Number of pigs
in the objective
function

5 10

Diets Diet 1 Diet 2 Diet 1 Diet 2 Diet 1 Diet 2

p 0.98 0.82 0.73 0.70 0.73 0.70
(0.02) (0.00) (0.02) (0.00)

r (g/MJ) 0.74 0.59 0.67 0.55 0.67 0.55
(0.00) (0.01) (0.00) (0.01)

d (MJ/kg) 14.57 14.65 14.00 13.95 14.00 13.95
(0.00) (0.00) (0.00) (0.00)

t (day) 56 63 56(6) 64(5) 56(5) 64(4)
LW at slaughter (kg) 112.08 97.32(2.01) 97.83(2.85)
Carcass weight (kg) 85.47 74.32(1.74) 74.77(2.45)
slaughter day 119 113(6) 115(4)
Average daily gain (kg/day) 0.77 0.69(0.03) 0.68(0.02)
Feed intake (kg/pig/day) 2.10 1.72(0.03) 1.69(0.02)
Total feed intake (kg) 250.00 190.42(7.58) 193.35(7.59)
Feed conversion ratio 2.72 2.44(0.06) 2.46(0.04)
Backfat thickness (mm) 12.10 12.27(0.35) 12.47(0.44)
Total feed cost (Baht) 2028.50 1476.62(57.46) 1498.64(59.01)
GMPPY (Baht/pig place/year) 1367.92 2114.13(229.70) 1976.79(220.91)
No. of cycles per year 2.89 3.04 2.99

The results from Table 6.7 and Table 6.8 show that GMPPY using the optimal diets

from Bacon Max are greater than for the on-farm diet. GMPPY also increases, more

so when there is no slaughter LW restriction than when there is a LW restriction (105-

120kg). GMPPY using the optimal diet from Bacon Max for fewer pigs in the objective

function, in this case is five pigs, is greater than for 10 pigs.

The results for feeding schedule, p, r and d using the optimal diets and on-farm di-

ets are discussed as follows. Feed intake levels (p) are reduced in the optimal diets

compared with on-farm diets. There are similar p values in the optimal diets using dif-

ferent number of pigs in the objective function. The p values for diet 1 of the optimal

feeding schedule are slightly higher for no LW restriction compared with having a LW

restriction. Similarly lysine to digestible energy levels (r) are reduced in the optimal
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diets compared with the on-farm diet. There are no differences between r values of

the optimal diets when using different number of pigs in the objective function. Diet

2 for both number of pigs in the objective function have slightly higher r values when

no LW restrictions were used. Digestible energy levels (d) are slightly reduced in the

optimal diets. There are no differences between d values in the optimal diet using a

different number of pigs in the objective function and a different LW restriction.

The optimal diet when there is a LW restriction suggests a longer growing period than

the on-farm diet. On the other hand, the optimal diet when there is no LW restriction

suggests a shorter growing period than for the on-farm diet. Slaughter day for the

optimal diet when there is a LW restriction is longer than when there is no LW restric-

tion. The optimal diet for 10 pigs in the objective function suggests a longer growing

period than for five pigs in the objective function for both LW restrictions. Also, the

LW at slaughter for the optimal diet for both LW restrictions is lower than on-farm

LW at slaughter. The LW at slaughter is greater when there is a LW restriction than

when there is no LW restriction. The LW at slaughter for different number of pigs in

the objective function is similar for both LW restrictions.

Feed intake and total feed intake using the optimal diet is lower than on-farm diet. The

feed intake and total feed intake using the optimal diet when there is a LW restriction

is higher than when there is no LW restriction. Feed intake per day using the optimal

diet decreases when the number of pigs in the objective function increases. On the

contrary, total feed intake increase when the number of pigs in the objective function

increases.

