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1 Introduction

1.1 Introduction to Problem Solving

Every farmer likes to think s/he operates an optimal farming system, a system
that more than likely will be different from any other farmer’s optimal systems.
Each farm is unique in its set of resources (quantity and quality) and the objectives
held by the farmer and family. For each farmer, and his advisors, the challenge
is to work out this optimal system, though, given the nature of farming and
primary production, there could well be a number of systems that are near
optimal which for all intents and purposes can be called optimal alternatives.

This book is about the methods available to determine optimal systems.
Some might be used by farmers themselves, but more likely by farm advisors and
consultants, and by farm management researchers interested in, firstly, providing
farmers with guidance on optimal systems, and, secondly, providing govern-
ments with advice on the impact of farm policy measures. The methods are all
about problem solving, as any decision situation implies choice and, therefore,
requires a method for deciding which alternative maximizes the objectives. The
book is not, however, about carrying out the optimal plans (for a coverage of the
skills required in practical farm management, see Nuthall, 2010).

The analytical method used to find an optimal decision must fit the situa-
tion, and also relate to the level of increased benefits likely from the improved
farming system created. Each method has different costs and features. For
example, some decision situations might not involve risk (or more correctly risk
is not a major factor, for almost all decisions involve risk) and, consequently, the
analytical method used can ignore risk. The model will be less complex than
risk-allowing techniques, and therefore cost less to implement.

The range of techniques available is extensive and covers simple budgets,
methods used in production economics right through to techniques used in
‘operations research’ (such as mathematical programming). At one extreme an
individual farmer might make decisions based on intuition, and at the other by

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 1



Chapter 1

employing someone to create complex computer-based simulation systems. In
most cases the latter will be too costly relative to the benefits over intuition, or
to simple budgeting. However, if the results can be applied to a large number
of farms then the research cost might be justified. Thus, as noted, the most
appropriate analytical method must depend on, firstly, the nature of the prob-
lem, and secondly, the value of potential benefits from using the results.
Amongst other things, getting it right involves understanding problem solving.
Inquiry, or problem solving, involves:

1. Answering questions and solving problems; and/or
2. Developing more effective procedures for answering questions and solving
problems.

The procedures used involve tools, techniques and methods. Tools refer to
such things as microscopes, calculators and computers, mathematical symbols,
logarithmic tables and so on. Techniques are ways of using the tools. Computer
programming, for example, is a technique for using a computer, calculus a
technique for finding the value of a variable which maximizes an objective,
budgeting for estimating profit, and so on.

Scientific method refers in part to the way techniques are selected, i.e. to
the evaluation of alternative methods available to solve a problem. Thus, in this
book not only will the alternative methods be explained and discussed, but also
considerations given to assessing which method to use. A typical problem, for
example, would be whether to use enterprise gross margins or partial budget-
ing in solving an optimal crop rotation problem. To make these decisions the
analyst or researcher must be very familiar with all the methods available, as
well as understand the nature of the problem to hand.

Problem research can be divided into two classes:

1. Evaluative; and
2. Developmental.

Evaluative refers to situations in which known courses of action are being evalu-
ated to select the best. For example, cash crop farmers might currently imple-
ment a range of crop rotation systems — which is the best? A farm survey might
be used to solve this problem. In contrast, where new systems are being devel-
oped and tested a developmental research situation exists. For example, the
problem might be deciding how best to incorporate soybean production into a
mixed cropping system in a new farming area. As known systems do not exist,
these would have to be developed.

The steps that must be performed in solving a problem include the following:

1. Formulating the problem, e.g. is it one of the best stock replacement sys-
tems, or the best breed of stock, or both.

2. Constructing the model representing the problem, e.g. developing budgets
of the alternatives.

3. Testing the model, e.g. comparing budget prediction with actual.

4. Deriving a solution from the model, e.g. comparing budgeted profit of
alternatives.
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5. Testing and controlling the solution, e.g. trying out the solution on part of
the farm.
6. Fully implementing the solution.

The rest of this discussion revolves around steps (1) and (2) after discussing the
objectives in problem solving. The other steps will be covered throughout the
rest of the book to a greater or lesser extent.

1.2 Optimal Solutions to Problems

A problem can be described as a situation with the following conditions:

1. An individual or group who has the problem — the decision maker.

2. An outcome that is desired by the decision maker. If there is not a desired
outcome, there is no problem as, presumably, s/he already has what s/he
wants.

3. At least two unequally efficient courses of action, which have some chance
of yielding the desired objective or outcome.

4. A state of doubt in the decision maker’s mind as to which is the best course
of action.

5. An environment or context of the problem. The environment consists of all
factors that can affect the outcome and that are not under the decision maker’s
control.

Problems can be more complex than the description above. For example,
perhaps the decision maker(s) employ people to carry out the decisions;
decisions made and implemented may cause a counter action by others;
objectives may be complex multidimensional; and so on. Further, the decis-
ion answer required may not be a simple ‘follow this course of action’ result,
but rather what is referred to as a strategy. This involves a rule telling the
decision maker to follow one of a range of actions depending on the current
state of the farm and prices. Thus, a wool producer should, perhaps, shear
his sheep in a certain month if wool prices are falling, or at a later date if
they are rising. The decision depends on the current state of the
environment.

One problem is that analysts tend to superimpose their own goals so the
results apply to their objectives. They are not the decision maker, nor the per-
son taking responsibility for the outcome. Thus, it is important to carefully
assess a decision maker’s objectives and use these in an analysis, or at least use
a range of objectives to suit a wider group of people.

It is also true that it is often difficult to find the true optimal solution to
primary production problems unless the problem and its environment are very
simple. Most realistic problems are quite complex and difficult to model.
Further, an analyser is often involved in finding solutions to problems faced by
many producers, so the researcher must measure and report errors in such a
way that they can be adjusted to suit the circumstances faced by each individ-
ual decision maker.
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In order to estimate ‘errors’ the nature of a problem must be accurately
specified even though this conceptual framework may not be used. For example,
in deciding when lambs should be weaned it is known that this will depend on
selling price estimates, the current feed situation, expected feed production and
so on, but it may not be considered worthwhile to develop detailed forecasting
models of what a particular, for example, lucerne (alfalfa) paddock (field) will
produce. Rather, an agronomist could be asked for an estimate based on expe-
rience. Thus it is known where an error may be introduced into the system.
The objective must be to minimize the expected cost of errors relative to the
potential benefits of correct decisions.

1.3 Formulating the Problem

One of the first steps must be to study the environment, or context, in which
the problem exists. Producing a general diagram or description of the whole
system in which the problem is embedded (a flow chart) can be helpful. The
system will consist of desire/s or need/s (objectives), and the potential activities
satisfying these. The components are then connected by a flow of information
(as represented in Fig. 1.1), which leads to decisions on a choice of system, or
in other words, a set of production activities.

When information is received a decision must be made on its use. In some
cases it should be discarded. Having described the system it will be clear which
information is important and which is irrelevant. No matter what the problem,
the same components are present: information inputs, transmission, compila-
tion, decision and action.

ACTIVITIES

DESIRES
INFORMATION

FLOWS

INFORMATION FROM
OUTSIDE

Fig. 1.1. Formulating the problem flow chart.
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To enable analysis, a problem must be formulated in rather more detail
than presented above. The following components should be considered.

The decision maker’s objectives (desires)

Formulating these is difficult, and seldom is the researcher given these in clear
detail. If asked, the farmer will probably provide a series of platitudes, e.g.
enjoy the farming way of life. Such platitudes have little operational signifi-
cance. Thus, the researcher will have to extract the objectives himself and in so
doing may well provide a useful service. Direct questioning seldom reveals all
the relevant objectives, so often a good approach is to present the decision
maker with alternative ‘solutions’ to the problem and note reactions. This often
reveals previously unmentioned objectives. Furthermore, objectives often
change, so last year’s cannot be used in solving this year’s problems. Sometimes
answers to especially prepared question sets will provide details (see, for exam-
ple, Nuthall (2009), for a question set).

Alternative courses of action

Identifying the possibilities largely consists of:

¢ identifying the variables that significantly affect the outcome of the problem,
e.g. time of weaning, time of shearing, price of wool, and

¢ determining which of the variables can be controlled directly, or indirectly,
by the decision maker, e.g. price of wool cannot be controlled but time of
shearing can.

Variables will be defined in either a quantitative or qualitative way depending on
their nature. For example, the decision regarding how much superphosphate
fertilizer to apply will be a quantitative decision, but the decision regarding whether
to sell the lambs at auction or by weight is a qualitative decision (i.e. yes/no).

In some cases none of the obvious courses of action may seem to solve the
problem. In this case the researcher must look for new courses of action —
design and search.

More on objectives and their handling in choosing
between courses of action

Ideally, it is useful to be able to quantify objectives so that alternative courses of
action can be given a value — choice is then easy. However, this may be diffi-
cult, so offering a range of efficient solutions to the decision maker will allow
choice. For example, in choosing between buying or breeding replacement
stock the adviser could estimate the cost of the best way of achieving each
method and let the farmer decide on the basis of the cost and other factors
such as the risk and work loads.
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Models

Models are representations of farm states, objects and events, and are usu-
ally simplified representations of the real world (Swinton and Black, 2000).
Their advantage is they are easier and less costly to manipulate and experi-
ment with than the real world. It is possible to define three different types of
models:

1. Iconic models — small-scale models of the real world, which look like the real
thing, e.g. a sand and plaster model of a river system, including water flows,
which enables, for example, comparing flood control systems.

2. Analogue models — physical models which resemble, but do not exactly
mimic, the real world situation, e.g. a road map, an electrical circuit designed
to represent an hydraulic system.

3. Symbolic models — models in which the real world is represented with
symbols. This is the type of model commonly used in farm systems analysis,
e.g. a simple budget.

Symbolic models

These consist of variable/s representing output (e.g. profit) and input (feed,
fertilizer, etc.). Thus we have, for example, a production function:

Y = f(X)

Output (Y) is some function of inputs (X)), where a value for i represents each
input (e.g. X; might represent the amount of fertilizer per hectare, X, = irrigation
level, etc.).

Models of problem situations will always take the following form:

Y =f (X, W)

Where Y = measure of the value of the decision/s made (the output);

X, = the variables under the control of the decision maker — decision vari-
ables (e.g. the quantity of fertilizer/ha, the lambing date, etc.);

W. = the factors (variable or constant) that affect performance but are not
controiled by the farmer (e.g. the wool price);

f = the relationship tying the variables together.

In most problems there will be restrictions on the decision variables. There
is usually, for example, a limited supply of fertilizer, land and all the other
resources. Thus, the problem is constrained.

In constructing decision models other models may be required, though
they may not contain any decision variables. For example, in deciding when to
wean the lambs (time being the decision variable), selling price is important so
a sub-model in the system may be a model predicting the lamb prices even
though it is not possible to influence the price.

In constructing models each variable has to be defined so it can be meas-
ured, and when the model is being used to predict (e.g. lamb price), samples of
variable values must be taken in order to predict what the outcome will be (or
observe the whole population). Further, once the model as been constructed, a
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method of analysis must be designed. Before analysis must come validation.
Finally, results must be interpreted and extended to the decision makers who
require the information.

In model building considerable time may need to be spent in determining
the functional relationships, for these tie the model together and determine the
optimal values of the decision variables, e.g. how will altering the lambing date
affect the lambing percentage?

1.4 Constructing and Using Models
Models are approximations

Due to the complexity of real life, most models will be approximations of reality.
Furthermore, models need to be manageable (capable of being solved), so some-
times simplifications are necessary, bearing in mind the significance of the results
must be related to the cost of obtaining them so simplification may be economi-
cally justified. The problem is to decide what are reasonable simplifications. In
reality, the only way to truly determine the effect of simplifications is to first solve
a completely realistic model, then repeat the analysis using simplifications and
make comparisons. To make a decision on the detail required you can either:

e ‘sneak up’ on the problem by successively more complex approximations
and compare the improved results with the costs; or

e start with complete complexity and gradually simplify until the problem can
be solved given the funds available. As this assumes a fully realistic model
is available it could be sensible to simply proceed without simplification.

Experienced researchers will be able to decide the best approach without these
trial procedures. Past trials lead to a body of knowledge instantly available.

Possible simplification methods

These include:

e Omitting decision variables, e.g. assume all lambs will be given selenium
when comparing alternative stock systems.

¢ Omitting uncontrolled variables, e.g. assume a given lamb price in a budget
whereas, in fact, it might be any one of many prices.

e Changing the nature of variables, e.g. ignoring the possibility of hiring
casual labour when comparing alternative labour costs.

e Modifying the functional relationships to more easily handled relationships,
e.g. using linear relationships instead of more complicated non-linear func-
tions in a production response relationship.

e Changing the constraints to a simpler form, e.g. ignoring the limitations on
a cropping system imposed by having two tractors of different size: simply
assume the average size when developing a new programme.

In considering these, questions of significance must be considered.
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Sequential decision models

Sometimes decision models are constructed for a range of actions, some of
which do not have to be implemented for some months (time-based models).
When it comes time to make some of the later decisions some of the assump-
tions may have changed. Thus, models may need to be constructed that enable
re-solving just before the decision is made so that all relevant up-to-date infor-
mation can be used, e.g. don’t decide on how much hay to sell until well into
the winter.

Deriving solutions from models

In analysing models three possible solution techniques are available. Which one
should be used depends on the structure of the models. These are:

e Analytic procedures: where ‘one calculation” provides the answer; e.g. use
of calculus in finding the unique maximum of a profit function.

e Numerical procedures: where trial and error methods are used to converge
on the solution; e.g. a series of budgets, each one being developed on the
basis of the conclusions suggested by the previous one; or a linear pro-
gramming model solution where the algorithm (the solution procedure
rules) converges on an optimal system through repeated calculations.

e Complete or near complete enumeration: where all likely alternatives are
evaluated so the best can be selected; e.g. a series of budgets which have
been calculated concurrently for all the alternatives.

Of course, various combinations are also possible where a problem has
subcomponents.

1.5 The Road Ahead

By now it is becoming clear that farm systems analysis is about creating models
of alternative systems to allow comparisons and analysis leading to conclusions
on improved systems, which, hopefully, are optimal (Petheram and Clark,
1998). This work is largely quantitative in that it produces values of decision
variables and outcomes.

However, it is not always appropriate to conduct quantitative research.
Such a case is where little information and data are available for solving a prob-
lem. Another case is where the problem is simply unquantifiable, e.g. where
you wish to compare enjoyment levels experienced by farmers when producing
different products. There simply is no scale on which to objectively measure
‘enjoyment’. However, in some of these cases inherently non-measureable out-
comes can be approximated with various opinion scales.

For situations where little data are available, the problem might be to
produce qualitative information that might one day lead to acquiring data that
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can be used to quantify the problem. For example, when exploring a new devel-
opment it might be appropriate to ask farmers, extension workers, commercial
managers and the like, what their views are on possible costs and returns,
conditions and problems. The qualitative conclusions might then be used to
conduct experiments and institute recording systems to provide data for future
quantitative work.

While most of the chapters that follow relate to quantitative methods, a
discussion on qualitative analysis will also be provided. The use of the word
‘analysis’ might be questioned, but as will be discovered, respondents, and
other sources of information, can provide information amenable to scrutiny
leading to conclusions on questions that might have been posed. While this is
not traditional scientific discovery involving hypothesis testing, it is answering
problems. In quantitative work, proposed hypotheses (e.g. it might be pro-
posed that ‘a farm system producing wheat and beans is more profitable than
one producing wool and meat’) are tested, whereas in qualitative work hypoth-
eses might be generated that can be tested later.

In the next few sections what might be called the decision-making envi-
ronment in primary production is discussed, as it must be understood to ena-
ble creating and assessing suitable analytical methods. A strong feature of the
environment is its uncertain and risky nature, so a chapter is devoted to cov-
ering risk and uncertainty. Models need to allow for this to enable realistic
conclusions. A discussion on valuing system outputs is also included, for in
real life objectives are multidimensional, i.e. profit is not the only objective.
Indeed, many farmers will tell you profit is secondary to ‘enjoying farming as
a way of life’.

Farm production is a long-term affair with, in many cases, production sys-
tems requiring several years to produce saleable products. Clearly forestry is
the extreme, but even stock systems can take more than 1 year to produce. An
example is beef production in which 2-year-old animals are sold. And it is cer-
tainly true that farm development takes several years to reach an equilibrium.
If, for example, a block of land is cleared and sowed down into pasture it might
be as long as 10 years before the pasture is producing to its potential. This all
means that in analysing such problems the timing of costs and returns must be
taken into account, for there is an opportunity cost of the committed funds
before output occurs. Funds invested could have been put into the bank and
returned the going interest rate. Thus, farm investment must return at least this
rate to be worthwhile. In analysing situations where time is involved, such fac-
tors as the compound interest rate must be allowed for. A chapter covers all the
formulae and methods to be used in these time-dependent projects, called
cost—benefit analyses. Furthermore, it is not always easy to decide which costs
and returns to include in these analyses, so discussion on the choices is pro-
vided. For example, income tax is a cost to the farmer and needs to be included.
But if a state is considering a group irrigation scheme, tax is not a cost as it is
simply a transfer payment. In other words, from the farmer’s point of view, a
payment from farmer to the state is a real cost, whereas in contrast this pay-
ment is just an internal transfer (from farmer to state coffer) and should be
ignored for purposes of deciding whether the state should invest.
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The subsequent chapter covers farm surveys and their use in comparing
farming systems. Every farm can be viewed as an experiment and, consequently,
provides information useful in comparing systems and in coming to conclusions
over optimal systems. Farm survey technique is about gathering this information
and using it to make conclusions. Having collected the data, analyses can use a
range of techniques from simple comparisons between groups of farms (e.g.
those in three different fertilizer use ranges to compare profit), through to quite
sophisticated statistical techniques such as structural equation modelling. Also
included is the estimation of production functions, either per technical unit (e.g.
wheat output per hectare over a range of input levels), or whole farm produc-
tion functions where the output might be profit and the inputs could be the
expenditure on various inputs. These calculations rely on using regression anal-
ysis in most cases (regression analysis involves finding the equation of the line
or curve which best fits the data through minimizing the residuals from the
estimated curve).

Of course, survey data have other uses as well. An example is the forma-
tion of benchmark data, which can then be used to guide farmers on how to
improve their farming system through comparing the case farm’s data with the
benchmarks of the better farms. Another comparison method is the use of
efficiency models that determine the farms with the most efficient production
functions. This information is then used to rank farms, enabling the poorly
ranked ones to compare farming systems used (data envelope analysis). All the
methods mentioned are explained in the text. While most of these applications
rely on using farm survey data, a special form of data collection is a purpose-
fully set up recording system in contrast to simply using what historic data are
available. With modern computers found on most farms, it is not difficult to set
up recording schemes which create files that can then be fed into group analy-
sis computer packages.

A basis for much of the analysis mentioned is production economics. There
are many texts written on production economics, so the details are not covered
in this book. However, it is useful to summarize the conclusions provided by
production economics, especially as one of the techniques mentioned later is a
direct representation of the decision rules created from production economics.
By a decision rule is meant a condition which, if attained, provides optimality.
One such rule is to invest in increasing quantities of an input until the cost of
the last unit invested just matches the profit increase which results from this last
input. This is the ‘marginal cost equals the marginal return’ rule. Appendix
One provides a synopsis of the basics of production economics for students
new to the area, and revision for others.

Overall, the techniques mentioned rely on historic records and conse-
quently provide answers about improved systems that can be no better than the
best in the population of farmers surveyed. In contrast, it is possible to use a
range of analytical techniques to discover systems that are improvements on
the existing systems. These rely on having technical information that defines
physical input-output relationships, which can then be used to create ‘optimal’
systems using various standard models. While the ‘very best possible’ systems
might just exist in the farming population, it is more likely that the calculations
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will come up with better farming systems. However, note that the technical
information (e.g. the relationship between animal growth and the intake of
protein and energy) can only come from historic studies using experiments and
farm observations. There is one exception to this: if all the biochemical rela-
tionships are known, it is possible to create mathematical equation models that
will predict production relationships. For example, current knowledge enables
simulating milk output from a cow’s udder, given information about the nutri-
ents being supplied through the cow’s blood.

The analytical models outlined in the book include linear programming,
dynamic programming and ‘free form’ systems simulation. Linear program-
ming (LP) selects from the available alternative production systems and activi-
ties a combination that maximizes an objective, usually profit. The relationships
between input, output and the constraints on production are assumed to be
linear. That is, e.g. if 10ha of wheat produces 150t of wheat, then 20ha will
produce 300t. In reality, there are ways to model segmented non-linear rela-
tionships if a little imagination is used in defining the problem. This LP meth-
odology has been used for many years, the offshoot of which is that there are
readily available standard computer packages for solving LP problems. Thus,
once the researcher knows how to input the data, the computer does the rest
and comes up with the optimal system. The chapter on LP does, however,
explain the solving technique, for understanding this allows understanding spe-
cial features of the solutions. Linear programming is a form of automatic budg-
eting. To lead in to studying LP, a previous chapter contains an outline of
budgeting in its various forms. Budgeting is the simplest of the analytical
approaches and is used by many farmers, but to be useful it does rely on having
a skilled and experienced operator.

Dynamic programming (DP) is a more flexible model than LP. It can handle
non-linear relationships and risk with conceptual ease, but the downside is the
difficulty in solving large problems. The computational burden can be exces-
sive, though with the speed of modern computers tractable problems are
increasing in size. As the name implies, DP is particularly suitable for solving
time-dependent problems. The model assumes decisions come in stages in
contrast to having to make, for example, a whole year’s decisions all at once.
Thus, a farm decision problem is started by defining the current state of the
resources on hand. The first set of decisions gives rise to a new state after, for
example, 1 month, depending on the outcome of the non-certain variables
(e.g. rainfall). This new state is then exposed to a new set of decisions, leading
to an updated set of resource levels (e.g. cash in bank) and so on through to the
end of the decision horizon. Solving involves finding the optimal decisions at
each stage of the time-dependent processes. Conceptually, the model is the
most realistic of all available, but the computational burden does restrict its use.
However, a study of DP leads to a very good understanding of realistic decision
problems.

While LP and DP have well-defined problem structures, systems simulation
(SS) does not have any predefined structure. While all models are simulations
of the real world, when talking about SS the general understanding is that SS
models are constructed specifically for each problem using computer languages
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of various kinds. Thus, for example, if you wanted to simulate animal growth
to explore optimal feeding regimes, you would search the literature for
information on animal maintenance and growth responses to intake of energy
and protein. Also relevant would be equations defining intake limits. Equations
for maintenance depend on the live weight of the animal, thus:

Maintenance energy (Metabolizable energy ME) = { (live weight in kg).
Similarly for growth:

Growth (kg) = f (ME intake, digestible protein intake).
For intake there will be a relationship:

Max intake = f (live weight, feed concentration).

Given details of these equations, it is possible to predict growth given a certain
diet is assumed. Furthermore, as the quality of the food is probably uncertain
this can also be recognized. Using the model, via computer programs, experi-
ments can be repeated many times for different feed intake combinations and
feed qualities. The results can then be combined with cost and price data to
come up with profit ranges from which an optimal decision can be concluded.
In effect, SS is a symbolic form of experimenting, which provides data for sta-
tistical analysis and a conclusion. With imagination and basic data just about
any decision problem can be modelled and experimented with. Of course, the
results will only be as good as the data used, and the process is quite expensive
as standard computer packages are not available, though there are packages
specifically designed with the features typically used in SS making creating and
experimenting with SS models easier.

After the chapters explaining these prescriptive techniques, the book has a
penultimate chapter discussing a number of analytical models that are com-
monly used in urban business but which are less important in primary produc-
tion. One model is used for inventory analysis, where the problem is to
determine the optimal level of inventory to hold. For example, how much hay
and silage should be held that minimizes the cost of a feed level which satisfies
feed demand? In urban business, such as a supermarket, inventory questions
are critical and are solved by major and complex computer packages.

Another ‘operations research’ problem, for these problems feature in most
operations research texts, is replacement analysis. What is the optimal time to
replace productive assets such as a header harvester, or even an animal? With
time, productivity and costs change, leading to an optimal replacement time
which minimizes the costs of providing the services of the asset.

Two other operations research problems discussed are critical path and
queuing analysis, both of which can be critical in urban business but less critical
in rural operations. Nevertheless, they are worth explaining to provide a con-
ceptual understanding. Critical path analysis is about working out the task
sequence in any operation (e.g. building a major dairy milking parlour) that is
critical to determining completion time. Queuing analysis is about providing
sufficient resources so an uneconomic queue does not form, e.g. providing
harvesting resources to ensure crop loss is not overly expensive.
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Along the way in explaining the alternative methods of analysing and
creating farming systems, a number of sidetracks appear. For example, the
question of how to measure which farms are efficient is discussed, for sometimes
analysts get confused over this issue. Similarly, comments on cost accounting
are offered, for this is a common approach to deciding on the profit contribu-
tion of alternative enterprises. Less of a sidetrack is an earlier chapter on
‘representative farms’. Modelling work requires a base from which to work, so
the concept of a representative farm is used to ensure the results have the
widest application possible.

In all the discussions a farmer and/or analyst is defined using ‘he’ or ‘his’.
In most countries most farm managers are male, but there is certainly an
increasing number of female managers and, probably, at some time in the
future the proportion of each gender will be almost equal. In the interests of
ease of reading, ‘him’, ‘his’ and ‘he’ are used, but these terms infer the man-
ager/analyst could be either male or female.

Finally, little attention has been given to defining what is meant by a ‘farm
system’. It is probably clear that a ‘farm system’ is a plan or blueprint for oper-
ating a primary production unit, be it a farm, horticultural unit, or any other
form of primary production. This plan, or system, includes a list of the products
produced, the area/quantity of each, a list of the inputs used for each product,
and a description of how the inputs should be used both in a timing, quantity
and application method. The plan also includes answers to financing questions,
and instructions for all other components of the plans, including strategies for
handling uncertainties as they occur. In theory, a manager should be able to
take up the blueprint and follow the guidelines it provides to produce maximum
profit, assuming this is the objective. This book covers the main methods avail-
able to an analyst to create these blueprints. Clearly it is not possible to discuss
every possible method available, but with a full understanding of the contents
of the book an analyst/researcher should have a sound basic knowledge that
will lead him or her to seek further refinements where necessary.
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2

The Environment Under Which
Farming Systems Exist

2.1

2.2

Introduction

In creating successful farm systems an analyst must allow for the conditions and
background under which any farm operates. This can be called the decision
environment. Part of this environment is the set of the farmer’s objectives that
should be met. This chapter contains a discussion on the components of the
overall environment and, consequently, provides an understanding of the fac-
tors which must all be allowed for when planning. These factors include the risk
and uncertainty that always exists, the resulting management problem struc-
ture, the nature of the management input that controls the farm, the influence
of the farm household on decisions and, finally, the nature of the objectives and
their measurement.

Risk and Uncertainty

All farms face uncertainty and this affects the type of information and models
that are necessary when planning. While in some cases it is legitimate to ignore
uncertainty in decision models, it is still necessary to be aware of its impact and,
possibly, modify the model to allow for risk in a simple way, such as taking very
conservative price estimates.

For descriptive purposes three distinct types of information and decision
environments can be defined.

A certainty environment

14

This is where it is known with certainty the outcome of a particular action. For
example, when a farmer borrows money at agreed terms he knows that in time

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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he will have to furnish interest and principal charges, or else the lender will sell
the farm to get back the money unless special arrangements are made.

A risk environment

This is a situation where:

e the average outcome over a number of trials of a particular action is known
with certainty, i.e. repetition of trials may be in time or space; e.g. wheat
yield trials over many years (time) or over many sites of the same fertility
(space);

e the outcome in a particular trial cannot be predicted with certainty, but the
chance or relative frequency of a particular outcome can be predicted.

For example, if a farmer sows a particular wheat variety in a particular way into
a seedbed of a particular fertility and moisture state, and he repeats this trial
many times (different paddocks/fields or different years or both), and he knows
that the average vield will be 7800kg/ha, but that in any one trial the yield
could be 6500kg with a 25% chance, or 7200kg with a 50% chance, or
10,300kg with a 25% chance, then a risk situation exists. However, the out-
come in a particular trial cannot be predicted with certainty. What this means
is that given, say, 20 years of trials we would expect 5 years to exhibit a yield
of 6500Kkg, 10 to exhibit 7200kg and 5 to exhibit a yield of 10,300kg. In real
life the possible outcomes would be many more than this and would form a
continuous stream of possibilities. In this example, the three possible outcomes
are used to represent mid-points of ranges.

An uncertainty environment

This is where the possible outcomes might be known from a particular action,
but even if they are, the chance of each particular outcome in repeated trials
is not known. For example, when a farmer sinks a well he will know what the
possible outcomes might be but he does not know the chance of striking a
flow of 20001/h at a depth of 150m. Another example might be where a
farmer uses a new variety of white clover. As it has never been used on his
farm before, the chances of the various possible yields are not known.

In these examples possible outcomes can be considered known, though,
strictly, this is a matter of definition to a certain extent. In the white clover
example, because the farmer does not know the yield range it could be con-
strued to mean he does not know the possible outcomes. But considered esti-
mates may be quite satisfactory given many years of experience.

The above definitions rely on the term ‘trial’. For the definitions to hold,
trials must be repeatable. In farming, this is seldom the case as exact trial condi-
tions are unlikely to be repeated. For example, the soil fertility level is unlikely
to be identical in each of ten paddocks. However, the definitions serve a useful
reference point.
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A typical decision-making environment

Most farmers operate in what is largely an uncertainty environment, though
there will be some certainty aspects. While pure risk seldom occurs, many
‘uncertainty’ problems approach risk situations as it is possible to estimate
outcome chances on the basis of past experience of ‘similar trials’. For exam-
ple, in estimating wheat yield chances, past years’ records on the particular
farm, and on similar farms, may be used to provide a good estimate.

Given risk/uncertainty is the reality, it must be considered when formu-
lating and analysing problems and when defining farmer objectives. Details
are introduced in later sections and chapters. Fortunately, due to the relation-
ship between risk and uncertainty, in many cases these two cases can be
treated as one.

Types of risk and uncertainty found in primary production

Categorizing together risk and uncertainty environments, and calling this non-
certainty, the following distinctive types of non-certainty can be listed.

Price uncertainty of products and input factors

Most products have non-certain prices and examples are common (e.g. beef,
wool, lamb, milk solids, wheat, small seeds etc.). However, in some countries a
number of products are subject to price stabilization agreements that may
remove much of the uncertainty.

Factor or input costs tend to be less uncertain than product prices and
exhibit general inflationary increases. However, some input prices fluctuate
considerably. These tend to have a fluctuating supply, such as pasture seeds,
store and replacement animals.

Some of the reasons for product and factor price uncertainty include:

e weather conditions (supply);

e commodity cycles (supply);

e fluctuations in national and international income and tastes (demand);
e technological change (demand and supply);

e political decisions (demand and supply).

The consultant, researcher and farm manager must be concerned with trying
to estimate trends in prices and in estimating the nature of price variability.

Technical and yield uncertainty

This is uncertainty over input—output relationships and, together with price
uncertainty, forms the major source of uncertainty in farming. Input—output
information refers to crop vields, wool production, lambing percentage, result of
spraying a crop for insect control, the input requirement to control a particular
stock health problem etc. Quantifying this form of uncertainty usually relies on
historical observations of similar situations and the results of field experiments.
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Technological advance uncertainty

This refers to the lack of information about the effect new techniques will have
on inputs and outputs, and about the yields of new plant varieties, animal
breeds etc. Estimates of the effects, input requirements and vields, and the
nature of their variability must come from trials and general interpolation.
These will be more ‘uncertain’ than technical uncertainty.

Institutional uncertainty

This is the uncertainty attached to the effect institutions have on farming opera-
tions. The term ‘institutions’ covers organizations from central government
through local government and lending institutions to the local soil erosion control
board. An example might be the uncertainty over a request to borrow develop-
ment finance from a bank. Another example, which directly affects all prices, is
uncertainty over a government’s decision to devalue its currency. Similarly, there
is uncertainty about possible new tax laws. This general form of uncertainty is
extremely difficult to quantify. Seldom can historical information be used to esti-
mate the chances, though historical experience of how particular governments,
lending institutions etc. operate will suggest the nature of the uncertainty.

Financial uncertainty

This refers to the uncertainty associated with the many financial matters facing
a farmer, such as the interest rate on a mortgage, or the interest received on
an investment. Financial uncertainty is affected by what happens round the
globe, by governmental decisions etc. An important influence is the exchange
rate between a country’s trading partners.

Quantifying uncertainty

To incorporate uncertainty into an analysis it must be quantified. The logical
approach is to use probabilities, i.e. the chance of an event occurring based on
a 0 to 1 scale (e.g. the chance of a 6 on the toss of a die is 0.167) or relative
frequency information. The estimation of such probabilities can be difficult and
is considered in more detail later.

2.3 The Nature of the Management Problem

Management must decide on the products and inputs to produce and use, and
ensure the decisions are efficiently implemented. In many cases the manager
will also be involved in physically carrying out the decisions. This section, how-
ever, is not directly concerned with these aspects, but with how the non-
certainty environment dictates the structure and form the decisions must take.

In a certainty environment the manager only has to make a series of deci-
sions at the start of a particular planning period — no further thought is required.
The decisions made are carried out at specified times and the results that were
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predicted occur without question. However, certainty environments do not
exist, so the well known management functions of planning, execution and
control and/or re-planning must be followed through.

In a non-certain environment plans are still made, but in their construction
full account must be taken of the unpredictable outcomes. This has two
implications:

e returns may be less, or greater, than expected so that consumption may
have to be altered to fit the circumstances and/or adjustments made to
plans so that consumption will be maintained;

e plans for future periods may no longer apply as they have become infeasi-
ble or sub-optimal.

Future ‘period’ lengths can range from daily to periods of several years. Which
length is relevant depends on the nature of the plans made. If plans are, for
example, for labour utilization, daily periods may be appropriate or, alterna-
tively, if the plans are for borrowing development finance, 6-monthly periods
may be appropriate.

Given a particular planning period has just passed, plans made initially for
the next period may no longer be feasible. For example, hay production may
have been much lower than expected so it is no longer feasible (possible) to
carry the number of stock originally envisaged through the winter (though per-
haps the plan could be made feasible by buying feed, but it may not be
optimal).

Furthermore, the original plans may now be sub-optimal. For example, a
farmer may have planned on carrying lambs over the winter to sell as hoggets
(vearlings), but at the start of winter hogget price forecasts may suggest this
action would be sub-optimal even though it may be feasible from a feed point
of view. It may pay this farmer to sell off the lambs now and use the feed in
some other way.

The implication is that when making the original plans uncertainties must
be taken into account. If the farmer follows a course of action and the outcome
does not turn out as expected, what alternative courses are available? These
alternatives form part of the original decision and must be included in the origi-
nal analysis, or at least considered. For example, given the hogget fattening
example, the return on this alternative is not simply the return from hoggets,
but the return from the hoggets, together with any other course of action which
may be associated with this decision if conditions are not as expected.

Diagrammatically, the decision complex might look like Fig. 2.1.

In making the original decision to retain the lambs the other possibilities
that may occur must be included in the analysis.

This decision-making problem can be described in another way. When
plans are made they are made for the current state of the farm. By the ‘current
state’ is meant, for example, the amount of working capital available, the con-
dition of the various paddocks and the crops/pastures that are in them, the
machinery on hand and its working condition, stock numbers etc. Given this
current state, the plans made are designed to ‘take’ the farm into a different
state at some time in the future. The ‘different’ state may not in fact be very
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Buy more lambs and feed

v

Price rise

Retain lambs Price as expected

\4

Fatten hoggets
Price drop

v

Sell lambs and sell resultant hay surplus

Fig. 2.1. Choices depend on earlier outcomes, in this case prices.

different from the current state in non-developmental situations. Subsequent
plans then rely on the fact that this future ‘different’ state will occur and this
state is the starting point for the next period. These periods may be quite small,
for example, plans made to grow a wheat crop rely on the fact that the seedbed
will be prepared by a certain time, i.e. the field will be in a certain state. If it is
not, the original plans cannot be implemented exactly as planned.

The state of a system has been defined as its physical characteristics, but
previous examples also show that the current state includes price and cost esti-
mates. In a nutshell, the ‘state’ of a farm is a value for all the variables that go
to make up a farm and the economic environment around it.

When evaluating alternative systems, the manager must take into account
that planned states may not occur. Further, as prices, costs and conditions
change the management is faced with a continuous re-planning problem,
assuming that adequate records are kept so that the manager knows when
expected states do not occur. This re-planning phase of management is often
called control, but it is probably more than this. Control suggests making short-
term adjustments as conditions change, but at any particular time a manager
must be thinking of positive plans for the whole farm for all future periods and
this may require major re-planning as different states eventuate through time.

However, in making plans it must be emphasized that the only action deci-
sions necessary are those that have to be implemented in the current time
period. All other decisions are irrelevant in an immediate action sense, as with
changing states and conditions they may no longer be optimal once the period
arrives. This does not mean that future actions can be ignored, but if a future
decision is completely disconnected from a current decision there is no point in
considering it now. For example, there is no point in deciding the type of fence
to be used in a subdivision in 5 years’ time as this decision will not affect what
should be done now. In general, if a current decision will not affect the state of
the farm at some future time, the decision can be made without reference to
this future period.

Because future plans cannot be mapped out in detail, the idea of what is
called a strategy can be introduced. A strategy is a ‘group’ of courses of action,
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one of which is optimal for each particular state the farm system might be in
(‘state’ here refers to physical features as well as price expectations). Thus, in
the hogget example, the actions might be (Fig. 2.1):

e If prices are as expected, finish off the hoggets for sale, i.e. ‘fatten’ them.
e If prices fall, sell lambs and sell surplus feed.
e If prices rise, buy more lambs to fatten.

Thus, a complete farm plan for 6 months could consist of a series of strategies,
one for each part of the farm system, together with a description of the states
under which each course of action should be implemented. This is vastly differ-
ent from the idea of having a single farm plan.

The idea of strategies can be further broadened to encompass what is
referred to as a decision rule. A decision rule is a statement informing the
manager which particular course of action should be followed given certain
circumstances, i.e. a rule indicating which particular action to follow. Thus, in
the hogget example, the decision rule would be:

if prices are within $X = 0.5, implement strategy one, if prices are
> $X + 0.05, implement strategy two etc.

The existence of non-certainty makes the decision-making problem somewhat
complex. A consultant could quite easily spend all his time evaluating and plan-
ning for a single farm, but this would clearly be an unprofitable use of planning
resources. The potential improvement would not warrant the expense. In prac-
tice, each farm manager operates more or less in the manner suggested even
though he is often not consciously aware of this. The process becomes intui-
tive, with active managers constantly reviewing decisions in their mind and
considering future strategies.

2.4 The Nature of the Management Input

While it has been noted a manager must work with strategies, this section will
broaden this discussion and generally consider the functions of management,
managerial ability and the importance of estimating ability.

In managing a farm, the manager must carry out the following functions:

1. Formulate the goals of the farm-family complex. This involves constructing an
objective function through which choices can be made between alternative systems.

Conceptually, an objective function can be regarded as a relationship
indicating the net satisfaction (utility) obtained as a result of how the farm is run
(‘f refers to ‘a function of’):

Net satisfaction = f (no. of sheep carried, hectares of wheat grown, level of debt,
hours of leisure time, etc., cash take home pay).

The critical question is determining the details of the relationship. How does
cash take home pay contribute to satisfaction? What is the satisfaction gained
from an hour of leisure time etc.? Some of these problems will be discussed
later. It is important to note that every farm-household complex will put different
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values on each of the sources of satisfaction, so what is correct for one case will
not be correct for another. Further, objectives change with time, so that what
is correct today may not be correct next period.

2. Recognize and define problems and opportunities. If change is to occur, this
function is clearly crucial.

Research suggests this function is one of the most difficult. Farmers, and oth-
ers, get used to a particular system and provided they are not forced to change
through extremely poor economic circumstances, tend to maintain traditional pat-
terns. Often how well they perform depends on their contact with advisers, better
farmers, appropriate reading, TV programmes and other conduits of ideas.

3. Obtain information and observe the relevant facts. Given an opportunity

has been recognized then, for analysis to proceed, data must be obtained.
Whether this function will be carried out satisfactorily depends in part on

the farmer’s training and experience. In order to obtain the required data, the

farmer must have some knowledge of how to analyse the problem.

4. Specify and analyse the alternatives.

5. Make decisions from the results of the analysis. These functions (1-4) are

part of planning and control (or re-planning) in the simple planning, execution

and control description of management functions.

6. Taking actions as a result of decisions made. This is the execution referred

to above. Depending on what is meant by planning, action-taking may involve

some decision making, e.g. should the wheat in paddock X be harvested today

or in 2 days’ time?

7. Bearing the responsibility of outcomes. It is obvious that farmers must per-

form this function but how well they adjust to undesirable outcomes, and

favourable ones too, is important in managerial efficiency.

8. Evaluate outcomes and re-planning. This must involve keeping adequate

records and assessing the ‘degree of lack of success’ and eventual re-planning

for future periods. This re-planning involves functions (1-4).

It is the role of farm advisers or consultants to assist the farmer or manager in
carrying out the various functions of management.

2.5 Managerial Ability

How well a manager carries out these functions defines his managerial ability.
All farmers will differ in their ability, both in general and for specific functions.
One farmer might be good at managing stock operations but poor at making
cultivation and crop decisions, and so on.

An adviser or researcher must assess ability as it affects the expected
returns from the alternative systems. Particular abilities must be made use of.
For example, while in general wheat production may be more profitable than
lamb production, a particular manager’s capabilities might reverse this order-
ing. An analyst needs to quantify ability as differences may be the reason for
different responses to given inputs. Financial lending institutions are also going
to be interested in ability.
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Methods of measuring ability are still problematic. Most advisers must rely
on qualitative assessments in which they observe a farmer’s success relative to
other farmers. Attempts have been made to measure ability by noting attributes
that are regarded as being correlated with ability. Examples include intelligence
rating, years and type of education, years of experience as a manager, etc.
These can be combined to give an ability rating. For an extensive discussion on
managerial ability, see Nuthall (2009).

Particular points that must be considered when considering ability include
the following:

¢ Good ability is not necessarily associated with high profits, as this may not
be the farmer’s objective.

e Measurable attributes that are positively and significantly correlated with
success for a particular objective function may not be highly correlated with
success for a different objective function. For example, a high intelligence
rating may be necessary for a farmer to be successful in maximizing cash
return. In contrast, intelligence may not be highly correlated with success
where the objective is to simply ‘enjoy farming as a way of life’.

2.6 The Farm—Household Complex

Background

Throughout the world most farms are owned and operated by a proprietor.
The extent of the ownership may vary in that some farmers will not own all the
resources used, e.g. land may be leased. The form of ownership may contain
trust, partnership or private company arrangements. However, in general most
managers receive an appreciable portion of the returns from the farm and have
appreciable control over the use of the resources. In addition he usually lives on
the farm with his family, so that the farm and the family have an intimate rela-
tionship. This means that the whole family (including the manager) receive
satisfaction from the farm rather than the farmer simply bringing home a
weekly pay packet to a location separated from the farm. As a result the farm—
household complex frequently has important implications when planning.

Contrasting this situation are the public company arrangements. The own-
ers are separated from the business both in space and in management, though
they have the right to elect the people who will control the business. The only
satisfaction the owners receive is share dividends, so the aim of a public com-
pany’s management must be to maximize profits long term.

The general nature of the relationship

Farming production and profit are only intermediate ends, to a certain extent. As
far as a public company is concerned, profit is the end point of the process. An
owner—operator farmer, however, operates to maximize family satisfaction, and
profit is only one contributor to this. Cash is simply a link in the chain leading to
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family satisfaction. The farm can be described as the production entity and the
household the consumption entity. Consumption in this case contains many
aspects, ranging from monetary consumption, ‘way of life’ consumption, ‘fishing
from the farm dam’ consumption and a wide range of other ‘products’.

This farm—household complex complicates decision making, in that the
objective function or goals may well be somewhat different compared with the
public company case, or the case of a farmer without a family. It is this need to
consider the household that complicates the assessment of the goals, though in
some cases the farmer will formulate the family goals on his own, or at least
define what he thinks are the family goals.

Each individual in the household will obtain varying degrees of satisfaction
from different outputs from the farm. The problem is to determine which indi-
vidual’s requirements have first priority and what are the trade-offs between
them. As quantitatively measuring satisfaction that is comparable between indi-
viduals is generally considered impossible, general estimates must be used.
Even if satisfaction could be measured it would probably require a considerable
time input and the increased satisfaction from the improved decisions are
unlikely to warrant the cost. Measuring satisfaction, or utility, is discussed later.
It will be shown that utility can be measured in an ordering (ordinal) sense in
contrast to a counting sense (cardinal).

2.7 Conflict Between Farm and Household

Production and consumption require, basically, the same resources so that the
farm (production entity) and the household (consumption entity) are in direct
conflict for resources. The conflict largely revolves around capital and labour.

Capital

Where funds are non-limiting there is no problem. But as this situation seldom
exists, decisions must be made on the division of available funds to farm and
house and family. Farms can be categorized into situations where:

e the majority of surplus funds are being directed to farm development to pro-
vide greater consumption at a later date (be this actual monetary returns or
satisfaction from being associated with a ‘developed and prosperous farm’);

¢ sufficient funds are being diverted into the farm to maintain the real income,
while the remainder is being used for consumption;

e insufficient funds are being diverted into the farm to maintain the real
income, while consumption is receiving a major share. This situation will
eventually lead to zero consumption.

The degree of conflict between house and farm will depend on:

e in which of the above categories the complex finds itself;

e the availability of funds;

e the extent of the list of commodities and services the household regards as
luxuries as against necessities.
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Funds for necessities tend to be allocated without question. It is between luxu-
ries and the farm that conflict arises. Different households will have different
ideas on necessities and luxuries, which will be affected by the current and
potential income from the farm. In times of economic stress the lists may need
to be altered for survival. With time, the households’ ideas tend to change,
particularly after ‘prosperous’ periods in which ‘luxuries’ have been regularly
acquired. This is reflected in the difficulties that farmers have in trying to reduce
consumption to provide funds for development.

Where farm development is occurring, the household has decided it is
worth reducing consumption now for greater consumption at a later date. Just
how much will be put off depends on the satisfaction obtained now compared
with future consumption. In general, people prefer to consume today rather
than at some future point in time. This is referred to as time preference and
this idea will form the basis of later discussions on the analysis of dynamic
problems in which time is an important variable.

The conflict has a life cycle with changes due to:

e the tastes and ideas of the family changing;

e the structure of the family unit changing. This means that the family’s
demands will change;

e the changing availability of real income.

A typical life cycle might be:

1. Young farmer, single or newly married. Capital very limiting but consump-
tion demands quite low so little conflict exists. Farm is being developed.

2. Farmer with family. The farm is still being actively developed but the con-
sumption demands have increased considerably in order to support a larger
family. There may be requirements for boarding school fees, and similar such
as health costs. Capital is probably not so limiting in an absolute sense.
However, given the high consumption demands, the degree of conflict is
considerable.

3. Children have started to leave school. Development is progressing slowly.
Consumption demands are not increasing so that the pay-off from previous
development means the conflict is decreasing.

4. Farmer is approaching retirement. Development has probably ceased and
direct consumption demands are lower so that conflict is minimal. However,
the farmer may be making retirement provisions and if the farm is not to be
sold there may be considerable conflict between off-farm investment and
consumption.

Asset ownership and capital conflict

The household may seek asset ownership and low indebtedness for the sake of
the satisfaction that this may provide in itself, and also the risk reduction may
be important. Thus, capital may be used to freehold a leasehold property and/
or pay off debt, even though this may be contrary to farm profit maximization.
This may provide further conflict.
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Labour

The same basic principles apply to the labour situation as for the capital con-
flict. The farm requires the farmer’s time for management and physical tasks
while the household similarly requires the farmer’s time for holidays, looking
after children etc. Thus, there is a conflict between work and leisure. This con-
flict is greater in a farm situation relative to urban jobs, as the household has
immediate access to the operational time, and the farmer is not bound by office
conventions and the demands of employees to the same extent as a manager
of, for example, a public company.

A non-conflict aspect

The intimate relationship between farm and household means farmers can
prudently include the family in some kind of multiple ownership system, thus
enabling profit sharing and the resultant decrease in overall family income taxa-
tion (and thus an increase in family take-home cash).

2.8 Objectives and Decision Making
Introduction

Decisions are not possible without defined objectives that enable ranking alter-
native farm systems. The farm—household complex has implications in decid-
ing on the objectives, but understanding this does not help in their quantification
or in actually making choices. This section contains a discussion on quantifying
objectives and their use in decision making. The section will by no means treat
the subject exhaustively.

Theoretical background

In many cases farmers and their advisers choose between alternatives simply on
the basis of monetary profit. However, most farmers have many other objec-
tives, as has already been commented on. Conceptually, it is possible to talk of
utility as an all-encompassing measure of satisfaction and use this to make the
decisions. Utility is defined as the satisfaction obtained by a farmer and house-
hold as a result of a particular course of action. A unit of utility is an ‘utile’. Thus,
conceptually, satisfaction obtained from the various outputs from a defined
farming system can be measured in utiles and combined to form an overall
measure of satisfaction. For example, a particular action might provide:

20 hours of leisure time = 3 utiles
+ $350 = 2 utiles
= 5 utiles
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A choice can now be made between this and other alternatives as an overall
value is put on each.

Diminishing marginal utility

Because $350, for example, provides 2 utiles this does not necessarily mean
$700 will provide 4 utiles. In general, additional units of a product (e.g. cash or
hours of leisure) will provide a diminishing level of additional satisfaction, so we
have diminishing marginal utility as shown in Fig. 2.2.

Marginal utility is defined as:

mu =Y
P
where U = change in utility for a given increase in the satisfaction-producing
product (e.g. $), and P = change in the quantity of the satisfaction-producing
product (e.g. $).
Thus, for example, if utility increases by 5 utiles when net income increases

from $30,000 to $30,750, the marginal utility is:

5
MU=_2_
750

Thus, MU = 0.0067.

Individuality
Every farm—household complex will derive different quantities of satisfaction from
various products so that an optimal system for one farmer may not be optimal for

another farmer. A further complication is that the rate at which utility per additional
unit of product declines will vary from farmer to farmer as shown in Fig. 2.3.

total utility

Utility

Nal utility

Increasing quantity of a satisfaction source (e.g. leisure hours)

Fig. 2.2. Total and marginal utility.
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farmer one

Utility

farmer two

Leisure

Fig. 2.3. Individuality of farmer’s utility functions.

This graph suggests that different individual’s utility functions can be quan-
tifiably compared. It will be shown later that this is not the case. The idea
expressed, however, is acceptable.

