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Propositions

1. A major criticism of modern intensive farming is that it might impair animal welfare. The
design methodology in this thesis could contribute to the development of ISO standards for
animal welfare, based on parameters such as cow queue length, and available time windows
for a c c e s s to a facility (this thesis).
2. This research has progressed to a point at which the behaviour-based simulation can be run
on a farmer's kitchen table; the onus is now on t h e industry to implement the proposed
design methodology (this thesis).
3 . Competition

today is not between

products, it is between

business

models

(Fortune

Magazine, 1 9 9 9 ) .
4 . In a research institution, irrelevance is a bigger risk than inefficiency.
5 . "If a hammer is the only tool one has, he might tend to view each problem a s a nail".
Researchers should not Jump into simulation without assessing t h e feasibility of solving the
problem by less costly techniques (O. Bald, 1 9 8 7 ) .
6. T h e principal of free dissemination of scientific results is highly relevant for implementing the
methodology; barn designs, layouts and operational data should be stored in the public
domain - e . g . , in an Internet site - and should be accessible to everybody (this thesis).
7. The best way to predict the future is to create it. Each future barn should be created with the
aid of simulation.
8 . Our inclination to s e e k regularity and to enforce rules on nature, leads us to dogmatic
thinking, or in general, to dogmatic behaviour; we expect regularity everywhere and try to
find it even where it does not exist (Karl R. Popper, 'Science: conjectures and refutations').
9. In the Silicon Valley, a six-digit signing bonus is common for a young knowledgeable worker
(Wall-Street Journal, 1 9 9 9 ) . It reduces the possibilities for universities to attract young
people, but a real six-digit focused brain is unsuitable for academic research.
10. Models for adults = bazookas for children (Jack P.C. Kleijnen).
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Abstract
Halachmi I., 1999. Design methodology for the robotic milking barn; Modelling,
simulation, validation, and optimization
The traditional barn design is a milking parlour oriented. To integrate a milking robot the barn
should be redesigned according to the robotic milking concept. The entire system (barn design,
feeding and cow-traffic routines, management practices) should encourage 'voluntary milking', i.e.,
it should ensure sufficiently frequent visits of the cow to the robot.
An optimal layout should balance animal welfare, on the one hand, and the economic need for
high facility utilisation, on the other hand. These two conflicting forces (which are to be optimised)
should be incorporated into management practices and physical layout. However, the actual
capacity (performance) of each facility (such as robot, forage lane, concentrate feeder) in the
robotic milking barn (RMB) depends on cow access (animal behaviour), barn design, farm routine
and management practices. There is also a wide diversity among farmers and local conditions,
therefore the optimal layout may differ among farms. Numerous important factors are evaluated
as a system when RMB is designed, but it is usually difficult to quantify how consideration of these
factors may affect production or income. Taken together these factors and their variations mean
that we are dealing with a quite complex system.
The optimal RMB layout (the solution) has to be matched to individual farm conditions,
adjustable for any farmer or site, but the design methodology should be universally applicable.
Therefore, the objective of this study was to develop a design methodology for finding the optimal
layout for a robotic milking barn before the barn is built, and to implement the methodology into a
practical design tool, embedded in a user-friendly software application, ready for use in the barn
during a consulting session.
Four experiments were conducted, two under research conditions and two in commercial
farms. They aimed to explore the stochastic nature of the facility utilisation in a robotic milking
barn, and to validate the model under a variety of scenarios.
A closed queuing network model for a robotic milking barn was developed, and a behaviourbased simulation (BBS) model, which enables a designer to optimise facility allocation in a barn,
was developed and validated. Having been validated, the simulation model becomes a practical
design tool for optimising a barn layout. The design methodology was finalised by integrating the
queuing network model, the BBS model, a regression metamodel, full factorial design, and
optimisation algorithms.
By using the proposed design methodology, a model of a future barn can be created, which
will help to make effective decisions. It is possible to predict how the barn will respond to changes
in design or operation, and to compare what will happen under a variety of scenarios. Among
other things, it is now possible:

•

to predict facility utilisation and cow queue length;

•

to calculate the optimal facility allocation: the numbers of robots, cubicles, forage lane
positions, water troughs and concentrate feeders that are needed;

•

to advise the individual farmer on the choice of robot location, cow traffic routine, required
floor space in front of each facility (waiting area), feeding routine, separation area, automatic
cleaning; and

•

to gain assurance before building that the proposed design would actually meet the specified
requirements.