Table 6.9 compares the composition of Mr. Cheewa-isarakul’s diets on and the least

cost diets from the optimal feeding schedule using Bacon Max. Less broken rice is used,

and more rice bran and palm kernel meal. These last two ingredients are used at the

maximum imposed palatability level of 15 g/kg; fish meal is reduced, being used at the

minimum constraint level of 5 g/kg, since the price per kg (18 Baht/kg) of fish meal

is higher than for soy bean meal (11 Baht/kg). Soy bean meal use is increased to the

maximum constraint level of 17 g/kg. Oyster shell is also increased due to the cheap

price per kg. The optimal diets using Bacon Max suggests a cheaper diet compared

with Mr.Cheewa-isarakul’s diets.
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Table 6.9: Diet composition of Mr. Cheewa-isarakul’s diets and the average diet
composition of the mean optimal diets over 10 runs using Bacon Max.

Price Thailand diet
(g/kg)

Optimal diet
using Bacon
Max (g/kg)

Feed ingredient (Baht/kg) Diet 1 Diet 2 Diet 1 Diet 2
Broken rice 6.5 55.07 56.40 43.50 43.40
Rice bran 4.91 10.00 12.00 15.00 15.00
Palm kernel meal 3.21 10.00 13.00 15.00 15.00
Fish meal (60%CP) 18 8.73 9.00 5.00 5.00
Soy bean meal (44%CP) 11 14.35 8.05 17.00 17.00
Oyster shell 2 0.55 0.45 2.70 2.60
Di-Calcium Phosphate 16 0.30 0.10 0.80 1.10
Salt (Nacl) 4 0.30 0.40 0.30 0.30
Lysine 100 0.20 0.10 0.20 0.00
Premix 120 0.50 0.50 0.50 0.50
Price (Baht/kg) 8.41 7.92 7.86 7.67

Table 6.10: Essential amino acids in Mr. Cheewa-isarakul’s diets and the mean essen-
tial amino acids over 10 runs from the optimal diets using Bacon Max.

Thailand diet
(g/kg)

Optimal diet
using Bacon
Max (g/kg)

Amino acids Diet 1 Diet2 Diet1 Diet 2
Lysine 10.75 8.58 9.38 7.53
Methionine (estimated at 52% of M+C) 3.19 2.96 2.58 2.58
Methionine + Cysteine 6.13 5.70 4.94 4.94
Threonine 7.08 6.35 5.69 5.70
Tryptophan 2.43 2.08 2.04 2.04
Isoleucine 7.46 6.54 6.13 6.14
Digestible Protein 154.10 137.75 151.32 149.17
Crude Protein 181.34 162.06 177.61 175.47
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The essential amino acids in diets are calculated and shown in Table 6.10. All essential

amino acids in the optimal diets are used less than on-farm values. The amino acid to

lysine ratio from the optimal diet is lower than on-farm diet. This results in reducing

the feed cost (Baht/kg) as shown in Table 6.9 and lowers the total feed cost (Baht) as

shown in Tables 6.7 and 6.8.

The reason for improved profitability is due to the lower feed intake and use of a

cheaper diet. When there is no LW constraint, the increased number of cycles per year

achieved through a shorter pig growth period also helps to improve profitability.

6.5 Discussion

The contribution of this chapter has been to describe a practical approach to the find-

ing of improved feeding schedules using the optimal feeding schedule from Bacon Max.

The results show that profitability can be improved by lowering the feed intake and

by the use of a cheaper diet. Researchers at Mississippi State University (2010) rec-

ommend that diets should be formulated to meet pig requirements with regards to

their age and purpose. An oversupply of feed is costly to the pig producer (mentioned

earlier) as the feed cost is approximately 55-75% of the total cost. Reformulation of

the feeding schedule can reduce feed costs (Willis, 2010). Saskatchewan (2008) shows

that the reformulation of the diet could save up to $2-$4 per pig sold. The result in this

Chapter also shows that the pig grown in a shorter period can improve the profitability.

In addition, this chapter also indicates that the pig genotype parameter, minLP and

Pdmax, are measured and calculated using on-farm data and that the farm environ-

ment and health condition of pigs are captured through these values.