2.9 Optimal Decisions

Given a mathematical relationship of utiles obtained from receiving various
levels of each particular satisfaction-producing product, alternative farming sys-
tems can be evaluated and the optimal system determined. For example, the
utility functions for cash and leisure might be:

Monetary utility U = 16x — 0.13x2
where x = cash income in $1000 units,
Leisure utility U = 55y — 0.65x2

where y= hours of leisure in 100h units.
Thus, a particular farm system which produces (i) $20,000 and (i) 500 h
of leisure would be:

U = (20 x 16) - (0.13 x 400)) + (5 x 55) - (0.65 x 25))
= 526.75 utiles

Note that in this example the utility functions exhibit diminishing marginal util-
ity as the squared terms have negative coefficients.

In reality, the situation will probably be more complex. There is prob-
ably an interaction between cash income and leisure, so some of both prod-
ucts will provide more utility than each taken separately. Further, most
farmers would have minimum requirements on the various satisfaction-
producing products so that a large level of cash income may provide zero
satisfaction without any leisure combined with it. This is a special form of
the interaction effect.
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2.10 The General Utility Maximizing Model

These ideas can be generalized to produce a general theory of decision making,
which you are probably familiar with from economics courses.

A farmer has a given set of resources that dictates the possible farming sys-
tems. Each possibility produces a given combination of the various utility-producing
products. Where only a simple two-product case is considered, these combinations
can be graphed in the form of a production possibility curve (Fig. 2.4).

To choose the optimal point that has associated with it a particular farming
system, the concept of an iso-utility curve can be introduced. Such a ‘curve’
joins points on the graph which provide equal satisfaction or utility. Thus, a
whole series of curves can be drawn (Fig. 2.5), each one representing a differ-
ent level of utility.

The shape of each iso-utility curve reflects the relationship between the
utility-producing products and is reflected in what is called the marginal rate of
substitution of one product for the other while maintaining the same level of
utility. A flatter curve, for example, reflects that you need a considerable amount
of leisure to substitute for cash income, and vice versa. The shape varies with
the distance from the origin. The further away, the more likely the curve will be
steeper for cash becomes less valuable as you acquire more.

The optimal point (Fig. 2.6) is given by superimposing the utility curves on
the production possibility curve and finding the point that is feasible (i.e. touches
the production possibility curve) and produces the greatest utility (the curve
furthest from the origin but still touches the possibility curve).

Where more than two products provide utility, the graph becomes multidi-
mensional, but the same principle applies.

(a) efficient production-possibility frontier

Cash income

®)

(b)

Leisure ‘income’ (h)

Each point on the curve is the result of following a specific
farming system. Point (a) might be a highly intensive cash cropping
system while point (b) might be an extensive crop/stock system.

Fig. 2.4. Production possibility curve.
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/ higher utility
Cash ($) \\

iso-utility curves

Leisure (hours)

Fig. 2.5. Iso-utility curves representing higher and higher utility.

Utility maximizing point

Cash ($)

Leisure (hours)

Fig. 2.6. Utility maximizing graph.

To actually determine the optimal point, all possible alternative farming sys-
tems need to be evaluated to provide the production possibility curve, then a series
of iso-utility curves would be superimposed on the graph and a decision made.
Alternatively, the utility functions (equations) could be used to estimate the utility
from each alternative farming system to see which provides the greatest utility.

The examples used suggest cash income and leisure are important sour-
ces of satisfaction. Most farmers will, of course, be interested in many other
satisfaction-producing products. One important ‘product’ is the level of out-
come variability that occurs over a number of trials, or years, of a particular
system. Most farmers prefer a system with as little variability as possible. It will
be shown later there is an intimate relationship between the shape of a farm-
er’s utility function and his attitude to income variability; and this attitude to
variability leads to a way of measuring a monetary utility function.
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2.11

2.12

Practicality of Using the Theory

The practicality of solving problems using utility will emerge in later discussion.
Briefly, the broad principles introduced are correct, but the cost of using them,
including determining utility functions for each farmer, does not generally war-
rant their use. Further, this assumes that a many factor utility function can be
measured, and currently there is considerable doubt about this. This is not the
case, however, with monetary utility (discussed later). Nevertheless, every ana-
lyst should take these principles into account when comparing systems, even if
this is only in a subjective manner. An adviser, for example, might devise a
system for a farmer which provides a minimum of leisure time as the farmer
has few other interests besides ‘farming’. A researcher interested in general
results might present a wide range of possible farming systems, each of which
is efficient in producing different levels of possible objectives. A farmer can
then make a subjective choice between them.

The Road Ahead

The remaining sections in the book which consider objectives, decision making
and optimal systems, concentrate on how to make decisions where either time
is an important variable or where income variability is important. However,
from time to time reference will be made to general utility. This approach is
taken because of the difficulties in quantifying general utility. Future research
may change this situation, but even if it does there is still the question of whether
spending time on a detailed analysis of utility will be worth the increased satis-
faction. On very large farms this might not be the case, or where the research
has general interest to many. But whatever the case, it must be re-emphasized
that the principles must at least be taken into account in a subjective manner.
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3 Decisions Under
Non-certainty — Probability,
Methods and Models

3.1 Introduction

Farmers often prefer one system over another solely due to the degree of risk
associated with each system. It is important, therefore, to understand both how
the degree of risk might affect objectives and how the degree of risk of alternative
systems can be quantified.

Chapter 3 contains a discussion on all these relationships. As noted earlier,
the term non-certainty is used to represent both risk and uncertainty, so one of
the topics discussed brings risk and uncertainty together for decision making.
True uncertainty is difficult to cope with, for it is largely non-quantifiable. But
prior to these discussions, the first sections of the chapter cover quantifying risk
through probabilities and how they can be manipulated. This is followed by a
discussion on random variables and their distribution — any variable which can
take on a range of values with defined probabilities is called a ‘random variable’.
Examples include the crop vield experienced in any one year, or the level of
meat production from animals. The end point of an understanding of probabil-
ity and random variables is their use in constructing farm systems with different
levels of risk, and choice based on these risk levels.

The simplest method of representing risky choice is a decision tree in
which possible outcomes are presented as a tree-like structure. This leads to
quantifying the range of outcomes and their probabilities. The next step is to
devise methods of choosing between the alternative systems. The first uses
‘certainty equivalents’, which are single values reflecting a farmer’s assessment
of a risky alternative. More complex approaches are also explained. An exam-
ple is a choice based on the maximum average profit subject to a minimum in
the worst of years. Further examples are also provided.

As part of the discussion, the idea of the ‘cost of non-certainty’ is introduced.
Effectively this is the loss in profit resulting from not being able to predict the
future. Understanding this concept helps better to appreciate risky decisions.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 31
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Finally, what is called ‘monetary utility’ is introduced. A farmer’s attitude to risk
is embedded in the value he places on increasing quantities of monetary income,
so if this can be defined it is then possible to use this function to make decisions
under non-certainty in complex models. As a postscript, the chapter finishes
with a discussion on simple and short-cut practical approaches to comparing
systems based on their risk levels.

3.2 Probability

Risk-based choice requires a method of quantifying chance effects through
what are called probabilities. The discussion that follows considers their
estimation leading to their use for risky decision making.

Objective probability

Given a random variable, i.e. a variable whose value is not known before the
event, but its possible values and the chance of each is known (e.g. rainfall,
profit), the value of the variable in any particular trial (e.g. rainfall on a particu-
lar day, profit in a particular year) can take on a number of values. Given, say
100 trials so that we have 100 observations of the random variable, the
probability that a particular value will occur in future trials is given by:

Probability = /N

where Q = the number of times the particular value occurred and
N = the total number of trials or observations on the event.
For example, given 100 observations of the event ‘wheat harvested/ha’, 28 of
these observations might have been 8200kg/ha. Thus the probability of the
particular event 8200kg/ha is:
28

P=—"=028
100

Given this definition, this ‘model’ of probability ensures that the sum of the
probabilities of all possible outcomes is equal to unity.
That is:

Zp,- =1.0

where there are i possible values that the random variable can take, and the
Greek symbol epsilon means the sum of all the values p,. Thus, if an outcome
has a probability of 1, it is certain to occur.

If probabilities are estimated from a small sample of observations, it is
possible that if more observations are taken the probability estimates will
change. Thus, the requirement that the number of observations approaches
infinity should be added. However, this creates problems as there will never be
an infinite number of observations on trials that are identical. A wheat yield
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observation taken 10 years ago is unlikely to be equivalent to an observation
made today as conditions will have changed (e.g. different variety, different
cultivation techniques, different disease problems etc.). The definition, how-
ever, serves as a basis for the idea of probabilities. This type of probability is
referred to as objective probability and is based on a frequency concept with
the relative frequency determining the probability of an outcome.

Objective probabilities can also be defined using a logical concept. For
example, we would expect a fair coin, when tossed many times, to land ‘heads’
50% of the trials. This conclusion is based on logical reasoning. Only two out-
comes are possible and there is no reason to suspect one will occur more often
than the other.

Subjective probability

Rainfall is probably one of the few random variables for which objective proba-
bilities can be estimated using relative frequency information. The reason is that
conditions do not change greatly from trial to trial and there is a large number of
observations available. For most random variables (e.g. lambing percentage,
wool weight, growth rate, price of 13kg lambs, sorghum price/t, cost of white
clover seed etc.) purely objective probabilities cannot be estimated. This means
that if non-certainty is to be incorporated into systems analysis some other means
of calculating probabilities must be used, though it must be noted that even with
limited historical information statistically ‘most likely’ probability estimates can be
made, and in such estimates allowances can be made for changing conditions.

Another method of obtaining probabilities stems from the fact that farmers
do make decisions in an uncertain world, so that it is very likely that they have
made, in their own minds, some kind of probability or chance estimates of the
possible outcomes. To be useful these estimates should be based on the limited
amount of historical information available, indications which past experience
suggests, assessments of likely future conditions, and so on. These estimates are
based on subjective estimates and so are referred to as subjective probabilities.
More correctly these probability estimates can be defined as the ‘degree of belief
or strength of conviction an individual has for the various possible outcomes’.

Probably the most significant argument for using subjective probabilities,
even if objective probabilities are available, is the fact that it is the decision
maker who bears the responsibility of any decisions made and the resultant
outcomes, so he should incorporate his degrees of belief in the analysis. This
does not mean, of course, that an individual needs reject the use of objective
probabilities. In estimating probabilities he may accept available objective
assessments as his own subjective estimates.

3.3 Risk and Uncertainty

The above discussion indicates pure risk environments seldom occur where it
is assumed objective probabilities must be available for a situation to be defined
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as a ‘risk situation’. However, if it is accepted that subjective probabilities are a
logical basis for decision making, then the uncertainty environment previously
defined no longer exists. Reasonable subjective probabilities can be placed on
practically all random variables. Thus, the decision environment can be reduced
to certainty and non-certainty. Non-certainty environments are all situations in
which certainty does not exist, but probability estimates, be they objective or
subjective, do.

3.4 The Farmer, Advisers/Consultants and Decision Making

Many farmers will not be able to estimate probabilities without the assistance of
advisers or consultants. However, where subjective probabilities are used these
should largely be those of the farmer as he takes the responsibility, but proba-
bly created with the help of an adviser. On the other hand, calculations contain-
ing risk assessments would not, in general, be calculated by farmers due to
possible misconceptions. Thus, while farmers would find an understanding of
risk principles useful, it is the analysts that need a full understanding of the
theories and calculation methods.

3.5 Manipulating Probabilities

Introduction

Given a particular farming system possible profit levels can be estimated, each
of which will have an attached subjective probability. For example, the man-
ager of a mixed cropping farm might, with an analyst’s help, estimate that
using a particular crop rotation and stock policy will produce the following pos-
sible cash return outcomes (note that these are summary estimates — in reality,
the likely income levels can range, say, anywhere within $25,000 to $65,000.
As it is confusing to list all possibilities, a practical approach is to consider
figures that summarize possible ranges):

$28.000 probability 0.1
$39,000 probability 0.2
$50,000 probability 0.4
$61,000 probability 0.3

However, it must be noted these simple summary estimates may be
incorrect, for the final profit outcome is made up of many sub-outcomes
such as the wheat yield, lamb growth rate, wool price etc. As it is difficult
to combine all this complex information in your mind and produce correct
summary probability estimates it is important, where possible, to build up
the final outcomes and probability estimates from the basic factors. The
following sections contain a discussion on the rules of probability manipu-
lation so that these final outcome probability estimates can be calculated
logically.
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Probability manipulation rules

Mutually exclusive events

1. A set of mutually exclusive events is defined as a group of events in
which only one event can occur in a particular trial. For example, possible
lambing percentages are mutually exclusive as in any one year only one
lambing percentage will eventuate. The group of events consisting of pos-
sible lambing percentages and death rates is not a mutually exclusive set as
in any particular year one lambing percentage and one death rate will
occur.

2. The sum of the probabilities of each event in a set of mutually exclusive
and exhaustive events must be unity. By exhaustive is meant all possible out-
comes are included in the set of events. For example, the following list of
lambing percentages, assuming it is exhaustive, conforms to probability
logic:

Lambing percentage Probability

85 0.02
90 0.08
92.6 0.09
97.8 0.15
100 0.60
120.1 0.06
1.00

3. The probability that any one single event from a group of events, being
members of a set of mutually exclusive and exhaustive events, will occur is the
sum of their probabilities. For example, the probability that one of the lambing
percentages 85%, 90%, 97.8% occurring in a single trial is 0.02 + 0.08 +
0.15=0.25.

Independent events

1. Events can be either independent or dependent. An independent event is
defined as an event whose occurrence is not affected by the occurrence of
other events, whereas, for dependent events the occurrence of one is affected
by the occurrence of another. Putting this another way, two random variables
are independent if the possible outcomes of one are not affected by the actual
value taken on by the other. For example, the random variables lamb price and
wool clip/head are most likely independent variables, while rainfall and wheat
yield are dependent variables.

2. When two (or more) events are independent, the probability of both events
(or more) occurring together in a particular trial is equal to the product of the
probabilities of the individual events. That is:

P(AB) = P(A) x P(B)
where P(A) = probability of event A
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P(B) = probability of event B
P(AB) = probability of both A and B occurring in a single trial.
P(AB) is termed the joint probability of the two events (PABC...) for
more events).
For example, the probability of lamb price being $4/kg = 0.6 (P(A))
probability of wool/head being 5kg = 0.25 (P(B))
thus, P(AB) = 0.6 x 0.25 = 0.15
3. With independent events, the probability of event B occurring, given event
A has occurred, is equal to the probability of B occurring. That is:

P(B/A) = P(B)

where P(B/A) refers to the probability of the event preceding the slash occur-
ring given the event/s following the slash have occurred.

P(B/A) is termed the conditional probability, as it defines the probability
of an event given a certain condition has occurred.

Dependent events

The conditional probability of event B, given that event A has occurred, is equal
to the joint probability of A and B divided by the probability of event A, i.e.:

P(B/A) = P(AB)/P(A)
(Note P(AB) will always be < P(A)) or
P(AB) = P(B/A) x P(A)

That is, the joint probability of two dependent events is the product of the con-
ditional probability of one and the probability of the other event.

For example, a farmer’s records, or perhaps his subjective estimates, show
that the probability of getting 28 cm of rain (event A) during the wheat growing
season and a wheat yield of 7800kg/ha (event B) to be 0.18. If this was an
objective probability it would be estimated by observing the number of times
these two events occurred together and dividing this number by the total number
of observations. Further, the probability of getting 28 cm of rain is 0.21. Thus:

0.18

P(B/A)=—"——=0.86
B/A4) 0.21

3.6 Using the Probability Rules

Method

To estimate the probabilities attached to the possible end-point outcomes of a
farming system, the system has first to be broken down into its component
random variables. The relationship between the variables must then be assessed
so the rules can be used in estimating the probabilities of possible end-point
outcomes. For example, the end-point outcomes might be the profit contribu-
tion of a wool-producing wether (castrated male sheep). This profit will depend
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on many factors, the more important of which might be the random variables
wool cut/head, quality of wool, price received/kg of wool, animal health costs,
the death rate, shearing costs and the relationship between fleece weight to
other components. Some of these variables are clearly related. One example
would be wool quality and price/kg. These relationships would have to be
determined and similarly the probabilities of all the possible values each ran-
dom variable can take. Examples of these calculations will be given in a later
section. The simplest way to handle the problem is to draw a flow diagram as
shown in Fig. 3.1.

This shows the possible end-point outcomes and, given the relevant prob-
ability information, working back through the below tree from each end point
or outcome will enable its probability to be estimated.

This simple example indicates that if a whole farm system is to be divided
into all its events there is a considerable amount of calculation involved, which
will depend on how many outcomes for each variable are considered. In reality,
most of the variables can take on an infinite number of values. For other than
detailed research it is usual to consider only a limited number of possibilities
and to break the overall system into as small a number of summary random
variables as possible. Just what level of detail is required will depend on the
problem and in some cases it might even be prudent to ignore the fact that
non-certainty exists. The answers to some of these questions will become evi-
dent in later sections. Whatever the case, it is useful to be aware of how to
estimate correct probabilities. This understanding may enable estimating sum-
mary probabilities on a subjective basis.

Wool gross returns 6 x $2.20

$2.2/kg
$3.0/kg Wool gross returns 6 x $3.00
$3.5/kg
6kg Wool gross returns 6 x $3.50
$ g etc. for the other arms
5kg $3.0/kg
$3.5/kg

Possible wool yields/head

Possible wool prices/kg

Fig. 3.1. Tree diagram of event combinations (wool gross income per animal).
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Revising probability estimates

Estimates should be revised when new information becomes available, for
example the results of experimental trials. Probability theory provides logical
rules on how to revise estimates given new information (Bayes' theorem).
However, such rules have greater application to objective probability situations.
Where subjective probability is used, given new information, the subjective esti-
mates would be revised provided the new estimates still conform to probability
logic (i.e. Zp, = 1.0).

3.7 Continuous Outcome Possibilities

It has been noted that in reality there is often an infinite number of possible
values a random variable can take. For example, wheat yield/ha can be
7600.1567 kg, 7600.1568kg and so on. The probability values attached to
such outcomes can be expressed in the form of a probability function or graph.
An example is shown in Fig. 3.2.

Functions for the constituent variables can be used to produce end-point
variable (e.g. profit) distributions, but such an approach can be mathematically
difficult. For most purposes it will be sufficiently accurate to consider a number
of discrete outcomes for which probabilities are estimated.

This is achieved by dividing the curve into a number of segments and esti-
mating the area under each segment. The area gives the probability of each
discrete outcome. An example is provided in Fig. 3.3.

3.8 Describing a Random Variable

The distribution of a random variable is characterized by a number of param-
eters. These parameters depend on the shape of the particular distribution.
Two important parameters are the average, or mean, value of the variable, and
the variance. The mean is usually referred to as the expected value, as when

this graph is also referred to as a
distribution of a random variable

Probability

Value of the random variable (e.g. wheat yield)

Fig. 3.2. A typical continuous probability distribution.
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Probability

0.01

77N

P(5,500) = 0.08

P(6,800) = 0.20

P(7,800) = 0.39

P(8,800) = 0.18
Area 0.39 P(10,200) = 0.15
Total = 1.00
Area Area
0.2 0.18
rea 0.08] . Area 9.1 5
T T T T T
5,500 6,800 7,800 8,800 10,200
Wheat yield (kg/ha)

Fig. 3.3. Summarizing a continuous probability distribution with discrete segments.

dealing with forecasts clearly the ‘mean’ is usually the most likely value expected.
Where it is assumed only discrete outcomes can occur the expected value of a

random variable is given by:

E(V)= ipi\/i
i=1

where p, = probability of the ith value of the variable occurring
V., = the ith value of the variable
n = the total number of values or outcomes considered.
For example, possible values and probabilities of wool cut/head might be:

Kg/head  Probability
3.5 0.10
4.0 0.25
45 0.50
5.0 0.15

Then,

E(kg/head) = (0.1 x 3.5) + (0.25 x 4.0) + (0.5 x 4.5) + (0.15 x 5.0) = 4.35

The general formula for the variance is given by:

V(v)= p(Vi- EV)’
i=1
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The variance for the above variable would therefore be:

V(kg/head) = 0.1(3.5 - 4.35)% + 0.25(4.0 — 4.35)? + 0.5(4.5 - 4.35)?
+0.15(5.0 - 4.35)? = 0.178

The standard deviation of a variable taking on only discrete values is:

SW) =Y pVi - EV)?

The expected value locates the distribution on the graph, and the variance (and
standard deviation) defines the degree of spread of the distribution. These two
parameters are the first and second moment of a distribution. Further moments
define other characteristics of a distribution.

3.9 Decision Making Under Non-certainty

Introduction

This section will demonstrate how decisions might be made for various
forms of monetary based objectives. It will become clear how other measur-
able objectives could similarly be considered. Decision making under cer-
tainty will not be discussed, as choice under this unrealistic situation is
obvious, assuming the objective is known. Choice simply involves choosing
the course of action, or system, that provides the greatest, certain, objective
value.

The problem under non-certainty arises as output is a random variable.
A particular farming system cannot be characterized by a single summary
figure, such as expected profit. To describe output the random variable’s
distribution must be used, or alternatively the parameters that characterize
the distribution used. Farmers are not indifferent to alternative profit
distributions even though the expected value might be the same. For exam-
ple, two farming systems might produce the profit distributions shown in
Fig. 3.4.

Most farmers would prefer system B as there is less variability, i.e. less risk.
For practical purposes the most important distribution parameters are probably
the expected value and the variance, though in some cases other distribution
moments may be important. Farmers may not be indifferent to two systems
with the same expected outcome and variance but with a different skewness
(skewness characterizes the proportion of possible outcomes falling above or
below the expected value, as shown in Fig. 3.5).

Evaluating alternatives in a non-certainty environment

Before examining actual decision making using possible criteria it is necessary
to develop a framework for estimating outcomes and their probabilities. One
framework uses the following procedure.
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(a) (b)

Probability Probability
Net profit Net profit
E(profit) = $62,000 E(profit) = $62,000
Range $30,000-92,000 Range $45,000-79,000

Fig. 3.4. Variation in profit distribution shapes.

+ve skewness —ve skewness

E(P) E(P)

Fig. 3.5. Distributions showing different types of skewness.

Construct a ‘cash’ flow decision diagram or tree

This diagram follows through a series of actions showing where decisions must
be made, the possible outcomes for each decision, and the relevant costs. In
particular, the decision tree or diagram shows:

® acts — points in the system where a decision must be made between
alternative actions;

e events — the possible physical outcomes resulting from the various acts;

e outlays — the cost involved in each act;

e returns — the monetary return resulting from each act and event;
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e payoffs or net returns — the monetary inflow less costs for each act and
event (or set of acts and events);

e probabilities — the probabilities attached to each event and, thus, using
probability rules, the probabilities attached to final outcomes.

The purpose of a diagram is to logically set out the decision problem and to
assist in: (i) locating where decisions must be made; (ii) estimating the possible
final outcomes; and (iii) their probabilities.

The best way to describe this process is to consider a simple example.
A farmer is thinking about applying nitrogen fertilizer to a wheat crop. The
decision tree, on a per hectare basis, might take the form shown in Fig. 3.6.

The diagram contains a number of forks, hence the term ‘decision tree’.
These forks will be either:

e Act forks — points in the process where a decision is made. The decision
directs the process along a particular branch. In Fig. 3.6 point A is an act
fork (the only one); or

e Event forks — points where non-controllable factors split the results of an
act into possible outcomes. In Fig. 3.6 these are points B, C and D.

Acts and outlays Events, probabilities, consequences Payoffs (net returns) and probabilities
$2360 P=0.2 (81yield)
Apply 100 kg N (-$40
PRY Nt ) Goo son..P=0.2
B
1760 P=0.5 (61t yield
.season ... P=0.5 $ (6 tyield)
Poor season ... P=1: )
$1460 P=0.3 (5tyield)
$2420 P=0.2
Good season.~F=0.2
A C _
Ave. season ... P=0.5 $1820 P=05
ApPly 160 kg N (-$64) Poor § ..P=0.3
$1530 P=0.3
$2470 P=0.2
P=0.2
D P-05 $1840 P=0.5
Apply 220 kg N (-$88)
P=0.3 $1520 P=0.3

Fig. 3.6. Decision tree for applying nitrogen on a wheat crop.
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The example given is quite simple. Firstly, it contains only one decision
point or act fork. There would normally be several of these in practical farming
systems (Fig. 3.7). Second, it contains only one event fork per act branch. It
would not be unusual to have several event forks following an act fork. For
example, in the wheat—nitrogen example, the outcomes should have been
dependent on yield and price received per kg, as shown in Fig. 3.8.

Act

Event

Act

Event
or

Act 2

Act 1

Act 1 might be type and amount of
fertilizer, and act 2 time of application

Fig. 3.7. Acts, events and forks in a decision tree.

Event (yield) Event (price)

Act

Fig. 3.8. Acts and multiple events in a decision tree.
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The decision tree idea can also be used to estimate final outcomes and
attached probabilities for a farming system. In this case there will be no act
forks. Using a decision tree diagram simply facilitates the identification of
end-point outcomes and the calculation of probabilities.

Construct a ‘payoff matrix’ from the cash flow decision diagram

This is not always necessary, but where the decision tree is complex and there-
fore requires the use of several pages, it is useful to summarize the end-point
outcomes and probabilities in the form of a single table to facilitate decision
making. For the example the payoff matrix is:

Actions
Events and
probabilities 100kgN  160kg N 220kg N
Good season (0.2)  $2360 $2420 $2470
Ave. season (0.5) $1760 $1820 $1840
Poor season (0.3) $1460 $1530 $1520

Where there are several act and event forks the payoff matrix might have the
form shown in Table 3.1, where each column in the table represents the final out-
comes possible from following a series of actions and each row represents the
outcomes from the act combinations for a particular set of events occurring.
A spreadsheet might well be used to create such tables, including doing the sums.

Table 3.1. A table showing many events and acts.

Act fork 1

Act 1 Act 2 Act 3 Act 4

Events and
probabilities Act fork 2

Event Event Act 1 Act 2 Act 1 Act 2 Act 1 Act 2 Act 1 Act 2
fork 1 fork 2

Good Good $2360 $2420 etc.
season price

(0.6) (0.2)
Good Ave.
season price
(0.6) (0.8)
Ave. Good
season price
(0.2) (0.2)
Ave. Ave.

season price
(0.2) (0.8)




Decisions Under Non-certainty 45

Having quantified alternative courses of action, decision making analyses
can now be considered.

Decision making for a range of objectives

THE GERTAINTY EQUIVALENT APPROACH  Where the farmer’s objective is made up of a
non-definable combination of the profit distribution parameters, the certainty
equivalent approach can be used. The certainty equivalent for an action is
defined as:

the sum of money, available with certainty, that would make the farmer indiffer-
ent to a choice between the action (which has a range of outcomes with attached
probabilities) and the certain sum of money.

Further, even where the farmer’s objective is definable it may be extremely
complicated to incorporate, so the only practicable approach in an economic
and calculational sense may be to use certainty equivalents.

The certainty equivalent (CE) approach involves asking the farmer to esti-
mate his CE for each alternative course of action (as in the payoff matrix).
A choice is then made by selecting the alternative with the greatest CE. For a
farmer to be able to estimate accurate CEs he clearly must have reasonable
understanding of chance and probabilities.

For example, in the nitrogen/wheat example (see Fig. 3.6) the procedure
might be:

Consider action 1 (100kg N)
Ask the farmer what sum of money would give him the same satisfaction,
assuming there is no doubt about the exact quantity that would be received
(i.e. received with certainty), as that provided by choosing action 1. The possible
outcomes from action 1 were:

$2360 with achance of 0.2
$1760 with a chance of 0.5
$1460 with a chance of 0.3

1.00

In many cases a farmer might not fully understand what is involved. The alter-
native is to arbitrarily suggest a possible sum to be received with certainty and
ask whether he would prefer, assuming the choice did in fact exist, the certain
sum or the risky action. If he definitely prefers one or the other, increase or
decrease the hypothetical certain sum. Continue this procedure until he is not
sure whether he would prefer the certain sum or action 1. Once this point is
reached, the level of the ‘certain sum’ can be regarded as the certainty equiva-
lent of action 1 and should reflect the overall value the farmer attaches to this
action. For example:

Q: Do you prefer $2000 with certainty or action 1 (in which the outcome is not
certain)?
A: Definitely prefer $2000.
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Q: Do you prefer $1600 or action 1?
A: Definitely prefer action 1.

Q: Do you prefer $1850 or action 1?
A: Both about the same.

As the farmer is indifferent between $1850 and action 1 the certainty equiva-
lent is $1850.

Similarly, the farmer’s certainty equivalents of the other actions
might be:

Act 1 (100kgN) $1850
Act 2 (160kgN) $1900
Act 3 (220kgN) $1890

Thus, the optimal action is to use 160kg N (Act 2), but only marginally so.

The farmer may find it easy to estimate his CEs where only a few outcomes
are considered for each course of action, but where there are many it may be
more difficult. For example, what is your certainty equivalent for the following
range of outcomes?

$ payoff per ewe Probability
-10.0 0.05
20.0 0.12
25.0 0.10
30.0 0.20
40.0 0.04
55.0 0.40
80.0 0.03
90.0 0.06

However, in practice many farmers and advisers probably intuitively use this
approach without formalizing the alternatives in a payoff matrix.

The approach has the advantage of being conceptually simple, and where
the significance of the decisions over variability is not great, the technique is
particularly useful. Further, when the CE is estimated it is likely a farmer takes
into account more than monetary considerations, so other satisfaction-
producing products will be taken into account.

In some cases, however, it will be easier, given the payoff matrix, to simply
ask the farmer which of the alternatives he prefers. The assumption is the
farmer will intuitively assess the alternatives on the basis of informal CEs.

CHOICE ON THE BAsIs OF ExPECTED PROFIT  Where the farmer is indifferent to the
shape of the profit distributions, his monetary objective is the maximization of
expected profit (E(P)). Choice is made by using the payoff matrix to estimate
the expected profit for each alternative and selecting the greatest E(P). In the
nitrogen/wheat example, the alternatives and the expected return for each
from the matrix table are:

(1) 100kg N; E(P) = (0.2 x 2360) + (0.5 x 1760) + (0.3 x 1460)
=$1790.0
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(2) 160kg N; E(P) = (0.2 x 2420) + (0.5 x 1820) + (0.3 x 1530)
= $1853.0

(3) 220kg N; E(P) = (0.2 x 2470) + (0.5 x 1840) + (0.3 x 1520)
= $1870.0
Alternative (3) has the greatest expected return.

When they carry out budgeting, many consultants and advisers assume
farmers want to maximize expected profit. In estimating the budget parameters
(death rate, yields, calving percentage, costs, prices etc.) they use expected
values and proceed to calculate a single valued expectation. Provided there are
no interactions between the variables, and also provided the plan or system
evaluated in the budget can be implemented no matter what conditions eventu-
ate, the result is acceptable. That is, provided the plan will be feasible under all
situations. If interactions do occur the expected profit estimate will be incorrect
and should be estimated using a decision tree in which all branches are evalu-
ated. Strictly this is always likely to be the case, so it is a matter of the degree
of distortion.

For example, consider the case where additional winter feed, compared
with that assumed, may have to be purchased to maintain feasibility (per-
haps stock numbers are greater than expected and/or hay production less
than expected). This possible extra expense will not be included in a budget
based on single valued expectations. The problem is related to an earlier
discussion about the need to consider that expected states may not
eventuate.

CHOICE ON THE BASIS OF EXPECTED PROFIT MAXIMIZATION SUBJECT TO A RANGE OF POSSIBLE
consTRANTsS A farmer’s objective may primarily be the maximization of
expected profit with other special features of the profit distribution playing a
lesser role. The two most likely requirements will be: (i) profit must not fall
below a certain level under all conditions; or (ii) profit must not fall below a
specified level with more than a given probability.

In order to make decisions for these types of objectives a payoff matrix is
calculated for all the courses of action, and the alternatives that do not satisfy
the special requirements are deleted from further consideration. A decision is
then made by selecting the alternative from those remaining with the greatest
expected profit.

As an example, consider a problem in which the following alternative
farming systems are possible:

System 1 System 2 System 3
Payoffs Prob. Payoffs Prob. Payoffs Prob.
$2000 0.2 $2500 0.3 $1500 0.1
2500 0.2 2800 0.4 2500 0.2
3000 0.5 3200 0.2 3500 0.5
3400 0.1 4000 0.1 4500 0.2

E(P) = $2740 E(P) = $2910 E(P) = $3300
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Case 1: Profit must never fall below $2,000. Eliminate system 3, select
system 2.

Case 2: Profit must never fall below $2,100 with a probability greater than
0.15. Eliminate system 1, select system 3.

concLusion A range of possible choice systems have been suggested, although
many more exist. Which should be used depends on the farmer’s objective and
the likely increase in satisfaction resulting from using a correct analytical proce-
dure compared with the cost and time in its implementation. In some cases
none of these procedures may be appropriate, so further possibilities are con-
sidered in later sections. As most farmers have slightly different objectives it is
not possible to cover them all. The section on monetary utility to be covered
later, does, however, have considerable theoretical generality. Finally, it must be
strongly emphasized that due to the extra work involved in introducing non-
certainty into decision making, this should only be done for major decisions, e.g.
the choice of stocking rate. In other situations, risk should be considered
subjectively.

POST-CONGLUSION — THE COST OF NON-CERTAINTY  As the future cannot be predicted,
farmers (and advisers) will make incorrect decisions. After an event has occurred
this may become evident, but hindsight is of little use except for gaining experi-
ence. The correct decisions prior to an event will not necessarily be correct for
the conditions that eventuate. That is, with non-certainty what is best, given the
estimates of future conditions and their probabilities, often turns out to be less
than optimal. On the other hand, if the optimal farming system is repeated
over many years, the average profit will be optimal provided the characteristics
of the situation do not change.

An estimate can be made of the cost of having to operate in a non-certainty
environment. This is calculated by determining the profit that would be made
assuming perfect prediction and then obtaining the difference between the
expected perfect prediction profit and the expected profit for the case where
perfect prediction is not assumed. As an example, consider the following case:

(1) Expected profit from optimal system = $6200
without perfect prediction

(2) Profit from optimal system for event set 1 = $5000
Profit from optimal system for event set 2 = $6800
Profit from optimal system for event set 3 = $8500

These outcomes are worked out assuming the optimal system for each event
set is used. These optimal systems will probably not be the same as (1) — they
are optimal for the particular set of conditions or events. They are worked out
by taking the variable values in each event set and estimating the best system,
assuming you know that these values will occur with certainty.

(3) Probability of event set 1 occurring = 0.25
Probability of event set 2 occurring = 0.45
Probability of event set 3 occurring = 0.30

Cost of non-certainty:
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(i) Expected profit assuming can predict conditions:
(5000 x 0.25) + (6800 x 0.45) + (8500 x 0.3) = 6860
(ii) Comparison gives cost of non-certainty as $6860 — 6200 = $660

In drought-prone areas many farmers have low incomes from trying to main-
tain stock numbers when ‘drought’ conditions occur. But if a farmer could
predict when a drought will occur he could use optimal systems for the low food
production. The cost of non-certainty in these cases is usually very high due to
all the extra purchased feed or animal sale costs.

3.10 Monetary Utility Functions — their Estimation and Use
Introduction

The question of how to determine a farmer’s objective has so far not been con-
sidered in any detail. A number of approaches, all relying on observation and
questioning procedures, are possible. An adviser, for example, might simply con-
clude from general discussion and observation that a particular farmer’s objective
is the ‘maximization of expected returns subject to gifting $x to his children per
year’, or something similar. These kinds of observations will always be important.
This section, however, is concerned with developing a formal method for estimat-
ing a monetary utility function for use in decision making under risk.

The method relies on the direct relationship between the shape of a farm-
er’s utility function and the profit distribution parameters which should be used
in making decisions. This knowledge helps decide which of the processes dis-
cussed in the last section is appropriate for any particular farmer. While in
theory the certainty equivalent and monetary utility approaches should lead to
the same decisions, a clear understanding of the reasons for considering risk is
important and helps resolve any inconsistencies.

Monetary utility functions and risk

The general theory

Given a monetary utility function and equivalent graph, decisions can be made by
reading off the utility created by the profit from each alternative farming system.
For example, given the following function and two possible farming systems
A and B as shown in Fig. 3.9, the choice would be system A as it provides the
greatest utility (and profit in this case). The same procedure allows decisions for
other outputs such as leisure. This would produce a multidimensional graph pro-
vided a function (equation) for each ‘product’ can be determined.

Note that an analyst might comment that a farming system which pro-
duces greater monetary returns than alternatives will be preferred. Thus, why
not simply base decisions on monetary returns and ignore utility? The fallacy in
this approach, however, is that a particular system does not produce a certain
outcome enabling a simple comparison as suggested. Utility can also embody
more than just monetary returns.
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Utility

System A = $60,000

System B = $45,800

$45,800 $60,000

Fig. 3.9. Profit and utility.

Where output is a random variable it is necessary to express output as a
single figure to enable comparisons, although this may not always be an
acceptable statement for some farmers (this question will be discussed later
under lexicographic utility). This single figure can be created using a monetary
utility function. Given the possible monetary outcomes, together with their
probabilities, the expected utility of the alternative can be estimated from the
graph or function. This provides a single summary figure enabling compari-
sons. The expected utility is estimated by obtaining from the graph or function
the utility for each possible monetary gain and by summing the product of the
utility levels and the associated probabilities. That is:

EW) =Y pU,

An analyst might also question why it would not be easier to use expected profit
rather than expected utility. The answer is straightforward. The expected profit
parameter does not take into account that the farmer’s utility function is usually
non-linear. That is, high gains in a profit distribution should not be weighted to
the same extent as the lower gains where the utility function exhibits diminishing
marginal utility. (The probabilities will also weight the possibilities.) The expected
profit criterion weights all gains from the distribution equally so that, for exam-
ple, $10,000 has one-tenth of the value of $100,000. If the farmer’s utility
function exhibits diminishing returns this is not the case. Consider Fig. 3.10.

It is clear expected profit does not equal expected utility except under the
special condition of a linear utility function. That is:

E(U) = E(P)

for non-linear utility functions, even where the scales for money and utility are
identical (i.e. $1 = 1 utile as is the case for $10,000 in the above example).

In the above example, if a particular farming system had two possible
outcomes, $10,000 and $100,000 with probabilities 0.4 and 0.6 respectively,
the expected profit and utility figures are:
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25,000
U($10,000) = 10,000 utiles
Utilit
"y U($100,000) = 25,000 utiles
10,000

U($100,000) = 10 x U($10,000)

$10,000 $100,000
Money gains

Fig. 3.10. Diminishing marginal utility.

E(P) = (0.4 x 10,000) + (0.6 x 100,000) = 64,000
E(U) = (0.4 x 10,000) + (0.6 x 25,000) = 19,000

There is a slight problem in the above analysis. For the conclusion of E(U) # E(P)
to hold, monetary gains and utility must be measured on a comparable scale, but
in reality this is difficult as utility cannot be measured in absolute terms. The basic
conclusion, however, holds despite this complication. Where expected utility is
used to select an optimal system it is most likely to be different from the one which
maximizes expected profit. As noted, the exception is where the utility function is
approximately linear and/or the alternatives have very similar risk levels.

The relationship between risk and utility can now be further explored.
A risky alternative farming system with a given expected profit will, where
diminishing marginal utility exists, have a lower expected utility than a less risky
alternative with the same expected profit. The term ‘risky’ is used here to
describe the variability of possible outcomes.

In the risky alternative there will be some very high and low outcomes. Due
to the diminishing marginal utility, the value given to the high profit outcomes
will not compensate for the low profit outcomes compared with the less risky
alternative. For example, given the function and alternatives in Fig. 3.11, the
less risky alternative has greater expected utility.

The idea of a certainty equivalent discussed previously can now be explained
logically with the use of this example. The certainty equivalent for alternative
A, provided the farmer can estimate it correctly, should be the sure monetary
gain equivalent to a utility of 21.2 utiles. Reading from the graph this is approx-
imately $18,000 whereas for alternative B it is approximately $16,000. Thus,
certainty equivalents should reflect the farmers’ utility functions so that the
alternatives will be ordered in terms of preferences.

Two examples will reinforce the arguments presented.

1. Which of the following alternatives would you prefer?

(i) $100,000 gift, tax free, with certainty.
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Alternative A

26/25

$10,000 P=0.2

22 $20,000 P=0.6

$30,000 P=0.2

15 E(P) = $20,000
Utility
Alternative B
$1,600 P=0.2

5 $20,000 P=0.6

$38,400 P=0.2

1,600 10,000 20,000 30,000 40,000 E(P) = $20,000
Money gains ($)

Alternative A E(U) = (0.2 x 15) + (0.6 x 22) + (0.2 x 25) = 21.2
Alternative B E(U) = (0.2 x 5) + (0.6 x 22) + (0.2 x 26) = 19.4

Note carefully that E(U($20,000)) = 22 which is not21.2 or 19.4

Fig. 3.11. The difference between expected profit and expected utility.

(ii) On the toss of a fair coin, a zero return if heads occurs, or a tax free gift
of $201,000 if tails occurs.

Most individuals would prefer alternative (i), though if their objective is the maxi-
mization of expected returns they should prefer alternative (ii) as E(i) = $100,000,
whereas E(ii) = $100,500. This example indicates that the rlskmess of alterna-
tives is important in decision making (and in the sums involved).

2. Which of the following alternatives would you prefer?
(i) $105 tax free gift with certainty.
(i) $400 tax free gift if, given two tosses of a fair coin, two heads occur,
or zero return if this condition is not met.

Most decision makers would prefer alternative (ii) to (i) despite E(i) > Efii).
(E@i) = 105, Ef(ii) = (0.25 x 400) + (0.75 x 0) = 100). Now consider the same
problem but where the payoffs are multiplied by 1000. In this case alternative
(i) will probably be preferred. This suggests that different levels of monetary
gains provide proportionately different satisfaction. If this did not hold, the
preferred alternatives would not alter as the sums involved changed.

These concepts of monetary utility and decision making have been
approached from a general reasoning point of view. All these ideas can in
fact be rigorously proved.

Types of utility functions

In general, three distinctive types of utility functions can be isolated for descriptive
purposes. These utility functions relate to an individual’s attitude to risky outcomes.
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NO PREFERENCE OR AVERSION TO RISk For this case the utility function will be linear
as shown in Fig. 3.12.

As high gains have proportionately the same value as low gains, the
riskiness of alternatives will be unimportant. That is, choice made on the
basis of expected profit will provide the same answer as choice made using
expected utility.

RISK AVERSION ATTITUDE  This is the most common attitude. Farmers with this
attitude exhibit diminishing marginal utility as shown in Fig. 3.13.

The reason for the risk aversion tendencies is that the high gains in a risky
alternative do not provide sufficient utility to compensate for the low gains rela-
tive to a less risky alternative. The farmer is not prepared to gamble heavily for
the slight chance of a high gain, i.e. the utility from the possible high gain is not
sufficient to warrant the gamble.

RISK PREFERENCE ATTITUDE  This attitude is uncommon. Farmers with a prefer-
ence for risky alternatives exhibit a function of the form shown in Fig. 3.14.

Utility ) -
constant marginal utility

Money gains ($)

Fig. 3.12. The utility function and risk indifference.

diminishing marginal utility

Utility

Money gains ($)

Fig. 3.13. Diminishing marginal utility and risk aversion.
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increasing marginal utility

Utility

Money gains ($)

Fig. 3.14. Increasing marginal utility and risk preference.

Farmers prefer risky alternatives as the possible high gains provide much
greater utility proportionately than the low gains. Thus if an alternative exists
in which there could be an extremely high gain they prefer it to surer, but lower
value, alternatives.

Thus, clearly the degree of risk aversion a farmer will exhibit depends on
the rate at which marginal utility declines, or increases, as the case may be.
(It will be demonstrated later that for functions that are nearly linear the
objective of maximum expected profit can be used.) But also note a farmer’s
monetary utility function may be complex and change from increasing to
decreasing marginal utility with increasing income levels. Similarly, the asset
base of the farmer may influence the shape of the function. A farmer with
large net assets is more likely to have increasing marginal utility, for losses
have less impact.

The general utility function

Research has shown that a common utility function has the form shown in
Fig. 3.15.

This curve exhibits: (i) increasing marginal disutility for money losses (sec-
tion A); (ii) increasing marginal utility for gains up to a certain point (section B);
and (iii) decreasing marginal utility for gains thereafter (section C). This suggests
risk preference up to a certain point and risk aversion beyond this point. The
changing point is commonly termed the aspiration level. Below this, decision
makers are prepared to gamble to achieve a certain minimum standard of liv-
ing. This is to be expected as individuals with a low level of income can make
considerable gains in satisfaction given a favourable outcome. The aspiration
level for different individuals will vary. For most farmers, however, an analyst
will be dealing with the higher section of the curve, as most outcomes for whole
farm systems will fall above the aspiration point.

An individual’s utility function is unique, as everyone has a different back-
ground, different experiences and a different psychological makeup. One par-
ticularly important factor is the decision maker’s current asset situation. With
few assets some farmers are likely to be risk preferers, and similarly if the net
assets are very high, for losses are less important.
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Utility

——  point of inflection

Money gains ($)

A

Fig. 3.15. The full range of a typical utility function.

The shape of a utility function is also likely to change with time as asset
situations, experience types and levels, and fixed commitments are all likely to
change.

Individual’s utility functions cannot be directly compared as there is no way
of absolutely measuring the worth of a product or output. Given the utility
functions for two farmers, they might show that the utility of $1000 to farmer
A is 50 utiles while for farmer B it is 160 utiles. This does not mean, however,
that farmer B derives more satisfaction from $1000 than farmer A. There is
no way of measuring this as there is no standard measure for a unit of satisfac-
tion as there is, for example, the length of different cars in feet, metres etc.
Thus, a utility function is a personal concept enabling alternatives to be ranked
in order of preference for that particular individual. This means utility functions
cannot be combined to form group functions. This discussion will be extended
when the construction of utility curves is considered below.

Decision making where the objective is maximum expected utility

To choose between alternatives a payoff matrix, or tree, must be created,
giving the final monetary outcomes and associated probabilities for each
action. Using the utility graph, or to give greater accuracy, the equation of
the utility function, the expected utility for each action is calculated by con-
verting each monetary outcome into utility values and summing the product
of the utility outcomes and their probability. Thus, given two alternatives with
the following monetary outcomes and probabilities, the expected utility of
each will be:



56

Chapter 3

Alternative A: $X,, X,, X, ... X, with probabilities p;, p,, p5 ... P,
Alternative B: $Y, Y,, Y5 ... Y, with probabilities q;, g5, g5 ... q,,

Let u(X;) and u(Y;) be the utility of monetary outcomes X; and Y, and similarly
for the other possibilities. Then:

E(u(A)) = pyu(X,) + poulXy) + ... + p,ulX)
E(u(B)) = qyu(Y;) + qou(Yy) + ... + g,u(Y,)

If E(u(A)) > E(u(B)), choose alternative A or vice versa.

In carrying out these calculations, do not fall into the error of assuming that
the expected utility of an alternative is equal to the utility of the expected mon-
etary return. That is:

E(u(E($ return))) # E (utility)

This will only hold where the utility function is linear.

When using utility for decision making only whole systems can be com-
pared. The reason is that where the utility function is curvilinear, total system
utility is not equal to the utility of a unit of the farming system multiplied up to
give the whole system. For example, on a particular 50ha block a crop
rotation/system might return $800/ha. Given the utility function shown in
Fig. 3.16 the utility of ($800 x 50) is not equal to the utility of $800 multiplied
by 50 (U(800) x 50).

This point has particular relevance when comparing risky and non-risky
alternatives, as when ‘per unit’ returns are multiplied up the shape of the utility
curve will probably ensure that the ranking of the two alternatives will change.
For example, consider two alternatives which provide the following returns per
hectare:

U(800 x 50) # 50 x U(800)

85
80
U($800 x 50) = 80
50 x U(800) = 500
Utility
10
800 40,000

Money gains ($)

Fig. 3.16. Utility from a whole farm system relative to per hectare utility.
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Alternative A: $750 with p = 0.4, $900 with p = 0.6
Alternative B: $100 with p = 0.2, $900 with p = 0.5, $1233 with p = 0.3

Both alternatives have the same E(Profit) = $840.

(@) On a per hectare basis, expected utilities for the above function are:

A: E(u) = 0.4(9) + 0.6(11) = 10.2
B: E(u) = 0.2(1.45) + 0.5(11) + 0.3(15.2) = 10.35

(b) On a 50ha basis, expected utilities are:

A: E(u) = 0.4(u(37,500)) + 0.6(u(45,000)) = 82.8
B: E(u) = 0.2(u(5,000)) = 0.5(u(45,000)) + 0.3(u(61,650)) = 72.2

Thus, the optimal choice changes where the whole system is considered, as
it should.

3.11 Estimation of Monetary Utility Functions
Introduction

Considerable research has gone into determining whether a farmer’s utility
function can be estimated successfully, and in determining the best method for
estimating the function. The main method relies on the relationship between a
farmer’s attitude to risky situations and the form of his utility function. The
procedure involves:

1. Asking the farmer a series of questions to determine his certainty equivalent
for a series of simple 50-50 gambles, and

2. Using his answers to relate his preference for each gamble to an arbitrary
utility scale.

In considering the details, only a utility function for monetary gains will be con-
sidered. With slight modifications the system can be extended to cover mone-
tary losses (see Further Reading).

Determining the function

The detailed steps are:

1. Determine the certainty equivalent of a 50-50 gamble involving the lowest
and highest money values for which the utility function is to be estimated.

For example, the range of interest might be $0-200,000. Thus, the farmer
would be asked what sum of money, received with certainty, would make him
indifferent to this certain sum or the gamble of $0 with a probability of 0.5 or
$200,000 with a probability of 0.5. The 50-50 gamble is used as it is the
easiest chance situation to understand. A successful method of finding the
certainty equivalent is to prepare a card in the following format and ask which
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alternative is preferred. If the certainty equivalent is preferred, decrease it and
re-ask the question and vice versa. This process is repeated until indifference is

50-50 choice Certain amount
Write here the most likely

$0 J— certainty equivalent

$200,000 _/

indicated. Research has indicated a series of questions will provide a more
accurate answer compared with directly asking the farmer to nominate a cer-
tainty equivalent.

2. Assign arbitrary utility levels to the highest and lowest gains considered.

For example, assign a zero utility to the money gain of zero (i.e. u(0) = 0) and
assign a utility figure of, say, 100 utiles to the highest gain (i.e. u(200,000) =
100). These figures can be any level provided u(lowest gain) < u(highest gain). As
these values are arbitrarily assigned, different individual’s utilities cannot be com-
pared. It is impossible to overcome this problem as there is no absolute measure
of satisfaction. If money losses are also considered it would be logical to set u(0)
= 0 so that the utility of losses would be negative figures, i.e. disutility.