In general, this research has reached a stage at which a behaviour-based simulation is adjustable
for any farmer or site. The onus is now on the industry to implement this proposed design
methodology on a daily basis.

PhD thesis,
Department of Farm Technology, Wageningen University, Bomenweg4, NL-6703 HD Wageningen,
The Netherlands
Department of Technology Animal Husbandry, DLO Institute of Agricultural and Environmental
Engineering (IMAG-DLO), P.O.Box 43, NL-6700AA Wageningen, The Netherlands
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Introduction

1. State of the art in robotic milking barn design
We are witnessing a gradual shift in number and size of dairy farms: the number has
decreased dramatically while the remaining farms have grown in size and have modernised ^. One
1

of the modernising options is to buy a milking robot, which will reduce the labour force (by 66.1%
according to Sonck ), improve productivity " (switching from two to four milkings per day
5

6

8

increases milk yield by 15%) , and influence cow behaviour " , feeding routine , and
9

10

12

13

management practices . All of these effects need to be taken into consideration when designing
14

the optimal layout of a robotic milking barn (RMB).
Designing a layout involves many factors related to nutrition, health and growth, as well as
other activities of the dairy operation. Buildings, equipment, facilities, and their relative locations
(the layout) are tools that enable essential tasks to be carried out on a regular basis. Flow of
animals and materials, future expansion, management and labour requirements, cow traffic,
pollution control, and the animal environment are all important considerations in layout design.
Creating an environment that meets the needs of the animals being housed is essential; if the
basic needs of the animals are not satisfied, no amount of management can guarantee success.
More than one group can be housed in the same barn, each being considered separately for
management purposes, with respect to nutrition requirements, medical treatments, sanitation and
breeding . Manure management certainly influences barn design; if also affects the overall farm
15

activities: daily hauling, fertiliser use, feeds grown, animal health, and potential for pollution .
13

However, grouping strategy and manure management are only two of the many factors which
affect layout design: changing management practices in response to new technology and breeding
advances, feed disposal and storage, state or local regulations, acquisition of additional animals
and production goals for tine next 5 to 10 years, drainage, wind direction, milk truck access, etc. A
well designed layout provides: adequate resting and exercise space, adequate feeding space,
enough water troughs, a space to group animals by size or age, good quality fresh air, drivethrough feeding alleys sized for a feed wagon, clean lots to maintain sanitary conditions, an
isolation area for sick animals, provisions for lifting cows unable to stand, access to veterinary
treatment, access for removing dead animals, an area from which to observe the animals, a hoof
trimming facility, housing for calves and heifers, etc .
15

In order to look at the "big picture" (how components/ systems fit and work together, how the
robot fits the dairy housing system, how the robot fits the dairy management system, future
expansion), and simultaneously to pay attention to the details (bedding material, comfortable
floor, etc) - a co-operative or team approach is needed . A design dilemma is that numerous
16

important factors are evaluated as a system when designing a barn. But, it is usually difficult to
quantify how these factors may affect production or income.
Designing an RMB layout involves further complications because a milking robot is an
2

expensive, specialised, complex facility that must work round the clock every day. Its performance
(actual capacity) depends on the cows' actual access to the robot, i.e., animal behaviour
(assuming that the robot has enough mechanical capacity, attachment and computing capabilities,
and reliability). Unlike the milking parlour, the RMB design and management should support the
"Voluntary milking" concept . Thus, RMB layout design is a multidisciplinary field which demands
10

an interdisciplinary approach. Milking robots allow cows to be milked without human intervention,
thereby making more frequent milking feasible, which increases milk production without
introducing additional labour. On a farm with a milking parlour, the farmer brings the cows to the
milking site, whereas with an RMB the cow is expected to arrive voluntarily round the clock.
Parlour-oriented farms have been designed with workers' needs paramount over animals' needs,
but with robotic milking, the entire system (barn design, feeding and cow-traffic routines,
management practices) must to encourage 'voluntary' visits to the milking robot and, therefore,
must focus primarily on the cows. Unlike the milking parlour practices, the robot performance is
very sensitive to the farm design and operations. Cow traffic can be free or directed (one-way
gates) but design principles such as 'no lying down immediately after milking' should be
maintained (in order to reduce mastitis problems), and this mean that the barn layout must be
carefully planned. However, because the milking robot represents new technology, there are few
precedents and little experience to draw upon. Whereas the design of a traditional (milking parlour
oriented) barn is based on extensive experience (many thousands of farms in Western Europe and
the USA have been using milking parlours for decades), experience with robotic barns is
(relatively) non-existent. There is also a wide diversity among farmers and among local conditions,
therefore the optimal layout differs from farm to farm ' .
17 18