However, numerical outcomes tabulated should be seen only as indicating directions in

which it appears sensible to alter feeding schedules, rather than as exact specifications.

A first reason for this is that diets found have depended on estimation of pig type

parameters, minLP and Pdmax, and the finding of these has proven difficult here, as

existing diets were limiting. A second reason for caution is that only a simple pig

growth model was used here improved models are becoming available and could be

used in further work. A third reason is current constraint matrix lack of flexibility in

the optimal feeding schedule software, as seen in the similarity of the first and second
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predicted diets. The constraint matrix used in the current version of the optimisation

software cannot vary from diet to diet. Future improvements of the software will

remedy this.
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Chapter 7

Conclusion

7.1 Overall conclusion

In this thesis, instead of only using linear programming to minimise feed ingredient

cost for the pig producers we have used a combination of linear programming, a sim-

ple pig growth model and nonlinear optimisation to find the optimal feeding schedule

that maximises profitability. “Bacon Max” was originally developed by Alexander, D.,

Wood, G., Morel, P. and a research team at Massey University. Later, Bacon Max

was further developed to include covariance of pig type parameters and stochastic pro-

gramming, as described in this thesis. Bacon Max has been used as a tool to study

and compare results with other methods.

An interesting challenge in this problem had been dealing with the extremely large

search space and the difficult nature of the objective function, the “craggy volcano”.

Having considered a number of nonlinear optimisation methods a genetic algorithm had

proved the most successful approach thus far for finding the optimal feeding schedule

(despite its substantial demand on processing time).

In view of this we first developed an alternative “tailored method” that is capable

to achieving the same goal within a shorter processor time. This method is adapted

specifically to the known nature of this objective function. We have also demonstrated

that an improvement in performance can also depend on pig genotype parameters and

the constraints.

Second, the variation in feed ingredient cost and price schedule across time were also

considered here and handled in the model using stochastic programming. For in prac-
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tice, this variation influences profitability.

Third, the effects of three factors: pig type, ingredient cost and price schedule, and

dietary restraints on the optimal feeding schedules for grower-finisher pig herds were

considered. Results indicate firstly, pig type influences dietary nutrition significantly.

Secondly, level changes in ingredient cost have less impact on dietary nutrition com-

pared to level changes in price schedule. Thirdly, pattern changes in price schedule

have more impact on dietary nutrition in contrast to level changes. Finally, optimal

growth offers greater profit returns than feed-to-lean growth.

Lastly, the optimisation method is applied to a real life situation in southern Thailand.

The challenges of estimating the on-farm parameters used in the optimisation method

are discussed. The results indicate that pig producer profitability can be improved by

adjustment of the feeding schedule using the optimal feeding schedule.

7.2 Discussion and further work

We now very briefly discuss the topics that have been considered in this thesis, followed

by considering possibilities for furthering current work.

The diets considered here all arise as least cost diets from a linear program. By enter-

taining other diets it may be possible to do even better than has been achieved in this

thesis.

Improvements in the pig growth model, such as in de Lange, Morel, and Birkett (2008),

have increased the accuracy of pig growth estimation and are now available. Improved

genetic potential pigs are aiming for lean growth to meet the demand of the market.

The body protein deposition (Pd) (see also Birkett and de Lange (2001a,b,c); de Lange,

Morel, & Birkett (2003)) of this modern pig is driven by the energy intake for most of

their growing period. Pd now is no longer limited by Pdmax or the intake of balanced

protein. The model presents the partitioning of retained energy between body protein

and lipid deposition in this new condition.

Improved optimisation methodology is still an area that remains wide open to explo-

ration, so moving beyond the genetic algorithm and tailored method that have been
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considered in this thesis. We caution that the optimal feeding schedule for a single

pig is unrealistic, since in practice many pigs, exhibiting minor variations in genotype

and feed intake, are grown on a single feeding schedule. The optimum schedule in

such a situation is different from that found for a single pig. Such variation can be

incorporated into an objective function for further work, but was not in this thesis, in

order to focus on the developments addressed. The performance of the tailored method

with multiple pigs in the objective function remains to be investigated. So also the

performance of the tailored method when the dimension of the problem (number of

diets) is increased remains to be investigated.