The utility of the certainty equivalent in the highest-lowest gamble case
can now be estimated. This will be equal to the expected utility from the
gamble as the farmer is indifferent between the gamble and the certainty
equivalent. That is:

Ulcertainty equivalent) = 0.5(u(lowest gain)) + 0.5(u(highest gain))
For example, assume the certainty equivalent is $90,000. Therefore:
U($90,000) = 0.5(0) + 0.5(100) = 50 utiles

Thus, the utility of one monetary value ($90,000) lying between $0 and
$200,000 has now been estimated.

3. Proceed to ask a series of similar questions that are designed to evaluate the
utility of various money values between the ranges considered.

In general, it has been found that it is usually only necessary to ask a total
of approximately seven questions. These questions should follow the sequence
set out in Fig. 3.17.

Each question involves a 50-50 gamble between two monetary sums for
which the utility levels are known, so that the utility of the certainty equivalent
provided by the farmer can be estimated using:

u(certainty equivalent) = 0.5 u($x) + 0.5 u($y)

where $x and $y are monetary gains for which the utility level is known.

Once the utility of a new monetary gain is determined, a new question is
formulated using this monetary gain in the gamble together with another
value for which the utility level is already known.
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Question 1
($0, $a) = $b*
Question 2 Question 3
($0, $b) = $c* ($b, $a) = $d*
Question 4 Question 5 Question 6 Question 7
($0, $c) = $e* ($c, $b) = $f* ($b, $d) = $g* ($d, $a) = $h*
Where: $a = highest monetary gain considered; ( )

represents a 50-50 gamble for the two values within
the brackets; * the certainty equivalents to be determined.

Fig. 3.17. Schematic of the question procedure for estimating 50-50 gambles and
certainty equivalents.

For example, a farmer might provide the following answers:

Q1, the certainty equivalent to (0, 200,000) = $90,000

Q2, the certainty equivalent to (0, 90,000) = $48,000

Q3, the certainty equivalent to (90,000, 200,000) = $125,000
Q4, the certainty equivalent to (0, 48,000) = $19,000

Q5, the certainty equivalent to (48,000, 90,000) = $59,000
Q6, the certainty equivalent to (90,000, 125,000) = $105,000
Q7, the certainty equivalent to (125,000, 200,000) = $147,000

Thus, the utility levels of the various monetary sums are:

u(90,000) = 0.5 (0) + 0.5 (100) = 50.0 utiles
u(48,000) = 0.5 (0) + 0.5 (50) = 25.0 utiles
u(125,000) = 0.5 (50) + 0.5 (100) = 75.0 utiles
u(19,000) = 0.5 (0) + 0.5 (25) = 12.5 utiles
u(59,000) = 0.5 (25) + 0.5 (50) = 37.5 utiles
u(105,000) = 0.5 (50) + 0.5 (75) = 62.5 utiles
u(147,000) = 0.5 (75) + 0.5 (100) = 87.5 utiles

Using this information the utility function can be graphed and used to make
decisions, or the observations used to determine an equation of the
function.

The main doubt about the correctness of utility functions estimated in this
way is whether farmers can answer the hypothetical 50-50 gamble questions
to reflect how they would make real-world decisions. If the questions can be
formulated using real farm problems the credibility of the answers will be
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enhanced. For example, the 50-50 gamble could be the possible outcomes
from growing a specific crop, or some other realistic gamble appropriate to the
monetary levels in the particular gamble question.

3.12 An Appraisal of the Use of Utility Functions

Background

There is no doubt that many farmers actually make decisions using the principles
outlined for maximum expected utility. Farmers do not, however, formalize
their decisions in this way. While maximizing utility may well create a better
farming system than intuitive approaches, the real question is whether using
these techniques will give sufficient improvement to warrant the analytical
costs. The alternative possibility is not limited to using a single valued param-
eter system, but to the whole range of semi-correct techniques, some of which
have been discussed in earlier sections. These rely on subjective judgment and
involve considerably less work. An example is putting a subjective limit on the
number of hectares of an extremely variable crop (e.g. potatoes) that can be
grown, as this recognizes that the farmer is a risk averter (it may also recognize
a restriction is necessary for economic survival). On the other hand, if the ana-
lyst is considering optimal systems for a range of situations, a formal analysis
may be worthwhile given the many beneficiaries. In such cases a range of utility
functions should be used, i.e. carry out a sensitivity analysis.

No definitive statements can be made as each case must be considered on
its own merits. Whatever the case, the discussion provides a logical framework
to assess subjective constraints and simplified objectives. It is usually more effi-
cient to operate from an understanding of a problem than using a set of rules
suggested by somebody else.

The individuality of utility functions poses a problem. Even if there existed
a group of similar farms and farmers, general recommendations can not be
made. It is only possible to consider a range of typical functions and develop
optimal systems for each.

The factors important in whether utility theory will make a difference are:

(i) the shape of the farmer’s utility function,
(ii) the shape of the profit distributions from alternative farming systems.

If the farmer has a linear objective function, utility can be ignored as maximiz-
ing expected utility will give the same answer as maximizing expected profit.
Similarly, where the farmer is only a slight risk averter, or preferer, the same
conclusion will provide near optimal decisions. Many farmers will fall into these
categories.

Where alternative farming systems provide similar profit distributions,
and/or these exhibit low variability, the same conclusion can be reached as
expected profit will rank similarly to expected utility.

Points (i) and (ii) above must be considered together, as even if alternative
systems have widely differing profit distributions but the farmer’s utility function
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is linear, decisions can be made on the basis of expected profit. Similarly, if a
farmer is an extreme risk averter but the feasible alternatives are only slightly
variable, making decisions on the basis of expected profit will provide near
optimal solutions.

As an example, consider the following situation consisting of three alterna-
tives between which two different farmers must choose:

(@) $5,000, p = 0.4; $7,500, p = 0.6
(b) $2,500, p = 0.2; $7,500, p = 0.4; $10,000, p = 0.4
(©) $5,000, p = 0.3; $6,250, p = 0.7

To assess these alternatives, consider the utility functions shown in Fig. 3.18.
Expected profits:

E(P) = $6,500; E(P,) = $7,500; E(P_) = $5,875
Expected utility: Farmer 1, a risk averter

E(u(a)) = 0.4(54) + 0.6(66) = 61.2
E(u(b)) = 0.2(37) + 0.4(66) + 0.4(68) = 61.0
E(u(c)) = 0.3(54) + 0.7(60) = 58.2

Thus, farmer 1 should select alternative (a) even though this does not provide
maximum E(P).

However, if this extreme risk averter had only alternatives (a) and (c) avail-
able, he would select alternative (a), which is the alternative with the greatest
expected profit. Thus, the utility function has not assisted in decision making.

Utility functions

70 — Farmer 1
Farmer 2
Utility 35 -
0
2,500 5,000 7,500 10,000

Money gains ($)

Fig. 3.18. Impact of different risk attitudes on decisions.
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The reason is that the shape of the two distributions for alternative (a) and (c)
are similar.

Expected utility: Farmer 2, virtually indifferent to risk

E(u(@)) = 0.4(22) + 0.6(40) = 32.8
E(u(b)) = 0.2(10) + 0.4(44) + 0.4(59) = 41.6
E(u(c)) = 0.3(22) + 0.7(30) = 27.6

Thus, for farmer 2, the alternatives giving maximum expected utility and profit
are one and the same. Decision making using a utility function can be ignored
in this case.

When using utility, other outputs besides monetary gains must still be
included in the analysis in a subjective manner. Given various alternatives, the
leisure hours produced, the complexity of management, the preferences for
various product types and so on must be assessed.

A practical approach

If a farmer is an extreme risk averter, or preferer, then the use of expected util-
ity may give a different optimal farming system compared with the use of
expected profit. However, in most cases it will be time consuming to estimate
expected utility. A practical approach is to use some of the techniques sug-
gested in the previous discussions. The most useful is probably the maximiza-
tion of expected profit subject to various side conditions such as minimum
income or low variability requirements. An understanding of the use of expected
utility enables the subjective estimate of important side conditions.

For individual farmer advice, careful observation may indicate whether he
is an extreme risk averter or preferer. The principles indicate a series of practi-
cal questions and careful observations will usually provide the answer. For
example, asking the farmer how many hectares of a risky crop he is prepared
to grow (e.g. potatoes) will provide clues, as would asking him whether he
would prefer to invest surplus funds in Government bonds (sure return) or in,
e.g. importing a new breed of stock. Similarly, observing what he has done
with surplus funds in the past will indicate his attitude to risky ventures.

3.13 The Passive Approach to Risk Attitudes

and Decision Making

The use of utility functions can be called an active approach, as the utility
function is determined and used to select an optimal system. The function is
actively used in the process. An alternative is to sidestep the question of quan-
tifying the objective or utility function and to let the farmer choose between
possible alternatives. This involves constructing a set of farming systems, each
having a different profit distribution, and then presenting these to the farmer
with the request that he selects the most preferred alternative. This is a passive
approach as it is left to the farmer to make the decision.
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This approach can be placed in an efficient frontier framework. An efficient
frontier is the set of alternative systems producing the maximum output for vari-
ous ratios, or proportions, of the inputs given a fixed set of resources to work
with. A familiar example comes from production economics. A two product
production possibility curve represents the maximum quantity, in various propor-
tions, of the two products that can be produced with given resources. As output
is at a maximum, the graph is an efficient frontier, as shown in Fig. 3.19.

As each point on the curve (and each point below the curve) represents a
particular output, it represents a particular farming system or combination of
resources.

Returning to the risk case, what is called an Expected Profit—Variance
(EV) curve can be developed. This has the general form shown in Fig. 3.20.

Given resources: x ha land

y h labour

Wheat (kg) z $ capital

the possibilities are:

Sheep (ewes)

Fig. 3.19. Efficient production possibility curve.

efficient frontier

E (profit) feasible farming systems at all points
below the curve

Profit variance

Fig. 3.20. Efficient frontier for combinations of E(profit) and profit variance.
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The curve represents EV combinations that are efficient. Given a
farming system with a particular expected income and variance, it is not
possible to construct a better system having less variance and the same
expected income or greater expected income with the same variance.
There will, of course, be possible farming systems that have a lower
expected income and a higher variance, but these are not efficient. Each
point on the curve is representative of a particular, EV efficient, farming
system.

The passive approach proceeds by determining a number of EV-efficient
systems and then lets the farmer make his own choice.

This approach suggests that only the expected profit and the profit vari-
ance distribution parameters are important. While this is often the case, there
is nothing to prevent multidimensional efficient frontiers from being constructed
where each axis represents a particular distribution parameter. This process,
however, can become complex.

Which parameters of the profit distribution are important depends on the
shape of a farmer’s utility function. It can be shown that if the farmer’s utility
function can be represented with a quadratic function, then the only two dis-
tribution parameters of importance are the expected profit and profit variance.
As quadratic functions can satisfactorily approximate most farmers utility func-
tions, the EV approach has considerable value.

Which approach should be used? Active or Passive? This will depend on
whether accurate utility functions can be estimated, or in practical terms
whether you can estimate the shape of a farmer’s function from general ques-
tioning and observation. If not, there is no choice but to use the passive
approach. Where reasonable functions can be estimated, the choice must
depend on the work involved (in some cases neither approach should be used)
and the potential value of the results.

Finally, consider the relationship between the maximization of expected
utility and the EV efficient frontier curve. The farming system giving maximum
expected utility can be estimated from the EV curve. To do this, curves repre-
senting points of equal utility are superimposed on the EV graph and the point
of tangency of the highest iso-utility curve and the EV curve is the optimal
combination, as shown in Fig. 3.21.

The optimal farming system is the one giving the EV combination at the
point of tangency. This relationship, however, only holds if the utility func-
tion from which the iso-utility curves were estimated has a quadratic form.
To determine points of equal utility the function would be set equal to a
constant and solved for various combinations of E(P) and V(P) giving this
utility level.

The iso-utility curves given in the above described graph are for a risk
averter. A risk preferer would have the curves shown in Fig. 3.22.

The work involved in estimating EV curves for all farmers is, of course,
extensive. However, where it is considered that risk should be taken into
account it is often only necessary to analyse a few representative case
farms. The results can then be subjectively interpolated to individual
farms.
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3.14

greater satisfaction

|

efficient frontier

E (profit) optimal point

V (profit)

Fig. 3.21. The optimal E(profit)/profit variance point (farming system).

Risk preferers for the full range of
income levels are uncommon.
They prefer the highest variance
system on the frontier.

E (profit)

)

V (profit)

Fig. 3.22. Iso-utility curves for a risk preferer.

Game Theory — an Approach to Uncertainty

While the earlier discussion has assumed uncertainty can be converted to risk
using subjective probabilities, some analysts believe uncertainty can be directly
allowed for when developing improved systems through a body of theory
referred to as game theory. The idea is that a decision maker is playing a game
against an opposition and both are actively trying to get the better of the other.
In farming, the ‘opposition’ is frequently the weather, or perhaps a distant
market. The theory assumes the decision maker has an idea of possible out-
comes, but not their probabilities and must choose a strategy which achieves
his objectives. As noted, the discussion in the previous sections has assumed a
decision maker can make a reasonable estimate of a probability even if objec-
tive data is not available. In game theory this assumption is dropped, and as
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there may be cases in agriculture where there is simply no evidence on which
to base probability estimates, it is valuable to consider the basic concepts used
in game theory.

The analyst must create a payoff matrix giving the return for each alterna-
tive relative to the approach the ‘opposition’ may take. Choice of action is then
based on the action which achieves the objectives, assuming each outcome is
equally likely. An example is choosing a strategy to ensure income never drops
below some base level.

Imagine a farmer is faced with deciding on the nitrogen fertilizer to apply
to a maize crop. The outcome depends on the quantity and speed of rainfall as
well as the temperatures. The farmer might conclude the possible profit out-
comes are:

Cash surplus/ha

Nitrogen level (kg/ha) Good weather Average weather Poor weather
50 645 318 132
100 710 415 160
150 843 540 140
200 980 620 80

If the farmer reckons he must have at least $150/ha to cover fixed costs it is
clear the two higher rates of N fertilizer should not be selected, and nor should
the lowest rate. Thus there is only one choice, which in this case is 100kg N,
for if ‘poor weather’ occurs this is the only option guaranteeing at least $150.
Other selection approaches which might be more appropriate are listed below.
In this example the ‘opposition’ (weather) is benign in that it does not actively
try to minimize its loss.

Pure game theory, on the other hand, works on the basis that the ‘players’
are actively opposing each other. An example might be a grain merchant trying
to make deals with a farmer, or with a farmers’ cooperative. The grain mer-
chant wants to obtain supplies as cheaply as possible, whereas the farmer/s
want to get the highest price possible. Contracts can take many forms, so both
the farmers and the grain purchasers have a number of strategies they can fol-
low. For example, the purchaser might want a percentage of the grain deliv-
ered before a fixed date and offers a price accordingly. Many other strategies
exist. In some cases the optimal system for each may coincide so there is little
to argue about. In other cases this will not be the case so a mixed strategy
might be best — perhaps the farmer sells half his crop using one policy, and the
remainder using another.

If the nitrogen/weather payoff table is imagined as alternative strategies in
this marketing example with columns representing the costs to the purchaser,
and the rows the returns to the farmer per tonne of grain, the game theory
approach would, first, see if any strategies dominated. For example, from the
purchasers point of view the last column would be preferred no matter which
strategy the farmer selected (choice is between the rows). But in the farmer’s
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case, no one row dominates the others, though the last strategy does dominate
for all but the last column. In these cases it is not always possible to find a sim-
ple match of what is best. In this example the purchaser would always select the
last column strategy, and if the farmer can see this he should select the second
strategy with a return of $160. Thus both strategies are clear and provide what
is known as the value of the game .... in this case, $160. To find a simple
solution like this the analyst can, say, circle the column maximums and put a
square round row minimums. Where the two match up provides the value of
the game, i.e. $160. This common point for both competitors is called the
‘saddle point’ of the game. Also note in this example the farmer would never
choose the first strategy, for the payoffs are less than row two which
dominates.

In games without a saddle point an optimal strategy will be to play a mix of
the strategies, as noted above. Determining the mix is a little more complicated
for many strategy cases and is probably best solved using linear programming,
which is the subject of a later chapter. Where an analyst believes he is faced
with a competitive game in which probabilities are not known, a text on game
theory should be consulted.

Much more relevant to most farm decision making is the case where the
farmer is facing a non-active competitor such as the weather, or a major mar-
ket where one person is unable to influence the outcomes and the ‘market’ is
not actively opposing the farmer. The example of the use of N on a crop is a
good example. In these cases a number of choice criteria can be used, any one
of which might be appropriate for a particular farmer.

The commonly referred to criteria are called The Hurwicz, The Wald, The
Savage and The Laplace. Consider the Hurwicz decision criteria. This assumes
nature is usually favourable to the decision maker and comes up with the best
‘state of nature’. The procedure is to select the best outcome payoff for each
row, and then select the strategy which has the highest of these. In the exam-
ple, the figures in the first column are the maximums for each row. So, under
this criteria the farmer would choose the maximum of these which, of course,
is to apply 200kg N. Effectively, the selection is based on the maximum of the
maximum so the strategy is called the maximax. Clearly this approach is only
for the most optimistic of farmers.

The Wald criteria is the complete opposite and involves selecting the maxi-
mum of the minimums. Thus the minimum is noted for each row, and the
strategy which has the highest minimum is selected. In the example this
approach results in selecting 100kg N. This is the maximin criteria, which is
suitable for very conservative farmers and ensures the minimum income is kept
to a maximum possible.

The Savage criteria, on the other hand, takes quite a different approach
and works with ‘regret’. Instead of a payoff matrix, Savage suggests a ‘regret’
matrix is constructed made up of data expressing the regret a farmer might
express given a particular strategy’s outcome. This matrix might come from
subtracting the monetary payoffs from a figure with which the farmer would be
very happy. For example, say this was $1000/ha. By taking the N payoff
matrix and subtracting each from 1000 the regret matrix is created. Various
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3.15

methods using the minimums of the rows can then be used to decide. Thus
regret can be minimized by selecting the minimax strategy. Such a farmer is
clearly somewhat negative about life, believing it will deal him the worst situa-
tion possible.

The Laplace criteria is rather more even handed. This assumes the prob-
ability of each state of weather (state of nature) is equal and then proceeds to
calculate the expected outcome for each row with the farmer selecting the
strategy which has the greatest expected value. Thus, for the N decision each
strategy has an expected cash surplus of:

E(50kg) = (645 x 0.333) + (318 x 0.333) + (132 x 0.333) = 364.63
E(100kg) = (710 x 0.333) + (415 x 0.333) + (160 x 0.333) = 427.91
E(150kg) = (843 x 0.333) + (540 x 0.333) + (140 x 0.333) = 507.16
E(200kg) = (980 x 0.333) + (620 x 0.333) + (80 x 0.333) = 559.44

vv
= =

As might be expected from a casual inspection, the 200kg strategy gives the
highest expected cash surplus payoff. The extra costs of more N are more than
compensated by the increased yields except in the ‘poor’ weather condition.

In this last criterion example, in essence subjective probabilities have been
used. It is only that the evidence is insufficient to assume other than equal prob-
abilities. In real life an analyst has to decide whether it is logical to use what
information is available to create subjective probabilities, or revert to one of the
‘game theory” approaches.

Concluding Comments

Non-certainty prevails in primary production. An analyst developing optimal,
or at least ‘improved’, production systems must take it into account in some
way or other. This chapter has covered methods of quantifying non-certainty,
and of choosing between alternatives based on the variability of each system.
Whether they should be used in any analysis must depend on the degree of
riskiness inherent in the production system, the farmers’ predominant attitude
to risk, and the risk information available about the alternatives. Also relevant
is the degree of system improvement likely to be relative to the costs of analy-
sis, which can be extensive in complex risk analyses.

If a formal analysis is not considered worthwhile then a range of approxi-
mations might be instituted. These should be used with a full understanding of
risk and uncertainty, for otherwise the possible biases will not be understood.
For example, one approach might be to discount yields and prices on the basis
of perceived riskiness. Thus, for example, a particularly variable crop might
have its average vield downgraded by, say 25%, relative to a crop which is very
reliable despite weather variations. These approaches can be called ‘single val-
ued’, and as such may lead to infeasible and certainly sub-optimal systems. For
example, calculating how many animals a particular farm might support using
single values may mean in poor conditions there is inadequate feed supplies to
maintain the animals, and vice versa. The proposed system just will not work
under some conditions. In this example perhaps more feed must be purchased,
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or animals sold. In either case, the profit outcome will be much less than

projected.

In the end it is a judgement call the analyst must make. It should be based
on experience and the best information available. A good understanding of the
discussion on the cost of uncertainty can be helpful in making this decision.

Further topics using the concepts introduced in this chapter, and extending
the discussion, will be introduced from time to time in subsequent chapters. For
example, formulae for estimating profit variance for a combination of crops

will be defined later.

Overall, it is not possible to divorce non-certainty from analytical thought

in farm systems analysis.
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Cost—-Benefit Analysis —
Recognizing Input-Output
Timing

4.1

70

Introduction

In analysing farming systems it is important to recognize that the timing of
input use and the resultant output sales is seldom the same, particularly where
a farm is being improved in some way. This affects the economic viability of a
project. Furthermore, production often ‘uses’ time such as in orchard, forestry,
or even milk and beef enterprises. It can be shown alternative systems that are
identical except for the timing of inputs and outputs have a different value or
utility. Thus the timing aspects need to be assessed and valued.

The sections in this chapter will examine how these timing differences
should be taken into account. Throughout this discussion non-certainty will
largely be ignored. This does not mean it is not important in dynamic problems
(time dependent), but it is easier to understand the concepts if non-certainty is
initially left out of the discussion. Comments on handling non-certainty will be
provided later, so it will then be possible to adjust an understanding of the
points raised.

The chapter will proceed by first considering why time, in its own right, has
value (in an interest rate sense it clearly has value for depositing money in inter-
est bearing loans is possible), and using these concepts show how time-based
calculations can be used (such as compounding interest) to compare invest-
ments. Furthermore, a discussion on investment analysis relative to cost—
benefit analysis is included as the methods used in their calculations need to be
different; the discussion will clearly define what is meant by each. Essentially,
investment analysis refers to projects conducted by individuals, whereas cost—
benefit analysis is about state-initiated projects. The criteria used in choosing
the best investments will be explained, and methods of their calculation dis-
cussed. Finally, conditions which increase the criteria values are explored so
that an analyst knows how to design projects to maximize the outcomes.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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4.2 The Value of Time

Most individuals prefer to consume today rather than in the future, though
there is a limit to this preference. In order to live in the future some present
consumption has to be deferred to allow future consumption. For example, you
do not borrow to consume today to the extent that all future earnings will be
used in paying back the borrowed funds.

If there was not a preference for current consumption investors would not
require interest on money lent. They would be indifferent to whether they
used the money today, tomorrow or at some other time and would not demand
compensation for giving up the right to use the funds. In reality there are suf-
ficient lenders in the market requiring compensation to create a positive inter-
est rate (this rate can be had by the investor with little or no time preference
as a bonus). Given this positive interest rate, it is clear most individuals exhibit
this positive time preference for consumption, i.e. $100 received today will
not provide the same satisfaction as $100 received in a year’s time. The cur-
rent ‘point in time’ is the relevant time for an analysis, as it is the time at which
decisions are being made. Similarly, spending $100 on an input today has
greater disutility than spending $100 in one year’s time. These comments do,
however, ignore inflation, which also influences behaviour in that people need
to receive a positive interest just to maintain purchasing power. Tax must also
be considered. For the moment the discussion assumes an inflation-free and
tax-adjusted situation. Allowances for inflation and tax are discussed later in
the chapter.

The arguments presented (i.e. that timing in itself is important) also emerge
when farmers’ investment decisions are examined. When investing in a devel-
opment project, for example the development of pastures, there is an expecta-
tion that the farmer will receive a greater return from this investment than the
cost involved. The farmer requires compensation for giving up consumption
today. The extent of the additional return necessary before investment will take
place is an indication of the farmer’s rate of time preference. In practice, the
situation is probably somewhat more complicated than this as, for example,
there are other satisfaction-producing commaodities arising from an investment
besides the monetary returns. The process of farm development itself may
provide satisfaction.

4.3 Optimal Investment Decisions

The nature of time-based investment decisions can be shown graphically and
also algebraically (there is one-to-one correspondence between a graph and
algebraic explanations/equations). Given a set of resources at current time a
farmer can consume all today, or invest all for future consumption, or operate
somewhere between these extremes. This gives the opportunity curve shown
in Fig. 4.1.
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Each point on the curve is representative of a particular farming system.
The farmer must decide which of these will provide the greatest satisfaction.
The time-preference arguments presented suggest that iso-utility, or
indifference, curves can be superimposed on this opportunity curve.
Effectively, there are points on the graph representing various combinations
of consumption in period t; and in period t, that provide equal satisfaction
(see Fig. 4.2).

These curves are not straight lines with a negative 45° slope, as greater
consumption in t, than in t, is necessary to provide the same utility (given time
preference). As income increases the curves have a greater slope, as increased
consumption in t, is necessary to give the same satisfaction as a given con-
sumption in t; compared with lower income situations.

The point giving the greatest utility (there will be a farming system associ-
ated with this point) is where the highest utility curve that can be reached is a
tangent to the opportunity curve (Fig. 4.3).

Income in
period f;

(a multi-dimensional graph would be
necessary for more than two periods)

Income in period t,

Fig. 4.1. Income possibility graph covering two time periods.

greater utility

Consumption
in period t4

points of
equal
utility

e

Consumption in period t,

Fig. 4.2. Iso-utility curves for income over different time periods.
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optimal point

Income in t iso-utility curves

opportunity curve

Income in t,

Fig. 4.3. Point of maximum utility for investment between two time periods.

4.4 Discounting

The arguments show that when alternative farming systems have inputs
and outputs occurring over a number of time periods they must not simply
be valued, or assessed, on the basis of their monetary face value. The value
of expenditure and sales in the future must be discounted to account for
time preference so comparisons can be made directly. The greater the
time period between now and the future, the greater must be the discount-
ing in order to make comparisons. For example, $100 received in 1 year’s
time needs to be discounted by a factor (or adjusted by a factor) to be com-
parable to sums received now. This factor must be a reflection of the rate
of time preference. For a particular farmer this might be, for example, 0.9,
so that $100 received in 1 year’s time is equivalent to $(100 x 0.9) received
today. The slope of the iso-utility curves indicate the level of the discount
factor. The steeper the iso-utility curve, the lower is the discount factor as
less future consumption is necessary to provide the same utility as a given
current consumption level compared with a flatter iso-utility curve. This is
shown in Fig. 4.4.

The use of discounting means that multidimensional opportunity and iso-
utility graphs, as demonstrated, do not have to be used in comparing systems.
This would be an impossible task given a large number of time periods. The
same result is achieved by estimating the costs and returns for each farming
system and discounting them according to their timing. Adding each discounted
figure provides a single summary profit figure, which can then be compared
with alternative systems.

This discounting approach is demonstrated through the graph shown in
Fig. 4.5. Farming system one is represented by point A (g in t; and r in t,) so
that using a discount factor d, this system is equivalent to point g+dr on the
income t, axis. Similarly, system two (given by B) is equivalent to point s+dt on
the income t, axis. Thus, system one is preferred.
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equivalent to a low discount factor

Consumption
in

equivalent to a high discount factor

Consumption in t,

Fig. 4.4. Iso-utility curves reflecting different discount rates (factors).

q+dr__
s+dt |
q A
$ income ¢
S B
r t

$ income t,

Fig. 4.5. Comparison of multi-output systems using discounting.

The discount factor can also be represented graphically. The iso-utility curve
gives points of indifference so that the current equivalent to a future quantity can
be read off the graph and the discount factor estimated as shown in Fig. 4.6.

Consumption g in t, is equivalent to consumption r in t; in terms of utility.
Thus, the farmer’s (whose iso-utility curve has the shape shown in Fig. 4.6)
discount factor will be:

r=gqxd

i.e. the equation which relates a future sum to the present value. Thus:

d=r/q

defines the discount factor d expressed as a fraction.
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Discount factor = r/q

Consumption
in

—» is0-utility

Consumption in t, q

Fig. 4.6. Iso-utility and the discount factor.

The critical question is, of course, deciding on the shape of the iso-utility curve.
It should be noted that the curve’s shape varies according to the level of utility, thus
the discount factor varies according to the level of income. In practical work it is
usually assumed that a constant discount factor can be used. A value proportional
to the current rate of interest is often used under the assumption that the market
reflects the social discount rate as the average rate of time preference.

4.5 Related Arguments for Differentiating Between
Input and Output Timing

The fact that when funds are borrowed interest must be paid and when funds
are invested in a project there is an opportunity cost, which is at least equal to
the interest that could be earned if the funds were invested in a fixed interest
deposit, means sums of money received at different times cannot be directly
compared. Time has value. The existence of interest charges and returns stems,
of course, in part from time preference considerations.

Consider the opportunity cost argument. If a farmer invests $100 today
and receives $200 in 2 years’ time, this investment is not equivalent to one in
which he invests $100 in 1 year’s time and receives $200 in 2 years’ time. The
$100 could be invested in the market for 1 year before it is required so that the
total return is $200 plus interest on the $100 for 1 year. Thus the real cost of
the first investment is not $100 but $100 plus the interest for a year which was
foregone by investing in this particular alternative.

Clearly, the farmer must not treat as equal the $100 costs as they occur at dif-
ferent times. For a comparison the opportunity cost must be taken into account, so
the real cost of the second investment is $100 less the interest received. That is,
$100 x a discount factor (assuming the farmer would in fact invest the $100 for the
year over which it would otherwise be idle). If the farmer could invest the $100 at
6% he would only need $94 (approximately) now to have $100 at the start of next
year, i.e. $94 today is equivalent to $100 in a year so that the discount factor is:

d=94/100 = 0.94
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Similarly, if the equal investment costs for each investment occurred at the
same time but the equal returns occurred at different times, they would not be
equivalent investments. The return from the investment paying off, say, a year
earlier than the alternative could be re-invested for a year and thus give a
greater total return. Output timing must be accounted for.

Now consider the cost of borrowing argument. If a farmer must borrow to
develop, or invest, this cost must be taken into account when comparing alter-
native investments. If one system requires an input today compared with
another which returns the same cash output but does not require the input until
a year has elapsed, this second alternative is clearly the best as the total cost of
borrowed funds necessary to purchase the inputs will be less as borrowing is
delayed for a year. Thus, input timing must be accounted for. Similarly, where
funds are borrowed the alternative giving the sooner pay off will be preferred
as the principal borrowed can be paid off sooner giving a lower total interest
charge.

Even if a farmer does not exhibit a time preference for consumption, the
argument presented in this section indicates that when alternative systems are
compared, input and output timing must be accounted for.

Furthermore, besides time preference there is also a supply and demand
argument on why positive interest rates exist. Funds for investment are always
in limited supply so farmers, and others, wanting to borrow must bid up in the
market, giving rise to the current market rate which ensures supply equals
demand. The rate is also influenced by government policies requiring banks to
hold certain reserves and affecting the supply of cash. So, which ever way you
look at the investment problem, the time of inputs and outputs must be allowed
for. Furthermore, discounting creates a single summary figure for each invest-
ment, enabling a comparison. It is also possible to compound all cash flows to
a common future time for comparisons. Either approach provides the same
ordering of alternative investments.

The supply—demand argument is referred to as the liquidity preference
theory. Some people like to hold funds that can be easily liquidated thus meet-
ing cash demands. They will hold bank and short-term investments to allow
this, and thus create a supply of funds for others to use. In addition, of course,
some people just simply wish to invest surplus funds. The supply of money rela-
tive to the demand (for a range of activities such as working cash, building a
new milking parlour etc.) then creates a positive interest rate.

4.6 Cost-Benefit and Investment Analyses

Introduction

This need to recognize input and output timing has given rise to cost—benefit
analysis (some would say ‘benefit—cost analysis’, but this is putting the cart before
the horse). Such analyses are concerned with the evaluation of alternative
community investment projects, which involve many time periods. The projects
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analysed range from hydro-electric power schemes to farm development projects.
As the name implies, the costs are compared with the benefits, with particular
emphasis being placed on the timing of costs and benefits, so that the feasible
alternatives can be ranked, or simply set against the going interest rate, which is
always available as an alternative. In general, the term ‘cost—benefit’ analysis is
used to refer to public projects (such a hydro-electric scheme, an irrigation scheme
for a region etc.), whereas the term investment analysis is used when the alter-
natives available to a private individual are being analysed (such as a farmer
investing in a private irrigation scheme). The analytical principles used in both are
basically the same. The differences lie in the nature of the costs and benefits,
which must be considered. While the discussion that follows is largely concerned
with investment analysis, initially the types of costs and benefits that must be
considered in cost-benefit analysis will be outlined to provide perspective.

Costs in cost—-benefit analysis

Costs can be divided into tangible and intangible costs.

e Tangible costs are defined as costs that can be measured in monetary
terms. For example, the cost of erecting power lines from a hydro-electric
scheme.

¢ Intangible costs cannot be directly measured in monetary terms. For exam-
ple, the dis-attraction of overhead power lines to the general landscape.

Tangible costs can be divided into two groups.

e Primary costs. Defined as those directly incurred by the project, e.g. the
cost of building a dam.

e Secondary costs. Defined as those indirectly incurred by the project, e.g.
when a dam is built labour may be taken from other industries, thus giving
rise to a loss of production. Such costs are difficult to assess.

Benefits in cost-benefit analysis

Benefits can similarly be divided into tangible and intangible benefits. An intan-
gible benefit of a dam might be the availability of a water surface for aquatic
sports. Tangible benefits can be divided into primary and secondary benefits.
An example of a secondary benefit could be the advantages conferred on the
fertilizer industry when a large block of land is developed for farming.

Cost-benefit analysis and investment analysis again
The preceding discussion makes the distinction between cost—benefit analysis

and investment analysis clear. Cost-benefit analysis must consider all costs and
benefits, as the projects are being evaluated from the public point of view.
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That is, intangibles and secondaries are part of the costs and returns affecting
the public and must, therefore, be considered.

In investment analysis, however, only the primary costs and benefits must
be considered, as these are the only factors affecting the private investor.
Private investors, however, must consider an additional cost. This is income
tax and any other direct taxes reducing the farmer’s profit. Taxation is a cost
to an individual but not to the nation, as from the public point of view it is a
simple transfer payment.

The difference in costs and benefits, depending on the point of view taken,
gives rise to a possible argument for subsidies. A large scale investment project,
such as the development of an area for farming by a number of farmers, may
be profitable to the nation as a whole but not profitable to the individual farm-
ers. This could mean, dependent on the alternatives available, that the
Government should subsidize these farmers so that development becomes
profitable to them as individuals. Without the subsidy the farmers would not
proceed, but of course the subsidy level must still allow the nation to make a
profit. However, subsidies are often given for other reasons, e.g. placating a
prominent protest group.

One of the major problems in cost-benefit analysis is valuing intangible
costs and returns. Researchers have come up with a range of possibilities.
These include the following:

e Travel cost method. To find the value of a benefit (e.g. the recreational
fishing value of a river) the beneficiaries can be asked to indicate how far
they travel to experience the benefit under the assumption that those trav-
elling the furthest put a value on the resource at least equal to the travel
cost. They clearly value the resource to at least this value, and perhaps
more.

¢ Contingent valuation. A sample of users are asked how much they would
be prepared to pay to use/experience the benefit. Of course, their answers
may not reflect what would happen in reality, especially for people never
having experienced the situation being valued.

e Hedonic pricing. This compares the market price of objects, some of
which contain the benefit and others not. The difference is assumed to be
the value. For example, compare the value of houses on a lake side with
those nearby to estimate the value of the view and amenity associated
with the lake.

¢ Defensive expenditure method. Ask a receiver of a benefit just how much
he would be prepared to spend to protect the benefit. For example, how
much would a house owner near a proposed motorway be prepared to
spend on fencing and noise insulation to remove the potential nuisance.
Thus the intangible cost of the motorway can be estimated. Similarly,
house owners next to existing motorways could be asked how much they
have spent on mitigating the noise.

e Value of proxy (similar) goods. Ask a potential user how much they would
be prepared to pay for a similar product. For example, how much would
they be prepared to pay for a water well when trying to value the benefit
of a public irrigation system.
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A search of the literature will provide many examples of the use of these
techniques, and others, in valuing and costing intangibles. See, for example,
Sinden (1994) for a synopsis of the approach.

4.7 Formulae Used in Investment Analysis and Related Work
Introduction

Discounting must be used to compare cash flows at different times. Alternatively
costs and returns can be compounded to some common future time instead of
being discounted. The discussion which follows develops these and related
interest rate formulae. Initially, however, general comments are offered about
the criteria that might be used in ranking alternative investment projects and a
conclusion made on the most appropriate.

Some possible criteria for ranking alternative projects

The desired features of an efficient criterion
In general, the criteria used to choose between alternatives must:

¢ take into account the differences in timing of input costs and output returns,
as has been shown;

e take into account the level, or profitability, of each investment, i.e. take
into account the amount of profit surplus earned by the project over its
entire life span.

By using criteria which satisfy these requirements the farmer can chose alterna-
tives that maximize profits (and other quantifiable objectives).

Possible criteria

Project evaluators have used many different criteria. Three commonly used
criteria have been:

e the payback period;
e the average percentage return on capital invested,;
e the net present value or worth.

Using the requirements specified it will be shown that the net present value or
worth is the appropriate decision-making criterion.

To arrive at this conclusion, firstly consider the payback period criterion.
This is the number of time periods (years) necessary for the summed net returns
to equal the initial capital investment. The best alternative would be chosen on
the basis of the shortest payback period. This criterion does not satisfy the
requirements as it only partially considers the total profit surplus. Profit made
after the payback period has expired is ignored. Similarly, it only partially
considers timing, though it favours alternatives with a quick return, as would
farmers with a high rate of time preference.
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The average percentage return on capital is the average yearly net return
expressed as a percentage of the capital invested. The preferred alternative has
the greatest percentage return. It is clear that this criterion is also unsatisfactory
as, while it accounts for the total profit surplus, it does not take into account
any differences in input and output timing.

The net present value or worth of a project is the sum of the discounted
benefits or returns less the sum of the discounted costs, where each value is
discounted by a factor dependent on how many years from the current time it
occurs. The table below shows an example of the net present value of an

investment.
Beginning of
Discounted
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 sum
Costs ($) 700 2300 800 200 0 0 3775
Return 0 0 1000 2000 2500 0 4600
Discount 1 0.95 0.9 0.85 0.8 -

factor
Net present value = 4600 — 3775 = $825

This example makes it clear that this criterion takes into account both the profit
surplus and the timing of the costs and returns and must, therefore, be accepted
as the preferred criterion compared with the other two given as examples. In
practice there are a number of other criteria that can be used that are based on
the same principle of taking into account the timing of inputs and outputs.
These will be discussed in later sections. One example is net future worth,
which is identical to the net present worth except that costs and returns are
compounded to a future time so direct comparisons can be made. (This sug-
gests that any point in time can be taken as the comparative point provided all
costs and returns occurring prior to this point are compounded and those
occurring after the point are discounted.) The essential concept is adjusting all
cash flows so they are comparable. They can then be added and subtracted to
provide a single net benefit figure, which is easily compared with the alternative
projects.

Investment analysis formulae

The future value or worth of a monetary sum

The future value of a sum is given by:
S=P1 + iy

where S = the future value;

P = the sum invested at time t (where t = current point in time);

i = the rate of interest received on the investment expressed as a fraction
per time period (usually 1 year), or the opportunity cost of the investment
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expressed as a fraction per time period, or a figure indicative of the rate of time
preference expressed as a fraction per time period. The value used will depend
on the reason why the calculation is being carried out;

n = the number of time periods (usually years) into the future for which the
S value is required.

PROOF

att value of sum invested =P

at +#1  value of sum invested =P+ Pi=P1+)

at #2  value of suminvested = P(1+)) + P(1+))/
=P+ Pi+ Pi+ Pi?
= P(1+i)?

at +3  value of suminvested = P(1+])3

at t+n  value of sum invested = P(1+i)"

The term (1+i)" is called the compound amount factor and is equivalent to the
discount factor that has previously been discussed for the discounting process.

As an example of compounding, consider the problem of choosing between
two investments both involving the same capital investment. Alternative one
returns $10,000 at the end of year three and the other returns $20,000 at the
end of year fifteen. In order to compare the two, compound the $10,000 to an
equivalent sum in year fifteen. Assuming an interest rate of 5%, the future value
is:

= 10,000 (1.05)!2 = $17,959

Thus, the second alternative is preferred.

The present value or worth of a monetary sum

The present value is given by:

1

1+i)"

where the terms are as defined above.

PROOF As shown above:

S=P(1+i)
S 1

:u+w_8a+w

1
The factor (1+i") is referred to as the discount factor.
For example, using the example investments given above, comparisons could
be made by discounting the returns to equivalent current point in time values:

Alternative (1) P = 10,000 ———— . 05 =$9,070
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1

Alternative (2) P = 20,000 (0.05)*

= $9,620

The future value of a uniform series of monetary sums

If an investment yields a constant return per period (or requires a constant
$ input) for a defined time, its future value could be estimated by summing the
future value of each period’s return. This, however, is not necessary as given a
uniform series the future value can be determined from:

3:0P1+W—1}

1

where a = the constant $ return or cost per period.
For example, the future value at the end of year twenty of a $5,000 per
year stream of incomes is:

1.05%° -1

S==5000[((lg5:‘=$18a330
PROOF

S=a,1+i)"T+a,(1+i)"%+..+aq, (1)
where a; = a, = ... = a, and the cash flows occur at the end of each period.
Reverse equation (1):

~S=a+al+i)+@+i)?+..+a(l+ind 2
Multiply equation (2) by (1 + i)

2SA+d)=al+d)+all +i)2+....... +a(l + i) (3)

Subtract equation (2) from (3)

2S+S5-S=al+i)-a
S8 =all +i) -1]

S:aPLHf—l}
1

The term [M_l:| is referred to as the uniform series compound amount
factor. !

Note that the time at which the cash flow occurred within the period was
clearly defined. If the flow occurs at a different point the formula would be dif-
ferent. This comment applies to all the formulae developed.

The present value of a uniform series of monetary sums

Instead of summing the discounted values of each $ sum the following formula
can be used to obtain the present value of a uniform series:

(a1
P‘“{ia+nn}
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where the term in the brackets is referred to as the uniform series present
worth or value factor.

PROOF

s [a+ir-t
P=asy ‘“{ i(1+1)" ]

a{(lﬂ)”—l]
P i

T 1+i)

(i.e. the future value of a uniform series is simply discounted back to the current
time).
For example, the present worth of $5,000/year at 5% for 20 years is:

=$68,525

20
b 5’000{ (1.05/° -1 }z 180,330

0.05(1.05% | (1.05)*

These uniform series are sometimes referred to as annuities where the time
period is a year.

The present value of a uniform series of monetary sums
which continue into infinity

If the present value of a uniform series which is expected to continue for a
‘large’ number of periods has to be calculated, a good approximation (how
close the approximate value is to the true value depends on the number of
periods involved) is given by the capitalization formula. This is:

p=2

i
This formula is used in productive valuations. That is, the expected average
yearly return for a ‘developed’ farm is estimated and, assuming this will con-
tinue for many years, the monetary economic worth of the property is esti-
mated from:

yearly net return
i

Capitalized worth or productive value =

prooF It was shown that the present value of a uniform series for a given
number of periods is:

C [asir-1] af@+y 1
P‘a{ (1+1) } i[(l+i)” (1+i)"}

a9y 1
b= i|:1 (1+i)":|

As n tends to infinity, (1 + i)" tends to infinity
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— tends to an infinitely small amount.

(1+1)

1= 1 tends to 1
a+i"

. Ptends to 3 as ntends to infinity.
i

The capital recovery or amortization factor

This factor is used to determine the uniform series $ amount that must be
paid each period in order to extinguish (or amortize) a sum borrowed
together with paying interest on the loan. In other words it is used to deter-
mine the instalments for an equal instalment table mortgage. This factor is
not used directly in investment analysis but is included to complete the
discussion.

The equal instalment is given by:

_ i(1+1i)"
R_P{(lﬂ‘)"—l}

where
R =the instalment;
P =the sum borrowed.
The term in brackets is referred to as the amortization factor.

prooF It was shown the present worth of a uniform series is given by:

P-R 1+i)"-1
i1+1i)"
where
R =the uniform series $ amount.

Thus, it is required to determine that R which gives a present worth equal to
the sum borrowed.

P 1

| =F 1+i) -1
i(1+i) i(1+i)"

~ i(1+i)"

=F [(1+1)"—1}

For example, if $20,000 is borrowed for 15 years at 5%, what is the annual
instalment necessary to amortize the loan?

0.5(1.05)

R = 20,000| - 2220
’ [(1.05)15—1

]: 20,000 x 0.0963 = $1,926
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The sinking fund factor

This factor is used to determine the sum that must be invested each period at
compound interest so it will accumulate to provide a given sum at a given time.
Again, this factor is not used directly in investment analysis work, but is included
because of its general interest. For example, what is the sum a farmer must set
aside each year at 6% interest in order to have sufficient funds to replace a
tractor in 6 years time?

i

where a = equal annual investment;
S = sum required at year n.

PROOF It was shown that the future value of a uniform series is:

S:a{(1+i)”—1]

i
Thus, it is required to obtain an expression for a given S:

S

_ _ i
. {(1+i)”—1]_ S|:(1+i)”—1:|

1

The term in brackets is known as the sinking fund factor.

Tables of factors

In carrying out these calculations considerable time is necessary to evaluate the
various factors. In order to minimize the time, various organizations have pub-
lished tables giving the factors referred to for varying interest rate levels and
time periods. For example, when carrying out discounting calculations, a table
of the following form can be used to obtain the factor by which each value must
be multiplied (see section 4.9 for a more complete table).

Table of the Discount Factor 1
@+

Interest rate
Years 4% 5% 6% 7%

0.8219 0.7835 0.7473  0.7130
0.7903 0.7462 0.7050  0.6663
0.7599 0.7107 0.6651 0.6227
0.7307 0.6768 0.6274  0.5820
0.7026 0.6446 0.5919  0.5439
0.6756 0.6139 0.5584  0.5083

O ©O©oo~NO O,

—_
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Thus, for example, the present worth of the following $ sums are:

(i) $2500 at 5% received in 8 years = 2500 x 0.6768 = $1692
(i) $8460 at 7% received in 10 years = 8460 x 0.5083 = $4300

Also note most spreadsheets have functions for calculating many of the
factors.

4.8 The Internal Rate of Return

It was noted the criterion average percentage return on capital incorrectly
ranks alternatives and incorrectly measures profitability as it ignores the
importance of input and output timing. However, there is a measure, known as
the internal rate of return, which is the correct counterpart of the average per-
centage return on capital. This measure recognizes timing through the use of
discounting techniques.

The internal rate of return is:

given an investment in which P is invested at time t and the return is S at time
t+n, the internal rate of return for this investment is the interest rate that
equates the present worth of S with P.

The internal rate of return for this simple single-input, single-output case is
given by:

r:n\/§—1
P

where:

the positive root is the IRR (internal rate of return) i.e. = r

r=IRR
For example, if $5,000 was invested today and $10,000 received in 10 years
time,

10,000

_1
=10, 000

-1= 0.072=7.2%

In effect, this means that if $5,000 was invested today at 7.2% compound
interest it would accrue to $10,000 in 10 years’ time.

prooF It was shown that the present worth of S is given by:
S
1+ 9"
Thus, it is necessary to determine the value of i that will give a present
worth of S equalling the initial investment. To avoid confusion the term r

is used to designate the IRR rather than i, which is used to designate an
interest rate.
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Solving for r:

§= 1+

S (1+r)=n

" r=n\/§—1
P

<]

This formula is for the single input-single output case. Where the investment
consists of multiple inputs and outputs a different technique must be used as r
cannot be isolated in complex equations. This problem will be discussed later.