Many researchers have addressed the complex problem of designing the layout of an efficient
RMB " ' " . It is not a negligible problem; for example, in 1997 there were 37,000 dairy farms,
7

14 19
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with 1.67 million dairy cows in the Netherlands; there were 43.3 million dairy cows in the US and
220 million world w i d e . The leaders in the milk production (per cow) 'league' are still Israel, the
M

Netherlands, and North America. However, regional giants like Brazil are emerging into the modern
milk-production arena. The last significant improvement in milking techniques (the advent of the
milking machine) resulted in all farmers (in the developed countries) switching from milking by
hand to mechanical milking . Likewise, milking robots have a huge potential market; if the robot
24

price falls considerably, the same phenomenon may be repeated, with many farmers in the
developed countries switching from mechanical milking to robotic milking. This prognosis is
supported by the fact that although milking robots came onto the market only a few years ago and
are still suffering from 'teething troubles', the two robot manufacturers in the Netherlands are
installing more than 200 robots per year . Other companies say they are in the final stages of
25

their robot development ' . Robot prices are therefore likely to fall, because the development
26 27

costs have been recouped, the 'Dutch monopoly' is about to be broken and new global players are
3

Introduction

entering the market. Also, prices should fall simply because less "material" is involved in sequential
milking for 24 hours per day instead of twice a day in parallel. For example, 120 cows can be
milked by two Lely® robots (in total, two stands) but a farmer who builds a parlour will probably
build a 16-stand milking parlour with all the accompanying milking equipment, pipe installation,
iron construction, concrete stage, etc, that the 16 stands need. In contrast, the robot costs cover
just two stands, additional electronics and the two arms. As computing power improves, the latter
will become cheaper.
A milking robot is important equipment for a dairy farmer, but a milking system alone does not
produce the milk: the cow and operator are equally important. Getting all three components to
function harmoniously is the key to an efficient and successful RMB. Furthermore, the major
criticism of modern, intensive, animal husbandry systems has been that they impair animal
welfare. It would, therefore, seem sensible to design facilities with which farm animals are in
harmony; in this way suffering would be reduced and welfare would be assured. The idea of
designing an animal facility according to what the animal itself would prefer is not new " and has
28
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been receiving increasing recognition recently. For example, only 270 research papers had
appeared in this area during the 1992-3, compared with 990 papers in 1997-8 . Many of these
35

papers derive useful rules or equations for supporting the design, but I have not found any paper
that has explicitly incorporated the animal behaviour into the engineering design process, and has
provided a practical design tool for optimising the entire barn as a balanced system.
During the last 10 years computer simulation (including graphics and animation) has
graduated from the laboratories into the public domain. In the last five years the computer
animation industry has reached the hundred million dollar mark and is still growing. The
burgeoning use of system engineering techniques such as computer simulation has revolutionised
the design of manufacturing systems, telephone networks, banks, supermarkets, and more.
Simulation avoids the difficulties of real barn experimentation - being flexible and free from
unimportant details - as long as the simulations are correctly validated " . Recent developments
3
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in computing power and simulation techniques have increased the modelling power, thus
enhancing their potential value in RMB design. Nevertheless, one should not leap into computer
simulation (CS) without assessing the feasibility of solving the problem with a simpler technique.
Analytical modelling techniques may provide a less costly solution. In the 1980s, analytical models
such as queuing networks (QN), Markov chains (MC), and optimisation algorithms appeared to be
effective techniques for studying the performance of complex manufacturing systems, including
resource allocation and complicated interconnections in a system ' ; Nevertheless, these
41 42

techniques were not used to design complete dairy barns. The investment in a large robotic
milking barn (RMB) might approach the cost of a medium-size factory (for example, in the
Netherlands an RNB for 120 cows + milk quota and cows usually costs more than three or four
million NLG). Until now, however, while the design of a medium-size factory is supported by CS,
4