The effect of including variation of feed ingredient cost and price schedule on the op-

timal feeding schedule for more than a single pig also remains to be examined.

The objective function can be enhanced to include other costs for farm management,

such as that of labour, maintenance and repairs, electricity, water, medicine, transport

and veterinary expenses. Consideration of nutrient excretion also has been worked into

the current version of Bacon Max.

The estimation of the on-farm parameters has proven difficult here. Finding accurate

parameters is crucial to the result of the optimisation method. Beyond this, trials

of the optimal diets in pig herds remain to be conducted, to compare observed and

predicted outcomes and so lead to improved modelling.

The work done in this thesis and possible further work is summarised in Table 7.1.
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Table 7.1: A summary of work done in this thesis and the possible related further
work.

Topic Thesis Further work

Linear programming Used in Bacon Max
(Chapter 2)

i) Avoid using linear
programming

ii) Introduce flexibility in the
constraints matrix

Growth model A simple pig growth
model
(Chapter 2)

Use more advanced (or
accurate) pig growth model

Nonlinear
optimisation

Genetic algorithm
(Chapter 2)

Explore other optimisation
methods

Tailored method
(Chapter 3)

i) Performance of Tailored
method for more than a single
pig

Program for tailored
method in Visual C++

ii) Performance of Tailored
method when the dimension of
the problem increases

iii) Corporate tailored method
in Bacon Max program

Variation in cost and
price

Stochastic programming
(Chapter 4)

Effect for more than a single
pig

An extended Bacon Max
program with Stochastic
programming

Effect of parameters in
the model

Effect of pig parame-
ters, costs and dietary
restraints
(Chapter 5)

Effect of environment and
health in using variation
maintenance requirement

Objective function GMPPY with total feed
cost and weaner cost
(Chapter 2)

Consider nutrient excretion
(currently included in the
extended work)

Application to real
data

Southern Thailand data
(Chapter 6)

i) Need accurate estimation for
on-farm parameters

ii) Trials of the optimal diets
in pig herds
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Chapter 8

Appendix

8.1 List of symbols and abbreviations used in order

of appearance

Symbols and

abbreviations

Meaning

LP linear program

xi amount of ingredient i (kg) in 1kg of a pig diet

n number of feed ingredients that are available for the pig diet.

ci cost ($) for 1kg of feed ingredient i

aij nutrient (energy, protein, vitamins and minerals) (kg) in 1kg of

feed ingredient i appropriate to constraint j

m number of constraints

bj requirement or limitation for constraint j

GE gross energy

DE digestible energy

ME metabolizable energy

NE net energy

HI heat increment

minLP minimum allowable lipid to protein ratio

Pdmax maximum daily protein deposition (g/day)

p proportion of the ad libitum digestible energy intake

r lysine to digestible energy ratio (g/MJ)

d digestible energy density (MJ/kg)

k number of diet, k = 1, 2, ..., K
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Symbols and

abbreviations

Meaning

Tk feeding period (day) using the kth diet

Tmax feeding period (day) using diet K which maximises GMPPY

F feeding schedule containing p, r, d

SD slaughter date

BF backfat thickness (mm)

CW carcass weight (kg)

LW liveweight (kg)

g(F ) maxx g(F, x)

g(F, x) Gross Return(F, x)−Feed Cost(F, x)−Weaner Cost, gross mar-

gin when we feed a pig using feeding schedule F for x days

GR(F, x) Gross Return(F, x) ($)

FC(F, x) Feed Cost(F, x) ($)