4.9 Discount Factor Tables

Listed below is an example of a table of factors. In this case it is the discount

factors.
Period Discount Rate (i)
n 4% 5% 6% 7% 8% 12% | 16% | 20% | 25% | 30%
1 9615 |.9524 |.9434 |.9346 |.9259 |.8929 |.8621 |.8333 |.8000 |.7692
2 9246 |.9070 |.8900 |.8734 |.8573 |.7972 |.7432 |.6944 |.6400 |.5917
3 |.8890 |.8638 |.8396 |.8163 |.7938 |.7118 |.6407 |.5787 |.5120 |.4552
4 .8548 |.8227 |.7921 |.7629 |.7350 |[.6335 |.5523 |.4823 |.4096 |.3501
5 .8219 |.7835 |.7473 |.7130 |.6806 |.5674 |.4761 |.4019 |.3277 |.2693
6 |.7903 |.7426 |.7050 |.6663 |.6302 |.5066 |.4104 |.3349 |.2621 |.2072
7 7599 |.7107 |.6651 |.6227 |.5835 |.4523 |.3538 |.2791 |.2097 |.1594
8 |.7307 |.6768 |.6274 |.5820 |.5403 |.4039 |.3050 |.2326 |.1678 |.1226
9 |.7026 |.6446 |.5919 |.5439 |.5002 |.3606 |.2630 |.1938 |.1342 |.0943
10 6756 |.6139 |.5584 |.5083 |.4632 |.3220 |.2267 |.1615 |.1074 |.0725
11 .6496 |.5847 |.5268 |.4751 |.4289 |.2875 |.1954 |.1346 |.0859 |.0558
12 .6246 |.5568 |.4970 |.4440 |.3971 .2567 |.1685 |.1122 |.0687 |.0429
13 |.6006 |.5303 |.4688 |.4150 |.3677 |.2292 |.1452 |.0935 |.0550 |.0330
14 5775 |.5051 |.4423 |.3878 |.3405 |.2046 |.1252 |.0779 |.0440 |.0254
15 .5553 |.4810 |.4173 |.3624 |.3152 |.1827 |.1079 |.0649 |.0352 |.0195
16 |.5339 |.4581 |.3936 |.3387 |.2919 |.1631 |.0930 |.0541 |.0281 |.0150
17 5134 | .4363 |.3714 |.3166 |.2703 |.1456 |.0802 |.0451 |.0225 |.0116
18 |.4936 |.4155 |.3503 |.2959 |.2502 |.1300 |.0691 |.0376 |.0180 |.0089
19 4746 | .3957 |.3305 |.2765 |.2317 |.1161 |.0596 |.0313 |.0144 |.0068
20 4564 |.3769 |.3118 |.2584 |.2145 |.1037 |.0514 |.0261 |.0115 |.0053

Continued
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Period Discount Rate (/)

n 4% 5% 6% 7% 8% 12% | 16% | 20% | 25% | 30%

21 |.4388 |.3589 |.2942 |.2415 |.1987 |.0926 |.0443 |.0217 |.0092 |.0040
22 |.4220 |.3418 |.2775 |.2257 |.1839 |.0826 |.0382 |.0181 |.0074 |.0031
23 |.4057 |.3256 |.2618 |.2109 |[.1703 |.0738 [.0329 |.0151 |.0059 |.0024
24 |.3901 |.3101 |.2470 |.1971 |.1577 |.0659 |.0284 |.0126 |.0047 |.0018
25 |.3751 |.2953 |.2330 |.1842 |.1460 |.0588 |.0245 |.0105 |.0038 |.0014

26 |.3607 |.2812 |.2198 |.1722 |.1352 |.0525 |.0211 |.0087 |.0030 |.0011
27 |.3468 |.2678 |.2074 |.1609 |.1252 |.0469 |.0182 |.0073 |.0024 |.0008
28 |.3335 |.2551 [.1956 |.1504 |.1159 |.0419 |.0157 |.0061 |.0019 |.0006
29 |.3207 |.2429 |.1846 |.1406 |.1073 |.0374 |.0135 |.0051 |.0015 |.0005
30 |.3083 |.2314 |.1741 |.1314 |.0994 |.0334 |.0116 |.0042 |.0012 |.0004
31 |.2965 |.2204 |.1643 |.1228 |.0920 |.0298 |.0100 |.0035 |.0010 |.0003
32 |.2851 |.2099 |.1550 |.1147 |.0852 |.0266 |.0087 |.0029 |.0008 |.0002
33 |.2741 |.1999 |.1462 |.1072 |.0789 |.0238 |.0075 |.0024 |.0006 |.0002
34 |.2636 |.1904 |.1379 [.1002 |.0730 |.0212 |.0064 |.0020 |.0005 |.0001
35 |.2534 |.1813 |.1301 |.0937 |.0676 |.0189 |.0055 |.0017 |.0004 |.0001
36 |.2437 |.1727 |.1227 |.0875 |.0626 |.1069 |.0048 |.0014 |.0003 |.0001
37 |.2343 |.1644 |.1158 |.0818 |.0580 |.0151 |.0041 |.0012 |.0003 |.0001
38 |.2253 |.1566 |.1092 |.0765 |.0537 |.0135 |.0036 |.0010 |.0002 |.0000
39 |.2166 |.1491 |.1031 |.0715 |.0497 |.0120 |.0031 |.0008 |.0002 |.0000
40 |.2083 |.1420 |.0972 |.0668 |.0460 |.0107 |.0026 |.0007 |.0001 |.0000
41 |.2003 |.1353 |.0917 |.0624 |.0426 |.0096 |.0023 |.0006 |.0001 |.0000
42 |.1926 |.1288 |.0865 |.0583 |.0395 |.0086 |.0020 |.0005 |.0001 |.0000
43 |.1852 |.1227 |.0816 |.0545 |.0365 |.0076 |.0017 |.0004 |.0001 |.0000
44 |.1780 |.1169 |.0770 |.0509 |.0338 |.0068 |.0015 |.0003 |.0001 |.0000
45 | .A712 | 1113 |.0727 |.0476 |.0313 |.0061 |.0013 |.0003 |.0000 |.0000
46 |.1646 |.1060 |.0685 |.0445 |.0290 |.0054 |.0011 |.0002 |.0000 |.0000
47 |.1583 |.1009 |.0647 |.0416 |.0269 |.0049 |.0009 |.0002 |.0000 |.0000
48 |.1522 |.0961 |.0610 |.0389 |.0249 |.0043 |.0008 |.0002 |.0000 |.0000
49 |.1463 |.0916 |.0575 |.0363 |.0230 |.0039 |.0007 |.0001 |.0000 |.0000
50 |.1407 |.0872 |.0543 |.0339 |.0213 |.0035 |.0006 |.0001 |.0000 |.0000

4.10 Investment Analysis Criteria

Introduction

The preceding discussion has made it clear the net present value or worth, the
net future value or worth, and/or the internal rate of return are the appropriate
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measures for evaluating streams of inputs and outputs. It is now necessary to
discuss in detail how to calculate these criteria for farming investments.

The characteristics of primary industry investment projects

The methods must take into account that most farming and allied investments
exhibit the following characteristics:

e A period over which developmental expenditure is occurring. These costs
are usually not constant.

e A period over which gross returns are changing, possibly decreasing ini-
tially as, for example, stock numbers are built up, and then increasing until
a stable level is reached. This level, on the average, remains at a constant
level until further development is carried out. (In some projects, e.g. a
hydro-electric dam, no further development will be possible. And of course,
when, for example, governments change the rules, or world markets
change, the ‘stable’ income will vary. But these perturbations can not, usu-
ally, be forecast).

e A period of time over which operating costs are increasing, but finally they
will reach a stable level until further development occurs.

These statements are not strictly correct due to uncertainty and inflation, but where
average, real monetary values are used, they represent the general situation.

Gross returns in some cases may be zero for the first few time periods.
This would occur, for example, where forested land is being cleared for pas-
ture development or in the case of the construction of an irrigation scheme.
Further, gross returns often increase after capital expenditure has ceased as
it takes a number of periods for new soil fertility levels to reach a relatively
stable point.

In a farming investment situation it is doubtful whether development ever ceases,
as most farmers are continually changing their farming systems. This means that
gross returns are seldom stable for a period even given that uncertainty is assumed
to be non-existent. This does not mean, however, that the effect of a particular devel-
opment or investment process cannot be isolated for analytical purposes.

The basic implication of these characteristics is that period costs and
returns will not be stable until development has ceased, so that individual period
costs and returns must be treated separately rather than averaged out.

The criteria

Given these farming investment characteristics, the following sections show
how the various criteria can be estimated.
The net present worth

This is the present value of the future stream of returns less the present value
of the future stream of costs. Thus,

NPW =V -C
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where

V = present value of future stream of returns;

C = present value of future stream of costs.
Note that in estimating V- C, capital and operating expenses are not treated
separately. This is logical, as the farmer is concerned with the cash surplus and
a cash outflow is a cost whether it provides an asset for a single, or several,
time periods. This means that, in general, the analysis must consider a period
which will encompass the life of the assets purchased. This kind of analysis is
sometimes referred to as cash flow analysis as cash flows are considered rather
than the equivalent annual costs of assets lasting several time periods.

As an example, consider a development project in which costs and returns
fluctuate up to, and including, year 10, and thereafter are stable. For this typi-
cal situation, V — C can be calculated in two parts:

1. The net present worth of the project up to and including year 10 (assume
costs and returns accrue at the end of each period).
Let:
bj = the gross return in year j
¢. = the cost in year j
Then:

_ b b, bio
Vom e T T T e

1 Co C10
Qo) @+2 T @

where V_ and C, represent year O present values.
Thus, NPW = V_ - C_

o=

2. The net present worth, at the beginning of year 11, of the project from year
11 until infinity (or disposal of the property).

Vii-Cu= bu-cu TCH = @_@
i i i
Thus, the net present worth or value of the project as a whole is:
Vll - Cll
(1+i)1°
It will be noted that the capitalization formula has been used in order to sim-
plify the calculations. Whether this simplification can be used depends on the

number of future periods that must be included in the analysis.
In general terms, the net present value is given by:

V-C= 2: (a+oj

Note that it is 1mmater1al whether the period net returns are discounted or the
costs and returns are discounted separately and finally summed and subtracted
to give V - C.

V-C=(V,-C,)+
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The logical use of this criterion is in choosing between alternative farming
systems. Given the funds at the farmer’s disposal, the relevant costs and returns
would be estimated for the feasible alternatives and a decision made on the
basis of the greatest V — C. In many cases, however, the criterion is used some-
what differently in that it is used to determine whether a particular project is
worthwhile.

A project is said to be worthwhile if the net present value is zero or greater. In
this case the project will return at least the rate of interest used in estimating the
discount factor. However, this use of the criterion is irrational in that the farmer’s
objective is to use the limited resources as efficiently as possible. All alternatives
should be evaluated. The ‘worthwhile procedure’ may ignore alternatives that
provide a greater net present value. In some cases, however, the problem may be
one of deciding whether to develop a farm in the only feasible way available.

Net future worth

The calculation of future net value or worth follows the same procedures in
general except that compounding rather than discounting is used.

The investment ratio (commonly known as the cost—benefit ratio)
The investment ratio is:
Investment ratio = %

where V and C are the present values of the return and cost streams as defined
in ‘Net present worth’ above.

b11 1
Vot | Z2x =
" [ i X(1+i)1OJ

1
C, €11
" ( i X(1+i)10)

In some papers this ratio is defined as:

1
2(b; —Cj)(w]
C

where C is the present worth of all capital costs and ¢ includes only operating
costs.
However, it is clear that:

vV VvV-C
J— ¢ -
C C

The conclusion must be that capital costs should not be separated out, as to the
farmer a cost is a cash outflow whether or not they are defined as capital or
operating costs.

The criterion can be used to choose between projects by selecting the
project with the greatest ratio. In terms of ‘worthwhileness’, a project is said

o<

!:
C
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to be worthwhile, or profitable, if the ratio is greater or equal to unity, and vice
versa. That is:

If %2 1, project worthwhile

If %< 1, project not worthwhile.

The internal rate of return

perinimion  In the single input-single output case the IRR was defined as the rate of
interest or return which equates the present worth of the return with the cost. In the
case of multiple costs and returns, the internal rate or return is defined as the rate
of interest or return which makes the present worth of the cost stream equal to
the present worth of the return stream. That is, the rate of return giving:

V-C=0
v=C

For the example presented above in which the project reaches stability at the
end of year 10, the IRR is that rate of return (r) giving:

b1 bz blO bll 1
Ter) Qe T @eno (rx(1+r)1oj
_ G C1o cu 1
S TR T

Or, in general, the r giving:

- 1 - 1

2y =2 ey
CALCULATION OF THE INTERNAL RATE OF RETURN The rate of return, r, cannot be isolated
from the equations (due to their complex nature) so a trial and error method
must be used. However, there may be several positive values of r that will
satisfy the equation V = C so that a decision must be made as to which is
the correct value. In most farming development projects, however, only a
single r value eventuates. Multiple answers are theoretically possible due to
the powered terms being greater than 2 in most cases (to the power of ‘j’).

Whether multiple solutions can occur depends on the nature of the equa-
tion equating the present value of returns to the present value of the costs. This
can be demonstrated by graphing the net present value of possible projects
against the interest rate, or as it is called, the discount rate (not to be confused
with the discount factor). For example:

1. If the V-C = NPV equation gives a graph of the following form, there is a
unique r value as shown in Fig. 4.7.

2. 1f the V-C = NPV equation gives a graph of the form shown in Fig. 4.8,
there will be several positive r (i) values.
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Net present
value /valueoflglvmgv C=0

discount rate =/

Fig. 4.7. Estimating the IRR graphically.

Net present value

N
Negative ‘i’ value Another */" value
givingV-C =0 giving V-C =0

Fig. 4.8. Potential multiple values for the IRR (internal rate of return).

General observations on the number of solutions obtained provide the follow-
ing rules of thumb:

1. If all the (b, — c)) values are positive, there will be only one real solution and
it will be positive.
2. If the first few (b, — c) values are negative and the remainder are positive, and
(i) the =—ve (b - c) > Y+ve (b, - ]) then there will be one solution and it
will be negatlve (the sign ‘X" means ‘the sum of’);
(ii) the X—-ve (b]. j) # Y4ve (bj - j), then there will be a single positive
solution.
3. If there are one or more changes in sign of the (b, — ¢) values through time,
there can be more than one real answer and the number of solutions will
depend on the number of sign changes and the absolute values of the negative
and positive (b. — ¢) values. Fortunately, in most farming development projects,
once (bj - cj) ecomes positive it seldom reverts to a negative value at a later
time, though where development is carried out in a number of discrete stages
this may occur.
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Returning to the actual calculation of the IRR, the logical approach is to use an
interpolation procedure. This involves calculating the net present value of the
project using a high discount rate such that this net present value will be nega-
tive, and then repeating this procedure with a low discount rate to give a posi-
tive net present value. Using the degree of positiveness and negativeness of
the net present values, the discount rate expected to give a zero net present
value can be estimated. This trial and error process is continued until a rate is
determined that gives a net present value equal to approximately zero.

This process is clearly time consuming. However, due to the logical nature
of the calculations, the process is readily adaptable for solving on a computer
and most computers have programs available to do this. Similarly, computer
programs are available for calculating most of the other criteria.

As an example of calculating the IRR, consider the following investment
cash flow:

Year 1 2 3 4
b/ ($) 2500 2800 3000 3000
G ($) 3300 2700 2400 2400

(a) at 15%:
1
b;——— =7978
2 "1 +1)
Y.c; 1 = 8035
T +i)
thus:
V-C=-57
(b) at 10%:
1
b,——— =8890
2 "1 +i)
1
; - = 8674
26 11y
thus:
V-C=216

(c) Interpolating, r = 14% (approximately)

As the graph of the net present worth is curvilinear, where the negative and posi-
tive NPW estimates are well apart the interpolation will be very approximate. Thus,
selecting interest rates which give nearly zero values will improve accuracy.

The annuity equivalent of the net present value

The net present value criterion requires choosing between alternatives on the
basis of comparing lump monetary sums. While representing a particular
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farming system as a lump sum may seem reasonable, it is sometimes difficult for
a farmer to comprehend that this monetary sum represents a course of action
which provides a continuing stream of net returns. For this reason it may be
useful to convert the net present value into an equivalent annuity. That is,
find the equal sum received each period which has a present value equal to
the net present value of the project. This annuity is given by the amortization

factor.
Annuity equivalent = NPV ML)
1+i)"-1

4.11 Choice of Criterion
Introduction

Three basic criteria have been introduced:
NPV, % and the IRR.

Each takes into account the effect of input and output timing on profitability.
The question that remains is deciding which should be used in investment ana-
lysis. This question arises as it is possible for the criteria to rank alternative
projects into different orders so that they cannot all be the correct measure to
use. For example, consider two projects giving the following V and C values
and therefore the criteria values shown:

Alternative 1

V-C VC
V =10,000; C = 8,000 2,000 1.25
Alternative 2
V =19,000; C = 16,000 3,000 1.19

Selecting on the basis of the NPV, alternative 2 is preferred, but on the basis of
v . . . . .
¢ alternative 1 is preferred. As will be shown later, using the IRR may give
similar ranking inconsistencies.

The simple example above probably suggests which criteria should be used.

The requirements of a good criterion

In order to judge between the criteria a set of requirements is necessary. These
requirements must distinguish the criteria on the basis of what a farmer is trying
to achieve in a development programme. Leaving aside the implications of
uncertainty, and objectives other than monetary ones, a farmer requires a
criterion which, firstly, distinguishes alternative systems on the absolute level of
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profit surplus made. A farming system that provides, e.g. $20,000 cash sur-
plus is clearly preferred to a system returning $15,000. Second, a criterion
that distinguishes on the basis of the return in relation to the level of the invest-
ment is important. Even though a particular development programme provides
a greater profit surplus than another alternative, this will not necessarily be
preferred if this programme requires a greater level of capital investment.
Summarizing for the general case, a useful criterion must indicate:

e the absolute value or worth of an investment; and
e the rate of return in relation to the size of the investment involved.

A comparison of the criteria

4.12

Net present value

The net present value measures the absolute worth of a particular development plan
or system and, therefore, provides an indication of the profit surplus earned. It does
not, however, directly indicate the rate of return achieved by the particular project
(except in one special case). For example, given two alternative ways of developing
a property they might produce a net present value of, e.g. $35,480 and $85,680.
These figures do not indicate which alternative gives the greatest return per $
invested unless a special condition holds. This is where both alternatives involve the
same total investment. Another special case where the NPV will differentiate
between alternatives successfully is where there are two or more alternatives with
V—C = 0. In this case each alternative will have the same rate of return so that a
farmer will be indifferent between them. A farmer, however, will not necessarily be
indifferent between two alternative systems giving the same positive NPV.

The investment or cost—benefit ratio

The value of the ratio by itself indicates the rate of return achieved in that the value
of the returns is expressed in relation to the value of costs involved in the develop-
ment plan. The ratio by itself does not, however, indicate the absolute value of the
profit surplus earned. Used by itself, this criterion is also unsatisfactory.

The internal rate of return

The IRR is clearly an indication of the rate of return achieved by the project but
it does not, when considered by itself, indicate the absolute level of the profit
surplus made. (The IRR also has other drawbacks as will be shown below.)
Thus, this criterion taken by itself must also be classed as unacceptable.

Conclusion on Criteria
None of the criteria satisfy both requirements except in special circumstances.

However, when the criteria are being used solely to decide whether a project is
worthwhile or not, all of the criteria will achieve this requirement. This occurs as
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%
V-Cand —
and ~

will indicate whether the project returns at least the rate of interest used as the
discount rate in estimating

V -C and z,
C

and the IRR indicates the rate of return achieved, thus enabling a comparison
with the opportunity cost of capital.
In other words, if

V-C=>0and !zl,
C

the rate of return achieved will be greater than the discount rate used. Some
qualifications, however, must be made for the IRR. These are presented in the
next section.

In the general case, when alternative projects are being compared, two
criteria must be used in conjunction to give the rate of return and the level of
the absolute profit surplus. Thus

V — C inconjunction with %,or the IRR,

will enable a general comparison. However, as will be noted below, in certain
cases the IRR cannot be regarded as an acceptable measure, so that in general

V -Cand % are preferred.

Given, that

V-C or % has been calculated,

it is obvious what the level of the other criterion will be as the values of V and
C are known.

The conclusion only holds, however, for the general case where the choice
is between a list of alternatives which does not include all possibilities. Given
a particular farm, the rate of return achieved is of no immediate interest.
A farmer has a given level of funds at his disposal. His problem is to invest
these in development programmes on the farm, or in off-farm investments, to
maximize his return. Given that a farmer examines all alternative uses of his
investment capital, the alternative with the greatest V — C will clearly be pre-
ferred. The rate of return is not important as these alternatives all involve the
same input of funds, although they may, of course, involve different levels of
borrowed funds. In order to use all his funds, the farmer may need to invest in
a combination of what can be classed as different investment projects. In
effect, such a combination becomes another alternative course of action. For
example, a farmer may have $50,000 to invest and four different ways of
using these funds:
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4.13

1. Develop farm using system 1 — own capital requirement $50,000;
2. Develop farm using system 2 — own capital requirement $40,000;
3. Invest off-farm — capital requirement at any level desired;

4. Consume the funds.

Thus, the alternative uses of the $50,000 are:

1. Develop farm using system 1;
2. Develop farm using system 2 and invest $10,000 off-farm;
3. Invest $50,000 off-farm;

4. Consume the funds.

The preferred alternative will give the greatest net present value. In reality,
there would be many more possible alternatives and degrees of how much
development is undertaken using a particular developmental system.

In many cases, however, a farmer does not have a fixed sum of capital
available for investment as has been suggested above. However, there will
always exist a number of alternative courses of action based on surplus income
and borrowed funds. The preferred alternative should still give the greatest net
present value, assuming the aim is to maximize profit surplus.

In the selection process the rate of return per dollar on expenditure can
be confusing. An alternative with the greatest investment ratio may provide
a lower profit surplus as indicated by the net present value. The example
given in the introduction demonstrates this conclusion. It must be recalled,
however, that where the expenditure involved in all alternatives is equal, the
investment ratio will provide the same conclusion as the net present value.

Where the best alternative does not have a net present value greater than
or equal to zero, the farmer should not invest in the project as the return is not
great enough to compensate for his rate of time preference.

The Incorrectness of the Internal Rate of Return

In general the IRR cannot be accepted as a correct measure of profitability,
though in some cases it will give the same conclusion as the other criteria. Use
of a criterion, however, should be on the grounds that it is logically acceptable
rather than it does sometimes give the same answer as other criteria.

The reason for its unacceptability has partially been covered above. That is,
the farmer’s primary aim is to maximize the profit surplus from farming and allied
operations rather than maximize the rate of return. Secondly, even when a rate
of return figure is required, % should be used rather than the IRR as in some cases
the IRR ranking order of projects will differ from the ¥ ranking order.

This ranking difference may occur because when calculating the IRR the
rate of time preference assumed is represented by the actual IRR determined
for the project; whereas Y assumes a rate of time preference represented by
the discount rate used.

In other words, to determine the rate of discount necessary to give V-C = 0,
it is assumed that the farmer’s rate of time preference is represented by the
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IRR. The only case where this will occur is where the IRR turns out to be equal
to (or nearly equal to) the rate of discount representing the farmer’s rate of time
preference. Thus, for example, if 6% is the correct discount rate to use, and the
IRR for alternative projects all turn out to be approximately equal to 6%, then
the conclusion given by the IRR can be accepted as being approximately
correct.

An example will help clarify the points made. Consider the following two
alternative projects and the resultant criteria values:

Cash Flows
Start End End End End
Project ofYear1 ofYear1 ofYear2 ofYear3 ofYear4
A Costs ($) 1000 0 4000 0 0
Returns ($) 0 4000 0 0 3000
B Costs ($) 4000 0 1000 0 0
Returns ($) 0 7000 0 0 0

Both projects have no scrap value at the end of the period. Note that both
projects have the same total costs and returns if discounting is ignored. While
these projects have an unusual form, they were chosen in order to accentuate
the conclusions that will be made.

Criteria Value

Project V- Cat6% % at 6% IRR
A $1,590 $1.35 168%
B $1,714 $1.35 59%

All three measures provide a different conclusion. The net present value and
the IRR rank the projects differently, whereas ¥ indicates indifference between
the projects.

Firstly consider V — C and %. Taken together these criteria indicate both
projects are comparable in terms of the return or satisfaction produced com-
pared with the level of investment involved, but that investment B involves a
greater total investment.

Secondly, consider the IRR and . In general it would be expected that
these two measures should provide the same conclusion. The reason for the
different conclusions is that in the IRR, costs and returns are discounted at the
IRR and, at high discount rates, costs and returns occurring at the later stages of
a project are discounted proportionately more than costs and returns occurring
at earlier stages of a project relative to where a lower discount rate is used.

In this example ¥ is calculated using a 6% discount rate whereas to give
V-C=0, the discount rate necessary is very much greater than 6% for both
projects.
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To show the effect of low and high discount rates, consider the discount
factors

L‘ for the following cases :
L+i)"

Discount Factors 5% Discount rate  25% Discount rate
Year 3 0.8638 0.5120

Year 10 0.6319 0.1074
Difference between years 0.2319 0.4046
3and 10

Year 20 0.3769 0.0115
Difference between years 0.4869 0.5005

3 and 20

Thus, it is clear that at high discount rates, returns occurring at later periods are
discounted heavily relative to low discount rates. The profit impact of this will
also depend on the nature of the cost and return streams. In the example pre-
sented above, the discount rate necessary to give V — C = 0 (i.e. the IRR) was
sufficiently high to give this distorting effect, so that Y and the IRR provided
different conclusions. However, if the cost and return streams had followed a
somewhat different pattern this may not have occurred.

4.14 The Value of Time and the Opportunity Cost

One of the reasons given for using discounting (compounding) was the oppor-
tunity cost argument: funds could be invested in a bank and return interest as
an alternative to the farm investment. In some cases this is an invalid argu-
ment. This is where a farmer considers all possible alternatives when making
a decision. In this case there are no other opportunities against which the alter-
natives being considered can be matched, so the reason for discounting is
solely to take into account time preference.

Where the NPV is estimated for a single development programme and it is
zero, this simply indicates that the investment is equivalent to a simple invest-
ment returning the rate of discount. (Note that this discussion assumes that
interest charges on any borrowed funds are included as a cash cost as indeed
they are. This point will be covered in more detail later.)

4.15 Characteristics of the Criteria

Introduction

To make the correct decision, all alternative systems should be evaluated. This
is clearly a very time consuming operation. In most situations, general experi-
ence and a knowledge of maximization theory (production economics and
other theories) enables an analyst to intuitively eliminate alternatives that are
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unlikely to be optimal. For example, a system using levels of fertilizer applica-
tion that go beyond the point of marginal return equalling marginal cost should
not considered. Clearly, production economics and cost—benefit theory indicate
the general structure an optimal system should take and should be used accord-
ingly. To assist in this process, this section will consider the characteristics of
the investment criteria so it is clear how the criteria values will change as plans
are changed.

Criteria formulae re-arrangement

To assist an analysis it is necessary to re-arrange the criteria formulae in order
to make certain relationships clear.

Net present worth

The net present worth can be determined using:

V-C=(b;-c)a+(by,-c))a?+...+(b, —c,)a"
where
_ 1
(1+1i)
in general
;o1 1Y
a = =
@+iy (1+i)
Thus

Investment ratio
Following the above definitions, the investment ratio is given by:

ib}-a"

V/C = bia+bya® +..b,a" ‘=

c1a+ca? +...c,a" < )
E c;a’

j=1
Internal rate of return

Similarly, the internal rate of return is given by the r that gives:

n n
j_ j
E bia’ = E cja
=1 =1
where
1

T 1+r)

a
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The scale of investment

Many farm development programmes increase the number of stock units
carried, or perhaps the number of hectares developed in some way. Such sys-
tems can be seen to consist of a basic unit, such as one cattle beast, used in
multiples of itself (or units of irrigation, units of improved pasture, etc.). When
development occurs for extra stock units each unit involves a range of activities
such as pasture development, fence and water supply development and so on.
A cash profile associated with each unit of development occurs. For example,
the following might be such a profile:

Year1 Year2 Year3 Year4 Year5 etc.
-$100 $20 $50 $90 $90 $90

The idea of the scale of investment can now be introduced. A programme
involving, for example, 200 units and thus ‘200 cash profiles’ is said to be of
greater scale than a programme involving e.g. 100 units. Note, however, the
idea that a cash profile for e.g. a single beast remains constant, for any number
of units added, is not always correct. The lumpiness of inputs may mean the
cash profile is different to what can be called an average cash profile. For
example, a water tank may need to be purchased which is adequate for many
beasts.

Using this definition of the scale of investment, the effect on the criteria
values can be shown:

1. The net present value is directly proportional to the scale of investment.

PROOF

n

NPV of 1 unit of investment = Z(bj - ¢)d

j=1
n

NPV of x units of investment = Zx (b; - ¢))d
1

n

= xZ(b,-— c)d

j=1

Thus, the greater the value of x, the greater will be the NPV. If the NPV of 1
unit is negative, the reverse holds.

2. The investment ratio is independent of the scale of investment.

PROOF

ibjaj

V/C of 1 unit = ’;17

E J
c;a

=1
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xZb;a’  Ebd
xZc;d  Zca

V/C of x units =

3. The IRR is independent of the scale of investment.
proor  The IRR of 1 unit is that value of r giving
1 1
b——— = ; ‘
2 At ry 2. L+r)
The IRR of x units is that r giving
1 1
2 A+r) 2% L+1)

Dividing by x, the IRR is that r giving

ijaj = chaj

Thus, the IRR is independent of x.

The commencement date of an investment

This refers to the time at which the particular project is started. The effect of
varying timing on the criteria is:

1. The net present value of a project is reduced by the factor a for each time
period the investment commencement date is delayed, assuming the per unit
cash profile does not change when delayed.

PROOF Let W, = NPV at the current time of an investment commenced in period t.

Thus:

W, =(b; — cjJa + (by — cp)a® + ... + (b —c)a"

= (b-c)a

W,=(b; -cla?+ ...+ (b, +c)a"*!
_ Z(b} _Cj)aj+1
= GZ(bj —¢;)d’

(i.e. the NPV of the project at year 2 discounted back for a future year)

W =W, = Z(bj —cj)a’ - aZ(bj —c;)d
Wy =a W,
In general:

W, =dt W, -k
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where k = the number of time periods between the current time and t.
2. The investment ratio (V/ C) does not alter as the commencement date of
any investment is delayed.

prooF  Where the investment is delayed one period:
V,=aV;;and C, = aC,

Thus

\C%: % = %11: K, a constant
In general

Vi_k

o

3. Similarly, the IRR does not vary as the commencement date of an invest-
ment is delayed.

PROOF
Let r at which V, - C, = 0 be ry
Let rat which V, - C; =0ber,

As V, = aV, where a is constructed using r,
and C, = aC, where a is constructed using r;

. aV; —aC, = 0 at discount rate r;
but

V, = C; = 0 at discount rate r,,
LTy =T,

asaV, -aC, =V, -C,

The rate of investment

The rate is defined as the number of investment units commenced over a
number of time periods. This rate can be constant or variable. Where a farmer
increases, for example, the stock carrying capacity by x stock units per annum
this would represent a constant rate of development. A fast rate of develop-
ment would be a greater number of investment units per period relative to
another investment programme.

The effect of the rate of investment on the criteria values can be simply
determined. The rate is a combination of the scale and the timing of invest-
ment. A fast rate involves commencing investment in as many units as possible
as soon as possible. Thus:

¢ The net present value will vary directly with the rate of investment. The nature
of the variation will depend on the relative influence of the scale and timing.
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¢ The investment ratio and the IRR are both independent of the rate of
investment.

The effect of the discount rate used on alternative project ranking
using V- Cand Y/,

One of the more critical problems in investment analysis is the decision on
what rate of time preference to use. This question is made particularly impor-
tant by the fact that the ranking of alternative projects may change if a different
discount rate is used. In general terms, any problem in which a decision is par-
ticularly sensitive to the value of a parameter requires careful attention to the
selection of the parameter value.

To demonstrate ranking variations, consider the following alternatives and
the resultant criteria values for a range of discount rates:

Project Year 1 2 3 4 5 6
A b; (%) 2 5 4 6 6 0
c($) 8 4 1 1 1 0
B b; (%) 2 8 4 4 0 0
¢ $) 8 1 1 1 0 0
C b; (%) 34 26 26 26 26 26
G ($) 50 20 20 20 20 20

The graphs in Fig. 4.9 show that rankings can change quite markedly depend-
ing on the discount rate. These examples and discount rates at which the rank-
ings change were chosen to accentuate the results. In practical situations, if the
rankings change given relatively small changes in the discount rate it is proba-
ble that the alternatives will be approximately equally preferred. However, the
output level of other commaodities besides money may separate the alternatives
more distinctly.

The reason for the ranking variations is the same reason as that given for
the ranking inconsistencies that occur with the IRR. That is, as the discount
rate varies the discount factor for different times varies other than proportion-
ately when high and low rates are compared.

Conclusions

The basic conclusions that follow from the characteristics are:

e  When analysing a number of alternative development programmes, the
criteria should be evaluated using a range of discount rates. This will indicate
the sensitivity of the results to the discount rate and thus the importance of
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Net Present Value Graph of the Alternatives
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Fig. 4.9. Effect of discount rate used on project ranking.

the discount rate used to the conclusion or decision made. This approach
is particularly important where there is uncertainty about what the correct
rate of discount is.

e If a development programme can be seen to consist of a number of invest-
ment units of a similar type, then the IRR and V/C can in general be calcu-
lated from the cash profile of one of these units. Thus, to provide an
indication of the farming system that is likely to justify a detailed analysis,
calculate the criteria for unit cash flows of the alternatives. An idea of the
likely NPV can also be obtained considering the effect of scale and timing.
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This approach must be used with caution as the lumpiness of certain
inputs may mean the cash profile per unit will vary according to the scale
of investment. Further, the cash profile per unit for one particular property
may be different from the profile for another property.

e The faster the rate of development the greater will be the NPV, provided
V-C>0.If V- C =0, rate will have no effect and if V — C < 0, a faster
rate will clearly increase the ‘loss’. This means that in order to maximize
the NPV, as many investment units as finance will permit should be com-
menced as soon as possible.

This statement requires some qualifications. The basic assumption is that the
per unit cash profile will not change as the rate changes. In practice this may
not be the case because:

e The cash profile may change according to the scale of investment due to
the effect of lumpy inputs (e.g. labour) and possible size economies; and

e A fast rate of development may give management inefficiency so that the
NPV per unit may decline.

Thus, in some cases too fast a rate may not be as profitable as a slower rate
and vice versa, due to size effects.

4.16 Farming Investment Analysis
Introduction

The discussion so far has paid little attention to the practical details of esti-
mating the relevant cost and return streams. In general there is little diffi-
culty in deciding which returns should be included in the analysis but often
considerable confusion over the costs. The answers depend on the approach
taken in the analysis. This section outlines both approaches that may be
used and the costs that should be included for the less obvious categories.
Other practical problems such as the choice of discount rate are also
discussed.

Types of analytical approaches

An ex-post study

This involves taking a farm, or a number of farms, that have been developed
using a defined system and using the historical information to evaluate whether
the development has been profitable. The results can be used to indicate to
farmers and their consultants whether particular systems have been ‘profitable’.
Such results have limited use as they hold for the historic conditions which may
not occur in the future. However, they have the advantage of being completely
realistic as they reflect the profitability of actual systems and do not rely on non-
certain forecasts.
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A major difficulty can be in obtaining the relevant information, which is
only possible where adequate records have been kept. The financial data must
be deflated, or inflated, to a particular time to put them on to a real cost and
return basis. Alternatively, if adequate physical information is available this can
be used together with current prices and costs to estimate the bj and c; This
removes the need to inflate or deflate.

An ex-ante study

This involves evaluating proposed development programmes to determine an
optimal system (more practically, this will probably be an improved system
rather than the optimal system. It is doubtful whether the techniques are avail-
able to determine the optimal system without considerable cost). Plans and the
resultant budgets for the proposed systems are calculated for each period until
a stable position is expected to be reached. The major problem is obviously the
prediction of technical input—output information and of expected prices and
costs. Unless there has been good evidence to suggest otherwise, most analysts
have used current costs and prices, though there is a good argument to increase
costs every year by the inflation rate.

Ex-ante studies will fall into one of two categories: (i) where the farm is
completely undeveloped and/or where a farmer is radically changing his total
farming system. In this case a whole farm approach will have to be taken; and
(i) where the farm is partially developed. In this case only the additional costs
and returns of the proposed systems need to be considered. The assumption in
this case is that the costs and returns associated with the rest of the farm will
continue at current levels.

General and specific studies

Method

In carrying out either an ex-post or ex-ante study, this could be for general use,
or for a specific farm situation.

In a general study the method of funding the programme is ignored so
that a defined physical development programme for a typical farm (and farmer)
is analysed without the need to consider where finance is to be obtained and
the relevant finance costs. In this case the relevant costs to include are all cash
developmental and operating costs. Costs associated with borrowing funds are
ignored. It is simply assumed that the farmer has available all the funds. The
relevant returns are all the cash returns.

In a specific farm study, the analyst is dealing with a particular farmer and
farm and thus a situation involving a specific level of available finance, and level
of potentially borrowable finance, is assessed. Only the farmer’s cash costs
and returns should be included in the analysis. Thus, assets purchased using
borrowed finance are not a cash cost to the farmer. The cash costs are the
interest and principal repayments. There are two alternative ways of handling
this problem, each of which will give the same answer:



Cost—Benefit Analysis 109

e All costs except those paid for from borrowed funds are included. The
costs must contain the principal and interest charges on the borrowed
funds.

e Al costs including those paid for from borrowed funds are included. But
the funds obtained from borrowing must be included as a cash inflow, as
indeed it is. As before, the interest and principal charges must also be
included.

Interpreting the results

In a general study, the calculated NPV assumes that if funds are borrowed to
carry out the programme, they are borrowed at the rate of discount used in
calculating the NPV. In many cases this will not occur, so the NPV may give an
incorrect ranking. And for a specific study, the results can only be directly applied
to the particular property as financing arrangements (mainly level of borrowed
funds) will need to vary from property to property. However, if the discount rate
used is equal to the borrowing rate these qualifications will no longer hold.

The incorporation of depreciation in the cash profiles

Where all cash costs are included in the budgets depreciation must be ignored.
The use of depreciation charges in a budget provides an ‘on average’ figure
through apportioning capital costs to a number of years. A farmer, however, is
not interested in theoretical accounting procedures, but in the actual cash
returns (as well as other utility producing outputs). Thus, the cash costs must be
included in the analysis when they occur, and this includes charges for new
tractors, fences, land clearing and so on.

When the development programme reaches a stable position a different
approach may be justifiable and is usually used. Thus, depreciation is then
included as a cash cost. The alternative would be to continue the budgeting
process for the life of the farm as, in reality, a stable cash return is never reached.
A constant yearly capital asset replacement policy never (seldom) occurs. The
charging of depreciation in the stable budget is, thus, an approximation.

Incorporating income tax into the cash profiles

Income tax, and other taxes, if any, are a cash cost to the farmer so must be
included; however, in studies involving only part of a farm, only additional
taxation charges need to be included. Note that in many cases total taxation
may initially decline as many developmental costs are tax-deductible and thus
reduce tax.

The need to include taxation charges means that two sets of budgets for
each period must be calculated. One to indicate the cash situation, and the
other to estimate the taxable income to enable the tax estimation. Thus, while
it is not included in the determination of the NPV, depreciation charges must
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be estimated, adjustments due to stock and produce ‘on hand’ value increases,
or decreases, must be estimated, the farmer’s personal tax allowances must be
calculated, the developmental costs that are tax deductible must be determined
and so on. Note that, however, the principal repayment charges must not be
included in the tax budget, although they are, of course, included in the cash
budget for a ‘specific farm’ problem.

The choice of a discount rate

The specific case with financing costs included
In this situation use:

e the opportunity costs of capital where the alternatives considered in the
analysis do not include all the possibilities in which the farmer would be
prepared to invest (in effect, the alternatives are ranked against this alter-
native opportunity);

e the farmer’s rate of time preference if all the possible alternatives are being
included in the analysis (‘all’ in this context is taken to mean the list of
projects that is most likely to include the ‘better’ possibilities). The problem
here is determining the farmer’s rate of time preference. This must rely on
questioning and observation. If there is no evidence to suggest otherwise, the
rate of return on Government stock can be used (as a safe investment).

The general case (financing costs ignored)
In this situation use:

e the opportunity cost of capital if it is expected that the project will mainly
be funded from the farmer’s funds and all alternative systems are not being
analysed;

e the typical rate of time preference (reflected by Government stock rate) if
it is expected that the project will be funded from farmer’s funds and all
alternatives are being analysed;

e the borrowing rate if it is expected that the project will mainly be funded
using borrowed finance.

The selection of a correct discount rate is clearly important. However, where the
criteria values are estimated for a range of discount rate values, the problem of
deciding which rate to use is not so critical in the general case. This approach puts
the responsibility of making the correct decision on to the farmer and consultants,
not on the analyst carrying out the study unless this person is the farmer’s adviser.

4.17 The Handling of Uncertainty

The techniques discussed in Chapter 3 on non-certainty can be used to esti-
mate the cost and return distributions for each year, thus giving a yearly profit
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distribution. The farmer’s utility function could then be used to give the expected
utility for each year and the net present utility could then be obtained by dis-
counting these yearly utility values. An alternative approach might be to deter-
mine the net present value distribution and to use this to determine the expected
net present utility. However, there is considerable doubt whether utility values
can be discounted when they cannot be ‘comparably’ measured. Certainly this
approach is only possible for studies oriented to a specific farmer.

Given current knowledge, the use of utility functions cannot be recom-
mended for general studies. This means that a passive approach must be used.
This requires determining the NPV (or other criteria) distribution. This is a
complex operation, as even where it is assumed the random variable can take
on only a very small number of possible values, the possible number of variable
value permutations that can occur over the entire length of a development
programme is extremely large. In general, a more efficient technique for deter-
mining the NPV distribution is the use of Monte Carlo-type simulation, a tech-
nique which will be discussed in a later chapter (Chapter 14, Systems
Simulation).

Whether an attempt should be made to estimate the NPV distribution also
depends on the farmer’s attitude to risk. In many cases expected NPV figures
may be a sufficient basis for decision making. Further, alternative systems may
not provide quite different NPV distributions, so risk may not be a deciding
criterion.

As an alternative, analysts can use a number of simple non-certainty hedg-
ing techniques when estimating criteria values. These do not allow for non-
certainty in a correct fashion, but do reduce the chance of over-estimation
errors in estimating the criteria values. Three possible hedging techniques are:

e using conservative product price estimates with the degree of this con-
servatism increased for periods well into the future;

e using a higher discount rate than the correct one. This tends to reduce the
effect of costs and returns occurring well into the future, it being assumed
that there is considerable non-certainty attached to these costs and
returns;

e evaluating the criteria for a range of prices and costs and determining
whether the project ranking is sensitive to such changes. If not, greater
confidence can be placed in the conclusions.

This latter approach does not correctly take into account uncertainty as it only
considers an extremely small number of the possible price and cost permuta-
tions. A range of possible input—output coefficients might also be used: for
example the NPV might be determined for a range of stocking rate assump-
tions, crop vields etc.

Technological Change

Technological change will undoubtedly increase the profitability of many
development programmes compared with the estimates made using current
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technology. Conceptually, estimates of average technological change can be
included in the budgets, but in practice such changes are very difficult to esti-
mate. This aspect is, of course, part of the non-certainty problem.

Most studies ignore this problem. The justification given is that technologi-
cal change will affect all the alternatives in the same way, so that the project
ranking will not change. For most farm studies this is probably a reasonable
assumption. A similar approach sometimes used is to ignore the presence of
inflation and of technological change and assume one will counteract the effect
of the other. The success of this assumption is clearly going to depend on the
level of inflation.

4.19 The Planning Horizon

In a general planning sense, the maximum time to consider covers as many
periods that are necessary to give a set of ‘current time decisions’ (those imple-
mented now) that will not alter if a longer period were taken into account.
However, in practice it is very difficult to determine this minimum horizon, so
in most practical situations the planning horizon should at least encompass the
period defined by the following:

1. In situations where it is probable that the farmer has no immediate intention
of selling the property, then use a planning horizon of infinity. This means that
the stable budget should be capitalized as previously suggested. In practice,
many farmers approach development programmes under the assumption that
the farm will probably remain in the family after the farmer’s retirement. In
many programmes, taking a period of, say, 50 years instead of infinity seldom
alters project rankings.

2. In situations where the farmer intends to sell the property within the near
future this sale time should be used as the horizon. In this case the expected
sale price must constitute part of the programme cash returns. (People invest-
ing in properties for tax purposes may fall into this category.)

In many cases, however, the results obtained under categories (1) and (2) will
be nearly identical. When a stable budget is capitalized, this approach, in effect,
puts a value on the resources held at this time equivalent to what their sale
value could be. Whether the results will be identical depends on whether the
estimated market value is similar to the productive valuation.

4.20 The Effects of Inflation Again

If it is assumed the estimates of yearly cash surpluses will represent the actual
cash surpluses, these should be deflated by the inflation rate before an NPV is
determined. The reason is the real value (or purchasing power) of these cash
surpluses will be considerably less for periods well into the future than an equiv-
alent cash surplus occurring at the current time. Many studies have ignored this
aspect of the effect of inflation. The assumption has been that as current
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product prices are used in the study, future product price rises will counteract
the declining purchasing power of the surpluses. In fact this seldom occurs. A
counteracting effect, however, is the rising land values, though such value
changes are of no benefit unless the property is sold or used as security for
borrowing purposes.

Concluding Comment

In stable production systems there will be little use for investment analysis. In
this changing world, however, very few optimal farming systems will be static.
Price changes, government policy changes and changing weather patterns, all
mean optimal farming systems should constantly be reviewed and improved.
As the years pass, farmer’s objectives are also under review, and more recently
there has been an interest in sustainable systems, which is again a harbinger of
change. Agriculture involves biology and, when perturbed, biological systems
take many years to reach a new equilibrium. For all these reasons, it is very
important to allow for the time value of money, and liquidity preference, in
analysing proposed changes. Valuable improvements take time.
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More on Decision Making
and Utility (Objectives)

5.1

Introduction

Only passing reference has been made to incorporating other than cash and
profit as outcomes in decision making. The knowledge on quantitatively meas-
uring other objectives is probably too inadequate to rigorously incorporate
them in a formal manner. Leisure time is one exception. Overall, this means
subjective approaches must continue. However, to round off the discussion this
brief chapter contains comments on incorporating other objective forms.

5.2 Active Approach

114

If “all factors’ utility functions could be estimated, decisions could be made on the
basis of maximizing expected utility as demonstrated for monetary utility (Chapter
3). This would not only account for factors such as the leisure hours supplied by
a particular farming system, but would also allow for farmers’ attitudes to risky
situations involving these factors, and all other components of objective func-
tions. Any component, including leisure hours, is just as much a random variable
as monetary outcomes and needs to be similarly incorporated. Risk attitudes will
impact on leisure as it does for monetary incomes from alternative systems.

Assuming it could be measured, an ‘all factors’ utility function would have
the general form:

U(C) = (U, (Cy..... U, (C,))

n n
where U,(C,) ... U, (C,) represent the utility functions for individual satisfaction-
producing commodities, and f (...) represents the relationship bringing together
the individual functions.
The important imponderable is the form of the relationship between
satisfaction-producing commodities. What are the rates of substitution between

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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the commodities and how do they change? For example, is 1h of leisure equiv-
alent to $40? Perhaps this might be the case when the farmer has little leisure,
whereas if his current leisure level is high, the relationship might be 1h to $22.
No answers or recipes can be provided.

Considerable research has been performed by farm management workers
through to psychologists in attempting to estimate the functions. Methods used
range from questioning procedures, such as that used in the monetary utility
function system, to observing how individuals make decisions and then using
the results to fit a function in the same way as a production function would be
estimated from plot trial data. This work will undoubtedly continue.

5.3 Passive Approach

This approach is more practicable as no attempt is made to measure the utility
functions. Efficient frontiers are developed for cash and leisure, and any other
objective that is measurable, and the farmer is left to choose between the pos-
sibilities. This kind of approach is partially used by many consultants and advis-
ers. When a particular system is suggested, the farmer may indicate the system
is not acceptable for some reason or other. The consultant then makes adjust-
ments to comply with the requirements. Effectively the farmer is forcing the
consultant to come up with another more acceptable plan that represents a
point on the efficient frontier.

The efficient frontier will be multidimensional in the ‘all factors’ case and,
where outcome variability is an important part of the farmer’s objective, one
of the axes should measure variance (assuming only the expected and vari-
ance values are the relevant distribution parameters). Again, the difficulty is
in measuring the non-monetary outcomes, but at least items like the type and
numbers of stock, crops and other activities can be measured under
the assumption they confer other attributes such as enjoyment in having,
e.g. registered stud stock, or perhaps a field of peony roses. The level of debt
is also likely to be important.

It is impractical to estimate graphs for each individual farmer due to the
work relative to the potential benefits. A more practical approach is to
obtain some idea of what the farmer’s objectives are through questioning
and then produce a number of systems with the important satisfaction-
producing outputs quantified. The farmer can then choose. An experienced
consultant can often produce a good farming system from the outset. He
can judge the objectives and knows the alternatives. In most cases the con-
sultant will use the current farming system as a starting basis, for it has been
acceptable in the past.

Finally, it must be noted that where an expected profit/variance frontier is
estimated, the farmer’s probabilities should be used in the analysis. This is in
contrast to someone else’s or objective probabilities (though these may be the
farmer’s subjective probabilities). This does not mean a consultant should not
debate a farmer’s estimates through discussions. Every farmer should seek, and
listen to, all ideas and information that is available.
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5.4 Lexicographic Utilities

It has been assumed increasing quantities of an output produce greater
satisfaction. For some products this assumption should be questioned.
Researchers have suggested that in some cases once a critical level of a product
is produced, greater production will not provide greater satisfaction. This could
well be the case for a commodity such as a farm dam for the swimming, fishing
and fire precaution services it provides. One dam will provide all these require-
ments. More are not necessary, except for other reasons.

This idea is known as a lexicographic utility system. An individual ranks
possible satisfaction-producing goods, or factors, in order of priority, and for
each has a critical satisfaction level. The individual makes decisions so that the
first priority’s critical level is attained. This factor is then removed from primary
focus other than in ensuring at least this critical level is always attained. Attention
is then focused on the second priority and a farming system developed which
will satisfy this requirement at the same time as satisfying the first requirement.
In developing a whole farm system attention is paid to lower and lower priority
factors until all resources are utilized. Clearly, monetary gains is likely to be the
first factor considered and once a plan has been developed to ensure a mini-
mum level of cash return, the farming system is adjusted to see if a critical level
of, e.g. leisure hours can be attained at the same time as ensuring the required
cash income is forthcoming.

There is undoubtedly an element of this process in the way most people
make decisions, and some farmers largely operate in this way. However, the
majority probably operate according to the maximum expected utility theory,
but with some minimum requirements at fairly low levels for other satisfaction-
producing goods, particularly cash and leisure.

5.5 Objectives and Decision Making — an Overall Conclusion

What is your conclusion? As an analyst or consultant, which system do you
believe should be used in developing efficient farming systems? The answer
must depend on the particular farm and farmer/household complex. As a
researcher the same applies, but with respect to the particular problem that is
being solved.

Your conclusion over using risk and uncertainty in an analysis may well be
as good as many other people’s conclusions. However, it is fair to note few
farmers actually achieve maximum profits for their particular resource endow-
ment. Thus factors such as the shape of the cash income distribution and lei-
sure hours must be important, as it is unlikely all farmers are irrational in their
decisions. Some researchers even go as far as suggesting all farmers are
rational, and only appear to be irrational when judged according to the wrong
objectives. Even if it is decided to analyse systems using, e.g. single valued
expectations to maximize simple profit, an understanding of the kinds of errors
that will be made in taking this approach should be evident.
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While a consultant might base most of his work on single valued
expectations, on a few typical farms analyses using more sophisticated risk
analysis techniques should be carried out to appraise the degree of error in
using the simple techniques. Conclusions can then be used to create farming
systems, suitably modified, for other cases.

A conclusion on incorporating time into investment analyses (discounting,
and similar procedures) is easier to make. The additional work involved in using
investment analysis methods in appraisals is relatively small and so should be
carried out for all major investments. And when it comes to all the other
satisfaction-producing outputs, due to measurement difficulties, subjective
methods must be used in general. The useful approach is to create a wide
range of alternative systems and let the farmer decide which is most appropri-
ate (the passive approach). If none meet the requirements then more analysis
is clearly necessary using the preferences the farmer displays to provide clues
on the direction of this further analysis.
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The idea of a survey is simple. It involves exploring problems through observing,
recording and analysing farm and related information. The problem might be
finding an optimal whole farm system, right through to, e.g. comparing
the profitability of different levels of irrigation. While the processes of data col-
lection and analysis appear quite simple, surveying is in general an exacting
and time-consuming job. The most difficult areas are sampling theory and its
implementation, extracting the correct data, and its analysis and successful
interpretation. In some cases this latter area may be quite simple as only a
simple recording of observed facts may be necessary. Some surveys concen-
trate on collecting facts and figures (quantitative), others on opinions and ideas
(qualitative) and many collect some of both. The discussion will concentrate on
quantitative surveys, though a review of qualitative concepts and uses will also
be provided.
More precisely, a survey can be defined as:

The collection of facts, figures and opinions from a group of farmers and

farms which make up a whole population, or a sample of farms from a defined
population, for the purposes of inquiring into the numerous aspects of a situation
as it exists in a given population of farms over a defined period of time; and the
analysis and interpretation of the information obtained.