QN and MC, that of an RMB still relies on traditional methods and rules of thumb.
In brief, there is clearly a need for a design methodology for RMBs that is based on scientific
rules, animal behaviour, and interactions among cows, facilities and operators, and that is
adjustable to every farmer or site. System engineering techniques may provide the theoretical
concepts required to set optimal layouts, and the newly developed methodology should be
implemented into a practical design tool (software application) that can be used daily by
engineers, researchers, advisors and robot manufacturers. This methodology enables a designer to
investigate the interactions among a farmer's management attitude, facilities, layout and cow
behaviour before the building is constructed.

2. Problem investigated and aim
Facility (or space) allocation is an important consideration that determines a system layout? ;
3,44

an optimal design balances adequate facility capacity against over capacity. But the necessary
capacity of each facility (such as robot, forage lane, concentrate feeder) in the RMB depends on
the amount of cow access, i.e., cow behaviour. So, the aim of the present study was to develop a
design methodology for finding the optimal layout for a robotic milking barn, a methodology
intended for research as well as practical application. This methodology had to lake into account
animal behaviour, farm routines and management practices, together with the structure of the
layout and facility capacities. The optimal RMB layout (the solution) has to be adjusted for each
farm, but the design methodology should be universally applicable, adjustable for any farmer or
site.
The study was intended to contribute in three ways: 1) to develop a science-based design
methodology for the RMB, taking into account the factors that directly influence the design, such
as physical layout of the barn, cow behaviour, facility capacity and utilisation, feeding routine and
management practices; 2) to implement the methodology as a practical design tool, embedded in
a user-friendly software application; 3) to set up examples that demonstrate the proposed
methodology, shed light on the complexity of the problem, and provide insight into the procedure
for obtaining a solution that may be generalised to other cases.

3. Concept and synopsis
The concept of system engineering and operational research plays an important role in this
study, as it may do in the design of future livestock systems, including RMBs. System theory needs
to be employed to handle the myriad processes and possible configurations that characterise
livestock systems. As already noted, RMB layout design is a multidisciplinary area requiring
interdisciplinary knowledge. It involves animal behaviour study together with analytical models and
computer simulation. Figure 1 sketches the sequences of the project phases and their links with
publications and thesis chapters. It can be seen that quantifying the relationship between animal
5
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behaviour and facility usage as a stochastic process opened the way to using system theories
(such as QN, MC and CS) for designing robotic milking bams.
Project steps
Initial phase:
Problem formulation, literature retrieval

I
I
I
1
1
I
i
I

Ph.D. thesis

Data acquisition (one)

Chapter 1

First experiment, facility usage, Dec 96

Data processing a n d analysis o f cow
behaviour (Matlab applications)

Development of analytical model
Queuing network and Markov algorithms

Development of simulation model
Algorithm and software application

Development of validation procedure

Paper I. The stochastic nature of facility usage QAER)

Chapter^
Paper n. Developing queuing network model (BOR)

Chapter3
Paper m. Using the queuing network model (JAER)

Chapter 4
Paper IV. Behavioural based simulation (JAER)

Chapters
Paper V. Validation of a slmulaflon model (BOR)

Data acquisition (two)
Validation experiments, Dulven, 1998

Data acquisition (experiment three)
Optimisation, commercial farms, 1999

Developing optimisation algorithm

Chapter 6
Paper VI. The optimal solution (Trans, of the ASAE)

General Introduction, discussion and conclusions

Figure 1. Project planning and evaluation
Note: JAER stands for submitted to the Journal of Agricultural Engineering Research, and EJOR: submitted to the
European Journal of Operational Research. Trans, of the ASAE: submitted to the Transactions of the ASAE.

3.1 Animal behaviour requirements (chapter 1)
As mentioned above, getting the cows, operator and facilities to function in harmony is the key
to an efficient and successful RMB. However, 'in harmony' is subjective and, therefore not
amenable to straightforward scientific investigation, but it is possible to gain insight by observing
cow behaviour in various circumstances. For example, one way in which behaviour can be used to
give direction to the design process is to find out what the animal itself prefers, by giving the
animal freedom of choice and assuming that its activities will tend to cause it less suffering or