WC Weaner Cost, price of a pig in the market at 20kg ($)

f(F, x) (365/(x + 7))g(F, x), gross margin per pig place per year,

GMPPY

x number of days until slaughter

P0 initial protein in the weaner pig

f(F ) maxx f(F, x), maximum gross margin per pig place per year for

feeding schedule F

maxF f(F ) maximum gross margin per pig place per year over all feeding

schedules

F ∗ optimal feeding schedule

GA genetic algorithm

g number of genomes in the parent population in a genetic

algorithm

I number of iterations without change in the objective function

Pd protein deposition rate

r(xi, xj) correlation of xi and xj

Σ covariance matrix

R correlation matrix

cov(xi, xj) r(xi, xj)σiσj

L matrix square root (the lower triangular matrix from the

Cholesky factorization) of the covariance matrix

σPdmax standard deviation of Pdmax
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Symbols and

abbreviations

Meaning

σalg standard deviation in algorithm outputs GMPPY

Gi GMPPY for pig i ($)

N number of pigs in the objective function

T total GMPPY for every pigs in the objective function ($)

S shrink factor, 0.9× e−0.001×iter

iter the iteration counter

F ′′ feeding schedule on the enlarged domain [−0.5, 1.5]× [−0.5, 1.5]

Vi generated random direction

βij distance from the current feeding schedule (j diets) to the edge

of the domain on direction i for up side

γij distance from the current feeding schedule (j diets) to the edge

of the domain on direction i for down side

F ′ feeding schedule on the standard domain [0, 1]× [0, 1]

∆F1 GMPPY at 0.05 point − GMPPY at current

∆F2 GMPPY at 0.1 point − GMPPY at 0.05 point

∆F3 |GMPPY at 0.1 point − GMPPY at current|
PS price schedule

IS ingredient schedule

D diet in the feeding schedule

Li lipid content of the pig on the ith day

Pi protein content of the pig on the ith day

Ldi lipid deposition of the pig on the ith day

Pdi protein deposition of the pig on the ith day

DEvi voluntary daily digestible energy intake (MJ/day)
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8.2 Proof of theorem concerning the effect of changes

in ingredient cost and price schedule on the

slaughter date

Before we present the proof, we pause to remark that examination of real data does

indicate that it can be the case that (GR/FC)′(x) > 0. An example is shown in

Figure 8.1, where in the critical region (between days 52 and 92) the slope of GR/FC

is positive.

Figure 8.1: An example showing GR/FC and the critical region (between days 52 and
92) where the slope of GR/FC become positive.

Less formally, this condition means that as we move from day x to day x + 1, gross

return increases by more than feed cost.

Without loss of generality, we now fix the feeding schedule F and suppress it in the

notation that follows. Recall that the gross margin per pig g, over a period of x days,

is given by

g(x) = GR(x)− FC(x)−WC,

and the gross margin per pig place per year, when pigs are grown for x days, is

f(x) = 365 · g(x)/(x+ 7)

Suppose that the ingredient cost level is altered by factor α > 1. Differentiation of

f shows that f is maximised when g′(x)/g(x) = 1/(x + 7); this critical point is a
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maximum since the sign of f ′(x) is the sign of (x + 7)g′(x) − g(x) and this (from ex-

amination of real data) decreases from positive values. Since 1/(x+ 7) is decreasing, it

suffices to examine the behaviour of g′(x)/g(x) as the ingredient cost or price schedule

is changed. If the ratio g′(x)/g(x) itself increases, then the point (the slaughter date)

where it meets 1/(x+ 7), will decrease, and vice versa.

i) In the case of an ingredient cost change by factor α, the ratio increases if and only if

(GR′(x)− FC ′(x))

(GR(x)− FC(x)−WC)
<

(GR′(x)− αFC ′(x))

(GR(x)− αFC(x)−WC)

which, with algebraic manipulation, and the assumption that both GR(x)− FC(x)−
WC and GR(x) − αFC(x) −WC are positive (reasonable, since we are working in a

region where growth is expected to be profitable), to be the inequality

(α− 1)(GR′(x)FC(x)− FC ′(x)GR(x)) +WC · FC ′(x)) > 0, or

(α− 1)((GR/FC)′(x) +WC · FC ′(x)/(FC(x))2) > 0

as required.

Statement ii) of the result follows in a similar fashion.
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