This definition makes it clear the steps involved in carrying out a survey
include:

1. Defining the problem to be solved (this may be quite general in some cases);
2. Defining the population of farms for which this problem is to be solved or
answered;

3. Selecting the farms from which the information is to be collected;

4. Collecting the information;

5. Analysing and interpreting the information collected.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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The sections in this chapter cover each of these areas. Their aim is to introduce
survey method rather than to provide a complete theoretical and practical
knowledge of surveys. Researchers involved in rigorous survey work would
require more detail in some sampling and analytical methods. Specifically, the
sections will cover:

Possible uses of farm surveys;

Methods of obtaining information;

Sampling;

Questionnaire design and response errors;

Organization of surveys and the coding and analysis of survey data;
Limitations and problems of farm surveys;

Qualitative surveys;

Conclusions.

NoTRLN =

6.1 Farm Management Uses

While a farm survey can be used to explore almost anything to do with farms
and farmers, in exploring and improving farming systems there are a number
of more common uses as listed below.

Determining the profitability of alternative farming systems

This is probably one of the most common uses of farm surveys. Some
examples are:

e irrigation farming compared with dryland farming;

¢ lamb production compared with cattle farming and any other combination
of stock;

e comparison of various crop combinations;

e use of computer software options in efficient decision making.

These four examples are general comparative studies. At the other extreme a
survey might be used to compare the comparative profitability of small varia-
tions in farming systems. For example:

e alternative lamb weaning ages;
e alternative winter feeding systems;
e factors influencing farm computer use levels.

Further, rather than specifically comparing defined farming systems (a predeter-
mined hypothesis), the survey may simply be to collect information on the farm-
ing systems used by a group of farmers to determine which system has high
profitability. For example, the information may show farms with at least x% of
their area in certain cash crops are the most profitable, or as another example,
those that breed their own stock replacements are the most profitable. Clearly
the list is endless, with any difference between the farms being investigable.
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In all cases, the general procedure is as follows.

1. The selection of one, or more, homogeneous area/s containing a
‘reasonable’ number of farms with the systems to be compared;

2. The collection of physical and financial information so the farming systems
can be related to financial results (or whatever the objective is, e.g. physical
vield relative to irrigation level);

3. Comparing and determining the most profitable systems, or most efficient,
depending on the objective.

In most cases in the developed world, farm accounts will provide the financial
information while some kind of questioning procedure will be necessary to
obtain the physical information required to group farms according to farming
system. Where financial records are not available, questioning will be necessary
or the use of source documents (e.g. invoices).

The analysis requires grouping the farms on their farming systems and the
estimation of the profitability (or stated outcome) of each group. In some cases the
procedure will operate in the opposite direction. Farms will be grouped according
to profitability and then analysed to see if the more highly profitable farms are
using a particular farming system compared with the less profitable groups.
Logically, the first procedure should be used as the grouping should be on the
independent variables (farming systems used), not the dependent variable profit,
as the farmer’s choice lies with the independent variables, not the outcome.

Determining farm standards (benchmarks)

Rather than simply comparing farming systems, comparative information can
be obtained from the most profitable farms. These farms provide farm stand-
ards or benchmarks. These can be a wide range of statistics such as ‘labour
use per stock equivalent’, ‘fertilizer expenditure per hectare’, ‘stock equivalents
carried per hectare’, ‘ratio of crops produced’ etc. The idea is that the manag-
ers of the less profitable farms adjust their systems so that they use and produce
the same input and output ratios (benchmarks/farm standards) as the ‘success-
ful’ group. This ‘farm standards’ system of determining improved systems, and
of providing advice, will be further discussed in the subsequent chapter, which
contains comments on various other uses of survey information.

The collection of input—output information for use in planning

Planning needs a large body of technical knowledge to provide the production
functions of alternative products, including intermediate products such as pastures,
turnips, lucerne etc. (these are called ‘intermediate’ as they provide input to a
saleable product). These are required for each set of soil, climatic and topographi-
cal conditions. One source is small plot trials. However, such information is usually
limited and does not cover items such as the labour requirements per 1000 ewes,
machinery operation rates and a host of other production statistics at a practical
farm level. As most populations of farms (i.e. a group with defined characteristics)
will have a wide range of products and farming systems, they can provide a large
amount of input—output information for planning purposes.



Farm Surveys 121

Success in collecting what is, mainly, physical information will depend on
the farmer’s records. In developed countries, as most farmers have accounts
prepared by accountants, financial information is usually not difficult to obtain.
Particular attention must be paid to ensuring that the physical conditions to
which the input—output information applies are clearly tabulated and that dif-
ferent environmental areas are kept separate. Sometimes it will be necessary to
set up special recording systems, perhaps with outside help.

Collection of information to familiarize professionals with an area

There is a continuing need for advisers and researchers to have background
information on the farms and farming systems in their particular areas. In
many cases information is obtained from normal contact with farmers, but
where this contact is small there may be a need for a survey to obtain this infor-
mation. The data collected will depend on the situation but should encompass
all the information necessary for a consultant or analyst to operate. Particular
attention should be placed on obtaining information on what the farmers think
are their problems, and on such items as the level of indebtedness, level of
profitability and degree of development. This information indicates the scope
for change.

Further, where a consultant conducts the survey himself it is an opportunity
for meeting the farmers.

A ‘familiarization’ survey should also have a positive aspect that can pro-
vide useful feedback to farmers to engender greater cooperation.

Information for selecting representative or typical farms

To carry out optimal farm system studies it is important to have a case farm
that is typical of as many farms as possible. To determine the characteristics of
a typical farm a survey may be necessary. Both financial and physical informa-
tion should be collected, as they determine the opportunities, or alternative
farming systems, that are feasible.

The use and selection of representative farms will be discussed in more
detail in a later section.

Other farm uses

While categories described above cover the main uses of surveys in farm man-
agement, many other specific problems may be answered through surveys. Any
problem that can be answered using information available from a population of
farms is solvable with a survey. Examples include determining the following.

1. Minimum farm size for economic viability. The procedure would be to:
(i) obtain financial information from a wide range of farm sizes for the particu-
lar environment under study; and (ii) compare profitability with size.

2. Cost of running various sized headers (combine harvesters) per hectare har-
vested. The procedure would be to: (i) isolate a number of farms using a range
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of header sizes; (ii) collect the cost information (a recording scheme may need
to be instituted); and (iii) calculate costs/hectare.
3. Working or operating capital requirements for different farming systems
(this information might be necessary for budgeting purposes).

Macro uses

While not directly related to finding improved farming systems, it is useful to
note there is a wide range of topics and problems for which a government, and
other planning organizations, require up-to-date information for making policy
decisions. Farm surveys can be used for many of these. The following exam-
ples indicate the more important.

Cost of production estimates

Where a government wishes to ensure that a product is produced at some mini-
mum level there may be a need to fix the minimum price. One approach is to
estimate the cost of production and set the product price accordingly. Another
may simply be to set a product price so that farmers’ incomes will be at least a
certain level. The procedure in these cases should be:

1. Select farms in the various physical environments producing the product;
2. Collect information giving costs and the production level of the product
(information may need to be collected for other products where the farms are
multi-enterprise units);

3. Allocate costs between products and thus determine the cost of production
for the product of interest for the various environmental groups.

Note, however, such estimates often average the cost of production figures
whereas marginal estimates will be of more use. And with multi-product farms,
allocating costs can be logically difficult. This problem is discussed further in
another section.

Policy measures to achieve a stated objective

A survey can determine, potentially, how successful particular measures might
be. For example, many small sheep farms might be becoming sub-economic
units. The government may have decided these farmers should be encouraged
to move out of farming so the land can be used by larger units. However, a
survey may turn up that an injection of development capital would correct their
current economic problem. The problem might be to determine how to move
into another industry. The procedures might be:

1. Survey a range of small farms and ask questions to estimate the number of
farmers prepared to leave their farms if, for example: (i) a government job was
provided for the farmer at a defined income level; and (ii) at least a defined
minimum sale price on their land was guaranteed.

2. Survey larger farms in order to estimate the likely demand for land given up
by the small farmers. Such a demand will depend on, amongst other factors:
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(i) the farmers’ objectives; (ii) their current profitability level; (iii) current cash
assets and access to borrowed funds; and (iv) the price set for the land.

Many other questions should also be considered. For example, the effect of
farm amalgamation on the country’s sheep product export earnings. This
would depend on the current production of the small farms in relation to poten-
tial production of the smaller number of larger farms.

Ongoing effectiveness of new policy measures

The answers obtained from surveys in the previous category may depend on
opinions and estimates provided by farmers. For this reason it is important a
government has available up-to-date information on the effectiveness of poli-
cies. For example, if a farm amalgamation scheme is introduced, the govern-
ment should know the effect and, thus, whether other policy measures are
required. In such a survey the general procedure would be:

1. Select a sample of farms prior to the introduction of the policy measures
and collect information from these farms;
2. At successive points in time re-survey the farms.

In some cases, however, information normally collected by the government
and local body statisticians may provide the relevant information.

Assessment of the economic viability of farming sectors

To determine when policy measures may need to be introduced a government
must have available continuous information on the financial situation of each
sector. The procedure in these cases will be:

1. Select a sample of farms from each general farming and environmental
category.

2. Obtain as much physical and financial information as possible from these
farms at successive intervals.

Such general surveys have extensive use throughout the community. For example,
a new adviser can use the results to familiarize himself with the situation in an area,
or a researcher might select an area for a study on, e.g. indebtedness levels.

Marketing strategies

Marketing groups and selling organizations require continuous information on
product quantities available to be sold and/or stored. Such information will
indicate, for example, what shipping arrangements are necessary. The general
procedure in this case would be to:

1. Carry out a number of farm surveys throughout a particular season.
2. Estimate product areas (crops) or numbers (stock) on the sampled farms.
3. Estimate expected yields as the season progresses.

The information on yields and areas enables total production estimates. Similar
demand information will also be required, perhaps from consumer surveys.
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Improved extension techniques

To develop successful extension programmes, information on where farmers
obtain their information (e.g. farming papers, radio broadcasts, talking to ‘lead-
ing’ farmers etc.) and on the effectiveness of alternative techniques is required.
Surveys are the logical means of determining the information. For the com-
parisons the procedure could be:

1. Select a sample of similar farmers and farms and collect farm system and
financial data.

2. Expose sub-samples to a range of techniques (e.g. use of printed material,
use of discussion groups, use of field days etc.)

3. Re-survey the farms after various time periods to determine changes in
farming systems and profitability.

A major problem will be deciding whether any changes are due to the exten-
sion techniques or to other contacts the farmers have had. Isolating compara-
ble sub-samples (particularly with respect to the farmers themselves) may be
difficult.

Further comments

The list of survey uses could be enlarged further, but imagination on possibili-
ties will suffice. However, whether the survey technique is the best system for
solving the various problems has not been covered. Some of the answers will
emerge in later sections, but a complete appraisal is not possible until the very
end of the book. The problem, as always, is to decide which of the techniques
is the most appropriate to determine improved farming systems at least cost.
For some problems few alternatives to a survey exist. For example, if informa-
tion on current production levels is required, a survey is likely to be the only
choice.

A search of the literature will provide many examples of surveys. For exam-
ple, Anon (2010a, b) provides examples of regular yearly surveys for keeping
professionals up to date on what is happening in two industries, Nuthall (2002)
provides an example of a survey to determine farmers’ views of skills required
for success, Nuthall (2006a, b) covers the use of surveys in creating tests to
assess managers’ characteristics and Nuthall (2009a) shows how to use a sur-
vey to obtain information on factors that influence a farmer’s managerial skill.

6.2 Methods of Collecting Information

Introduction

While potentially there are a number of different methods, for a particular sur-
vey the range of alternatives may be restricted. This will depend on the type of
information required and the records available from farmers and other sources.

A few problems, though more generally only part of a problem, can be
answered through the use of records and documents that are normally collected
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and held by various government and local-body departments. Producer boards,
farmer and allied organizations may also hold helpful records. For example,
the areas of farms in a defined locality may be obtained through searching
land registry titles, or perhaps through valuation records in countries where
valuations are carried out regularly for tax purposes. Another common exam-
ple is the use of farm accounts to provide information on costs, returns and
the taxable profit.

In order to reduce the work involved in a survey, and to increase its accu-
racy, as much use as possible must be made of such records, though in a few
cases record searching may involve additional work compared with directly
questioning the farmer concerned. In general, however, the main methods of
obtaining information include direct observation, mail surveys, telephone
surveys, personal interview surveys and specialist recording schemes.

Direct observation

Some information can be obtained through direct observation. For example,
a list of machinery and buildings can be made through observation (similarly,
their values), the ‘quality’ of pastures can be assessed and so on. Many pieces
of information, of course, cannot be collected in this way. For example, it is
difficult to accurately observe fertilizer levels. As a general rule, where pos-
sible obtain information through observation provided the information col-
lector is trained to make such observations. If not it may be better to let the
farmer provide the information and rely on his judgement and memory. This
depends, in part, on the type of information being collected and its
importance.

Mail surveys

A mail survey involves providing a questionnaire, usually through the mail, to
be filled in by the farmer in his own time. Alternatively the questionnaire could
be delivered by the internet, or perhaps even by hand. The most common
systems use mail for both delivery and return, though sometimes either delivery
or collection is by hand, especially where a verbal explanation may help, or ‘on
the spot’ checking is valuable before collection. Of course, this approach is
only possible where a good mail service/internet exists.
The advantages of mail surveys are:

e they are usually cheaper than other methods and sometimes quicker;

e the respondent (the farmer) can spend time considering each question and
looking up information. Some farmers, however, may spend even less time
thinking about a question compared with the case where a surveyor asks
the question;

e for personal questions a more accurate reply is likely compared with the
case where a surveyor (enumerator) is present;
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e the farmer is easily contacted. In an interview process it may be difficult to
arrange a suitable time.

The disadvantages of mail surveys are:

e they can only be used where the questions are sufficiently simple to enable
a full understanding without personal help;

e there is no chance of a discussion to ensure that the ‘correct’ answer is
provided. Thus, answers provided must be accepted and in general there is
no opportunity for anomalies to be investigated;

e the number of questions asked must be small, as otherwise the respondents
will tend to discard the survey;

e similarly, the amount of work involved (calculations, looking up informa-
tion) must be kept at a low level.

In general, the response rate to mail surveys is low. Usually a rate of 30-50% is
all that can be expected but this will depend on the topic being investigated.
Where there is a high level of interest in the particular topic and the farmers
involved are well ‘educated’, the response rate will be much higher and there-
fore a mail survey may be a satisfactory method of obtaining the information.
An example would be where some kind of subsidy or government handout is as
a result of the survey (provided the farmers believed they have a good case).

As in all surveys, bias can occur in mail surveys. As the farmer can more
easily refuse to cooperate in a mail survey, it is usual to find considerable bias
in some kinds of surveys. This will depend on the topic under study. For exam-
ple, in a survey designed to determine the profitability of alternative systems,
farmers who think they are poor farmers are less likely to respond.

To maximize the response rate, experience has shown that the following
procedures tend to help:

¢ enclosing a stamped, addressed return envelope;

e enclosing a good covering letter from a respected person explaining the
objects of the survey, details of the agency carrying out the survey and
other background information;

e the use of reminder letters. Later ones should include another questionnaire.

Dillon and Jarrett (1964) and Freebairn (1967) discuss response rates in mail
surveys and the impact of various factors.

Telephone surveys

Many of the comments made for mail surveys apply to telephone surveys. The
major advantage of a telephone survey is that it is quick and inexpensive.
The disadvantages are:

e the information sought must be at the farmer’s fingertips;

e only a very small number of questions can be asked as farmers, in general,
will not want to spend a long period of time on a telephone (however,
several calls may be made);
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e it can be easy for a farmer to provide an unconsidered answer as he is not
facing the enumerator in person, but equally the opposite may hold — it
depends on the type of information;

e farmerstend to associate telephone surveys with commercial-type purposes.
Thus, the farmer may not believe you, considering your story to be a way
of making contact. This problem can be partially overcome by an introduc-
tory letter;

e where the telephone is a shared line, the farmer will be reluctant to divulge
certain information.

Personal interview surveys

As the name implies, these surveys involve an interview with the farmer by
an enumerator. Questions are asked and the answers recorded. Questions
can take several general forms, details of which are discussed later under
questionnaire design. This type of survey is the most common, though invari-
ably some of the information is also collected using available records and
observations. Where a considerable amount of information has to be col-
lected there is usually no alternative to using a personal interview approach.
In some cases as much as a complete day may be required, though probably
not all at one time.

While personal interview surveys are the most expensive, they have few
disadvantages. The biggest problem is that the enumerator is a key link. Given
good training an enumerator can extract information efficiently and check
answers with observations, and also collect base information through observa-
tion. Poorly trained enumerators and enumerators with poor personalities can
introduce bias through unfavourable reactions. Further, they may not use suf-
ficient effort to extract correct answers.

The response rate can be high, and usually higher than other systems, but
it does depend on the nature of the information collected. If the farmers have
much to benefit from the survey outcome (e.g. a drop in water charges might
be possible) they will probably cooperate. Response rates of 80% are common
but 95% is not unusual given good preparation and enumerators. Clearly, the
skill of an enumerator in convincing farmers of the value of cooperating is
important.

Recording schemes

Where continuous and detailed information that is usually not recorded, nor
can be remembered, is required there may be a place for providing farmers
with recording books. For example, if information on the labour requirements
of various activities is required, probably the only way is to provide recording
books which are filled in by the farmer once per week, or even daily. These
books would be periodically collected and the information extracted.
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Alternatively, an enumerator could visit the farmer at frequent intervals
and, as a result of questioning the farmer, record the information. Telephones,
or the internet, might also be used.

A difficulty is finding sufficient farmers prepared to spend the time to fill in
the books. In general, continuous recording schemes can only be used where a
totally random survey is not required. Cooperators are likely to be the better
farmers, though offering incentives may encourage others. Further, as a result
of recording and the continuous contact with enumerators, cooperating farm-
ers tend to become more efficient. This can be overcome in part by constantly
changing the sample.

6.3 Sampling Background

Introduction

It is usual to obtain information from only a limited number of farmers and
farms from within a population. (A population is the total number of farms
(units) that satisfy some defined category. For example, all the farms on a par-
ticular soil type form a population.) This section contains a discussion on the
alternative ways of selecting a sample. There is a large number of sampling
methods, many of which are not suitable for farm surveys. Only the more use-
ful are covered. Further, the attributes of a good sample, the sample size neces-
sary to give a defined level of accuracy and the mathematical determination of
an optimal sampling technique are all discussed.

The reason for using a sample

A sample is used because the cost will be less compared to collecting informa-
tion from the whole population. However, the situation is not this simple. The
money allocated to a survey should be related to the expected gains resulting
from the conclusions; thus in some cases it may pay to survey the whole popu-
lation. Further, the expected variation between farms also affects the deci-
sion. If little variation exists, a small sample may provide as good an estimate
as sampling nearly the whole population. The reason, of course, is with each
extra farm added the information obtained will probably change only margin-
ally, if at all. Where extreme variation exists the opposite applies.

Another factor in favour of using a sample is that with a small sample it
may be possible to obtain more accurate information. More time can be
spent with each farmer and, if necessary, they can be revisited to clear up
anomalies. In many cases attention to accuracy rather than attempting to cover
a large proportion of the population provides better results. Expected sampling
errors can usually be statistically assessed, but mistakes in recording are totally
unknown. The conclusion must, however, depend on each particular survey
and the nature of the population.

Only where there is extreme variation in the information to be collected
from the farms and where the results of the survey are expected to have
considerable benefit would the whole population be surveyed.
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A good sample

A good sample is a group of farms that accurately reflect the characteristics of
the whole population. In selecting a sample a method must be used that gives
a high probability of a good sample being selected.

When a sample is used, two types of sampling errors may be introduced:

e Randomsamplingerror. Thisisthe errorintroduced where anon-representative
sample is selected solely due to chance effects, e.g. when selecting a sample
most of the profitable farms might miss out simply due to chance.

e Sampling bias. Where a sampling technique is used that gives a non-
representative sample, conclusions drawn from the sampled farms will pro-
vide an inaccurate estimation of the population characteristics.

Sampling bias is a constant component of error in that it will not decrease as
the size of the sample is increased. The random sampling error, however, will
decrease as the size of the sample is increased, as there will be less chance of
obtaining a non-representative sample. Further, the random sampling error
can also be reduced by selecting larger proportions of the sample from sec-
tions of the population in which the variability of the information to be col-
lected is high. These techniques provide a greater chance of all farming systems
being included in the sample.
Some of the methods that give rise to bias are listed below:

¢ The deliberate selection of a sample using a non-representative factor, e.g.
farmers answering an advertisement in a farming paper (this may be
unconscious);

e Using a selection procedure that depends on some characteristic that is
correlated with particular values of the information to be collected. For
example, if members of a farming organization are selected, they are likely
to be the more progressive farmers and will give an unrepresentative esti-
mate of population profitability;

e Substituting a member of the chosen sample with another farmer if the
chosen farmer is not readily available. The farmer ‘not readily available’
may be providing excuses as he does not want his poor farm inspected.
Thus, every effort must be made to interview the whole chosen sample;

¢ Failure to cover the whole of the chosen sample. This may lead to bias for
the reasons given above.

To avoid sampling bias it is clear that:

¢ The sample must be selected entirely at random; or

e Selected at random subject to restrictions that ensure bias will not be intro-
duced. Such restrictions are designed to reduce the random sampling error.
Examples will appear under the sampling methods discussion.

Where bias is required

PURPOSE BIAS  In some surveys there may be a need to introduce bias. For
example, the object of the survey may be to determine the farming systems
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being used by the most profitable farmers. In this case attempts would be
made to include only the more highly profitable firms in the survey.
However, attempts must still be made to obtain a good sample from within
the population of profitable farms.

accepmBLE BAs  Where the object of a survey is to measure the relative differ-
ences between groups, bias may be acceptable provided it gives constant error.
For example, where the survey requires farms to be ranked in order of profitabil-
ity a constant bias will not affect the ranking. However, it is extremely difficult to
decide whether possible bias affects all groups in the same way. Thus, it is usual
to attempt to prevent bias even where a constant bias is acceptable.

Sampling methods

The more common alternative sampling methods are listed below.

Simple random sampling

The required number of farms (units) are selected at random from a list of all
the farms in the defined population. Each farm has an equal chance of selec-
tion. By the ‘defined population’ is meant all farms within a particular group-
ing. For example, the object of a survey may be to estimate the average level
of indebtedness per stock unit on fat lamb farms on Lismore soils in the
62-70 cm rainfall belt. Thus, the defined population is all farms satisfying these
conditions. Computer programs are readily available for random selection;
each farm is given a number which is assigned to the random number genera-
tion system and a selection is then made.

Stratification with a uniform sampling fraction

The population is divided into groups, or strata, according to factor/s such as
farm area and soil type, and then an equal number of farms is randomly
selected from each strata. The total number of population units in each strata
may not be the same.

Stratification is a technique to reduce the random sampling error. There
is a greater chance of the sample being representative as the strata ensure
there will be at least a certain number of farms from each group. In simple
random sampling there is no guarantee this will occur. As shown below, there
are several alternative methods of creating strata, each of which will be appro-
priate for certain requirements. In general, the principle is to have the mem-
bers of the strata as homogeneous as possible. Thus, given sufficient strata, the
sample selected must be representative.

Multiple stratification with a uniform sampling fraction

This is the same as the previous method except the population is divided into
strata according to several factors before a sample is selected. For example,
groups of farms with a similar area and stock system might constitute the
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strata. Thus, if six area and four stock system classes were constructed, there
would be 24 strata. Whether multiple stratification should be used depends on
the number of factors correlated with the information being collected. However,
considerable prior knowledge is required before extensive multiple stratification
can be used.

Stratification with a variable sampling fraction

If the information collected exhibits a different level of variability between
strata the random sampling error will be reduced if more farms (or sampling
units) are selected from the strata exhibiting the greatest variability. To give the
greatest accuracy, the number of units selected from each stratum should be
proportional to the variability. That is, where f;, f,, ... f, represents the pro-
portion of the total sample taken from the 1st, 2nd, ... nth stratum, and the
standard deviation of the factor being determined from the survey in each
stratum is 6, Gy, ... 6, then the number of units selected from each stratum
should be such that:
h_f_  _h
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Such a sampling method requires prior knowledge of &, the standard deviation.
This may come from previous surveys, or a small pilot survey. Where estimates
are not available, the variability of the factor used to create the strata can be
used (e.g. farm area) under the assumption that this factor will be correlated
with the variable being estimated from the survey (e.g. profitability).

In many farm surveys, however, several variables are being estimated. Thus,
a decision must be made on which to base the selection. Alternatively, a weighted
combination of the standard deviations of each variable could be used, with the
weights depending on the importance of each. Given a strong correlation
between two variables, only one need be used in estimating the proportions.

Sampling from within strata with the chance of selection proportional
to the size of unit (or some other variable)

This is a special form of variable proportion sampling. Where the factor being
estimated is positively correlated with, for example, farm size, the accuracy of the
estimate will be improved if a large proportion of the sample is selected from large
farms. If a survey, for example, is for estimating the total assets of farms this
method will give greater accuracy as the larger farms contribute proportionately
more of the total assets. One method of obtaining a sample is assigning random
numbers in proportion to size so larger farms have a greater chance of selection.

Sampling from within strata with the chance of selection proportional
to the size of unit

This is the same system as above, except the proportional sampling occurs
from within strata. This may be of use where several factors are important to
the result. For example, where total farm assets are being estimated,



132

Chapter 6

the population could be divided into farm type strata before the selection
based on farm size.

Multi-stage sampling

This involves defining a number of groups of farms on the basis of a factor and
randomly selecting a number of these groups. Using the farms in the selected
groups, another set of sub-groups would be constructed within each selected
group on the basis of a factor and further random sampling carried out. The
process is continued for as many stages as required.

This method has little use, and may in fact introduce bias. This will occur
where there is a correlation between the variable/s being estimated and the
factor used to provide the, mainly, first group. By chance, the more important
groups may not be included in the sample.

The only argument for this method is where the first-stage groups are
based on locality. This permits the concentration of field survey work to a
smaller area, thus reducing costs.

Multi-phase sampling

In some cases the variability of the information being collected varies. For
example, if information on stocking rate and breed of animal is being col-
lected it is probable that stocking rate will exhibit considerable variability com-
pared with breed of stock information. Thus, in order to reduce costs,
multi-phase sampling can be used. This involves collecting the extremely vari-
able information from the whole sample and other, less variable information,
from part of the sample and so on. In the example given, to get an accurate
estimate of stocking rate the information would be collected from all farms
whereas it would only be necessary to collect breed information from a small
sub-sample to give an accurate estimate of the most important breed. To
obtain the sub-sample the required number of units would be randomly
selected from the major sample. This method can be combined with stratifi-
cation techniques.

Procedures for surveys on successive occasions

Where a survey is repeated at regular intervals, there are a number of alterna-
tive systems that can be used on each occasion. These include:

e use the same units on each occasion;
e select a completely new sample on each occasion;
e replace part of the sample on each occasion.

The best system depends on whether the surveyed farms change their methods
and techniques as a result of being surveyed. Being surveyed often provides
stimulation, giving rise to change.

Further, rather than carry out an extensive survey on each occasion, small
samples might be used in most years and a major survey carried out, say, every
5 years. The small samples will indicate changing situations and, if the change
appears to be large, a major survey can be conducted. With the continuous
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information that this system provides, it should be possible to estimate the
sample size necessary to give a certain degree of accuracy as prior knowledge
is available.

Sampling method to use
The discussion indicates this must depend on:

e the accuracy required,;

e the degree of variability existing in the population;

e the extent of the information currently available on which to base the
selection of the sample;

e the funds available for the survey.

For further information on sampling, refer to Yates (1981).

Size of sample

General comments have been made that the size of sample depends on the
level of accuracy required (to obtain perfect accuracy, of course, the whole
population must be sampled). This section will quantify these comments.

The standard error of the variable/s being estimated indicates the extent
of likely random sampling errors. The standard error (the name given to the
estimate of the true population standard deviation of a sample statistic) indi-
cates the range over which the true population value is likely to lie. For
example, given a normal distribution there is a 95% chance that the true
population value will lie within X + 1.96c, where X is the sample estimate.
Given a small standard error, greater confidence can be placed on the sam-
ple estimate as the range over which the true value could lie is much
smaller.

Where the size of the population is infinite, the standard error of the sam-
ple statistics (e.g. mean debt/stock unit) is given by:

Standard error =0, = o
JN
where

o = true population standard deviation of the statistic;

N = sample size;

o, = the standard deviation of the mean of the sample statistic estimated
from the sample (a standard deviation for a mean exists, as many estimates can
be made from repeated samples).

Clearly, the larger the sample used, the smaller will be the standard error.
This formula can not be used, however as ¢ is not known.

Where the population being sampled from is finite (the usual case in farm
surveys), the standard error must be proportional to the percentage of the
population included in the sample. Thus:

6 |P-N
O, = 7=

JNVP-1
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where P = the number of units in the population.
For very small populations this reduces to:

o - O
x \/N

where F = sampling fraction = N/P
Thus, the 95% confidence limits for the sample mean of a population
statistic will be:

v S
X+196—+1-F
VN

where S = standard deviation of the statistic (x) estimated from the sample
information, and the best estimate of S_is given by:
) (X - Xy
S, =4[~
N-1
where

X = possible values of the sample statistic;

X = mean of the statistic estimated from the sample.

Note that the normal distribution can be used to give the confidence limits
as, by the central limit theorem, the distribution of the mean of a sample sta-
tistic approaches normality given many estimates of the mean from repeated
samples.

Thus, it can be seen the larger value of F, the smaller will be the sampling
error. That is, a large sample gives a large F which gives a low value of
v1—F. Where P = N then F = 1 and the sample (whole population in this
case) mean of a statistic is the true population mean, i.e. the standard error
will be 0.

The relationships show how the sample size can be estimated to give a
defined level of accuracy. A decision is made regarding the maximum
acceptable standard error and then solve for N in the standard error equa-
tion. This procedure, however, requires prior knowledge of S . A pilot sur-
vey may be necessary to obtain this if no indications are available from
previous surveys.

As an example, consider estimating the mean profit of a population of
farms with a tolerance of + $1000 with 95% confidence. The sample size
necessary will be that N giving:

S
1000 = 196 =+1-F
JvN

In many farm surveys, an estimate of more than one population statistic will be
required. In this case the sample size can be determined to give the required
accuracy for the most variable factor or variable and:

1-F

¢ Information for the less variable factors is collected from sub-samples, the
number of units depending on the variability; or

e Information is collected from all units and a greater accuracy than is
required is accepted for the factors exhibiting a lower variability.
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Effect of the sampling method used on the standard error

Given the value of a population statistic is to be estimated (e.g. mean profit)
with a given degree of accuracy, the least cost sampling method providing this
accuracy should be selected, or, given certain funds, a sampling method should
be selected that will give the lowest standard error within the budget. This
section will show how to estimate the standard error for a stratified random
sample compared with a simple random sample. This indicates the general
methods used in determining an optimal sampling method.

Consider the estimate of a population statistic using a stratified random
sample. The mean value of a population statistic is given by:

Sh

‘L[_

P
= Z Oy

where o, = L
P

u = population mean for the particular statistic;

u, = mean for the Sth stratum;

P = population size;

P, = number of population units in the Sth stratum;
N, = size of sample taken from the Sth stratum.

The estimate of the mean calculated from the sample will be given by:

. _ _
X =ouX; +0eX, +......

=Y X,

where X " = estimate of the population mean;
X , = mean obtained from the Sth stratum.

The standard error of X " is given by:

® 2 2
Oy = /0I5 O,

where:
2
e
Xs —
Ns

and the best estimate of o

_ E(Xs - Xs)?

N-1

The question is whether, for a given N, this standard error will be less than
a simple random sample standard error. It is clear that the number of units sam-
pled from each strata will affect the standard error of estimate. Before a com-
parison can be made, the number of units in each strata to give the minimum
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standard error must be estimated. It can be shown that the optimal sampling
fraction is given by:

This formula indicates the important factors determining an optimal N are:

e the within stratum standard deviation (the greater the variability, the greater
N; should be);
e the importance of the stratum in relation to the whole population, i.e.

_bs
P

In general, the following rather obvious relationship between o . (standard
error for a simple random sample) and 6% (standard error for a stratified random
sample) can be stated:

Os

.
(5; < (5}
if either:

e the population can be stratified into groups that have different means;
and/or

e the population can be stratified so the within strata standard deviations
have different values.

In most cases these conditions will hold so that stratification is a preferred sam-
pling method. However, optimal stratification requires prior knowledge, which,
in many surveys, is not available. However, stratification can also occur when
the results are analysed to improve the clarity of result presentation.

Estimates of profitability, for example, might be presented for farms with
a total investment greater than, and less than, a certain level, and so on.
Similarly, standard error estimates can be made for each group so it is clear for
which groups the estimates are more accurate.

6.4 Questionnaire Design and Response Errors

Introduction

No matter which method is used to collect the information, some kind of ques-
tionnaire will be necessary to list and record the information. The detail in the
questionnaire should depend on the problem, the method used to collect the
information and on the experience of the enumerators. Questionnaire design
is an important aspect of survey work, as poorly constructed questionnaires will
give rise to errors (bias). This section will contain a discussion of the principles
to be followed and on response errors, or bias, as this can in part be associated
with questionnaire design.
The alternative questioning procedures include the following.
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Question form

There are two forms:

1. Mutiliple choice questions. All possible answers to a particular question are
listed and the enumerator (or the farmer, depending on the information
collection method) simply ticks the appropriate answer, e.g.

What is the breed of cow?

L. Jersey
2. Friesian (Holstein) [ ]
3. Other ]

2. Open-ended questions where possible answers are not provided. The
answer is recorded, e.g.

1. What is the breed of cow?
Answer: ‘Jersey’

For many questions, open-ended questions will be necessary as the possible
answers are too numerous (e.g. what was the size of the ewe flock on
30 June?).

Question asking method

The two possibilities are:

e The question is asked precisely in the form it is written in the question-
naire. This is referred to as a set form question.

¢ The enumerator decides the exact wording as the interview proceeds. The
questionnaire may contain a suggested question form.

The best method depends in part on the experience of the enumerators.
Experienced enumerators will be able to obtain better answers through a
discussion process whereas set form questions should be used if the enumera-
tors are not professionals. Where opinions are being obtained, however,
set form questions are preferred as variation in the way questions are asked
may provide bias (assuming you know all the possible opinions that might
be held).

Question wording and types of questions

No matter whether set-form or enumerator-worded questions are asked, the
following principles should be adhered to:

e  Familiar words and phrases must be used.
¢ Questions must be precise and unambiguous.
¢ Questions must be phrased in specific terms.
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Questions must be ‘non-emotional’. For example, if possible avoid asking
a farmer about drought effects if he is currently experiencing severe diffi-
culties due to an extreme drought.

Questions must not encourage defensive attitudes; e.g. Question: ‘Research
has shown that the use of X kg/ha of N is profitable. Why haven’t you
adopted this practice?’

Leading questions must be avoided. An answer should never be suggested. To
appear normal the farmer will tend to give the suggested answer. Unfortunately,
an interviewer sometimes suggests answers simply to speed up the process.
This also tends to happen when advisers inspect a property.

Where possible, hypothetical questions should be avoided as the answers
will be of limited use unless the farmer has actually had some experience
of the topic; e.g. ‘How would you develop your property given $X?” Having
never had $X the farmer has probably never considered the possibility.
Where possible, questions that are quite personal should be avoided as
they may embarrass the farmer, or receive a censored answer; e.g. ‘What
is the amount of family money you have borrowed and at what cost?’
Questions should obtain basic facts rather than summary information that
relies on the farmer’s own calculations; e.g. rather than ask the farmer for
his average wheat vield, obtain the yield paddock (field) by paddock (better
still, the total quantity harvested/paddock) over a number of years. Farmers
tend to forget the poor years and poor paddocks in calculating their
averages.

Introduce check questions to verify the answers given; e.g. on a dairy
farm ask: (i) How much hay do you feed per cow? Then later in the ques-
tionnaire ask: (i) How much hay do you make and purchase? Knowing
the cow numbers, the answers enable a consistency check. If the answers
are not consistent the farmer can be re-questioned. If possible, such
checks should be compared during the interview so that anomalies can be
cleared up.

Combine as many questions as possible into one question; e.g. instead of
asking ‘(i) Is winter feed purchased?’ ‘(ii) How much winter feed is pur-
chased/cow?’, ask only the second question as the answer will provide the
answer to both questions.

Before including a question, efforts should be made to determine whether
the farmers are likely to have the required information. Farmers (and others)
tend to make guesses rather than say they do not know.

Question ordering and questionnaire format

To minimize the time required to both fill in a questionnaire and the eventual
analysis time, and to obtain correct answers, the following principles should be
followed:

1. The first questions must obtain identification information, e.g. farmer’s
name, address, telephone number/email (for possible re-contact), the group of
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farms that his farm falls into if several groups are being surveyed, and other
identification and background information.

2. The next set should be simple and of interest to the respondent. This creates
confidence and interest.

3. Questions requiring the maximum cooperation must be placed next. They
should not appear at the end of the questionnaire as by this stage the respond-
ent may be bored and not prepared to look up information.

4. Questions must be arranged in logical order within each section, e.g. all
stock/animal questions should be grouped together so that the farmer will be
thinking about stock matters. Further, he can make use of any records produced
at this stage without having to re-find them. Following the stock questions,
feeding questions might be posed.

5. The questionnaire length should be kept to minimum. As a rule of thumb,
a maximum time of 3-4h should not be exceeded. If this is necessary, two
sessions will usually provide greater accuracy.

6. In respondent-completed questionnaires (mail surveys), instructions should
accompany each question rather than be on a separate sheet.

7. ‘Personal’ questions should be included at the end of the questionnaire,
so that any reaction will not affect the answers to other questions.

8. The areas on the questionnaire provided for recording should be designed
to allow easy extraction of the information, e.g. figures that need to be added
up should be entered in columns.

9. The physical characteristics of the questionnaire must ensure ease of use,
e.g. (i) it should fit easily onto a workboard; (i) the paper must be easy to write
on; (iii) it should be as compact as possible in order to minimize the amount of
page turning when checking back.

Response errors or bias

Another source of error (besides sampling bias) is response bias. This comes
from incorrect answers ending up in the questionnaire. The origin of this bias
can be:

¢ Enumerator introduced;

¢ Questionnaire introduced. To reduce this bias to a minimum, the question-
naire must be constructed according to the principles outlined and carefully
pre-tested;

¢ Respondent (farmer) introduced.

Enumerator-introduced bias

Some possibilities are:

¢ The enumerator mis-records an answer. In general, these errors tend to
even out over the whole sample.

e The personality and opinions of the enumerator affects the answers given,
e.g. the approach taken by the enumerator will affect how seriously the
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farmer takes the survey. A flippant attitude, for example, will encourage
the farmer to provide unconsidered answers.

To minimize this source of bias the enumerators must be adequately trained
and, where possible, have a good personality and character.

Respondent-introduced bias

This will occur where:

e The farmer ‘deliberately’ gives incorrect information. This action may be
subconscious. For example, farmers tend to remember their good lambing
percentages etc. In some cases farmers may ‘improve’ their achievements
to save face.

¢ The farmer does not have the knowledge or records necessary to give a
correct answer, so a guess is provided.

This form of bias tends to introduce a systematic error as ‘wrong answer’
questions tend to be the same for all farmers, e.g. a group of pedigree breeders
may indicate a lower level of purchased feed use than they in fact use to make
the animals appear more efficient than in reality.

Little can be done to overcome this bias except by:

e Using good question design, and checking to see if the farmers have the
information necessary;

e Using check questions;

e Checking general answers with previous surveys and advisers in the area.

6.5 The Organization of a Survey
The steps for carrying out a survey, in general order of occurrence, are as follows.

Defining the problem/s to be solved (formulation of the hypothesis)

In management work the problem is often quite general. For example, the
problem may be to determine the most profitable farming system from those
currently used, or perhaps a hypothesis that a particular farming system is the
most profitable needs testing. In other cases the problem can be more open
ended, e.g. determining the minimum farm size for economic viability.

Given a clear problem statement, this dictates how the survey should be
carried out.

Define the study region or locality

This may have been defined above, as the hypothesis often relates to a particu-
lar area. The selection may be affected by the availability of information, par-
ticularly information required in selecting a sample. For example:

e  soil survey information and soil maps;
e rainfall and other climatic information;
e topographical maps.
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Define the type of farms to be included

A region will probably have a range of farm types, so those to be included must
be defined. This may have been achieved when the problem was first defined.
Some of the questions to be answered include:

e the farm sizes to be included;

e the product types to be included;

e whether part-time farms are to be excluded;

e  whether absentee owner farms are to be excluded.

Define the information to be collected

The problem to be solved dictates the general nature of the information, but a
decision must be made on:

e the specific items of information to be collected; and
e the years of information to be collected.

To determine the specific items it is useful to carry out a hypothetical calcula-
tion working backwards from the final figures that the survey must provide.
This defines the information required.

Due to the chance effects of weather and other random variables, for many
problems it is necessary to collect information for several years to provide an
accurate average. A common number of years is 3. In selecting the specific years
abnormal years should be excluded, though there is a limit to exclusions as farm-
ers’ records and memories may not allow going back far. Where the objective is
to record what the current situation is, this procedure may not be necessary.

Define the method to be used in collecting the information

Given the information required, currently available statistics would be examined
to determine the additional information to be collected from the farmers. The
type and quantity of this remaining information will then dictate which method
to use.

Prepare and test the questionnaire

The questionnaire should be pre-tested on a small sample of farmers before it
is finally printed. This pre-testing enables:

e testing of alternative question forms, and checking farmers’ understanding
of the questions and ambiguities;

¢ determining whether the farmers have the required information;

e testing whether the enumerators are likely to have any problems with the
questionnaire.

Determine the sampling method

This should occur earlier in some cases, for there is an interaction between
question form, sample type and collection method. This may involve:
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e using previous surveys to obtain information on which to make these
decisions; or

e carrying out a small pilot survey to obtain this information (local advisers
may also be questioned).

The analyst’s experience of the area and farmers may also suggest answers.

Obtain the information for selecting the sample
This information includes:

e the names of farmers in the locality;
e the location (address) of these farms and possibly the farm area;
e possibly the type, or class, of each farm.

The first two items above are essential. Possible sources of this informa-
tion are:

organizations responsible for valuing properties for local tax purposes;
local government lists of household and farm owners;

cooperatives and other producer boards/committees;

farmer organizations;

government departments responsible for lists of land titles and legal
descriptions.

Select the sample
Select and train the enumerators
Arrange and test the field organization

A pilot survey may be necessary, or at least the survey should start with a small
number of farms so that changes can be made if necessary. Details such as the
allocation of defined areas to each enumerator, the enumerator’s accommoda-
tion and the availability of supervisors to solve any problems as they arise, must
all be considered. For mail and telephone surveys some of these tasks will have
a different form.

Advertising the survey in the relevant areas
This process must indicate:

e the purpose of the survey;

e what the farmers might gain from the results of the survey;

e the organization responsible for carrying out the survey;

e the nature of the cooperation necessary if they are selected;

e that all information collected will be treated as confidential and their
names will not be directly associated with any of the results (unless there
is a special need for identification, e.g. perhaps supporting grants
are available for qualifying farmers. In any special case the farmer’s
permission should be a prerequisite for publishing identifiable
information);
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e the ethics committee checks that have been carried out (most research
organizations, and countries, have social science ethics committees).

Possible advertising methods include:

e letters sent to all selected farmers giving detailed information;

e general information on the internet, radio, television and in the local
press;

e talking at farmer organization meetings.

Conduct the interview
The principles to be followed include:

e pre-arrange farm visits;

e interviewing in the farmer’s slack time of the year, and in the slack time of
day, e.g. not at milking time;

e interview, if possible, when the information is fresh in the farmers’ minds,
e.g. just after harvesting for a survey to obtain crop input/output
information;

e interview first the farmers considered to be the district leaders. The best
enumerators should be used. These farmers will tend to influence others on
whether to cooperate;

e the enumerator must initially attempt to create a good relationship.
This may involve general farmer talk on current topics and a brief look
around the farm to see aspects in which the farmer is particularly
interested;

e where possible, arrange for a local adviser, or a leading farmer (popular
one), to initially go around all the farms and introduce the enumerator.
Farmers’ meetings may also be used for this purpose.

Obtain aadvice

Advice should be sought for all phases from survey experts through to stat-
isticians. When constructing the questionnaire and selecting the sample,
advice on statistical methods should be sought to ensure a proper analysis is
likely to produce statistically significant results. If a sophisticated statistical
analysis is planned it is most important to test the procedure to ensure the
data collected will allow significant results. Of course, the nature of the prob-
lem being solved will dictate to a certain extent the type of analysis that will
be appropriate.

Data coding
Before the information can be extracted from the questionnaires and the calcu-
lations performed, the following procedures are necessary:

1. The questionnaires must be examined to check on their completeness and
suitability.
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(i) Questionnaires with insufficient information (though questions can
sometimes be completed from other answers such as those given for
check questions) must be discarded, or returned for completion (enu-
merators should check completion at the time if possible).

(ii) The farms that do not satisfy the initial requirements (e.g. part-time
farms) must be discarded.

2. The accuracy of the answers must be checked using the check questions, and
where required, farms re-visited (a phone call may solve the problem).

To simplify analysis some non-numerical items may need to be coded with a
numeral. For example, where a question asks about the ewe flock replace-
ments the answers might be coded as follows:

CODE
Breed replacement stock 1
Buy ewe lambs 2
Buy two-tooths 3
50/50 Buy/rear combination 4

The major problem in coding is in ensuring sufficient categories are created
and logically assigning codes.

In some cases numerical information may need to be divided into groups.
In this case each group would be given a code, for example:

Farm area (ha) CODE
0-100 1
101-200 2
201-300 3

Note that, where possible, a coding system should be logical as in this
example of farm areas, the bigger the area the larger the numerical code. In an
opinion survey the same applies so, for example, if the farmers were asked to
express their belief in the value of a newsletter, code 1 might be used for ‘no
value’ through to, say, 5 for ‘highly valuable’. It would then be possible, for
example, to develop an equation predicting value based on, e.g. the content
types. A scale like this is known as a ‘Likert scale’.

Data analysis

Introduction

Little can be noted about this operation as the calculations required will
depend on the particular survey. In most surveys a computer would be used
to carry out the tedious sorting and calculations, thus the need to give numeric
codes in general. Where a computer is used the information extracted from



Farm Surveys 145

the questionnaires would be entered straight into a database or spreadsheet
from which most analysis packages will accept data.

The most important step is to ensure that adequate statistical techniques
are used in testing and describing the results so it is clear where significant dif-
ferences occur for comparative work (for a text on the methods see, for exam-
ple, Keller, 2008).

Surveys can generally be grouped into the following classes:

1. Surveys to obtain descriptive information of a population of farms (e.g.
What is the average level of indebtedness? What is the expected yield of wheat
if X kg superphosphate/ha is applied? What is the cost of production per litre
of milk produced?);

2. Surveys to compare groups of farms (e.g. which of the following systems
gives highest profitability: (i) Rearing stock replacements; (i) Buying stock
replacements; (iii) ... etc. And which farm size group is most efficient?)

In this example the farms would be grouped according to their stock
policy and then averages for each group of farms for each statistic calculated.
The comparison will then indicate whether the different groups have different
profits, or whatever criteria are being used. However, before a conclusion is
possible, statistical tests are necessary to decide whether the differences are
significant.

Also note that rather than comparing discrete groups, multiple regression
techniques might be used on all the data to determine the relationship
between, for example, profit and the various inputs. Thus, a whole farm pro-
duction function is determined. This approach will be discussed further in the
next chapter.

Analysing data in descriptive-type surveys

As a sample has been used in contrast to the whole population, average statis-
tics calculated are only an estimate of the true population figure. To give some
idea of the accuracy of the estimate the standard error must be calculated to
allow the estimation of confidence limits. Further, it is useful for frequency
distributions to be presented, indicating the likelihood of the estimate of the
mean value. For example, where a survey has shown that the average indebt-
edness per stock equivalent is $20, this information is misleading where the
frequency distribution is skewed like that shown in Fig. 6.1.

Analysing the data in group comparison surveys

Drawing conclusions about group differences (e.g. different profitability) based
on average statistics can give incorrect conclusions. Any difference that occurs
may solely be due to chance, with the samples having been selected on a
chance basis. Thus, group differences must be statistically tested for signifi-
cance by the use of t, F and chi squared tests. As the random variable ‘weather’
affects results, tests must be carried out to ensure that group differences are
due to farming system differences and not simply due to weather and other
chance effects.
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Number of farms

$20/SU
Indebtedness per stock unit (su) group

Fig. 6.1. Distribution of indebtedness levels per stock unit.

It must be heavily emphasized that when comparing farming systems only
farms in similar environments and on similar soils should be compared, as
otherwise profit difference will be due to more than the different management
systems (a confounding factor here is managerial ability variations as it is diffi-
cult to measure). Similar comments apply when descriptive-type survey results
are being presented.

In surveys using farm accounts it is usually necessary to adjust the data
before use, as accounts give taxable income in contrast to the true profit. Thus,
for example, the accounts may contain repairs and maintenance costs, which
are really development expenditure (e.g. new fencing for a new irrigation sys-
tem), which should be removed from the operating costs. Similarly, in some tax
legislation assets are valued with the difference between the year starting and
ending valuations being taxable. Often the valuations are not market based, so
an adjustment is necessary to ensure the values are true market values. Another
adjustment sometimes necessary is the depreciation charged where the rates
allowed for income taxation are unrealistic. Effectively, taxation accounts must
be adjusted so the profit shown is a true reflection of the economic surplus.

Calculation bias

A further form of bias can be introduced where systematic calculational errors
occur. This might be due, for example, to an assistant consistently adding up
the wrong columns when entering data, or, as another example, the computer
program used might have an error.

This type of bias or error can be completely overcome by rigorous check-
ing of methods, results and calculational systems.

Additional analysis methods

Modern statistical packages, such as the Statistical Package for the Social
Sciences (SPSS), provide a means to check, sort, fill in missing information and
analyse data in many ways. Mention of some of the techniques will be given in
later chapters, but the details can be found in most modern econometric and
statistical texts (e.g. Hair et al., 2005). Mention has already been made of
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regression analysis in which both linear and curvilinear equations explaining
the relationship between a dependent variable (e.g. net profit) and independent
(decision) variables, such as all the farm inputs, can be developed. The esti-
mated equation can then be used to find optimal input levels and output mixes.
The raw data would come from, of course, a survey of the farms. Such data can
also be used to estimate what is known as the efficient frontier, which is then
used to produce benchmark data for comparative purposes. The efficient fron-
tier is a production possibility curve defined by the farms which produce the
most output for given inputs, or use the least inputs for given output. Various
statistical techniques allow this frontier to be estimated and to identify the farms
which define the frontier. These farms provide the benchmark statistics for
comparison with all other farms, with the differences being used to suggest
ways of improving efficiency.

Special forms of regression analysis might be used in specific cases. One
example is logit analysis, which is used when the dependent variable can take
on one of two values, e.g. did a farmer use a particular technique, or not (yes/
no). Indeed, any decision situation where the outcome is one of two possibili-
ties requires logit analysis to ensure the most accurate and lowest variance
equation parameters. Logit analysis is readily available in most computer pack-
ages, as is probit analysis, which is similar.

Another technique that might be useful is factor analysis, in which a large
number of variables are analysed to find unobserved core variables (linear com-
binations of the observed source variables). This process reduces the number of
variables that need to be introduced into, e.g. a regression analysis. For exam-
ple, 20 variables on attitudes to extension systems might be collected from
farmers, so a factor analysis might show that there are only, say, four core vari-
ables expressing the farmers’ core values; these might be, for example, visual
approaches, group meetings where discussion takes place, written material to
take home and follow-up from experts.

Related to factor analysis is cluster analysis, which examines each farm’s
statistics to find groups that are similar for specified variables. The farms in
each cluster might then be compared, for example, to explore different man-
agement approaches and the efficiencies they confer. And finally, but certainly
not least, is structural equation modelling, which is used when it might be
hypothesized a dependent variable of interest (e.g. net profit, or perhaps lei-
sure hours) is generated from several base variables (e.g. managerial ability,
farmer’s experience, soil quality and net assets), which in turn are products of
even more basic variables (e.g. farmer’s education, whether he is raised in the
country, soil depth, soil type, rainfall total and pattern, mortgage type and
years on the farm etc.). Structural equation modelling (SEM) computer pack-
ages take the survey data and estimate the parameters of each of many equa-
tions connecting each set of variables. The results then allow working out the
important variables that give rise to the dependent variable and, consequently,
provide a conclusion on their desirable values (e.g. having high level education,
years of experience etc.).

It was noted earlier that surveys can be used to answer a very wide range
of problems, many of which are related to developing improved farming
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systems. Each use leads to a unique survey and method of analysis. The
discussion has outlined both the general procedures that must be followed and
introduced some of the more common methods of analysis. However, it is
always valuable to study specific examples to further enhance farm survey
understanding. The literature abounds with examples and should be searched
for previous studies of a specific problem and hypothesis that an analyst might
be concerned with. For an example of a simple analysis, consider Nuthall
(2009a), for the use of regression and factor analysis Nuthall (2002) and for
SEM Nuthall (2009b). However, a search of the World Wide Web will provide
examples of very many other situations and examples of the questionnaires
used. There are many templates available.

6.6 The Limitations and Problems of Farm Surveys

Introduction

Given a problem, the researcher/adviser must decide which of the available
problem-solving techniques should be used. For some the survey method is a
possibility. For example, the problem may be deciding whether irrigation is
profitable and which irrigation technique is best. This problem might be solved
using a survey or, for example, doing a series of budgets to compare the alter-
natives. However, to do a series of budgets the basic input—output information
must be known, possibly necessitating the use of a survey. The problem-solving
technique to use will, of course, depend on:

e the costs involved; and
e the expected improvement to farming systems in an area as a result of
carrying out the study.

For some problems there are no alternatives to the survey technique. For
example, determining the existing state of a population of farms, a descrip-
tive-type survey, is unlikely to have an alternative. Similarly, there is no alterna-
tive for determining actual cost of production estimates.

In deciding whether to use the survey technique an understanding of the
limitations of farm surveys is clearly necessary, as is a knowledge of the alterna-
tive methods. Survey limitations and problems are given below.

Limitations and problems

Survey information is historical

When survey conclusions are used to decide future courses of action it is largely
assumed future conditions will be similar to the time of the survey (prices, costs,
technology etc.). In many cases, however, the historically best farming system
may need changing, though where farms mainly produce a single product the
survey conclusions may apply as product price changes would have to be large
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to justify a change in products. Whatever the case, care must be exercised in
deciding the validity of the information. For example, a survey right at the
beginning of a wheat season to predict wheat production will very likely provide
an inaccurate prediction. Constant updates are required, if affordable, or the
survey should be conducted as late as possible to provide useful information.
The important point in all surveying is recognizing the likely inaccuracies and
adjusting accordingly.

Where historical information is the objective, clearly no problem exists.
For example, a survey to estimate current debt levels. Similarly, if the objective
is to obtain physical input—output information to be used with predicted prices
and costs to arrive at contemporary conclusions, the historic nature of the data
is not a problem as these physical parameters are unlikely to change to any
great extent.

Profitability studies and alternative systems

When a survey is used to determine improved farming systems it is assumed
there are an appreciable number of farms actually operating ‘improved’ farming
systems. While there will always be a range of farming systems, the question is
how good are the better systems relative to those lying on the possibility bound-
ary. The best answer obtained is only as good as the best system found on the
sample farms, so if the leading farmers are better decision makers than the
consultants/researchers in a general sense, then this approach is acceptable.
However, in many cases this assumption is unlikely and conclusions will not be
so good as those available from more prescriptive research techniques. But
where the local professionals are not well trained in these techniques there is
no choice but to use a survey, though a series of simple budgets may be more
useful than survey conclusions. However, note that a survey may provide sug-
gestions that enable, through budgeting, an improved system to be developed.

Farm group homogeneity

A major problem is ensuring that homogeneous populations are defined and
located, particularly in comparative studies. Where environmental homoge-
neity (e.g. soils, climate, topography) does not exist, variation between farm-
ing systems will be confounded by variations due to the environment. Prior
to a survey there is, in many cases, insufficient information to ensure homo-
geneity, so grouping into similar categories must occur at the analysis stage.
Alternatively, in developing equations to explain variations, variables reflect-
ing environmental categories should be included (e.g. rainfall, soil quality).

Accuracy of the information available

Like most things in life, the results are only as good as the input. Accuracy will
depend on:
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e how well the farmers keep records, and the percentage of the population
keeping consistent records; and
e the accuracy of farmers’ memories.

In some cases the only reasonably correct source of information is the set of
farm accounts. Clearly, many potentially useful surveys are limited in scope by
the information available, thus, in some cases, the need for special recording
schemes.

The influence of managerial ability and labour quality

Given two farms operating the same general farming system, their profitability
may be different due to the effect of managerial ability and the quality of the
labour. Thus variations in managerial and labour ability may confound the analy-
sis. The way to overcome the problem is to measure ability and compare alter-
native systems for groups exhibiting similar levels, or having a variable for ability
in any equation used. However, measuring ability is difficult, and even then there
may be insufficient farmers in each similar ability group to give statistically
acceptable comparisons. In most surveys managerial ability and labour quality is
ignored, so small differences in profitability between farming systems must be
considered in this light. This problem of accounting for managerial ability is not,
of course, peculiar to survey work. Recent work on explaining the origins of
ability may eventually lead to improved measurement (see Nuthall, 2009b).

The fallacy of averages

Results presented as simple averages are not particularly informative about the
nature of the population. Depending on the problem, an analyst must consider
the best method. Remember simple averages may suggest different farming
systems have different profit levels — but the differences may simply be the
result of chance. Erroneous conclusions will be prevented through using appro-
priate statistical techniques, making clear which of the differences are worth
noting. Presenting the parameters of the variable distributions will also most
likely be useful, i.e. the mean, standard deviation and third moment giving the
skewness.

Data requirement

As noted, to overcome year to year chance effects (e.g. weather, the particular
auction the products end up in and all the other random impacts) data for a
number of years must be collected. This is often a problem due to the inadequa-
cies of farmers’ records, memories and locating copies of farm financial
accounts. The farmer’s accountant, however, will probably retain copies for
several years.
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Varying objectives

In a survey that groups farms according to a defined objective (e.g. profit),
when recommendations are made it is assumed all farmers will have the same
objective. This is clearly incorrect. However, to overcome this problem the
farms could be grouped by a number of objectives, so the conclusion might be
that farming system B is preferred for a particular objective while system E is
preferred for another objective. However, large numbers of farms will be
required to produce statistically different results once there are several objec-
tives measured. This problem is not peculiar to survey work.

6.7 Qualitative Surveys

Many surveys will need to obtain qualitative information as part of solving a prob-
lem. Often this information is quantified by asking a farmer to rank, or classify,
the alternative answers possible. For example, in a survey to assess farmer’s
management style one statement the farmer is asked to comment on might be:

For most things you seek the views of many people before making changes to
your operations

where the farmer is required to assess the truth of the statement using a score
of 1 to represent ‘true’ through to 5 for ‘not true’, with the values between
representing different levels of truth.

Another question in the same survey might ask the farmers to indicate how
much they had learned over their formative years. The respondent could be
asked to provide, using a scale of 1 (a great deal) to 5 (not much), an answer to:

Up to age 20 years, as far as you can remember, how much agricultural
knowledge did you successfully learn over:

5 to 10 years of age?

11 to 15 years of age?

16 to 20 years of age?

In this same survey (Nuthall, 2009a), pure quantitative information was also
obtained through questions such as:

How many years have you lived on your current farm?
What is the total area used including owned, leased and rented land?

Many surveys will have these mixed sets of questions, which in most cases will
end up providing quantitative information. The examples given above were
designed to discover the origins of managerial ability using a structural equa-
tion model. This model required numeric data to solve the proposed equa-
tions. For a useful discussion on combining qualitative and quantitative surveys,
see Marsland et al. (2010). This publication covers the strengths of each
approach.

In most quantitative surveys the researchers will have a hypothesis they are
trying to prove. This is the classical research approach of having a concept,
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and then collecting the information needed to assess the hypothesis. Such
surveys require prior knowledge, as otherwise a hypothesis could not be
formulated.

In complete contrast, a researcher might have a general interest in a situa-
tion and, consequently, wish to explore the nature of potential problems and
possible solutions. For example, if the thought process farmers go through
when making decisions can be discovered it will be easier to devise methods of
improving their skills. However, little detailed knowledge is available over the
process, so a ‘qualitative’ approach can be taken.

In this method the researcher explores the situation with a completely
open mind. While the literature might be consulted to obtain some initial ideas,
this consultation is not for creating a defined hypothesis, and for this reason the
approach is often referred to as grounded theory. The work is grounded in
what the farmers’ think, not what the previous string of researchers have con-
cluded. It is only after the analyst has surveyed the farmers and assessed what
the conclusions might be that the past research is consulted to compare and
contrast the conclusions with what appears in the literature.

One of the advantages claimed for qualitative surveys is the depth of knowl-
edge it is possible to obtain. With a quantitative survey a defined questionnaire
is usually used so the information obtained is pre-determined to some extent.
In contrast, a qualitative survey can be used to explore the depths of a situation
where enumerators are trained to probe and explore. Thus, when surveying a
farmer with a tape recorder running, an experienced interviewer can ask the
farmer to explain any view he might bring up. The answer might then stimulate
more unknowns, which can be followed up until all the questions that might
relate to a topic are fully explored. The direction of the questioning is depend-
ent on the answers and this might well be different for each farmer. This proc-
ess, if professionally conducted, can provide information that would not emerge
in a formal questionnaire process. The challenge is then to correctly interpret
the information recorded.

Even in quantitative surveys it makes sense to explore the situation before
creating a questionnaire. Such initial surveys might well be qualitative to dis-
cover ‘how the ground lies’, so to speak. Such an approach gives the researcher
valuable background to the situation being explored.

Often, however, this next step of a quantitative survey is not carried out
until much later, if at all, so the work is left at the qualitative conclusions. In
these purely qualitative surveys often little is known about the population so
sampling in the normal quantitative sense is not possible. The approach taken
is referred to as negative case sampling. Various people in the target commu-
nity are consulted to obtain farmers’ names, which are then initially surveyed.
These farmers might suggest further names, and so the process continues until
further interviews fail to turn up any new ideas. The conclusion is then that the
information collected covers the full range of possibilities. Of course, there is
no knowledge of the prevalence of each attitude expressed by individual farm-
ers, but at least there is a good chance that the full range has been determined.
A full qualitative survey with statistical sampling would be necessary to conclude
on the frequency of each attitude.
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Thus, any situation about which prior knowledge is unavailable can be
approached using a qualitative survey. The research needs to start with some
ideas to provide a questioning schedule as a base for the discussion with the farm-
ers being interviewed. Often a tape is used to record the interviews so it is pos-
sible to type up the responses verbatim for subsequent analysis. Where use of a
tape recorder is not acceptable or possible, a full set of notes must be made.

Software is available to help analyse the responses once they have been
stored in computer files. This software is designed to help isolate the key points,
each of which may have sub-components, thus ending up with a tree-like struc-
ture of information and conclusions.

For example, in a defined farming area the objective might be to find out
something of the production processes used on new crops. Talking to the
farmers it might be concluded the fertilizer and irrigation systems are key to the
production levels. Thus these two items might form the top nodes in a
downward-looking tree. Sub-nodes might then be fertilizer type, quantity and
application times, similarly for irrigation.

Other than the idea that the knowledge should stem from the farmers
themselves (grounded theory), in contrast to a pre-structured approach in a
quantitative survey, and that sampling involves adding cases until no new infor-
mation is forthcoming, qualitative surveys must be set up and organized to suit
each case. Accordingly, a search of the literature for examples can be beneficial
to obtaining ideas. However, the nature of the approach means preconceived
methods should not be entertained as this may restrict the investigation and
findings.

To help obtain a full range of views in qualitative surveying it is helpful,
where the information allows, to purposefully select farmers to cover the full
range. Thus, for example, efforts might be made to cover the full range of farm
sizes found in an area, or perhaps production types and so ensure representa-
tion in a similar way to stratified samples.

For a detailed explanation of the methods of qualitative surveying books
such as Denzin and Lincoln (2005) are useful.

6.8 Concluding Comments on Research Method and Surveys

When advisers, analysts and researchers are developing improved farming sys-
tems there are only two basic approaches that can be used. Namely:

1. A survey to observe the better farming systems used in the population.

2. Using techniques that construct, from first principles, improved farming
systems (prescriptive approaches) through modelling. For example, rather than
use a survey to determine the better farming systems for, e.g. low fertility soil,
a series of budgets on likely systems can be used to make a conclusion.
Alternatively, more sophisticated techniques, such as linear programming,
could be used to find optimal systems using information on the physical
relationships between inputs and output. The point here is that current knowl-
edge on input—output ratios is used, together with expected prices and costs, to
devise what is regarded as an optimal system.
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This second approach has considerable advantage as it does not limit its scope
to the farming systems that are currently being used by the farming population.
A survey, however, may be required to provide the input-output information
necessary for such studies. Further, such studies attempt to estimate improved
systems for the expected conditions (e.g. prices, costs, technology). For these
reasons this second approach generally has more use in profitability studies
than the survey approach, but this will depend on whether:

e it is expected there will be an appreciable group of extremely good deci-
sion makers in the population;

e conditions (prices, costs etc.) are expected to change considerably;

e there is currently available an extensive list of input—output information (a
knowledge of the production functions);

e the costs involved in the alternative research approaches; and

¢ the knowledge and experience of the advisers/researchers.

In farming areas where there is little knowledge of the input—output informa-
tion there may be little alternative to a survey, though this might be informal
and designed to obtain from the farmers all the physical planning information
required.

Where, however, the objective is to obtain farmers’ opinions and views on
an issue, there is no alternative to the survey technique.

6.9 Exercises

There are no fixed recipes for conducting successful survey research, though
many principles apply as discussed in this chapter. As experience plays a major
part in carrying out useful surveys it would be valuable for students of farm
management to conduct a group survey exercise. Perhaps students can survey
colleagues in other courses, or even a small farm survey, possibly using a postal
survey to minimize cost. No doubt local farmers would be keen to help if they
will benefit from the results. They may well have some pressing problems that
can be solved using a survey.

Another useful exercise is to review a range of survey-based studies reported
in the literature. This will provide ideas for possible surveys in the future and
guide procedures and analysis.
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Introduction

This chapter covers the use of survey data in comparative analysis (benchmarking),
cost accounting, monetary production functions, efficiency measurement and
resource valuation, and comments on information systems.

The previous chapter lists problems and issues that might be solved using
a farm survey, and how the data might be analysed. The appropriate method
is largely dictated by the purpose of the survey. Benchmarking, or farm stand-
ards, was one of the survey uses mentioned. Farm standards act as guidelines
for deciding on improved management systems. This chapter contains details
of the methods that might be used in creating benchmarks, and provides a
critique of their use as well as comments on the most beneficial use. A more
sophisticated use of survey data, which has similar objectives, is the estimation
of a whole farm production function which relates profit to inputs. This enables
calculating input levels to maximize profit. This approach is also discussed. For
students interested in the original description and debate on farm standards
some of the original references are provided, and similarly for the remaining
sections.

The next section covers the use of survey information for cost of produc-
tion estimates, which is sometimes referred to as ‘cost accounting’. The meth-
ods are discussed, and comments made on the efficacy of the approach.
Thoughts on computerized data collection are also provided, for often a prop-
erly designed automatic collection system can provide relatively error free
information for analysis (information systems for on-farm decision support).
Some thoughts on objectives and measuring efficiency are offered, as any kind
of comparative and statistical analyses requires a measureable criterion by
which farms can be ranked. As an interesting aside, a discussion on resource
valuation is provided as a postscript as efficiency measurement leads to a pro-
ductive valuation for farm resources. Land, for example, can be given a value

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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based on the profit it will earn — but this relies on correctly valuing all other
inputs. Finally, some comments on decision information are offered.

7.2 Comparative Analysis — a Description

The idea behind comparative analysis for improving management systems is
the comparison of an individual farm’s statistics (e.g. stock units/ha; $ expendi-
ture on labour/$ gross income; $ wheat return/ha etc.) with the statistics of
comparable farms. This leads to suggestions on how the particular farms’ sys-
tems might be improved. The idea of a farm standard, or benchmark as they
are often called, is a simple extension of these comparisons. A farm standard
is defined as a statistical value which is associated with a successful farming
system on farms with defined characteristics (soil type, climate etc.). It is usual
to average the statistics of the most profitable, say, 10% of farms and call these
statistics farm standards (or benchmarks). An individual farmer can then com-
pare his statistics with the farm standards and make conclusions (Blagburn,
1957; Burns, 1966; Cooper, 1995). A farm standard, however, does not nec-
essarily have to be an average from actual farms; it could be a hypothetical
value considered by an adviser to be optimal.
Information on which to base the standards can come from:

e farm surveys;
e farm accounts and tax returns; or
e recording schemes designed specifically to provide farm standards.

A discussion of the technique is included as it has popular appeal to farmers,
their advisers and researchers. As defined here, however, it does have some
fallacies.

7.3 Methods Used in Comparative Analysis
Potential uses of comparative analysis

Comparative statistics can be used to:

¢ show what economic success is being achieved as compared with farms of
a similar type and size in the same environment;

e provide data for a diagnostic process that compares the statistics to indi-
cate what might be wrong with the current farming system;

e suggest methods of achieving greater success.

The steps involved in a typical system

A number of methods have been proposed. The following is an example of
one method.
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Step One — Calculate the basic statistics

1. Calculate the level of input expenditure on, for example, a per hectare
basis. This information is set out so that the particular farm’s figures can be
compared with similar farm’s statistics. For example:

Farm under study Average farm  Top 10% of farms

Rent ($) 60 40 50.4
Seeds ($) 80.5 90.0 104.0

2. Calculate gross return per hectare for the products and compare these with
similar farm statistics. For example:

Farm under study  Average farm Top 10% of farms

Cattle ($) 350 265 420
Sheep and wool ($) 280 255 355

3. Similarly, various other statistics based on simple input and output figures
can be calculated and compared. The more recently developed systems usually
include actual gross margin figures and a considerable amount of physical
input—output information.

Step Two — Calculate summary statistics and make comparisons

Using the statistics from step one, the various aspects of the farm business
are considered in turn using a range of statistics. Examples include the
following.

NeTINcove  This is usually converted to a percentage return on capital figure.
Clearly, if it compares unfavourably with other farms this suggests considerable
opportunities for improvement.

LEVEL OF PRODUCTION  To ensure fixed resources are being fully utilized it is sug-
gested the level of production, given the resource levels, be examined. This
might be achieved through comparing:

(i) value of gross income/ha;
(ii) value of gross income — variable costs/ha.

The results will suggest intensification or otherwise. In order to decide whether
(i) low vields and/or (ii) the products produced are the basic reasons for a poor
level of production the following statistics might be calculated:

Actual gross income from farm « 100

3 Vield i _
(i) Yield index Gl (best) 1
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where GI (best) = gross income from farm where it is assumed that yields
achieved are those obtained by the best farms.

(ii) Systems index =
Gross income / ha from farm assuming
standard vyields and prices y 100

Gross income / ha from best farms assuming 1
standard vyields and prices

The yield index will indicate the vield efficiency compared with the best farms.
The systems index compares the systems used and products produced through
using standard vields and prices so effects due to variations in these factors are
removed.

CROPPING EFFICIENCY  The statistics given above relate to the whole farm and pro-
vide general conclusions. The next step is to examine individual aspects in order to
suggest possible specific weaknesses. Thus, the following statistics might be calcu-
lated and compared:

e the cash crop system index;
e the cash crop yield index.

These are calculated in the same way as the yield and system indexes, except
only cash crop gross incomes are considered.

LIVESTOCK ENTERPRISE/S EFFICIENCY A range of statistics can be calculated. For
example:

1. stock units carried per stock hectare;
2. the stock system index;
3. the stock yield index;
4. feed units per stock unit on properties where purchased feed is important.
It might also be important to examine the ratio of types of feed purchased. As a
result of poor performance in this area it might be suggested that this could be
due to:
(i) poor utilization of purchased feed;
(i) understocking of available pasture, grown feed;
(iii) poor grazing management;
(iv) wrong type of purchased feed,
(v) a low level of feed crops and pasture production per hectare.

This list suggests further statistics might be examined. Similarly, a list of
‘sub-statistics’ could be compiled for each major statistic, thus indicating why
the poor level is obtained. However, it must be noted advisers often informally
carry out this process when examining a particular farm.

5. livestock gross income per stock hectare;

6. livestock gross income per stock unit. This is clearly an indication of produc-
tivity per animal and when combined with (5) above, may indicate whether a
greater stocking rate may be profitable.
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7. Where different groups of stock are run, the above figures can similarly be calcu-
lated on a stock type basis, e.g. one group might be beef cattle and another lambs.

costs  The statistics suggested largely examine output levels. Thus, the other
major area requiring examination is the input situation. Possible statistics in this
respect are:

1. Gross income per $100 total costs. This indicates, when compared with
other farms, the overall input—output efficiency. Note, however, that a low fig-
ure might mean greater profitability. The following figures demonstrate this:

Farm 1  Gross income $310,000
Less costs 155,000
Profit 155,000
Gross income/$100 costs $200
Farm2 Gross income $450,000
Less costs 270,000
Profit 180,000
Gross income/$100 costs $167

2. Gross income per $100 expenditure on various major items of expenditure.
Results of these comparisons suggest where poor input utilization is occurring.
However, a favourable ratio level may mean, for example with respect to the
labour cost ratio, that a lot of machinery is used. Thus, individual statistics can
not be considered separately from other related factors.

A simplified example

The following basic information is calculated from accounts and records:
Farm size = 200 ha
Capital invested = $3,500,000

Costs/ha ($100 units)
Comparable farms

Gross income/ha ($100 units)

Comparable farms

Farm Ave Best Farm Ave Best
Labour 11.3 125 109 Cattle 5.7 4.2 7.7
Feed 13.8 140 13.6 Milk 19.7 272 287
Seeds 3.0 2.0 2.0 Sheep and wool 1.2 0.5 -
Fertilizers 2.0 2.4 4.1 Pigs 9.2 3.4 3.3
Rent and rates 4.1 2.9 2.2 Total livestock 35.8 35.3 39.7
Machinery and 7.0 8.6 7.8 Crops 11.1 17.3 223

power

Miscellaneous 2.1 3.7 41 Miscellaneous 1.0 2.2 1.9
Total costs 43.3 461 447 Total gross income
Net farm income 4.6 8.7 19.2 47.9 54.8 63.9
% return on capital 1.2 40 10.0

System index = 86%
Yield index = 74%
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Comparable farms

Farm Ave Best
Cash crop production
Crop Gross Income ($100/cash crop 44 59 86
hectare)
Cash Crop Area as % of Total Area (%) 25 34 32
Livestock production
Stock hectares per livestock unit 0.4 0.8 0.7
Total feed units per livestock unit 24 2.7 14
Gross Income per livestock unit 131 132 138
Cattle/milk gross income per cattle 177 185 201
livestock unit
Pig gross income per pig livestock 92 93 93
unit
Costs
Gross income per $100 costs 110 119 143
Gross income per $100 labour 424 438 586
Analysis

proFiT  Net farm income and percentage return on capital is very low — clearly
room for improvement.

Gross INcoMe  Gross income per hectare is low. May need to be improved.

CAUSE OF Low GROsS INcoME  System index is low — suggesting wrong mix of
products. Yield index is also low — suggesting yields and stock output is
low.

Stock hectares per livestock unit is low — suggesting stocking intensity is
too high.

consiper probucT Mix  Cash crops: percentage of farm in cash crops is low,
suggesting cash cropping should be increased. (There is not, however, informa-
tion here on which crops should be increased — this would normally be
included.)

Also, cash crop gross income per cash crop hectare is low, suggesting
vields need increasing.

Stock: Best farms have no ‘sheep and wool’, suggesting sheep should be
dropped (from gross income/ha figures).

Livestock production figures suggest the cattle/milk combination is more
profitable than pigs on a livestock unit basis (but does ignore costs).

consiber costs  (Would normally have many more figures.)
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Gross income per $100 costs is low, suggesting:

e some inefficiencies in input use;
e wrong input mix;
e wrong product mix.

The high gross income per $100 labour costs suggests efficient use of labour
(but it may pay to use labour less efficiently in terms of this ratio).

Conclusions

e  Profit is low, but can be improved.

¢ Rearrange product mix — more cash crops and more cattle at expense of
sheep.

e Improve yields (expenditure on fertilizer per hectare is low, so this may be
a reason for low yields).

e Also, feed units fed per livestock unit is high, suggesting more efficient
grazing and feeding management may improve stock yields given the same
quantity of feed.

7.4 Comparative Analysis — Problems, Disadvantages

and Advantages

Introduction

As comparative analysis is a specialized use of the general farm survey tech-
nique, it suffers from the same general disadvantages as listed for surveys.
However, the method exhibits a number of other theoretical and practical
inconsistencies. The discussion that follows lists and discusses the more
important of these and, finally, outlines the advantages (Rasmussen, 1952;
Tansey, 1957; Candler and Sargent, 1962).

Comparisons

The system is based on comparisons. This means that it is necessary to
ensure that real differences exist between groups. That is, some kind of sta-
tistical analysis is necessary to ensure that significant differences exist
between, e.g. the average profit levels of the top 10% of farms, the next
10% and so on (this of course is likely, as the groups have been formed on
the basis of net profit). Given such differences are significant, comparing an
individual farm’s statistics with the top 10% is likely to have more
meaning.

However, just because the groups do have significantly different profits
does not necessarily mean that their average input and output statistics are
going to be particularly meaningful. The averages may arise from individual
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figures that range over a wide distribution. Thus, standard deviation and
confidence limit information should be provided when an individual farm’s
statistics are being compared with group statistics. If the confidence limits are
wide it is doubtful whether it can be concluded that the particular average
figure is indicative of a successful system as other farms in the group have
used quite different inputs (thus the wide confidence limits) but have produced
a similar profit. Thus, for example, the average gross income per $ labour
expenditure for the top 10% and next 10% of farms should be tested for
significant differences using the t test. Given that real differences in the aver-
ages occur, then it is more likely that a comparison between an individual
farm statistic and the average of the top 10% will be meaningful provided the
confidence limit is relatively narrow (it probably is if significant differences
occur).

The reasons for these precautions is that profit is a random variable. Thus,
a farmer operating a poor system may end up in the top 10% group due to
good luck in a particular year and vice versa. Thus, the analysis must show that
the input levels and systems used by different profitability groups are signifi-
cantly different.

As with surveys, all these comparisons assume differences are due to
farming system differences and not due to soil type and other resource dif-
ferences. Thus, comparison must only be made between comparable
farms.

The above discussion assumes that groups are formed on the basis of prof-
itability. Logically, however, groups should be formed on the basis of the inde-
pendent variables (the input levels), as these are the decision variables. Thus,
farms should be placed into a group according to their particular farming sys-
tem (fertilizer type and quantity, labour use etc.). Then, provided the groups
had significantly different average profit figures, the group with the highest
average profit could provide the farm standards. In this case the average input
figures would be meaningful as the individual farm figures would all be much
the same due to being the basis of the classification. However, a grouping sys-
tem based on the independent variables may be impractical, as given a realistic
list of input statistics, there may be insufficient farms with similar input levels in
each group.

General inconsistencies and problems

The fallacy of physical efficiency measures (the technologists dilemma)

Where phuysical ratios are used as standards, there is often a problem of decid-
ing which one, or ones, should be improved. Often if one is improved, others
will decline. For example, on a dairy farm two physical standards might be:
(i) milk production per cow; and (ii) milk production per hectare.

Clearly, if steps are taken to improve one the other will decline. Which one
is the correct ratio to base decisions on? A knowledge of production economics
(see Appendix 1) indicates, of course, that neither ratio should form the basis
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point of maximum
physical output
2
Land (ha) %
1 3
iso-product curve
e.g. 150,000 kg of solids
Cows

Fig. 7.1. The technologists dilemma.

of decision making (though at the optimal point, the farm will be producing a
particular milk production per cow). What is important is the ratio of prices of
inputs, outputs and the technical relationships. The above example is a factor—
factor problem where the two factors are cows and land, therefore the problem
can be graphed as in Fig. 7.1.

If a farmer is currently operating at point 1, per cow efficiency can be
improved by moving to point 2, per hectare efficiency can be improved by mov-
ing to point 3. Which move is optimal? As the optimal point depends on the
price ratios, a decision is not possible without the prices and costs to hand.

Thus, it must be concluded that physical efficiency measures should not
form the basis of decisions.

The fallacy of monetary and physical factor-product ratios
Many of the statistics used are factor—product ratios. For example:

e $ output/$100 labour expenditure;
e wool production/ha;
e $ output/$100 capital investment.

In general, the value of the various factor—product ratios is given by the slope of
a line drawn from the origin to the ‘production function’ as shown in Fig. 7.2.

Clearly, the maximization of such factor—product ratios is most unlikely to
maximize profits. The optimal point should be determined through the use of
the relevant price ratios (MC = MR), i.e. marginal costs equal marginal returns,
whether monetary or physical production functions are used.

Yearly variations in standards

As prices, weather and other factors impacting on output can change from
year to year, it is possible that farms in the most profitable group will change
in different years, so recommended standards and benchmarks will change
from year to year. Thus, for example, given the product—product opportu-
nity curve shown in Fig. 7.3, a farm operating at A in year 1 will be more
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Fig. 7.2. The fallacy of monetary and physical factor—product ratios.
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A
/y price ratio year 2
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Fig. 7.3. Yearly variation in standards due to price variations between years.

profitable whereas in year 2 a farmer operating at B will be the best. As
these farms have different systems the standards would change. Similarly,
farmers operating at different points on factor-product and factor—factor
curves will be the more profitable in some years and not in others.

The real problem here is that the standards are always a year behind. If
past conditions are exactly repeated then suggestions for the current year will
be useful. However, this is most unlikely because standards provide historical
information. What the farmer wants to know is what should be done given the
expected future prices and costs. In order to make this decision, information on
the relevant physical production functions is required, not information on a
mixture of physical and financial ratios.
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Product and input aggregation

The members of the group of ‘best farms’ are usually calculated on the
basis of net profit, for example using the Economic Farm Surplus (surplus
less costs for unpaid resources such as the owner’s input). This measure
stems from aggregating different outputs and inputs to give the overall net
profit figure. However, many so-called best farms are possibly producing
some products efficiently while others inefficiently. Comparative analysis
will not indicate this. If the analysis was based on a per product basis this
possible source of further confusion would be eliminated. Some contempo-
rary systems do in fact base their comparisons on individual product statis-
tics but it is still usual to find the best farms selected on a whole farm net
profit basis.

Somewhat similarly, conclusions made about the desired level of an
aggregated input are not particularly informative. For example, if compara-
tive analysis suggests, e.g. more fertilizer should be used per $100 gross
income, this does not indicate what type of fertilizer should be purchased, on
what crop it should be applied and at what time of year and other practical
items of management information.

Is the best system optimal?

The set of standards obtained from the top group of farms can only, at best,
improve other farms to their level. In most cases it is unlikely that the ‘best
farms’ are operating optimal profit maximizing systems, so the ‘best system’
suggested by the calculated standards is only as good as the best systems in the
population of farms used to obtain the standards.

The limited scope of the suggestions
Comparative analysis makes no reference to such problems as:

e ownership organization;
e taxation policy;
¢ financial organization.

Comparisons taking this kind of information into account could be made, given
a sufficient number of farmers using alternative systems. However, as every
individual farm has a, usually, somewhat different family and ownership setup,
such comparisons are unlikely to be of extensive use.

Data comparability

The basic assumption in comparative analysis is that direct comparisons are
valid as the farms have similar resource and opportunity situations as well as
similar objectives. Clearly this is incorrect in most cases. This is the problem of
uniqueness of farms and farmers.

Through appropriate grouping, comparisons would normally only be made
for farms on similar soils, climatic regions and so on. Similarity in this respect
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is relatively easy to ensure, though whether there are a sufficient number in
each group to obtain statistically significant differences is another matter.
However, it is usually impossible to ensure comparability with respect to such
factors as:

¢ managerial ability and labour quality;

e financial availability (working capital, availability of developmental finance
etc.);

e stage of development.

Thus, what is an improved farming system for one farm is unlikely to be the
best system for another, so that comparative analysis and farm standards can-
not provide detailed suggestions. In some cases standards may even provide
suggestions opposite to optimal suggestions.

Concluding comments on problems and disadvantages

The above discussion makes it clear that the use of comparative analysis and
farm standards can provide incorrect decisions and in most cases probably
will. The basic reason is that an improvement in any particular statistic is
not necessarily associated with a high level of an individual farmer’s
objectives.

Rather than attempt to provide a mass of statistical goals, a successful
decision-making system should rely on obtaining an understanding of the
basic production relationships and then, combining this with expected price
and cost information, make decisions based on these relationships for each
particular farm, i.e. attempts should be made to determine the shape of the
production economic concepts of the factor-product, factor—factor and
product—product relationships.

Comparative analysis and the farm standards and benchmark systems
attempt to bypass the need for an understanding of the basic technical relation-
ships and of production theory. This is not possible. However, comparisons
can have some advantages and it is for these reasons that comparative analysis
can be useful in some situations.

The advantages of the comparative analysis approach to farm improvement

Ease of understanding

BY ADVISERS AND CONSULTANTS  The method can be easily understood and oper-
ated by people with little training. However, as noted, a good understanding
of production economics is necessary before farm standards can be used cor-
rectly. This ‘ease of understanding’ tends to encourage acceptance of the
system by the uninformed and thus lead to incorrect advice.
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By FARMERS A farmer tends to find a simple comparison with a ‘better’ farm
easy to understand and is usually quick to conclude his system should be
adjusted to give the same statistical values as the ‘best’ farms. Of course, the
managerial ability of the ‘best’ farms may be quite different, thus making it
difficult for all farmers to achieve the same statistical values.

Create interest

Most farmers are very interested in comparing their ‘achievements’ with other
farmers. For this reason comparative analysis tends to generate considerable
interest in management systems, costs, returns and all the other statistics, and
as such may lead to the seeking of advice. An improvement of the farming
system may come through the farmer’s own conclusions and other advice
received, in contrast to the direct suggestions made by the comparative analy-
sis. Comparative analysis does, therefore, tend to provide a stimulus to interest,
to change and involvement.

Inexpensive advisory system

Comparative analysis and the farm standards/benchmark system is an
inexpensive method of providing ‘advice’ to a farming community. Given a
sufficient number of personnel to carry out a survey, a large number of farm-
ers can be sent comparative analysis data at little cost. Thus, where funds are
very limited, this technique can be used to cover many farms and thus indi-
cate to farmers that their research investment is being used effectively.

Due to the inadequacies of the system, some suggest it should only be used
as a diagnostic device, and this is often done. In this case it is desirable to pro-
vide advisers and farmers with information enabling management changes that
are based on a logical production theory interpretation.

Records

If a farmer is involved in a comparative analysis system he is forced to keep
adequate records to estimate the statistics. Thus, the system may lead to
other benefits through this enforced work and thought. However, records can
be kept without having to use them for comparative analysis purposes. (A
major question here is, of course, what records are necessary for manage-
ment purposes?)

Conclusion

The advantages have insufficient value to warrant using comparative analysis
and farm standards as the sole farm management improvement system. This
does not mean, however, that a very simple scheme could not be used to
provide interest and a stimulus to examine current methods. For example,
simple descriptive information on farm area, labour force, profit and physical
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output ratios and similar, could be provided without dividing the farms into
success groups. Range figures would also be useful.

Further, in general, a number of simple standards can be of use to an
adviser provided they correctly based. That is, given a knowledge of the under-
lying production relationships and information on the expected prices and
costs, optimal (depending on the objectives and risk attitudes) output levels can
be determined. For example, the use of production economics might suggest
that an optimal stocking rate is two cows/ha and an optimal production per
cow is 3,600 1 milk. These figures are not based on simple observations of
what farmers’ are doing. Rather, they are normative guides. In using these
‘correct’ standards, it must be remembered, however, that they will not apply
directly to any particular farm and will probably change as prices and costs
change. Every adviser has in their head a whole range of benchmarks that
they use to initially assess any farm. It is human nature to have these standards
to enable judgements. These should come from a positive analysis of the farm
situation and be intelligently used, in contrast to simply being applied with
rigidity.

7.5 Automated Recording Systems (Decision Support,
or Information, Systems)

Introduction

Recording systems have largely been computerized so that the tedious work
involved is removed. The basic data must still be recorded but the software and
computer does all the adding up, sorting and so on. While most systems are
designed to provide the individual farmer with useful management information,
the data collected can also be used to supply survey studies with information for
not only research, but also for comparative analysis provided some basic com-
parability between farm data coding is maintained. Of course, where computer
systems are not available, a reduced hand-operated system is essential for man-
agement if not for survey purposes.

The discussion will cover examples of the different types of farm records
which might be put on to a computerized system, the operational procedures
involved, and some of the advantages and problems of such systems. Some
comments will also be made about the types of farm records that can be useful
in farm planning. The topic does not introduce new decision-making tech-
niques or theories, but merely points out that, increasingly, farmers are com-
puterizing and consequently can provide electronic information as well as
provide themselves with useful decision-making information (Rowe, 1971).
Any system providing information to assist decision making, be it simple
sorted data, or information that has been calculated from the raw data, is
often referred to as a farm information system or, in some cases, a decision
support system (DSS).
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Uses of records

To orient the discussion on types of automated systems it is worth listing the
major uses of farm records. These include the following.

e General planning purposes. For example, the recording of crop vields and
crop input costs for each different crop enables the estimation of gross
margins. Such records are also necessary for constructing budgets and
cash flows and similar financial calculations. Feed and animal production
records can also be useful in planning, particularly feed budgeting. In addi-
tion, soil nutrient application and use records, and nutrient budgeting, are
increasingly becoming important.

e Use in controlling the farm business and in re-planning throughout a
particular planning period. For example, the recording of monthly cash
costs and returns enables estimates to be made of the current cash situ-
ation and thus whether re-planning is necessary, whether income tax
might be a problem and so on. Similar comments apply to feed
budgeting.

e Construction of taxation returns and assessments.

e Research work. Detailed records of the inputs and outputs of alternative
farming systems enable comparisons to be made (surveys).

e Government policy work. Farm records, if they can be made available to gov-
ernments, can be useful in assisting policy decisions. For example, indebted-
ness information would assist the government in deciding whether to make
special loans available if they wanted to encourage farm development.

Advantages of computerized systems

Speed, ease and accuracy

A totally computerized system provides largely instantaneous output and sorting.
After data entry, which can be accurate and simple if the system is well designed,
obtaining suitable output only requires selection from a list of available reports.
Given ease of input and output, accuracy is greatly enhanced as the system is not
reliant on farmer sorting and calculations.

Farmers are notoriously bad at keeping records and putting them into
a useable form. However, given the aid of a computer, many farmers find record
keeping, and use, simple and are encouraged by automated systems to keep
much more extensive records. Care must be taken, however, not to keep
records for record’s sake. Each must have a defined and valuable use.

Use of consultants’ time

Many consultants and advisers are forced to assist farmers in their record keep-
ing and analysis. When access to an efficient computerized system is available,
the consultant no longer has to assist, leaving more time for either each farmer
or more farmers to be advised.



Improving Systems Using Survey Data 171

Types of records and systems

General

Depending on computer costs and training in any country, farmers may use their
own computer, or alternatively send information into a computer bureau. The
information will include cash costs and returns that have occurred during that
month, and associated physical quantities. This list of transactions is added and
sorted to give a summary of the cash costs in each category (e.g. superphos-
phate, fence materials etc.). These data may be compared with budgeted esti-
mates for each month and if the actual differs from the forecasted values by more
than a pre-defined amount, the computer will print a row of stars, or some other
eye-catching device, to draw the farmer’s attention to the discrepancy. Cumulated
totals for the year are also usually printed out, or displayed on the screen.
Where a farmer is involved in feed and stock management or nutrient budget-
ing then these records must be added to any system. Where farmers are using their
own computers they can send in (or transfer through telephone lines/radio links)
data disks to enable group statistics and comparisons for comparative analysis.
The following is an abbreviated example of typical financial system output.

Farmer’s Name: J Bloggs Address: RD 2016,
Christchurch
Report for month ending: September
CASH INCOME
Budget Budget

Budget  This  for this Total total

forYear month month Difference todate todate Difference
Wheat 122,000 0 0 0 0 0 0
Milk 135,000 10,680 12,000 1,320™ 36,800 39,000 2,200
Calves 3,000 460 600 140 1,200 1,300 100

TOTALS

260,000 11,140 12,600 1,460 38,000 40,300 2,300

CASH EXPENDITURE

Labour — casual 3,500 0 0 0 1,480 1,500
— permanent 60,000 4,800 4,800 0 20,000 21,500 1,500
Contracting 2,000 0 0 0 0 0 0
— haymaking
— hedgecutting 2,500 3,600 2,500 1,110 3,600 2,500 1,110
etc.
Asset situation

Associated with cash reports (as above) a statement giving changes in the current
asset situation is often provided. This would usually refer to stock numbers, cash
balances and liabilities but could include such things as hay and barley on hand.
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These statements would show the opening quantity/balance, the closing quantity/
balance and information indicating why the difference occurred. For example:

STOCK SITUATION

On hand On hand

atstart Purchases Transfer Deaths Sales Transfer at end
Ewes 2,536 - 500 3 - - 3,033
Cows
etc.

Such information provides an immediate summary of the state of the farm.
Note that this information is already available without the use of the computer;
however, the computer enables data sorting and presentation in an easily usa-
ble form.

Summary accounts

The computer can be programmed to produce any kind of summary accounts
required, provided the necessary data are available. These will usually be nor-
mal taxation accounts as well as adjusted accounts for managerial purposes.
Provided the data are provided throughout a year, year-to-date accounts can
be produced for taxation purposes. The type of accounts, and the detail pro-
vided, vary considerably. Some systems will go so far as to produce enterprise
accounts. For example, a set of accounts concerning just the wheat enterprise
might be produced and similarly for all other enterprises on the farm.

Gross margins

Provided data of sufficient detail are entered, some systems will use the data to
produce the gross margin actually achieved for the last season for each enter-
prise on the farm. This would usually be compared with the estimated gross
margin and any discrepancy clearly marked. This information is produced once
per year. This data is of obvious use in future planning.

Physical information

Again, provided sufficient information is available, some systems reproduce,
usually annually, considerable physical information that can be of use in future
planning. For example, the following may be calculated:

¢ lambing percentage survival to sale;

e death percentage in various stock groups;
e  wheat yield/ha;

e superphosphate applied/ha;

e tractor hours spent in cultivation work, etc.

Compatrative analysis

Some systems provide a full comparative analysis. As the organizations provid-
ing the computerized systems usually have a large number of farms on their
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books, they can provide average data for different types of farms so that a
comparative analysis can be carried out once per year. For farmers operating
off their own computers their statistics need to be electronically sent to a cen-
tral point for comparisons.

Advanced Services

Some computer bureau (organizations providing services to aid farmers
and advisers based on computer packages), or ‘service centres’ as they are
sometimes called, may provide a range of other services. Examples are
linear programming studies, risk analysis and other operations research
techniques. On the physical side, detailed individual animal records may be
computerized and used in selecting animals for breeding and selection
purposes.

Example

As an example, the annually provided output from one software package is
given in Appendix 2.

Methods of operation

Data Collection

Various methods are possible. In most cases data entry software or printed
forms are provided. These can be completed by:

e the farmer himself (or his spouse, or secretary on larger farms); or
¢ a travelling secretary who covers many farms; or
e a consultant or adviser.

The frequency of collection will depend on the type of service. Where a centre
is used the completed forms are mailed, or the data sent electronically, when
farm comparative information is required.

Before entering a scheme, farmers are sometimes requested to attend a ‘school’
on the use of the system. An example of an input sheet for a monthly cash balance
service is given below. For online entry similar headings would be provided.

MONTHLY FARM RETURN Cash Payment

Farm Name: J Bloggs Code No: | 6 | 3 | 2 | 8 |
Date: |0 |4 | 1 |8 | Account Name: Fertilizer Act No: ﬂﬂ
DETAILS CODE' AMOUNT | QUANTITIES

3/4/18 | Superphosphate for field 23 etc. | 63298 $805.68 | 4000kg
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Coding

To enable sorting the information and the calculations, each specific type of
information is given a numeric code. For example, the code numbers for the
following data are taken from a popular coding system:

Transaction Code No

Wages to permanent employee associated with cattle enterprise ~ 240-1123-6

Wages to permanent employee associated with fat lambs 240-1123-5
enterprise

When a farmer joins a bureau system he is usually given a booklet setting
out the coding system. For on-farm systems a coding system is sometimes
automatically provided when data are sent for central analysis. On the other
hand, some systems allow the farmer to make up their own system, but where
the data are to be sent centrally either a standard system is necessary or conver-
sion definitions are provided. Other systems may even have word recognition,
which displays a code for confirmation. The code is then used internally for
ease of sorting and calculations.

Data return and interpretation

For on-farm systems most reports will be automatically produced. For central
systems the output is usually returned to the farmer electronically or by mail, or
alternatively the output is sent to an adviser who then delivers it to the farmer.
The farmer can either be left to interpret the information himself, or someone
will be available to discuss the data if a commercial consultant is not being used.

Problems

Improper use of information

With imagination a computer bureau or on-farm computer system can produce
a vast array of output. There is always the danger that a farmer will misinter-
pret this mass of data, or that some of the data are somewhat irrelevant and
even misleading. This may mean an adviser becomes an important intermedi-
ary in the successful use of the data (refer back to the discussion on the prob-
lems of comparative analysis).

Incorrect data

As many of the systems require farmer recording, coding mistakes are not uncom-
mon. Farmers may find it difficult to easily understand coding systems, particularly
after a hard day of physical activity on the farm, and make interpretational errors.

To prevent such errors, the data input systems and sheets clearly need to
be as simple and clear as possible with clever checking software to detect pos-
sible mistakes and provide warning messages. Where professional secretaries
and/or advisers do the coding and entry this problem will be reduced.
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Acceptance by farmers

For systems to be accepted by farmers, they should generally satisfy the
following criteria.

e Provided at a price relative to the benefits farmers perceive they obtain
(some systems are government run and may therefore have no charge);

e Competent (provide useful data);

¢ Reliable (provide the output on time without fail);

¢ Timely (produce the output at times when it will be of most use);

e Easy to use and understand, with readily available help on hand.

Summary

A range of computerized record keeping and analysis systems is available. They
provide no more information than is contained in the basic data. Their advantage
lies largely in the convenience and speed offered due to the removal of tedious
data finding, sorting and calculational work. Often banks and similar organiza-
tions can provide electronic copies of a farm’s information, which can be auto-
matically input to the farmer’s database. Similarly, some suppliers can provide
electronic data input. A farmer’s system might also provide accountants and
banks with summaries for their use, and then tax authorities can have the data
they require sent electronically either from the accountant or by the farmer.

As far as survey-based systems are concerned, these automatic systems
can provide accurate and timely information for comparative analysis, which
means the farmer is provided management information automatically and with
little effort. Similarly, researchers may be able to access some of this informa-
tion for the various uses outlined in the first chapter on surveys.

7.6 Whole Farm Production Functions
Description

Given general farming system data have been collected for a population of
farms, rather than use this to split the farms into profitability groups and so
arrive at a conclusion regarding an improved system, these data can be used to
construct a whole farm production function using multiple regression tech-
niques. The data provide observations on output and the various inputs so that
a general function of the form can be estimated:

Y = (X, Xpr oy X,)

n

where Y is the output, e.g. $ profit;

and the X values the levels of the various inputs, e.g. monetary or
physical values.

The number and type of independent variables (the Xs or decision variables)
that can be used will depend on the available data and will range from, for
example:
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Profit = f (value of land, value of machinery, value of stock, labour expendi-
ture, other operating costs)

to much more detailed functions, such as:

Profit = f (area of land, no. of tractors, no. of ewes, no. of hoggets, kg of
superphosphate, etc.)

Similarly, the dependent variable might be defined in physical terms, but
given multi-product farms disaggregation of data to enable this is a problem.

The form of functions used must clearly vary from case to case. However,
commonly used functions are the quadratic (Y = a + bX + cX?), Cobb-Douglas
(Y = aX?) and Spillman (Y = M — AR¥) functions (a, b, M, A and R are con-
stants to be determined and X represents the input levels).

Many examples of production functions can be found in the literature. One
example of a Cobb-Douglas function is (Battese and Coelli, 1995):

nY=286+037nL+038nll+0.85nLBR-0.33nlBL
+0.071nlC+0.014nlY

where nl refers to the natural log;

Y the value of output;

L the land area (ha);

I the proportion of land area irrigated;

LBR total hours of labour;

BL hours of labour driving bullocks;

C the total $ costs; and

Y the year (the data used in this example to estimate the function covered
many farms over several years, called panel data).

Note that this function covers both physical and monetary information.

An example of a simple physical production function for wheat output/ha
comes from a study looking at yields for soils with a salinity problem (Datta
et al., 1998). The quadratic form estimated was:

t wheat/ha = 9.9679 + 0.0523Q - 0.005Q? — 0.3344C - 0.0002C?
-0.3823S + 0.0767S? + 0.0112QC + 0.1072QS - 0.0455CS

where Q was the quantity of water applied (cm);

C the salt in the irrigation water; and

S the initial root zone salinity.

A function such as this allows working out the optimal water application
quantity to maximize return once the expected prices are known. The first
function presented can similarly be used, but it does not provide detailed
management-directing conclusions. For example, determining the optimal level
of costs is interesting, but it does not provide operational information such as
the amount to spend on each possible input.

Problems

The conceptual advantage of constructing a whole farm production function
compared with making simple comparisons between groups is that the basic
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output—input relationship is being estimated so that optimal input combinations
can be estimated through the use of calculus.

However, these functions suffer from much the same general disadvan-
tages as surveys and comparative analysis, so they may have limited use in
advisory and research work. Because it is difficult to obtain detailed data from
the farms, the whole farm production functions have to be quite general, so
their use is limited to general statements in contrast to detailed suggestions.
For example, while a function of the general form:

Profit = f ($ fertiliser costs, $ feed costs, etc.)

may provide knowledge that, e.g. $1 spend on fertilizer returns $1.5, this does
not indicate what type of fertilizer should be purchased, on what crops it should
be used, nor at which time of year it should be applied. If, however, extremely
detailed physical information could be collected from farms then input—output
physical relationships could be estimated and used to give good advice when
combined with price and cost information. Unfortunately, this is not possible in
most cases. In practice, considered estimates of the physical relationships
tend to be used, or in some cases detailed experimental data may be available
enabling estimating a physical production function which will indicate the yield
of e.g. wheat according to type, quantity and timing of fertilizer use, timing and
quantity of any irrigation, and other detailed input decision variable informa-
tion. Given a detailed function of this form it is then possible to use expected
prices and costs to determine the profit maximizing levels of all inputs.

7.7 Cost Accounting
Description

Many of the early farm management research workers attempted to determine
total cost of production per unit of output estimates for the alternative prod-
ucts. This was used to determine the most profitable. It was usually carried out
on each farm using special records kept for the purpose. However, compari-
sons were also made between farms with the idea of indicating the technical
production system that produced output at least cost. (Cost of production esti-
mates are also required by governments for price fixing, and other policy and
support systems.) The process of determining the cost of production is gener-
ally referred to as cost accounting (Giles, 1950; Mallyon, 1966).

Cost allocation methods

On single product-producing farms there is no cost allocation problem.

Cost/unit = total costs

no. of units of product produced

The problem arises on multi-product farms, as some method of allocating costs
between products must be determined. In general, variable costs can be directly
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assigned to the various products as the input giving rise to the cost is completely
used on one or several products in defined, recorded, proportions. Fixed costs,
however, cannot be easily assigned as the assets giving rise to the fixed costs
are used by many products.

Variable cost allocation

If two or more products are supplementary, or competitive products, variable
costs incurred by each product can logically be assigned to each product.
However, where some of the products produced are complementary or joint
products there is no logical way of allocating variable costs. For example, the
fertilizer put on a white clover crop increases the output of white clover seed
and of the wheat crop following it due to the increased soil fertility. Thus, in
attempting to allocate the fertilizer cost between the white clover and wheat
what method should be used? There is no logical defensible answer. Similar
comments apply to joint products. For example, given a lamb-producing prop-
erty, should the animal health costs be assigned to the meat or the wool pro-
duction? In this case the question is largely irrelevant as the joint products
cannot be produced separately using a lamb system.

If the variable costs for complementary and joint products are to be allo-
cated, some arbitrary assignment system will have to be used. For example,
they might be apportioned on the basis of the ratio of the product values.

Fixed cost allocation

As fixed costs cannot be directly assigned to individual products, some arbitrary
method must be developed. For example, the following systems might be used:

e On a per hectare time basis: e.g. wheat is grown on 1/3 of total farm area
and occupies the ground 7/12 of a year, thus the proportion of the rent
assigned to the wheat would be 1/3 x 7/12.

e On a percentage of gross income basis: e.g. if wheat produced $50,000
and the whole farm gross income was $225,000, then 50/225 of the
fixed costs would be assigned to the wheat.

There is no logical economic reason why one of these examples should be used
in preference to the other, thus indicating that a correct fixed cost allocation
system does not exist.

Practical problems

Even for the costs that can logically be assigned there may be practical difficul-
ties in doing this depending on the records that are available. For example,
most farms would not have sufficient records to indicate how the electricity
charge (similarly, the diesel fuel charge) should be divided between products
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even though it can be largely regarded as a variable cost. In such cases general
knowledge on the inputs required for production would have to be used. For
example, expected tractor hours/ha and tractor fuel consumption rates can be
used to allocate fuel costs.

Usefulness of cost accounting information

FOR FARM MANAGEMENT PURPOSES  In general cost accounting information is of little
use as:

e It suffers from the same general disadvantages as the survey and compara-
tive analysis systems, i.e. it is historical information.

e The cost of production estimates obtained rely on many arbitrary
decisions.

¢ In the short run, fixed costs are irrelevant in decision making. The objec-
tive is to maximize returns given the available resources. In the long run,
the real problem becomes one of organizing a fixed cost structure such that
total returns (or whatever the objective is) are maximized.

e The cost of production estimates obtained are average total cost esti-
mates. For decision making production economic theory proves that mar-
ginal cost information is the relevant decision-making criteria (marginal
cost does not contain any fixed costs).

For GovernMENTAL Use  Cost of production estimates can provide a general
guide for price fixing and related purposes. However, as the government’s aim
is usually one of ensuring that certain producers obtain a reasonable standard
of living and that certain quantities of products are produced, a more efficient
approach must be one of ‘playing the market’ until the objectives are achieved.
This may involve setting a price lower or higher than the cost of production
estimate, depending on whether the producers are rational in a simple eco-
nomic sense.

For general decision-making use by farmers it is clear that marginal cost
information is generally more useful than total average cost of production esti-
mates as defined above. To provide these estimates survey-type data must still
be collected across many farms producing different output levels.

This can then be used to calculate a marginal cost function. Or better still,
if physical output—input data are available these can be used to estimate a physi-
cal production function that can be combined with expected costs to provide a
forecast marginal cost function.

7.8 The Measurement of Efficiency
The problem

Theoretically, a farm is efficient if no changes to the systems being used
will increase the objective. In common usage, however, if it is said a farm is
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efficient this is usually taken to mean that the farm produces a greater net
return than other farms. Thus, the measurement of efficiency refers to the
problem of ranking farms; and of ranking alternative methods of operating a
particular property; and of comparing a farm’s return with some benchmark
return figure.

From time to time various efficiency measures have been proposed. Four
examples are shown below.

PERCENTAGE RETURN ON CAPITAL

_ Net profit - WOM y 100
B TFC 1

Where TFC = total farm capital; and

WOM = wages of management (an assessment of the opportunity cost of
the manager’s unpaid time input. The manager is often an owner/operator
and consequently receives no salary, but this does depend on the ownership
structure).

Net profit is the gross income minus all expenses other than any interest
on the debt (and other than capital repayment) nor the managers salary, as this
is allowed for as WOM.

Also note that rather than relate the surplus (net profit minus WOM and
any other non-paid family labour) to the capital, it is sometimes called the
Economic Farm Surplus and related to a productive unit such as per hectare.
The return on capital, clearly, relates the surplus to the investment.

And further note that the net profit is sometimes referred to as Earnings
Before Interest and Tax (EBIT), but again, for comparisons, it needs to be
related to a measure of farm size such as the area.

RETURN TO THE LABOUR AND MANAGEMENT OF THE OWNER-OPERATOR

Return = Net profit — i x TFC

where i = opportunity cost of capital expressed as a fraction.

RETURN TO LAND

Return = Net profit — i x TFC — WOM
+ all expenses associated with the land

i.e. add back any interest on land value, rent, rates and any other expenses on
the land that was deducted in the expenses.

PROFIT SURPLUS
Profit surplus = Net profit - WOM - (i x TFC)

It is assumed that in all the above examples the net profit has been made com-
parable by assuming the farm is debt free and freehold. To allow for debt struc-
tures, sometimes the interest charges are left as factual and the return is related
to the net capital (or equity, i.e. TFC less debt).
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The measures return to labour, return to land and profit surplus are not
comparable due to property size variations. Thus, each must be divided by the
hectares (assuming the area indicates size) to give comparable figures.

Each of the measures is what is referred to as a residual measure. All the
expenses associated with the factors of production except for the profit sur-
plus measure are deducted from the gross return and the resulting residual is
said to be the return to the capital investment. In the case of the profit surplus
measure, the residual is imputed to ‘profit’.

Four examples were given above; each one is calculated in a different way
so that if a group of farms were ranked using each measure it is probable that
the ranking order would vary according to the measure used. However, all the
measures cannot be correct and interchanged at will, therefore a decision is
required on which is the correct measure.

The objective

The correct measure to use must depend on the objectives. Where alternative
production systems are being ranked for a particular farm, the farmer’s objec-
tive is the relevant gauge. But, it is unlikely that any of the measures defined
reflect the farmer’s full objective as it will include non-monetary factors. Where,
however, a group of farms is being ranked it is usual to use a monetary meas-
ure as cash return is somewhat of a common denominator. In this case the
correct measure must record the ‘cash surplus’ as most wish to maximize, on
average, the total net cash balance. However, ‘cash surplus’ ignores that vari-
ous levels of capital and the owners’ labour and management that have been
used and are, therefore, largely not comparable. These factors have an oppor-
tunity cost. Thus, the opportunity costs must be deducted from the cash surplus
to give a correct measure (similarly other economically justifiable non-cash
expenses should be deducted, i.e. depreciation and inventory changes). This
estimate of ‘profit’ is not a cash figure. However, it can be shown that if, in
choosing between alternative farming systems, profit, as defined, is maximized,
then the cash return will also be maximized in the long run. In the short run,
selling all assets would maximize cash returns.

Thus, the only measure of those suggested that correctly records the level of
profit is ‘profit surplus’. The other measures record other values and should not be
used unless they are in fact the farmer’s objectives. (In special cases percentage
return on capital can be used as will be shown later.) For example, the percentage
return on capital records the ratio interest surplus to capital investment. This meas-
ure does not indicate the level of the profit but of a ratio and should not in general
be used where the farmer’s objective is not the maximization of this ratio.

A comparison of some efficiency measures

To reinforce some of the arguments given above, consider the values given
(and thus the ranking) by the various measures for three different farms, which
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are in the same environment and are operating according to a basic production
relationship of the following form:

Gross return = 68.0 X, X, X,02x,051

where X, = land area in hectares;

X, = labour input in 10 man h units including the input of the owner
operator;

X5 = capital investment in $1000 units other than the unimproved value
of the land;

X, = all other expenses not associated with X, X,, X5, in $ units.
Further assume that:

the opportunity cost of capital is 6%;

all labour costs $200/10h unit;

unimproved value (UV) of land = $100/ha;

cost/ha: rates, land tax, etc. = $10.00;

other costs associated with capital investment are $3/$100 unit (repairs
and maintenance, depreciation, insurance, etc.).

The three farms are operating the following systems:

Farm 1 Farm 2 Farm 3
X, 5,000ha 5,000ha 5,000ha
X, 350 (1.5 men) 750 (3 men) 1,000 (4 men)
X, 1,000 ($1,000,000) 1,500 ($1,500,000) 2,000 ($2,000,000)
X, 90,000 135,000 180,000

Given these figures, the following table gives the relevant statistics for these
farms, given the assumptions made above:

Farm 1 Farm 2 Farm 3
1. $ output 396,015 562,123 707,747
2. Expenses other than interest 210,000 345,000 455,000

and WOM ($)

3. TFC (%) 1,500,000 2,000,000 2,500,000
4. WOM ($) (opportunity cost) 53,000 53,000 53,000
5. Opportunity cost of capital ($) 90,000 120,000 150,000
6. Profit surplus ($) 43,015 44,123 49,747
7. Percentage return on capital 8.9 8.2 8.0
8. Return to labour and management ($) 96,015 97,1283 102,747

Note that WOM has been set at a standard figure — the WOM that should be used will be
discussed below

The measure ‘profit surplus’ (and ‘return to labour and management’)
ranks the farms in the opposite order to the measure ‘percentage return on
capital’. Where the farmer’s objective is to maximize the difference between
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returns and costs then the best farming system of the three is Farm 3, the
one with the lowest return on capital. This opposite ranking will not always
occur. It has occurred in this case because the marginal return on additional
investment is greater than the opportunity cost of capital, but less than the
current average return on capital (decisions, of course, should be made on
the basis of marginal returns). Thus, as additional investment occurs, as is the
case as you go from Farm 1 to Farm 3, the marginal return is not sufficient
to increase the average percentage return on capital, but it is greater than
the opportunity cost so that the profit surplus increases. The farmer wanting
to increase profit should continue to invest until the marginal return equals
the marginal cost. At this point the average percentage return on capital will
be quite low. Thus, efficient farms will be ranked well down on the list if per-
centage return on capital is used as the efficiency measure. The example
given was designed so that ‘profit surplus’ and ‘percentage return on capital’
would be diametrically opposed. This will not always be the case — it will
depend on the marginal relationships.

The comparability of the measure ‘profit surplus’

In the example given above the farms could be directly compared as they
were of the same size. Where this is not the case, the profit surplus must be
divided by a measure of farm size. In some countries a reasonable measure of
farm size is the physical area in hectares, as land is the critical input in terms
of determining the potential output. In some countries this would not be the
case as capital and labour are used more intensively so they may become the
limiting factors. However, where economies, or diseconomies, of scale and
size occur only farms of a similar size can be compared. If this restriction is
not placed on comparisons the determination of an optimal system will be
confounded by the effects of size. Thus, for example, a farm with a high
profit surplus/ha might not be operating an efficient farming system com-
pared with a smaller property with a low profit surplus/ha. The difference
might be due to economies of size, not to an efficient farming system, e.g.
the small farmer should increase his size, but not necessarily change his farm-
ing system.

The use of ‘percentage return on capital’

Where the alternative farming systems, or the different farms being compared,
have similar levels of capital investment, then the measure ‘percentage return
on capital’ will rank correctly, as the farm with the greatest return must obvi-
ously have the greatest profit surplus. Thus, this measure can be used in such
cases. In that, on an individual farm, most alternative systems will involve simi-
lar capital levels, the measure ‘percentage return on capital’ can have consider-
able use in simple budgeting work.
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The opportunity cost of unpaid factors

When making comparisons of alternative systems on a particular farm, the
opportunity cost of capital and the manager’s ‘labour and management’ (WOM)
should be charged at the level they could actually earn. When comparisons
between farms, however, are being made these figures should be standardized
as the opportunities are not the same for all farmers. Theoretically, the WOM
figure should vary according to the manager’s ability as this will affect his real
opportunity cost. But this, in general, is difficult to assess. Note that the WOM
calculated on the basis of a married man’s wages plus 1% of TFC (this, or
something similar, is a common approach) is an erroneous technique as it
does not necessarily reflect the opportunity cost. Charging this 1% of TFC has
the effect of increasing the opportunity cost of capital by 1%. (In general, larger
farms do not necessarily have better managers than small farms. For a full
discussion on managerial ability and its origins, see Nuthall, 2009.)

The need to measure efficiency

This discussion has implicitly assumed that there is a need to measure effi-
ciency. This requirement is not, however, as essential as is commonly assumed.
Consider the possible reasons for measuring efficiency:

¢ To indicate whether similar farms are more profitable and thus whether
improvements can be made. However, it is fair to say that all farms can be
improved — an efficiency measure is not required to indicate this.

e To enable farms to be ranked for comparative analysis and survey pur-
poses. Where these techniques are being used there is no alternative to
using an efficiency measure.

e To enable comparisons between alternative farming systems for a particu-
lar farm. Clearly, there is a need to record the relative merits of the alterna-
tives. However, this does not have to be a comparable, formal measure. As
most of the alternatives will involve the same level of the farmer’s own
capital and involve his own labour and management, these opportunity
costs do not in general have to be considered (provided all alternatives are
considered), so that a simple net profit ranking will be sufficient.

e General interest — perhaps for use in discussion groups and for comparing
agricultural investments with off-farm possibilities.

7.9 Residual Imputation and Resource Valuation

It is sometimes suggested that efficiency measures that are residual measures give
an indication of the value of the resource to which they are imputed. Thus, if a
12% return on capital is being achieved, it might be suggested that this is the
value of capital so that if capital can be borrowed for less than 12% it would pay
to do so. These assumptions, however, are in general incorrect. Residual values
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7.10

only give the true value of a resource (i.e. the marginal value product) under spe-
cial circumstances, which are most unlikely to occur. Euler’s theorem, which is
discussed in most production economics texts, is concerned with this problem.
Basically, the necessary conditions for a residual valuation to be correct are:

¢ The charge made for each input must equal its marginal value product (see
Appendix 1 for a definition); and

e When all factors are charged a cost equal to their MVP, and the total is
summed, there should be no unexplained residual.

Thus, while residual measures can be used to rank farms correctly in many cases,
they cannot be used to value resources as these special conditions probably sel-
dom occur. And, of course, if indeed the return on capital is 12%, as this is an
average return, there is no guarantee that additional farm investment will return
this level, and after all, it is the marginal return and cost that is important.

Concluding Comments

The use of survey-created farm standards and benchmarks is an appealing idea for
helping farmers to improve their management. The discussion in this chapter,
besides describing the processes used in creating standards, covers the advantages
and problems with the system. The biggest advantage is that farmers can under-
stand the system, it is easy to develop and it creates intense interest and debate
between farmers and advisers. However, it has been pointed out that the results
may well be misleading and at best must be treated with caution. This does not
mean the idea of benchmarks should be discarded. Everyone needs some guide-
lines to work from in making decisions. Useful benchmarks should relate to ensur-
ing farmers move towards investments and resource use that equate marginal
returns and costs, and similarly equate marginal value products from alternative
products. These benchmarks will differ from farm to farm, as each resource setup
and financial background will differ. Furthermore, each farmer’s and farm family’s
objective set will differ and should influence the appropriate benchmarks. In theory,
it is possible to calculate correct benchmarks where production functions are known
for each farm. In reality this does not occur, so benchmarks must rely on survey
information and experience in adjusting these for each farm’s circumstances.
With the wide availability of inexpensive computer systems decision sup-
port information systems (DSS) are increasingly becoming available to help
farmers in their decision making. Computers also allow ready access to the
World Wide Web and its vast array of information including price and cost
information. This chapter has described some of the DSS available as they
interconnect to survey-collected data. Decisions over which systems to use, and
in some countries a wide array is on offer, must depend on a careful assessment
of the costs and benefits. The costs are largely the time involved in data entry
and software use, the benefits are the improved outcomes from better informed
decisions. Any analyst involved in creating systems and helping farmers in their
use must be very careful to assess these costs and benefits. They must also
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ensure farmers can observe the benefits in a simple manner, as if benefits are
not obvious it will not be long before they discard a system. Farmers are very
practical in this sense.

The chapter also contains questions about the value of whole farm production
functions, pointing out that ‘broad brush’ functions may look sophisticated and
elegant, but most do not allow conclusions on the detailed management systems
that are required for practical decisions. This means it is better to work off detailed
physical output production functions combined with expected costs and returns.

The chapter concludes with comments on efficiency measurement and resid-
ual valuation that should provide students with food for thought over conven-
tional wisdom. Consequently, students should have had their thinking challenged,
leading to a clearly understood conclusion on efficiency and valuations.

References and Further Reading

Battese, G.E. and Coelli, T.J. (1995) A model
of technical inefficiency effects in a sto-
chastic frontier production function for
panel data. Empirical Economics 20,
325-332.

Blagburn, C.H. (1957) A Simple System of
Economic Analysis of a Farm Business.
University of Reading, Miscellaneous
Studies No 8.

Burns, E.O. (1966) Comparative analysis of
farm accounts. Australian Journal of
Agricultural Economics 10(2), 169-182.

Candler, W. and Sargent (1962) Farm stand-
ards and the theory of production eco-
nomics. Journal of  Agricultural
Economics 15(2), 282-290.

Cooper, I.M. (1995) Comparative Analysis
Revisited. Farm Management Society,
University of Adelaide, Roseworthy, South
Australia.

Datta, K.K., Sharma, V.P. and Sharma, D.P.
(1998) Estimation of a production func-
tion for wheat under saline conditions.
Agricultural Water Management 36(1),
85-94.

Giles, B.D. (1950) Real costs and accounting
costs in agriculture. The Farm Economist
6(8), 221.

Mallyon, C.A. (1966) Principles and Practice
of Farm Management Accounting (Ch.
21, 22). Law Book Company, Sydney.

Nuthal, PL. (2009) Farm Business
Management. The Human Factor. CAB
International, Wallingford, UK.

Rasmussen, K. (1952) The importance of vari-
ance in the interpretation of averages.
Journal of Agricultural Economics
10(3), 226.

Rowe, A.H. (1971) Computerised Systems of
Accounting and Control in Farm Business
Management. In: First International
CongressonFarmBusinessManagement.
British Farm Management Association,
Warwick, UK.

Swanson, E.R. (1953) Profit maximisation and
measures of farm success. Journal of
Farm Economics 35(4), 628.

Tansey, A.W. (1957) Significance of variation in
annual farm profits. Journal of Agricultural

Economics 12(3), 326-336.



Constructing Improved
Systems

8.1 Introduction

This and subsequent chapters are all about prescriptive analysis, that is, creat-
ing improved management systems from first principles. The first chapters in
this book covered farmers’ objectives, with particular emphasis on the impor-
tance of uncertainty and timing, and how longer term investments should be
analysed. The determination of a farmer’s (and family’s) objective is clearly the
first step in any analysis as it is necessary to know on what basis to choose
between alternatives. The chapter contents then moved on to the recording
and analysis of existing systems. This is the second step in any analysis as infor-
mation must be available on which to base future decisions. This information
can also be used directly for making recommendations about future courses of
action (comparative analysis, whole farm production functions etc.).

There is, however, an alternative approach that can be used for making
recommendations. This is the construction and analysis of proposed systems
using basic technical information. A simple budgeting study on a farm is an
example of this approach. That is, rather than simply compare systems that
are currently in existence, all possible alternative methods of using the available
resources are examined in order to select the best system. This approach has,
in general, obvious advantages compared with the ‘analysis of existing systems’
approach. The remaining chapters cover discussions on this approach.

This chapter will consider representative farms. The reason is that when
improved systems are developed it is important, in a general advisory/consul-
tancy sense, for these systems to be developed for typical situations so that
they are as generally applicable as possible.

The remaining topics and chapters will be concerned with methods of
developing and analysing farming systems for particular farms. Such methods
as budgeting, linear programming and general simulation will be discussed.
Further, special attention will be given to analysing such part-farm problems as
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the optimal time of replacing machinery, livestock or other assets that require
periodic renewal. It should also be noted that cost-benefit analysis (Chapter 4)
can also be classed as prescriptive as it often involves budgeting out proposed
investments, though it can also be used to evaluate actual and completed invest-
ments for which many records exist and can, therefore, provide data for an
ex-post analysis. Results can then guide future investments.

8.2 The Study Unit — Representative Farms and Case Studies

When improved farming systems are developed this must be for some form of
study unit (Carter, 1963). This may be a farm for which a consultant is develop-
ing a system or, particularly in research activities where general recommenda-
tions are required, a farm typical of many should be selected as the study unit.
This is referred to as a representative farm that has characteristics similar to a
large number of farms. Such farms can also be referred to as case studies,
though any farm, whether representative or not, can similarly be referred to as
a case study.

Using representative farms, improved farming systems can be developed using
rigorous analytical techniques, then on each specific farm budgeting and other less
expensive techniques can be used to adjust the general recommendations to the
particular farm. The time involved in using the detailed analytical techniques means
that it is often too expensive to apply them on individual farms.

Representative farms can be used for a wide range of types of study, as
discussed later. The problem being addressed will affect the characteristics on
which it should be selected. Thus, for example, if the farm is being used to
estimate the effect of a new taxation policy, it should be selected on the basis
of, for example, taxable income and family structure as these are the character-
istics affecting income tax. If, as another example, the farm was being used to
construct improved farming systems, then it should be selected so that it is typi-
cal of the characteristics affecting choice of system (e.g. mainly soil type, topog-
raphy, rainfall, area).

A representative farm is usually an actual property selected from amongst
a defined population of farms. The alternative farming systems are not usually
physically experimented with on the property but rather developed on paper
using symbolic models, e.g. a budget. In some cases a hypothetical farm is
constructed on the basis of the average statistics of some population
(e.g. average size, typical soil type, 20% non-cultivatable etc.) and referred to
as a representative farm. This kind of ‘representative’ farm has limited use as
it is unlikely to be typical of any group as few, if any, actual farms will exhibit
the average statistic values for all statistics.

8.3 Uses of Representative Farms

Representative farms can be used to analyse and solve a wide range of problems.
Many of these are the same as for surveys. Examples of important uses are:
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¢ To determine improved farming systems.
¢ To evaluate new products and management systems and to provide the
relevant input—output information for later use in budgeting and other ana-

Iytical techniques. To be effective the alternatives should be physically

experimented with on a property. This property may belong to a cooperat-

ing commercial farmer or to a research establishment. Products being tried
on commercial properties would probably have shown promise in plot
trials.

¢ To determine detailed input—output information, which is then used in
planning similar farms. Recording schedules can be provided to cooperat-
ing farmers, perhaps with secretarial help.

e To evaluate the effect of government policy measures. A number of repre-
sentative farms should be selected to determine the effect of the measures.

To indicate the population effect, the results from each representative farm

would be multiplied by the number of farms it represents.

¢ To estimate product supply functions (a product supply function indicates
the quantity that would be produced given the farmers receive various

prices; Sheehy and McAlexander, 1965). To determine this function, a

range of representative farms should be used and a function estimated for

each. These functions would then be aggregated to form a whole area
function. For example, this could be done for wheat so that a government
could determine the price necessary to obtain sufficient wheat for the
national demand.

¢ To evaluate the effectiveness of various extension methods. A number of

representative farms should be selected and each manager exposed to a

different extension method. The effects would be recorded over time. The

important characteristic on which to base the selection of the farms would
be managerial ability and personality and also similar soils, area, available
finance and other critical parameters, as otherwise the potential for change
will differ between farms.

¢ As an extension device. Representative farms can be used to demonstrate
various management aspects. Examples include:

e Demonstrating, and showing, a particular farming system, or parts of
a whole farming system (this might be a cooperating commercial unit
or a research/advisory organisation’s property);

e Demonstrating planning methods and the resulting improved systems.
The farm is used as a study unit on which to show farmers how to, e.g.
construct budgets. The important ‘characteristic’ on which to base
such a representative farm would be the type and complexity of budget
necessary to plan properties in the district.

With a little imagination many more examples can be created. There is little to
limit what is possible, except that the paper experiments will clearly not provide
information on what farmers are actually achieving. Such information must
rely on a survey of some kind. In the age of electronics a ‘survey’ can extend
to, e.g. estimates of wheat output from satellite photographs and their
analysis.
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8.4 The Advantages of Representative Farms

The advantages largely relate to the differences between the survey and repre-
sentative farm approaches. Thus:

Realism. As a representative farm is a real world situation the advisor/
researcher is more likely to develop realistic systems compared with the
case where hypothetical situations are used as a basis for study. With hypo-
thetical situations there is no farmer for the researcher to check the prac-
ticability of developed systems.

Objectivity. As all alternative farming systems can be compared, the
selection of an improved system is completely objective. In surveys you
are limited to a comparison of the systems the farmers are actually
using.

Detail. The study carried out on the representative farm can be as detailed
as required. In survey work the amount of detail is limited to the poorest
set of records available, whereas with representative farms detailed record-
ing systems can be initiated. In representative farm work the emphasis is
placed on developing the basic technical production relationships and con-
structing improved systems from this information, not from simple obser-
vations of what appear to be successful systems.

Variation in planning parameters. As the analysis is based on the basic
technical relationships, the effect of variations in prices and costs can be
readily estimated. Further, given probability information, the profit dis-
tributions of each alternative farming system can be determined.
Similarly, it is a simple process to explore the effect of variations in
input—output parameters, e.g. wheat vield, stock carrying capacity and
so on. In survey-type work these kinds of analyses are not possible as the
existing systems are simply recorded, though in some cases where suf-
ficient physical information is collected limited analysis of this kind can
be carried out.

Advantages in extension work. Enables contact with many farmers at little
expense through field days. Farmers are attracted to seeing what others
are doing, and in this case, hearing about what are regarded as improved
systems worked out for a real farm. Furthermore, it enables concentration
on a defined group of farmers as only farmers with a similar farm will
attend a field day. Methods such as radio talks must be more general as the
audience is quite general.

Overall, as researchers are dealing with a real case study the results of analyses
are more likely to be realistic and create a real interest from farmers due to the
direct comparisons they can make to their own situations.

8.5 The Disadvantages and Problems of Representative Farms

Large homogenous areas are desirable. For the representative farm approach
to be useful there must be large groups of relatively similar farms. If this is
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not the case each representative farm will have limited application. Similarly,

the same applies to the results of a survey for a defined population.

e  The generality of results. The results obtained only apply in their entirety to
the particular case study chosen as the representative farm, as each farm is
unique (thus, the importance of selecting ‘good’ representative farms).
Provided, however, a sufficient number of similar groups of farms are con-
structed and a representative farm selected from each, then some general
interpolation should be possible, particularly where solutions are obtained for
a range of resource combinations. Similarity is more likely where small groups
are created (the same problem applies to any form of research work).

e Lack of statistical significance.
¢ When representative farms are being used to actually experiment with

farming systems, the lack of replication prevents giving the results a
statistical backing so that, for example, chance weather effects may
give misleading results. (Replication is seldom used due to the expense
involved.) However, such trials can be carried on for a number of years,
partially overcoming this problem.

¢ In modelling work on representative farms, the systems developed are
not actually physically evaluated before recommendations are made.
This means that any errors in selecting the correct technical relation-
ships will not become evident until real farm mistakes are made. Thus,
recommended systems cannot be guaranteed on statistical grounds.
However, recommendations can be tried on a few case farms before
general promulgation.

e As it is usually impossible to measure all factors or characteristics that
determine whether a farm is representative or not, it is not possible to
categorically state that a particular farm is representative.

¢ Disadvantages in extension.

e A complete farming system may be too much for a farmer to fully
understand and remember in one visit. Thus, the use of printed mat-
erial in conjunction with field days may be necessary.

¢ Unless the optimal farming system is always changing, a representa-
tive farm purchased and used as an extension device becomes of little
use and interest. It may need to be sold and another purchased.

8.6 The Selection of Representative Farms

The steps involved in selecting representative farms include the following.

Determining the characteristics on which to base the selection

The important characteristics will be those affecting the problem under
study. Thus, for example, if developing improved farming systems, profita-
bility factors should form the basis of selection. However, this only relates to
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the ‘fixed factors’ that cannot be changed by the managers. For example,
product types would not normally be a selection factor as they can be
changed in an analysis. On the other hand, basic factors such as farm size,
rainfall, topography, soil type and managerial ability are more likely to be
selection candidates. Furthermore, while important ‘fixed factors’ such as,
for example, available finance and milk production quota level are not directly
controllable by the manager, they do not give rise to the basic technical
production relationship and can easily be varied in any analysis on a repre-
sentative farm.

Collecting the information on which to base the selection

This may be available from normal records kept by various organizations,
e.g. a milk processing cooperative or local-body tax authorities. Alternatively,
some kind of survey will be necessary to obtain the information.

Determining how many representative farms should be selected

Decide how wide a range of the selection factors a representative farm can
adequately represent. For example, farms within some particular population
may range in size from 200 ha to 600 ha. After examining some it may appear
that if they are divided into groups with a range of around 150 ha, the results
from one representative farm from each group can be expected to generally
apply to all the farms within the particular group. Costs will clearly influence
decisions as analysts will want the funds available to have as great a benefit as
possible.

Select the farm, or farms

Divide the population into similar groups and select a modal farm from each.
Where only a limited number of representative farms can be selected these
should be selected from the groups with the largest number of farms. For
example, a sample of 100 farms might fall into the following groups:

Soil No. of farms Area (ha) No. of farms
0-200 180
Heavy soil 320 201-300 120
301+ 20
0-200 100
Light soil 680 201-300 150
301-400 360
401+ 70

(Note, these groups might be further divided into smaller groups,
according to some other factor.)
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A representative farm could be selected from each group. Given limited
resources, however, a farm would be selected from the 301-400 ha light soil
group and the 0-200 ha heavy soil group depending on the resources avail-
able. These are the groups with the largest number of farms.

A special case where a factor that conceptually affects the profitability of
farms should be ignored is where this factor never limits production. This is
clearly most unusual. An example might be where available finance is non-
limiting. Some kind of pilot analysis will be necessary to determine whether
this situation exists.

8.7 Concluding Comments

A review of research and extension journals will show many studies rely on
representative farms as the study unit. To have as much use as possible, logic
suggests they should be selected on the basis of the factors that have the most
influence on the problems being studied, and that actual farms are used in
contrast to hypothetical creations based on average attributes of a population
of farms. Such hypothetical farms may not be representative of any actual
situation and consequently conclusions would be of little use. Selecting repre-
sentative farms requires prior knowledge of the farm population, and if this is
not available preliminary surveying may be necessary if organizations holding
farm information do not exist, or the information is not publicly available. In
the latter situation, sometimes it is possible to get the organization itself to
carry out a selection process using instructions provided by the researcher.

The selection example provided uses a simple grouping process. In
large studies it may be more appropriate to use the statistical techniques of
factor and cluster analyses (see Kobrich et al., 2003). Intelligent factor anal-
ysis can suggest which factors are critical, and cluster analysis groups farms
into cells based on these factors. Representative farms can then be selected
from each cell.
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Methods and Models
of Income Variability
Reducing Techniques

9.1

Introduction

While risk and uncertainty have been described in Chapters 2 and 3, the active
steps a farmer can take to reduce income variability were not considered. As a
farmer uses profit distributions (risk) to distinguish between farming systems it is
important to consider the methods available to reduce risk when constructing
plans. A risk averter will be particularly interested even though, in general, the
use of the techniques decreases expected profit so the reduction in variance is
achieved at a cost. The critical question is whether there is a net gain in utility.

The discussion considers the analysis of profit variance, and thus the cal-
culation of expected profit/variance curves to allow an informed decision
between alternatives.

The techniques available are described, and the analytical background and
methods demonstrated. This leads to a quantitative discussion on diversification
being one of the main risk-reducing techniques. Finally, an example of how to
construct a quantitative model for another technique is presented. There is no
point in giving an analytical model for all the techniques as the models largely
follow the same principles. For students who would like a less mathematically
oriented introduction to risk and uncertainty, see Nuthall (2010). Some of the
descriptive material is similar, but tests for assessing a farmer’s attitude to risk
not included in this book are provided here. At the other extreme, for a more
extensive treatise on risk, see Hardaker et al. (2004).

9.2 Methods of Reducing Income Variability

Introduction

194

The main possibilities are discussed below. A particular farmer may not, however,
be able to use all of them depending on his particular farm and the conditions.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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Two basic approaches are possible: (i) active measures to reduce income
variability so that the profit distribution’s shape will be altered; and (ii) a passive
approach of accepting the shape of the profit distribution but setting aside
funds in relatively liquid form so that in unfavourable years finance is available.
In effect, the ‘cash in pocket’ distribution is altered through this passive
approach.

The techniques

Selection of products and production processes that exhibit low variability

Where there are alternatives with similar expected income levels per hectare,
clearly the ones with the lowest variability should be selected. Whether this
approach can be used depends on:

e The number of alternative products and production techniques available. In
many cases there is little product choice though on most farms there will
be a range of possible production methods;

¢ Given several alternatives, whether they exhibit a range of income variabil-
ity levels.

Where opportunities to control the effect of the weather are available there is
control over profit variability. The use of irrigation is an example of a produc-
tion technique. But note that for different products the variability may well be
much the same if they are produced in the same period of the year. On the
other hand, if products can be produced in different, less variable periods the
opposite is likely.

This approach is different from diversification, and works by selecting sys-
tems with low variability. Diversification involves selecting products, or produc-
tion processes, on the basis of the relationships between the alternatives in the
hope that a low return from one will be made up by a high return from another.
Diversification is discussed in detail later.

Discounting future prices

To negate high variability products and processes, the expected prices are set at
a relatively low figure so they will be less likely to be selected. This is clearly a kind
of ‘head in the sand’ approach. In some cases it may be justified where the cost
of using correct analytical procedure is not warranted. It will tend to select the
products and processes that would be selected under the first alternative above.

Formal insurance

The adverse outcomes of many random variables can be insured against. For
example, buildings, machinery and crops can be insured for loss by fire and other
causes. Thus, the ‘whole farm cash return distribution’ range can be narrowed by
removing the chance of large losses through paying a constant insurance
premium. Insurance converts an uncertain loss into a certain cost every year.
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There is a limit to formal insurance depending on which random variables
companies will insure against and the costs involved. (They are, in effect,
guaranteeing a payout if a poor value of a variable occurs.) While many
unfavourable outcomes can be insured against, the cost will restrict insurance
for items such as, e.g. a major tractor breakdown and very low wheat yields.

Whether insurance should be used depends on the shape of a farmer’s
utility function and the costs involved. Where a farmer takes the risk himself
it is likely he estimates the insurance costs are greater than the expected
losses. Remembering that insurance companies must make a profit and
cover their operating and administration costs, their charges will cover
items that a farmer does not have. However, because the potential loss
through major fire, theft and severe weather is so large, a farmer may not
be able to survive such an outcome. Thus, insurance becomes a question of
survival in many cases.

Forward contracts

A farmer can enter into a range of forward contracts that reduce variability
and, in some cases, make planning easier as future prices (costs) are known
with certainty. Possible types include the following.

contracTs INMONEY  Contracts in money are where a farmer contracts to sell
or buy a product or input at some point in the future at a defined price. Such
contracts make planning easier. They may reduce year-to-year profit variation
depending on whether the contracted price varies more than the free market
price. Their effect on average profit depends on the relationship between the
contracted and free market price, but in general the average or expected price
will be slightly lower. There are planning and stability advantages to a firm if it
knows what price it will have to pay a farmer — thus, firms may be prepared
to offer quite reasonable forward contracts.

The planning advantages of a fixed price and/or cost are considerable.
If the beef price, for example, for the animals on hand is known the farmer
can plan to sow, say, 40ha of new pasture and know that he will have the
money to buy the stock to graze the extra production. If the open market
was used, a price drop could mean the farmer was not able to buy stock so
in hindsight he would have been better not to develop. With forward con-
tracts such planning errors are less likely, though in the long run average
profit may be lower as forward contract prices tend to be lower than the
average of free market prices.

CONTRACTS IN QUANTITY These are sometimes an extension of contracts in
money. An agreement to supply, or receive, a defined quantity of a product,
or input, at a given time, usually at a defined price is entered into. Occasionally
the contract is for quantity only. This technique may be important where there
are marketing difficulties. Equally, losses may occur if the quantity can not be
supplied. In these cases the farmer may buy on the open market to fulfil the
contract, or accept a penalty clause in the agreement if one exists.
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contracts INKIND  Contracts in kind involve a physical product. Share farming
is a form of ‘contract in kind’. The farmer uses an owner’s land and provides a
share of the output as payment. In such contracts the land owner’s risk is
reduced, as instead of paying a fixed wage to a manager, his payout is a vari-
able quantity depending on the season, i.e. his cost is the production from the
farm that the share farmer keeps, and vice versa. Similarly, the share farmer’s
risk is reduced as his rent, the proportion of the product provided, varies with
the season so that in a poor season his rent is lower.

Diversification

Diversification involves producing a number of products and possibly using a
range of production processes in the hope that when one product produces a
low return another will compensate with a high return. On average, the yearly
returns remain relatively stable. This stability is achieved at a cost, as the most
profitable products are not being exclusively produced and any economies of
size are lost with the whole farm (or large sections of it) not producing the most
profitable, on average, product.

Whether diversification is useful depends on whether there is a range of
products and production processes available that do not exhibit a high positive
correlation. Furthermore, the farmer’s managerial ability must be reasonable to
offset the added complexity of diversification. Yields and input costs tend to
deteriorate with complicated systems.

Flexibility

A flexible system enables rapid changes as conditions change. Flexibility reduces
income variability as changes allow for changing prices, costs and environmen-
tal conditions. Usually this flexibility is achieved at a cost as such systems tend
to be less technically efficient. The reasons will become clear in the following
discussion. There are a number of ways flexibility can be introduced into a
farming system, including the following.

TIME FLEXIBILITY

e Select products that take a short time to give a return, e.g. finishing lambs as
against breeding and selling cows. Due to the shorter production time there
is less chance of the expected prices and costs changing, and if conditions do
change the farming system can be changed quickly to suit these conditions.

e  Select products that can be sold at different stages, e.g. cattle can be sold
as weaners, yearlings and 18 months. Thus, the farmer can take advan-
tage of changing conditions (price, feed, labour, etc.).

COST FLEXIBILITY

e Do not invest in assets that are designed for the production of a single
product and cannot be used for other purposes should prices or conditions
change. Or, if a specialized building or asset is necessary, construct it out
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of semi-permanent materials so that its cost will be low (in the long run
the cost might be high if the product continues to be profitable).

e Invest in sufficient assets and equipment so all tasks can be carried out no
matter what kind of conditions eventuate. For example, employ sufficient
labour to enable jobs to be completed under all conditions. Another exam-
ple would be the use of two tractors where one tractor plus some con-
tracting would be sufficient on average. This approach means, for
example, that expensive delays are avoided, though at a cost.

prRoDUCT FLEXBILITY — Produce items that can have several uses so that chang-
ing the plan as conditions change is possible. For example, a field of cocksfoot
grass can be grazed, made into hay or silage, or saved for seed production.
Some breeds of cows can be used for milk production or as beef mothers.

Liquid asset structure
If liquid funds can be readily obtained, such funds can be used to:

e Maintain consumption at a standard level despite a profit drop;
e Enable the farm to get into the production of currently profitable prod-
ucts, e.g. to buy up beef for finishing when beef prices rise.

These liquid funds may be in the form of stocks and shares, cash in bank,
readily saleable land and a host of other possibilities. In some cases such
investments may be economically rational in their own right relative to the
farm return. However, if they themselves are to be safe readily available invest-
ments their return will probably be lower than farm investments on average,
so this strategy has a net cost, although, depending on the shape of the
farmer’s utility function, it may provide a net gain in utility.

The use of tax options

Some countries have a number of options in the income tax system that can
be used to level off disposable cash income. Some are profitable in themselves,
others are not. Examples include depositing money with the tax department
and withdrawing in a bad year at which time tax is paid; deferring tax deducti-
ble expenditure in a poor year and using the tax credit when income recovers,
thus smoothing taxable income; and predicting a realistic income level when
paying provisional tax. The cost or profit associated with each scheme will
depend on each particular case. The overall principle is to even out the taxable
income, so in a progressive tax system the total tax paid on average is less.

Concluding comments

In general the techniques outlined will be used by:

e Risk averters;
e  Farmers who need to ensure that their cash returns will never fall below a cer-
tain level due to their high level of fixed costs, which is necessary for survival.
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However, in some cases, some of the techniques outlined may be profitable in
their own right. For example:

¢ In a period of falling prices it may be profitable to become involved in for-
ward contracts depending on the prices being offered;

¢ In a rapidly changing farming environment it may be profitable (as well as
reducing variability) to use a flexible farming system.

9.3 Analytical Background to Estimating the Profit
(and Other Outputs) Variability of Farming Systems

Introduction

The discussion on utility (Chapter 3, sections 3.10-3.12) indicated if a farmer
had a quadratic utility function, as many do, only two profit distribution param-
eters are important in distinguishing between systems (expected profit and profit
variance). It will be recalled E(P) (expected profit) and V(P) (profit variance) can
be estimated from the information contained in a payoff matrix, which results
from the construction of a decision tree. However, creating a decision tree can
be extremely time consuming. Fortunately, in many cases estimates can be
made by using the relationships between the random variables that make up
profit. This section shows how this can be done. No proofs will be given though
many will be self-evident. All the proofs rely on the random variable ‘profit’
being a defined combination of other random variables, e.g. price, yield, animal
health requirement etc. so that the E(P) and V(P) will be some combination of
the expected values and variances of the constituent random variables.

The general comments about the practical use of payoff matrices and util-
ity functions apply just as much to this particular topic. For a consultant it is
worthwhile to do one or two analyses on case studies to determine the nature
of the general results so that they can be extrapolated from for each individual
farm. It is also important advisers have a good understanding of the principles
so that research results can be interpreted and subjective judgements made
about such problems as diversification on the basis of good knowledge.

Calculating expected values

The expected value of a random variable multiplied by a constant

Let V] = the jth value of a random variable;
P, = the probability of the jth value occurring;
A = a constant;

R = A x Vwhere R is the random variable (perhaps profit) whose expected
value is to be calculated.
Then,

E(R)= ) PAV,=AY PV, = AXE(V)



200

Chapter 9

i.e. the expected value is simply multiplied by the constant.

Thus, for example, if V represents the gross margin per hectare for wheat,
then the expected total gross margin as a result of growing 200 ha of wheat
would be:

E(total gross margin) = 200 E(V)

Calculating the expected value of a random variable formed from several
other weighted random variables (important in estimating the expected
profit from the whole farm)

Let R, = the ith value of a random variable;
W, = the weight associated with the ith random variable.

S=WiR + WoR, + ... = Y WR
Where S is the random variable for which the expected value is to be calcu-
lated. Then:
E(S) = EW,R,) + E(W,R,) +...
= W,ER,) + W, E(R,) +...

That is, the expected value of the new random variable S is simply the sum of
the weighted constituent expected values. As an example, consider a mixed
cropping farm growing 100ha of wheat, 50ha of barley and 20ha of peas,
then the expected total gross margin would be:

E(TGM) = 100 E (wheat gross margin/h*a) + 50 E (barley gross margin/ha)
+ 20 E (peas gross margin/ha)

Calculating variances

Variance of a random variable which is multiplied by a constant or weight
(important in calculating the whole farm profit variance)

Let A = a constant;

V = a random variable;

W = A x V, where W is the random variable whose variance is to be
calculated.
Then:

Variance (W) = A2 x Var(V)

where Var(V) is a symbol to represent the variance of the random
variable.

For example, if the variance of the wheat gross margin/hectare is $260,
and a farmer grows 100ha of wheat, the variance of the total gross margin
from the 100 ha would be:

Var (TGM) = 100% x 260
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The definition of covariance and the correlation coefficient

In order to estimate the variance of a combination of several random variables,
covariances and correlation coefficients must be known.

Covariance

Covariance is defined as the expected value of the product of the deviations
from the means of two random variables. That is:
where X and Y are two random variables and

X, and Y, represent the ith possible values of these variables;

P, = the probability of the ith value set occurring;

X and Y = the expected values (or means) of the variables.

Then,
Cov(X.Y) = mei - XY, -Y)

Note: to estimate the covariance we need to know the probability of each
of the possible value combinations of X and Y occurring. Covariance can
also, of course, be estimated from a set of paired observations. In this case,

Cov(X,Y) = Z(X" ~ Y)(Yf - ?)

n

where X. and Y. is the jth observation;
n = the number of observations.

Correlation Coefficient

The correlation coefficient between two random variables X and Y is
defined as:
correlation coefficient = p = CouX,Y)
G, X0,

where ¢, and o, = standard deviations.
Thus:
Cov(X,)Y)=p x 0, X o,

The correlation coefficient measures, of course, the relationship between two
random variables.

The possible extreme values of the correlation coefficient are:

p = 1, there is a perfect positive correlation;

p = 0, there is no correlation, i.e. variables are independent;

p = —1, there is a perfect negative correlation (i.e. if one variable is at a
high value the other will have a low value).

For most random variables p will lie between +1 and —1, rather than be at one
extreme or the other.
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Farm examples
Some practical farm examples are:

¢ The random variables wheat yield/ha and barley yield/ha are probably
positively correlated at quite a high level as a good season will give a high
yield for both crops;

e The random variables price/lamb at a market and the number of lambs
being put into the market are likely to be negatively correlated.

The variance of two random variables

Let X and Y be two random variables.
S=X+Y

Then
Var(S) =6 2 + Gyz x 2Cov(X, Y)

2

=07+ Gyz + 2pc, X o,
Where
oy 2 = Var(X);
GYZ = Var(Y).

As an example, the variance of the total gross margin from a farm, where
half the farm is in sheep and the other is in wheat, would be:

Var(TGM) = o2
Note that the sheep and wheat gross margin variance figures must be for the

half farm and not on a per hectare basis, i.e.

2
o sheep

+ o2 +2poc +0

sheep wheat sheep wheat

= the Y2 farm total gross margin variance from the half
of the farm which is in sheep

A formula given below will show how to estimate the variance using per hectare
variance figures.

The variance of a weighted sum of two random variables

Let X and Y be two random variables, and A and B be two constants.
Then the variance of a new random variable which is

S=AX+BY
is given by
Var(S) = A2 6 2 + B? Gyz + 2ABpc, o,
As an example, the variance of total gross margin for a 300ha farm which

has 200ha devoted to sheep and 100ha of wheat, where the per hectare

variances of gross margin are given by c2 and 62 will be:

sheep wheat’
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Var(TGM) = (2002 2
X pc

) + (1002 o2

sheep O wheat

) + (2 x 200 x 100

sheep wheat

Note that whole farm variance figures will be extremely large and are also dif-
ficult to interpret. A figure that is easier to work with is the standard deviation.
If it is assumed that the shape of the profit distribution is approximately a nor-
mal distribution (and this will not always be the case), then it can be assumed
that 95% of all outcomes will lie within the range:

E(Profit) + 1.96c

As the normal distribution is asymptotic to the origin and most farm variable
distributions have finite ranges, a more realistically useful figure to use is
the 70% probability range. Approximately 70% of all outcomes lie within
E(Profit) + 1.0c, given a normal distribution.

These relationships make a variance figure easier to interpret once it has
been converted to the standard deviation:

Std. Dev. =g = \/(5_2

The variance of a weighted sum of n random variables

This is an extension of the above formula for many random variables.
Let W. = the weight associated with the ith random variable;

X, = the ith random variable;

Q, = variance of X;

QU’ = covariance of X, and Xj, i#j

(recall that Cov(X,.X}.) = POy ).

Then, a random variable S which is given by:

S=W,X; +WhXy +...+ W, X, = zw,.xi

i=1
has a variance given by:

Var(S) = W, X,Q;; + W, X,Qqp + ... + WiW Q,
+ WoX Qo + WoXoQoo + ... + W,W Q,, ...

+WWQ,+WW,Q.,+...+WWQ

Note that:

(i) the diagonal in the above table of numbers is in fact W2 o2

(ii) the term WinQU (i # j) appears above and below the diagonal because
WinQU = WJ.WI,QU (i.e. the subscript ordering is not important). Thus, all
the terms, say, above the diagonal can be removed and those below
multiplied by 2 to give:
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Var(S) = W2 62+ W,20,2+ ...+ W25 2
+ 2W,W,Qy + ... + 2W |, W Q

The Q,.]. terms can, of course, be replaced with po_, oy

n-1n

As an example of the use of this formula, consider a farm of 300 ha which has
the following land utilization:

70 ha wheat

30ha barley

30ha peas

170ha devoted to sheep

and for which the variance and covariances of the gross margins per hec-
tare are given by:

Variances = o2 etc.

2
wheat O barley

Covariance = Q 1 eat sheep Quheat, barley €LC-
Then,
Sy 2 9 2 2 2 52
Var(Total gross margin) = 70¢ 6=, .. + 30“ barley T 30%c peas
2 2
+170% o + (2 x 70 x SOQwheat, barley)

sheep

+(2x 70 x SOQwheat, peas) +(2x 70

X 170Qwheat, sheep) + (2 x 30 x 3'O(Qbarley, peas)
+ (2 x 30 x 170Qbarley’ sheep)

+ (2 x 30 x 170Qpeas’ Sheep)

Note that fixed costs have been left out of all the examples so that the vari-
ances calculated in the above way do not, on the surface anyway, appear to
be the whole farm profit variance. However, where fixed costs are constant
then they will not affect the variance, i.e.

Var(total gross margin) = Var(farm profit)

provided fixed costs are constant. This is a reasonable assumption in most
cases. It must be remembered, however, that E(farm profit) = E(total gross
margin) — fixed costs.

9.4 Diversification

Introduction

Under certain conditions diversification can be used to reduce total farm
profit variance. This section contains a discussion of these conditions and
how to determine the land allocation necessary to reduce profit variance
to a minimum using diversification. The resultant loss in expected profit is
also discussed relative to whether the reduced income variability is
worthwhile.
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The conditions under which diversification will reduce profit variance
To obtain a general understanding a number of simple cases are examined.

Assume constant variance and zero covariance

Given a number of products with the same profit variance per hectare and
where the profit covariance from the products is zero, then the greater the
number of products produced, the smaller will be the total farm profit
variance.

To see this,
Let K = farm area in hectares;

o2 = the constant profit variance per hectare (i.e. 62 is the same for all
products);

x = the number of products produced. K

Then, the area of the farm in each product = = where an equal area of
each is produced.

Thus, the total farm profit variance is:

2 2 2
Var(P)=(§f] 02+[I:J 02+...+(I:) o’

and where there are x such terms (the covariance terms are equal to O as
assumed covariance = 0)

2
=x(K) c?
X

But,

2 2 2
1(?) c?) 2(};) o%) 3(?) o%)...

(K)?) 2(;{)2) 3(§JZ>...

Note: this can be proved by induction, i.e. trying out a few simple cases.
Thus, the greater the value of x, the smaller will be the total variance. This
reduction is greatest as x increases from 1, but as x gets larger the variance
drop rapidly declines. This is shown in Fig. 9.1.

This case of zero covariances and an equal profit variance for all products
is unrealistic. However, it indicates the effect of increasing the number of prod-
ucts produced without a confounding effect brought about by the other param-
eters. Further, the above discussion assumes that the same area of each product
is produced. This may be unrealistic.

as

Assume constant variance and unity correlation coefficient

Assume that all the products available have equal profit variance per hectare
and all combinations have a profit/hectare correlation coefficient equal to one.
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Total variance

Number of products produced

Fig. 9.1. Variance reduction with an increasing number of products produced.

Then, as the number of products produced increases, the total farm variance
remains constant. To see this, assume

K = farm area in ha

Let 62 = the constant variance, and consider the case where two or three
products are produced (assume equal area of each).
Now, as c? is the same for each product and p = 1.0, then

- 2
pC;G,=0C

Thus, to show that the number of products produced does not affect the
variance, it must be shown that:

(g (2402
(5 3 5f 13
ALy A

where the left-hand side of the equation is the total variance where two products
are produced and the right-hand side gives the total variance where three
products are produced.

This equation can be simplified by dividing both sides by 5% and by collecting
terms to give:

47

54 x 05K x 0.5K =9 x 0.3333K x 0.3333K
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54 x0.25K2 =9 x 0.1111K?
~K?=K?

i.e. the equality does hold.

Thus, if a farmer can choose between a number of products, each of which
has the same profit variance per hectare, and the correlation coefficients are
equal to 1, diversification will not reduce income variability. Again, it must be
noted that these conditions are most unlikely to occur. However, this conclu-
sion helps to indicate the nature of the problem. These last two cases primarily
indicate the importance of the correlation coefficient and of the number of
products produced. Diversification does not reduce income variability given a
perfect positive correlation between the profit per hectare on each product.
The other extreme, which is seldom, if ever, found in reality, of a perfect nega-
tive correlation does, however, markedly reduce total farm profit variability.

Assume there are two alternative products and the correlation
coefficient is zero

In order to obtain a rather more specific relationship, this example will be lim-
ited to considering the case where the farmer has available only two alternative
products. It will be assumed that the profit per hectare for the two products is
not correlated. The above examples assumed that an equal area of each product
was produced. This example will indicate the importance of selecting the cor-
rect area for each product for the profit variance to be reduced. To see this,
consider the following situation:

Let R = area of the farm;

o,2and og? = profit variances/ha of each product.
Thus, if only product A is produced, total farm variance will be given by:
Var(P), = R?c,?2
But, if Q ha of product B are produced, then
Var(P) = (R-Q)? 6,2 + Q%cy?
(Note: as p = 0, all the covariance terms = 0.)
5 VP pgn = R2GA2 + Q20A2 - 2RQ0A2 + QZGBZ
Thus,
Var(P), — Var(P)ygp = — Q% 6,2 + 2RQc?, — Q%2

Thus, for the production of both products to reduce profit variance compared
with producing only product A, the right-hand side of the above equation must
be positive. That is,

- QGA2 + 2RQ6A2 -Q? GB2 >0
ZRQGAZ > QZGAZ + Q26B2

+Q .. 2Ro,? > Qo,? + Qog?
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That is, for a total farm profit variance reduction to occur, Q (the area of prod-
uct B) must be selected such that the above relationship holds. Clearly, Q must
also depend on the relationship between o2, and 2.

For example, let GZB = 2¢2 A
then, substituting in the above relationship,

2
2R>Q(1+26 A)

GZA
2R > 3Q
2
. -R
..Q<3

i.e. area of product B must be less than two-thirds of the total farm area for
the profit variance to be reduced.

Summary
The previous examples show that:

e the value of the correlation coefficient(s) affects whether diversification
will reduce profit variability. All other variables being equal, if p < 1.0,
diversification will reduce profit variance;

e the greater the number of products produced, the smaller will be the profit
variance, given p < 1.0;

e all other variables being equal, the product variances will affect the areas
of the products that need to be produced in order to minimize profit vari-
ance (as will the correlation coefficients also).

Optimal land allocation

The examples above show the important diversification relationships. In some
cases, however, it may be necessary to determine a minimum profit variance
farming system using diversification. Given the formula for the total farm vari-
ance, calculus can be used to determine this farming system.

Consider the case where there are two alternative products:
Let g = proportion of farm in alternative A

.. 1 — q = proportion of farm in alternative B
Let 6% and o3 = total farm variance assuming the farm produced all A or all
B respectively.
Then, the total farm variance is given by:

Var(P) = g%c%, + (1 - q) 2025 + 2q(1 - q) po,op

Thus, to determine the combination of A and B giving minimum variance the
equation giving the slope of this Var(P) equation must be set equal to 0 and the
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result solved for g (the slope of the Var(P) equation will equal O when it is at a

minimum).
Thus, slope of Var(P) equation is given by:
d“’jjp ) 2402, - 2(1 - q)o%s +2(1 - 2a)por0s

Setting this equation equal to 0 and solving for g gives:

2
_ G'B —POAOB
6% +6%5 — 2P0 ACR

For example:

Let 62, = $1,000,000
.. o, =$1,000

o?g = $640,000
. o = $800
p=0.2

_ 640,000 -160,000
a 1,000,000 + 640,000 - 320,000

=0.36
i.e. 36% of the farm should be in alternative A and 64% in alternative B.

Sacrifice in expected profit

When a property is diversified expected profit will usually decrease, assuming
the property was using a profit maximizing farming system before diversifica-
tion occurred. A major decision is how far to diversify. In many cases the plan
giving minimum profit variance will not be optimal. The shape of the farmer’s
utility function may mean the income sacrifice will drop utility more than the
increase from lower risk. Thus, a decision must be made regarding how far to
diversify. This will depend on:

e the attitude of the farmer to risk situations;
e the variances and covariances of the alternative products available.

To estimate an optimal solution the expected utility for a number of alternatives
can be determined and compared.

In some practical situations, diversification does not markedly reduce vari-
ability. Consider the example given where the optimal combination was 36%
of the farm area in alternative A. Further, assume:

Area of property = 500 ha

Expected profit per hectare of alternative A = $160

Expected profit per hectare of alternative B = $120
First, consider an optimal plan:

Thus, maximum E(profit) = 500 x 160 = $80,000

(i.e. in order to maximize profit the farmer should produce all A)

Recall that 62, = 1,000,000
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GZB = 640,000
where these are whole farm variances.
Thus, the optimal farming system (all A) has a variance of:

Var(P) = 1,000,000

Thus, assuming the profit distribution is normal, 95% of years will have a
profit level within

80,000 = 1.96 6 (o = 1,000)

i.e. profit will be within the range

$78,040-81,960 in 95% of cases (range = $3,920).

Second, consider the variance minimizing plan:

E(profit) = (0.36 x 500)160 + (0.64 x 500)120
= $67,200
Thus, the sacrifice in income compared with the optimal plan is:
80,000 - 67,200 = $12,800
Var(P) = 0.362 62, + 0.642 625 + 2(0.36 x 0.64 X po, op)
= 465,472

. y/Var(P) = $682 approximately

Thus, again assuming a normal profit distribution, 95% of all years will pro-
duce a profit within the range:

$67200 + 1.96 x 682 = $65,863-68,537

This gives a range of $2673.

Thus, it must be decided whether the $12,800 sacrifice in average income
would be worth reducing the absolute profit range from $3,920 to $2,673.
Clearly, in many cases it will not be worthwhile to diversify to the extent of
minimum variance. In this case the variance difference between the alterna-
tives is not great.

Other effects of diversification

Varying returns to the level of production
The discussions above assume:

e The profit variance per hectare does not increase or decrease as the
number of units of a product produced increases; and

e The expected profit per hectare does not vary as the number of units of a
product produced increases.
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In many cases these are invalid assumptions. As the area of, e.g. wheat increases
it is likely that management inefficiencies will give rise to a greater profit vari-
ance and a lower expected profit. In such cases diversification is worthwhile
from a simple profit maximization view as returns per hectare will be greater
given only a small area of each product is produced.

Where increasing returns to size occur, diversification will decrease the
average expected profit per hectare. The additional returns cannot be achieved
where many products are produced, as only small areas of each can be pro-
duced. It is most unlikely, however, for the profit variance per hectare to decline
with an increasing area.

Product relationships

Where two or more products are complementary, diversification into these
products may be profitable because it allows taking advantage of such comple-
mentary relationships. If, however, many products are produced and some are
competitive, then the complementary advantages of a small number will be
partially lost with the reduction in quantity produced.

Managerial ability

Farmers may not be able to maintain high returns per hectare for each product
where many are produced, due to the complexity of the combined manage-
ment task.

9.5 Models of Other Techniques
Introduction

Some time has been spent on analysing diversification. By now it should be
clear how to analyse various other techniques. A symbolic model giving the
total farm profit variance from using the various measures is required. Given
such models, the various techniques, and combinations of them, can be evalu-
ated to see which is worthwhile.

Some examples are developed. The discussion on diversification used the
general formula for variance. This section will take a different approach. The
models will be based on a process of determining the possible outcomes and
associated probabilities, and from this estimating the variances.

Formal insurance

Assume a farmer is not using any insurance, so the possible resultant net return
outcomes and probabilities are:

$ outcomes =b,, i=1,2...n

Associated probabilities = p,i=1,2 ... n
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Thus, the expected profit and variance will be:
E(P)= ) bp
i=1

Z 2
VIP)= Y (b~ E(P)) p,
i=1
Some of the b, will allow for possible fire losses, accident losses and others,
i.e. all the unfavourable outcomes that would normally be insured against.
Some of the b, will probably be negative to allow for the fact that if, e.g. the
dairy shed is burnt there will be a considerable outlay to replace it. The prob-
ability attached to such outcomes will, however, be extremely low.
Now, consider the case where the farmer insures against loss by fire of all
his buildings. The b, values will need changing to account for:

e The various fire losses than can occur will now be met by the insurance
company. Thus, those b, values that include an expense for rebuilding a
fire-damaged or destroyed building will require adjusting. Let f; represent
the building costs and other costs associated with the ith outcome (many
of these f; values would equal 0).

e The insurance premiums paid each year (let ¢ = the insurance premium
per year. Assume this is known with certainty, though this could also be
assumed to be a random variable if premium rates were not known).

Thus, the possible outcomes given formal insurance is used will be:
ith possible outcome =s, = b, + f, — ¢

and the expected profit and profit variance will be given by:

E(P) = isipi = i(bi +fpi—c
i=1 i=1

i
2

n
V(P)= (s~ E(P) p,

i=1
To decide whether formal insurances should be used, the expected profit
and profit variance figures for each need comparing (note that these two
systems may well give two points on an Expected Profit/Profit Variance
graph). Then, depending on the farmer’s attitude to risk, a decision can
be made.

For many farmers, however, a large fire loss may prove disastrous due to
insufficient reserves or an inability to borrow sufficient funds. Thus not insur-
ing may not be a feasible alternative. A farmer can insure against many differ-
ent losses, so there is a wide range of alternative insurance plans. Some may
be infeasible due to the large losses, but others will be feasible and can be
analysed in the way suggested. A major problem would be the estimation of
the probabilities of the various degrees of fire damage. At least this kind of
analysis does not have to be repeated on every farm, as the conditions will not
change much.



Methods and Models of Income Variability 213

Forward contracts in money

Similarly, a symbolic model can be developed in order to determine whether a
monetary forward contract will be worthwhile. Assume a farmer is operating a
system involving, say, maize.

Let b, = the ith possible net return outcome from the farm, excluding maize
gross returns but including the maize production costs, wherei =1, 2 ... n.
Let p, = the probability of the ith b, occurring;

m; = the jth possible maize output (in kg);

s; = the probability of the jth maize output occurring;

q,. = the kth possible price that can occur in the free market for maize (per kg);

¢, = the chance of the kth maize price occurring.
Assume i, j and k vary through 1, 2 ... n in all cases and

the random variables b,, m ; and q, are independent.

Thus, given the maize is sold on the free market, the expected profit and profit
variance will be:

E(P) = ibipi + imjsj + ichk
i=1 j=1 k=1

To determine V(P) all the possible net return outcomes and their associated
probabilities must be calculated.
Thus, let B, = ith possible net return outcome:

B, = b, + mg,

As the variables are all independent, for each b, that can occur, n different

maize vields can occur. Further, for each maize production level there can be n

different maize prices. Thus, the number of possible net return outcomes is:
nxnxn=n3

The probability of each of these outcomes will be given by:

P =p,xs;xq

wherei=1, ... n,
j=1, ... n,
k=1,..n

Thus,

n3

V(P) =Y (B~ E(PY)P,
i=1
Given the alternative case where the farmer contracts to sell the maize at a
given price per kg, then the E(P) and V(P) estimates are given as follows:
Let g = the price/unit of maize (known with certainty)
Then:

i=1 j=1
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Then:
B, =b,+mg

But, instead of n® outcomes there will only be n? possible values of B,, as price
is no longer a random variable.
Thus,

n2

V(P)= (B -EP)R,

i=1

where R, = p, x s,
where there will be n? possible R, values.

Given that E(P) and V(P) have been calculated for both systems, a choice
is then possible.

9.6 Concluding Comments

Similarly, symbolic models could be constructed for the other income variabil-
ity reducing techniques allowing decisions on the best combinations.
Conceptually, an optimizing model could be developed and used to determine
the optimal combination maximizing expected utility. However, such a model
would be extremely complex and is beyond the scope of this text. Given the
methods suggested, to determine an optimal system various combinations of
the techniques would have to be evaluated in order to estimate E(P) and V(P)
for each. Given this information the best combination can be selected. It will
have been noted the critical factor in all these analyses is the estimates of the
possible outcomes and their associated probability. In many cases subjective
estimates will be necessary using the available evidence as a base. Further, a
lot of work is necessary in the calculations, so developing computer models is
likely to be beneficial. However, where very limited data are available decisions
must rely on well considered subjective conclusions.
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1 O Budgeting — The Simplest
Form of Farm Systems
Analysis

10.1 Introduction

Budgeting is the simplest analytical technique for developing improved farming
systems. Furthermore, in some cases it is also the most useful even though it
does not actively allow for risk. Once promising systems are developed they
may need to be assessed for risk along the lines already discussed. However,
risk-reducing approaches can be included in a budget right from the outset,
depending on the farmer’s attitude and available options.

While budgeting is the cheapest of all techniques, it can be inefficient
where there are many systems to be compared, though for some farms the
number of basically different systems available can be quite small. For large
farms the potential gains from good planning will enable the use of more
sophisticated techniques. But again, this must also depend on the existence of
considerable choice, and large farms still need to have a basic budget for esti-
mates of profit, cash flow and all the physical factors associated with a plan.

Budgeting involves developing the physical details of a farming system and
estimating the costs and returns that are expected, assuming the particular
farming system is put into operation. Through comparing alternatives a deci-
sion is made. Successful budgeting requires experience, as a set of rules indicat-
ing how to estimate whether, for example, there will be sufficient labour to carry
out the programme proposed does not exist. Budgeting relies on the experience
of the budgeter to ensure that feasibility will occur. (A feasible system is where,
for example, labour supply equals demand, feed supply equals demand, working
capital supply equals demand, harvesting capacity equals demand and so on, for
all resources.) This chapter contains a discussion of the types of budgets than
can be useful. Details of budgeting procedures are assumed to be known.
Readers interested in these details should consult Nuthall (2010).

Budgeting can be used under most real world situations. No simplifying
assumptions are made about the nature of the real world except, as noted,

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 215
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for risk. Budgeting assumes certainty with the input—output coefficients, prices
and costs all assumed to have fixed values. This is clearly unrealistic. Analysts,
when using budgeting techniques, attempt to overcome this problem by using
conservative estimates and by using a range of parameter values to indicate
the likely profit range. Such methods are largely attempts to ensure that over-
optimistic estimates are not made rather than attempts to correctly and posi-
tively account for risk. Besides this one important limitation (and in many
cases it is a limitation overcome by extending the budgeting process into a
decision tree, payoff matrix type approach), any kind of relationship can be
incorporated into a budgeting study. For example, there is no need to assume
only linear relationships, though in many cases this is done to simplify the
analysis. A specific example might be the estimation of the vield of wheat per
hectare to use in a series of budgets as the number of hectares produced
increases. Commonly, a standard figure is used no matter what the area, but
there is nothing to prevent the budgeter from decreasing the vield as the area
increases and so assuming a non-linear relationship. The same applies to all
the other input—output coefficients and the prices and costs used.

There are a number of different types of budgets, which are all discussed.
However, gross margins analysis and parametric budgeting will be discussed
more fully as they can be very useful. The chapter finishes by outlining
‘programme planning’, which is not a practical concept in this day of fast
affordable computers, but it does demonstrate some important principles.

10.2 Types of Budgets

Simple forecast budgets

Budgeting is used to predict the expected cash surplus and other parameters
for a defined farming system. This is in contrast to using budgets to choose
between alternative systems. This simple forecast budget has many planning
advantages such as enabling a prediction of taxation (and thus, maybe, the use
of legal tax-reducing techniques), a prediction of cash surplus and therefore
what personal consumption is feasible and so on. A budget also acts as a
blueprint for the farmer to follow in daily operations. An analyst, or farmer,
might believe mental analysis indicates the best farm system and creates a
budget for the reasons just outlined in contrast to calculating several budgets
to choose the best system.

Simple forecast budgets may be constructed for a single period or for
many periods (a typical period would be for 1 year).

Comparative Budgets

A major use of budgeting in planning is of course for the comparison of sys-
tems. Once the best system has been chosen the budget becomes a simple
forecast budget as discussed above.
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10.3

Comparative budgets can take several forms (Flinn et al., 1991). These
include a budget for:

e part of the farm (partial budgets):
e one, or many, future time periods (comparative ‘development’ budgets).

Partial budgets in the general sense of the word can also take one of two pos-
sible forms. That is:

¢ Budgets for part of a farm where both variable and fixed costs are included;
these are ‘conventional” partial budgets. Also, such budgets might involve
a change in products produced;

e  Gross margins. A gross margin budget is for a technical unit (e.g. 1 ha) for
a particular product and only includes variable costs. A separate section
below will be devoted to discussing gross margins in more detail.

The use of all forms of comparative budgets can be, using production economics
terminology, for determining an optimal factor—product, factor-factor and
product-product combination. Each budget determines the profitability of a point
on the graphs representing the possibility curves as shown in Fig. 10.1. If all
points on the graphs were compared, an optimal system would be determined.
However, a budget for every point is clearly impractical due to the work
involved and, furthermore, is usually unnecessary as general experience and a
few simple calculations will indicate which systems should not be budgeted as
they are obviously not as good as alternative systems. (Production economics
principles indicate which systems are likely to be the best.) Figure 10.1
indicates, through an ‘x’, which points might be explored in a general sense.

Parametric Budgets

Introduction

A further form of budgeting is parametric budgeting (Byrne, 1964). This is
designed to explore the effect on profitability of variations in critical parame-
ters such as the price of wool, the yield/ha of grass seed and the many other
non-predictable factors. A parametric budget can be developed for any of the
types of budgets discussed above.

Product X Level Output of
output of product
input 1
1
Input level Level of input 2 Ouput of product 2

Fig. 10.1. Budgeting and production economics.
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A parametric budget is expressed as an equation in which the factors to
be explored are expressed as symbols.

Thus, for example, the parametric budget for a rangeland property pro-
ducing fine wool from Merino wethers might be:

Profit = (Wp — 1.2W - 20)S - 70,000

Where

W = wool cut/head in kg;

p = price of wool/kg;

S = number of wethers carried;

1.2 = selling costs per kg of wool;

20 = the variable costs of running one wether;

70,000 = the fixed costs.

A parametric budget is constructed by first estimating a normal budget for
the system and, as a result, determining the values of the constants, i.e. the
costs and returns that are not going to be varied in the analysis. Secondly, the
equation is constructed using these constants and symbols for the parameters.

Most parametric budgets will include some constants as well as the param-
eters. However, there is no reason why an equation could not be developed
that includes only parameters. In effect, this is what a normal budget is, except
that it is not formally written down in equation form before the calculations
are carried out.

Using a parametric budget

Once the equation has been developed the profit can be determined for vari-
ous levels of the parameters by inserting the relevant values in the equation
and evaluating it. The example given above was for a whole farm profit. The
equation could be designed to estimate any required figure, e.g. gross margin
estimates. To help interpretation the results can be graphed. For example,
given values for W and S in the wether example, profit can be graphed against
wool prices as shown in Fig. 10.2. Graphs of this form can be constructed for
many W and S combinations.

Uses of parametric budgets

They will be of use where profit estimates or gross margins are required for a
large number of parameter combinations (Candler and Cartwright, 1969).
Graphs clearly provide a quick synopsis of the impact of parameter variations.
However, as a parametric budget is just an ordinary budget expressed in
another way, where only a few parameter variations are required it will be
easier to repeat a few normal budgets than develop an equation. Also note in
the example provided it is assumed linear relationships hold, thus the straight
line. There is nothing to stop the analyst introducing non-linear equations
(e.g. the wool yield per animal may decline as animal numbers increase).
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Profit ($)

Given, for example, W= 4.5 kg and S = 7000

Wool price ($/kg)

Fig. 10.2. Parametric budget graph.

The specific uses include:

¢ As budgeting assumes certainty, it is useful to explore the possible effect
of different prices, costs, technical coefficients on profit, and any other
objective, to explore the sensitivity of the results to changes. A farming
system that is relatively stable to expected change will be preferred. An
examination of a budget, however, will often provide this information
without the need to formally prepare a parametric budget. Graphs, how-
ever, enable farmers to see easily the effect of variations.

¢ To compare the costs and benefits of improved techniques. For example,
the effect of increasing the lambing percentage by x% can be seen, where
lambing percentage is a parameter, and thus compared with the cost of
achieving such an increase (e.g. by extra feeding).

e Somewhat similarly, a parametric budget can be used to determine the con-
ditions (prices, vields) under which a particular farming system will be better
than some other system. For example, a parametric budget could be devel-
oped for a particular farm assuming: (i) it is run as a simple lamb finishing
property; and (ii) it is run as a mixed lamb-cattle finishing property. Given the
prices of lamb, cattle, wool, growth rates and similar, were put into the equa-
tions as parameters, the cattle price and growth rate necessary for system
(i) to be the best can be determined for given lamb, wool etc. prices.

e  For budgetary control purposes. Given that a parametric budget has been
developed for a farm, the effect of changing conditions (prices, yields etc.)
on profit can be rapidly determined. This can also be done using a normal
budget, though it will not be quite as simple a task.

Concluding comments on parametric budgets

Parametric budgets do not offer analytical advantages over a normal budget —
they are simply expressed differently. Their advantage lies in the ease of
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calculation where the effect of many different prices, yields etc. must be
evaluated.

Most parametric budgets use linear equations. However, in some situa-
tions a non-linear equation will be necessary, particularly where the farm
under study is large enough to affect a market, or perhaps to experience
economies of size or scale. For example, a large property producing Friesian/
Holstein replacement heifers for sale in a small market would impact on the
price received per beast depending on the numbers giving a non-linear price/
quantity relationship.

Thus, instead of using a constant, a function such as:

Price = 600 — 0.1 H?

might have to be used, where H represents the number of heifers sold in units
of ten.

10.4. Gross Margins
Introduction

The gross margin for a particular product is defined as the gross revenue
minus the variable costs per technical unit.

This technical unit is usually a unit of area (1 ha) in the case of cash crops
and a single animal or a stock unit (SU) in the case of animals. That is:

Gross margin/ha = output/ha X price/unit — variable costs/ha

GM/SU = ((output/animal x price/unit — variable costs/animal)
+ no. of SU)

An example of an SU would be the feed necessary to support a 50kg sheep.
Different sizes and types of animals can be compared by calculating the SU
each represents. Thus, a ewe might be 1 SU and a beef animal 6 SU.
Alternatively, a unit such as the number of kiloJoules (kJ) required for mainte-
nance and growth/production can be used.

The gross margin is commonly used to indicate which products should be
produced. The discussion that follows reviews their underpinning theory and
lists possible uses.

The theory behind gross margins

All farm costs can be divided into fixed (or overhead) and variable (or working)
costs, where these costs are defined as:

e Fixed costs — costs that remain constant with varying levels of output
and with changes in the pattern of production (farming system).
Examples are rent, rates, permanent labour, fencing repairs and
maintenance.
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e Variable costs — costs that vary as the level of output is varied and as the
farming system is changed within certain limits. Examples are fertilizer,
fuel, cartage, seeds and animal health.

Figure 10.3 shows variations in costs with level of output and differing farming
systems.

This distinction between variable and fixed costs relies on the extent of
cost changes which occur as the pattern of production and level of output is
changed. In the long run land can be purchased and sold, similarly machinery
and other resources, so that all costs can become variable. This is, however,
somewhat of a circular discussion as the ‘long run’ is defined as a period of
time over which the entrepreneur (farmer) is prepared to vary all resource
levels. Such a time period may be 1 day or perhaps several years. Thus,
whether the distinction between fixed and variable costs can be made depends
on whether a farmer wishes to make basic structural changes to his resource
structure. Given a farmer has a certain area of land, set of machinery and
buildings, and a permanent labour force which he does not wish to vary, the
distinction between fixed costs and variable costs can be made as the fixed
resources give rise to the fixed costs. In this case, fixed costs can be ignored
when planning as they will not vary no matter what farming system is used.
Qualifications, however, are made to this general statement later on.

(a) Level of output.

Total costs

$ Costs } Variable costs

Fixed costs

Level of output (e.g. fat lambs produced)

(b) Pattern of production or farming system. Assume a 250 ha farm. Given the
available machinery etc. this can be used to produce all fat lambs, all fat cattle,
or some combination.

+ Total costs

(may not be
linear)
Costs )
$ [} Variable costs
\> Fixed costs
Hectares of sheep 0 125 250
Hectares of cattle 250 125 0

Farm system

Fig. 10.3. Graphical representation of variable costs, showing variation with output
and the production pattern.
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Uses of gross margins

Given a fixed set of resources, the farmer’s decision problem, assuming his
objective is to maximize expected profit, is to select a farming system which
maximizes the expected total gross margin where the total gross margin is
defined as:

n

TGM = ZXigi = X1G1 + X2G2 + ... + XnQn
i=1

where:

x; = the number of units of product i produced;
g, = the gross margin/production unit of product i.
This TGM is the income available to ‘pay’:

fixed costs;
taxation;
consumable surplus.

Given this basic objective, gross margin estimates can be used in the following
ways:

Developing a farming system for a newly purchased property by select-
ing the products and production methods giving the highest gross mar-
gins. In doing this, however, it is not simply a matter of selecting the
product with the highest gross margin as there is probably a fixed resource
that limits the quantity produced (e.g. insufficient labour, machinery capac-
ity) to less than the whole farm. Further, soil fertility considerations may
limit the area produced. Thus, a combination of products must be selected
such that the resource requirements must not exceed the resources
available. That is, the system must be feasible and also sustainable.
Further, risk considerations must be also be taken into account.

Making marginal changes to an existing farm system. This is the most
common use of gross margins. Due to resource levels, the reluctance of
farmers to change rapidly, the availability of new breeding stock and other
constraints, it is difficult to make major changes to an existing farm sys-
tem within a short period. Thus, an improved system is developed step by
step. Gross margins indicate the direction each change should take.
Indicating profitable changes to the fixed cost structure. It was noted
earlier that gross margins are essentially a short-run planning tool. They
can, however, be used to indicate changes to the long-run fixed cost struc-
ture. If a particular product has a high gross margin but the necessary
resources for its production are not currently available, it may pay to pur-
chase these resources. Simply estimate the net change to TGM that would
occur if the product was produced (there will be an increase from the new
product but this may be partially offset due to a drop in production of other
products with resources being released) and compare this with the change
in fixed costs that would occur. Similarly, changing the level of existing
products may be worthwhile where the fixed costs are changed beneficially,
e.g. decreasing or increasing the size of the permanent labour force.
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e Gross margins can also be used in sophisticated planning techniques,
such as programme planning and linear programming, as will be discussed
later.

e Indicating profitable production processes and to compare alternative
factor—-product and factor—factor combinations. Gross margins can used
to compare alternative production processes for the production of the
same product. To do this a gross margin would be calculated for each
production method. An example might be the gross margins of wheat on
lighter land for different levels of irrigation.

A ‘comparative analysis’ may include actual gross margins achieved for the
various products produced as one of the statistics used for comparisons.

Difficulties in calculating gross margins

The major problem in calculating gross margins is to ensure that:

e The parameter values used relate to the particular farm and the ability
of the manager (the same applies to any budget); and

e The ‘products’ for which the gross margins are estimated are independ-
ent activities. That is, the output and input levels assumed do not rely on
this product being produced in some fixed proportion with some other
product. For example, a gross margin for a wheat crop may be estimated
assuming the crop follows a white clover (legume) crop. In this case the
unit ‘white clover—-wheat’ (a rotation) would have to be considered as the
‘product’, for one confers benefits on the other (N supply regime). Thus,
a gross margin for a whole rotation can be calculated and compared as it
is independent as a combination.

10.5 Programme Planning
Introduction

If no other information besides the gross margins is available it is difficult to
develop a feasible farming system other than through experience. No direct
account is taken of the fixed resource requirements by each product or pro-
duction process for which a gross margin has been calculated. To overcome
this problem the planning technique known as programme planning was
developed. This determines a farming system that maximizes the total gross
margin, i.e. maximizes short run profit. Unfortunately, it is not foolproof and
requires considerable judgement. An extension of this technique is linear pro-
gramming, which is relatively foolproof but requires many more calculations.
Fortunately, most modern computers have routines that automate linear pro-
gramming (Candler and Musgrave, 1960) solutions. The researchers who
developed programme planning tried to incorporate the advantages of linear
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programming without the calculational disadvantages. While this is no longer
relevant, the principles used in programme planning are well worth learning
as they provide a basis for intuitive decision making, and an introduction to
linear programming.

General method

The basic principle involves determining which resource is the most limiting
and then selecting products on the basis of giving the greatest return per unit
of the most limiting resource. For example, assume a farmer has 450ha of
good cropping land and only $5,000 of working capital without access to any
more borrowed finance. In this case the fact that he has 450ha is probably
irrelevant as he will have no opportunity of using all this land given only $5,000
to spend on fertilizer, fuel, seed, stock and all the other inputs necessary before
any income is received. Thus, the farmer’s level of working capital is the limit-
ing resource. He must attempt to use this working capital as efficiently as pos-
sible to maximize the return/unit of capital. It does not matter if the return/unit
of land is not as great as it could be as the land is not limiting.

For example, consider the case where the farmer must choose between
the following alternative products:

Sheep Cattle
Gross margin/ha (return/unit $80 $140
of land)
Working capital requirement/ha $12 $30
Return/unit of working capital 80/, =6.67 140/, = 4.67

It is clear that working capital limits production rather than land. Thus, to
maximize the total gross margin the farmer should produce sheep as this
alternative gives the greatest return per unit of the limiting resource: the
return/unit of land is less than what it could be as cattle have a greater
return/ha.

A system of producing only sheep will give the following statistics:

Number of hectares devoted to sheep = 5000/12 = 417
Number of hectares left idle = 450 — 417 = 33
Total Gross Margin = $80 x 417 = $33,360

In contrast to this system, if cattle were produced, the relevant statistics
would be:

Number of hectares devoted to cattle = 5000/30 = 167
Number of hectares left idle = 450 — 167 = 283
Total Gross Margin = $140 x 167 = $23,380

This example is very simple and somewhat unrealistic. It indicates, however,
quite clearly the principle that must be followed. Practical problems will contain
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many more alternative products and there will be many more resources
constraining or limiting production. Further, constraints may be imposed for
other reasons besides resource constraints. For example, a farmer might decide
that he should not produce more than 10 ha of potatoes for market uncertainty
reasons (to decide this you would need to know something about the shape of
his utility function). Another example would be the limit on the number of litres
of milk imposed by a nationally set quota to prevent oversupply.

Where there are many constraints and alternative products or activities
(each alternative production possibility is often referred to as an activity), the
selection process is more complicated. After selecting the activity with the
greatest return/unit of the most limiting resource at the maximum level, there
are usually resources left over, which can be used for other production. Thus,
the next step in the process is to select an activity that gives the greatest return
per unit of what now appears to be the most limiting resource of those remain-
ing. This process is continued until all of one of the resources required by all
activities is completely used so no further activities can be introduced into the
plan. Having reached this point, attempts are made to adjust the plan to see if
any idle resources can be used profitably. Thus, planning does not consist of
a well-defined set of rules enabling the unique optimal farming system to be
determined, but rather a basic principle (maximizing return/unit of the most
limiting resource) which is implemented in a somewhat trial and error
method.

Steps involved

The steps can be summarized as follows.

1. List the possible alternative activities and calculate their gross margins.

2. List the limiting resources and other constraints on production.

3. Calculate the per unit requirement by each activity for each resource and
constraint.

4. Estimate the return/unit of each resource earned by each activity.

5. Determine what appears to be the most limiting resource.

6. Develop a farm plan by firstly selecting the maximum level possible of the
activity that has the greatest return per unit of the most limiting resource.

7. If other constraints (e.g. risk constraint) prevent the most profitable activity
from using all the most limiting resource, select to the maximum level possible
the activity with the next highest return/unit of the resource. Repeat this proc-
ess until the most limiting resource is completely utilized.

8. Attempt to improve the developed farm system by making marginal
changes. These will involve either:

(i) Removing some of the activities in the plan so that with the resources
made available another activity which makes better use of some of the
idle resources can be introduced, or

(i) Altering the levels of the activities in the plan so that some increase at
the expense of others.
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In making these marginal changes the emphasis must be on re-estimating
what appears to be the most limiting resource and attempting to maximize
returns to this resource. In many cases the resource that was initially selected
as being the limiting turns out to be non-limiting.

Finally, examine whether or not changing the fixed cost structure (and thus
the resource levels) will improve profit. This may involve buying or hiring extra
resources thus enabling a change in the activities and their levels in the devel-
oped farming system.

It is clear that this process involves judgement and considerable trial
and error.

An example

The only way to obtain a clear understanding of the rules is to follow through
an example. Consider a farm with the following:

1. Resources and other constraints.
(i) Land 200 ha.
(ii) Working capital $6,000.
(iii) Maximum potatoes 6 ha — a limit on casual labour prevents any
more than this quantity.
(iv) Maximum wheat and/or barley 70 ha — soil fertility constraint.
2. Alternative activities and their resource requirements

Gross margin/ha ($) Capital requirement

Potatoes 320 200
Wheat 120 224
Barley 100 20
Sheep (12/ha) 80 40
Cattle (2/ha) 68 6

3. Return per unit of capital
Potatoes 320/, = 1.6
Wheat 129/,, = 5.0
Barley 190/,, = 5.0
Sheep 8%/,, = 2.0
Cattle %8/, = 11.3

4. The most limiting resource appears to be land, as:
(i) Potatoes are limited to 6ha of land. Capital is sufficient to produce
this level (6 x 200 = 1200).
(i) Wheat and/or barley are limited to 70 ha and there is sufficient capital
to produce this level (70 x 24 = 1680 for wheat; 70 x 20 = 1400 for
barley).
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(iii) Cattle are limited to 200ha by the land and there is sufficient capital
to produce this quantity (200 x 6 = 1200).
(iv) The only activity limited by capital rather than land is sheep. The limit
imposed by capital is 6000/40 =150 ha.
Given the above information, consider the selection of a farming system.

1. Select activities on the basis of their return to land:

Cumulative land Cumulative Cumulative total
use (ha) capital use (3$) gross margin ($)
Ist Selection
Potatoes 6 (constraint limit) 1,200 1,920
2nd Selection
Wheat +70 (constraint limit) +1,680 +8,400
Totals 76 2,880 10,320

Resources left: 124 ha, $3,120 capital.
Continue to select on basis of return to land.

3rd Selection — max

allowed by capital 3120 _ 78

Sheep 40
+78 +3,120 +6,240
154 6,000 16,560

No further activities can be selected as capital is fully utilized.
Thus, Plan 1 is:

Total gross

Land (ha) Capital ($) margin ($)
Potatoes 6 1,200 1,920
Wheat 70 1,680 8,400
Sheep 78 3,120 6,240
Total 154 6,000 16,560

2. Examine the plan to see if marginal changes can be made so that total
gross margin is increased. As capital has turned out to be the most limiting
resource the next logical step is to examine the return per unit of capital
achieved by each activity to see if more efficient use can be made of this
resource. Such an examination indicates cattle has the greatest return/$
and it is not in the current plan. Thus, introduce cattle at the expense of
some other activity. As potatoes have the lowest return/unit of capital
reduce the quantity to release capital for cattle production. Trial and error
calculations indicate that if potatoes are reduced by 1.4 ha $280 of working
capital is available for cattle production. This is sufficient for cattle to use all
the idle land.
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Thus, an improved plan is:
Land (ha) Capital ($) Total gross margin ($)

Potatoes 4.6 920 1,472

Wheat 70 1,680 8,400

Sheep 78 3,120 6,240

Cattle 47.4 264.4 3,221

5,984
(near enough

Totals 200.0 to $6,000) 19,333
Therefore the total gross margin has been improved by almost $3,000 and all
resources are used.

Continuing the search for profitable marginal changes, the only other
activity that can be introduced is barley. Wheat is preferable to barley, both on
a per hectare and per $ of working capital basis.

Thus the only other change that might be profitable is an alteration to
the levels of activities in the current plan. To examine this aspect see if the
activities with a greater return/unit of resource can be increased at the
expense of activities with a lower return/unit of resource. It does not
appear that this can be done in this case. The only way to test this is to
carry out a few changes and estimate the change in total gross margin. For
example, increase cattle at the expense of sheep, as cattle have a higher
return/unit of capital:

To increase cattle by 1 unit must decrease sheep by 1 unit as all the land
is currently utilized.

Net effect on TGM = +68 — 80 = -12
Thus this change is not profitable.

Therefore it appears as though the plan developed is optimal, although a
plan consisting of potatoes 6ha, wheat 70ha, sheep 70ha and cattle 54 ha
has a slightly greater TGM. This indicates that the programme planning tech-
nique is by no means foolproof.

10.6 Relationship Between Programme Planning
and Production Economics
Background

Programme planning attempts to determine exactly the same optimal point as
production economics would indicate as being optimal. It does this through
defining a separate activity for each point on the factor—product and factor—
factor curves and proceeds to select the combination of these activities that
maximizes profit. In practice, not every point on the curves can be repre-
sented by an activity as there are an infinite number of points.
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Fig. 10.4. Representing alternative production systems as points on opportunity

curves.

Sheep per
hectare

Fertilizer per hectare Bales of hay purchased

6000 kg wheat/ha

Mechanical weed control
(tractor expenses)

Graphically, a number of activities are defined to represent a number of
points, as shown in Fig. 10.4.

An obvious question is why use programme planning instead of production
economics? The reason is that in realistic problems, where there are several
products and many inputs and resource constraints, the maths involved in
directly applying production economic theory becomes too complex so that
the optimal point cannot in fact be determined.

The advantages and disadvantages of programme planning

Advantages

e [t complies with production economic theory through constructing a profit
maximizing programme on the basis of diminishing marginal return to the
limiting resource, i.e. it attempts to equate the marginal value product for
each activity.

¢ [t enables an estimate of the effect on profit of varying the resource levels
and thus the fixed cost structure of the property.

Disadvantages

e It assumes linear relationships, i.e. if 1ha of wheat requires 5h labour, it
is assumed 100 ha will require 100 x 5h. In reality, the requirement/unit
of the activity might decline or increase as the case may be.
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10.7

e It is not foolproof and requires considerable judgement. This comment
becomes more important as the number of alternative activities and con-
straints increases.

e Each activity must be independent. Thus, activities such as ‘haymaking’
cannot be considered as an independent activity providing feed for vari-
ous stock activities. These activities must be combined in a defined way
with stock activities to form an independent separate activity. (An activity
which produces a product that is used by other activities is referred to as
an intermediate activity.)

e It does not actively take account of risk and uncertainty and the farmer’s
attitude to risk.

Concluding Comments

Budgeting is the most important planning and general managerial aid for farm
advisory and consultancy work. It is also used in limited research work. The
basic principle involves making comparisons between alternative systems.
Successful budgeting, however, requires considerable experience, particularly
as it is impractical to compare all alternatives. Thus, a knowledge of produc-
tion theory and systems analysis becomes important in suggesting which sys-
tems are likely to be the most profitable for analysis.

To develop useful budgeting skills an analyst will benefit from an under-
standing of programme planning as this leads to insights into the structure of
typical, constrained, farm decision-making problems, and demonstrates the
importance of the principle of maximizing returns to the most limiting resource.
Furthermore, a good understanding enables an intelligent use of simple gross
margins analysis. A mentally based version of programme planning for devel-
oping improved farming systems with gross margins can lead to successful
systems.

Given complex problems, such as an intensive mixed cropping farm, the
need for large numbers of budgets makes a purely budget-based study difficult,
and mistakes can be easily made. Given all the necessary data has been
calculated it will become clear, after discussing linear programming, that the
data would be better used through linear programming.
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Introduction

A major component of farm business management is, of course, deciding on
the allocation of resources and the use of management techniques that maxi-
mize the farmer’s objective. A study of production economics provides a
framework within which resource allocation problems can be studied, but for
most real-world farming situations production economic theory cannot be for-
mally applied. This is largely due to the complexity of the maths involved and
thus the planning costs. Further, classical production economics does not take
into account uncertainty. Thus, operational planning techniques have been
developed. Two examples of simple techniques discussed in the last chapter
are budgeting and programme planning, but both have limitations. A tech-
nique with fewer limitations is linear programming (LP). As LP planning costs
are greater compared with e.g. budgeting, its major use is in developing farm-
ing systems on representative and large farms.

A study of LP does not provide new theories compared with advanced
production economics. However, students will find that LP provides a clear
understanding of the nature of the real-world farm decision problem and rein-
forces production economics. Furthermore, this understanding facilitates the
correct use of the simpler planning techniques such as budgeting and gross
margins analysis.

The study of LP is divided into eight topics over two chapters (topics 1-3
and 5 are in this chapter, and topics 6-8 in Chapter 12) and Appendix 3
(topic 4). The topics include:

1. The LP model of a farm (sections 11.2-4).

An introduction to the structure of the farm decision-making problem assumed
by the LP model.

2. The graphical solution of the linear model (sections 11.5-9).

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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An insight into the nature of an optimal farming system, which enables relat-
ing the LP model to production economics.

3. Obtaining solutions to sets of simultaneous linear equations (section 11.10).
As the LP model is a set of simultaneous equations, a technique that creates
solutions to linear equations is used to determine an optimal farm system.
This section provides a general discussion of the method.

4. The simplex method of solving LPs (Appendix 3).

The technique discussed in (3) is not computationally efficient. Modern com-
puters use matrix algebra to find solutions and, in its simplest form, the proc-
ess is called the ‘simplex method’. While analysts do not need to be familiar
with the technique, some will find an understanding useful. Appendix 3 con-
tains a description of the simplex method using the example problem pre-
sented in the previous sections for demonstration purposes.

5. The assumptions in the LP model (section 11.11).

This section contains a discussion and interpretation of the economic and
computational assumptions made in the LP model.

6. The LP solution (sections 12.2-6).

The solving technique used and the solution obtained is given an economic
interpretation. The solution provides a wide range of useful information for
farm decisions.

7. LP model building (sections 12.7-20).

To obtain realistic farming systems the LP model must comply with the real
world. This extensive section contains a discussion of how to fit real-world
problems into an LP format. This section provides the greatest insight of all
the sections into the nature of the decision problems faced by a manager.

8. The application of LP (sections 12.21-24).

These sections cover the practical use of LP and outline some of the applica-
tions to decision problems related to farming (determining least cost feed
mixes, and a least cost transport system for collection and delivery of farm
output and inputs).

11.2 The LP Model of a Farm
Constraints in a typical farm problem

To demonstrate the LP model, consider a typical farm problem. Assume 200 ha
of homogenous soil run by an owner-operator and part of a labour unit that is
shared between three farms. The farmer has estimated that labour is not a
problem no matter what farming system is used other than in September. In
this month the farmer has estimated 200 man h are available. Thus, any farm
system developed must not, for feasibility reasons, use more than 200 man h
in September. Further, due to the nature of the soil, the farmer has estimated
that no more than 70ha of grain crops can be grown in any one year for soil
fertility reasons. Potatoes are a possible crop, but due to the nature of the
potato market the farmer, being a risk averter, will not grow more than 20 ha.
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This is a typical farm management problem: a farming system to be
developed that maximizes an objective subject to satisfying constraints.
Summarizing these constraints:

e Land use cannot exceed 200 ha.

e Labour use cannot exceed the supply. But it has been estimated that any
farming system on the 200ha cannot use more than is available other
than in September. September labour use cannot exceed 200 man h. The
other periods can be ignored.

e Area of grain crops cannot exceed 70ha.

¢ Area of potatoes cannot exceed 20 ha.

The available products

The farmer can produce a number of different products using various forms
of production. Thus, he must select some combination of the alternatives to
form an operational farming system. For this example, assume that the alter-
natives are:

Gross margin

Wheat $100/ha

Barley $80/ha

Potatoes $240/ha

Sheep $5/ewe (includes cost of pasture, etc.)

In order to ensure that any farming system is feasible, i.e. does not violate
the constraints, information on the requirement of the various products or
activities for the resources must be known.

Assume these requirements are:

Input—output coefficient table

Requirements for resources/unit of the following activities

Wheat Barley Potatoes Sheep

Activity unit 1ha 1ha 1ha 1 sheep
Resource or

constraint
Land 1 1 1 0.1
September 0.5 3 4 0.2

labour
Max. grain crop 1 1 0 0
Max. potatoes 0 1 0

Note that if the activities had been defined in different units the input—
output, or requirement, coefficients would be different; e.g. potatoes could
have been defined in terms of 1t, thus the GM would be for 1t and if the yield
was 20t/ha, the land requirement would be 1/20th. What is important is the
units used across a row of the table must be the same.
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A feasible farming system

Given the information it is possible to define relationships that must be
satisfied if the farming system selected is to be feasible. First define a
term:

Let x; = the number of units of the jth activity produced.
Thus, a farming system will consist of values for every x ”

For example, letting:

x; = ha of wheat

x, = ha of barley

x4 = ha of potatoes

x, = number of sheep
then a particular farming system might be:

x; =60
x, =10
xq =15
x, = 2000

Is this system feasible? For any farming system to be feasible, the following
relationships must be satisfied:

1. Land: land use must not exceed supply. Thus,
200 = 1x; + 1x, + 1xq + 0.1x,

where the coefficients are the requirements per unit of the activities for land.
These are taken directly from the input—output coefficient table. Thus, the
right-hand side of the relationship represents the land use by any particular
farming system.

2. Labour: September labour use must not exceed supply. Thus:

200 > 0.5x; + 3x, + 4x5 + 0.2x,

3. Grain crops: the quantity grown must not exceed 70 ha. Thus:

700 = 1x; + 1x, + Oxg + Ox,
4. Potatoes: the quantity grown must not exceed 20 ha. Thus:
20 2 0x; + Ox, + 1x5 + Ox,4

Each of the relationships 1-4 must be satisfied. Thus, a feasible farming sys-
tem is a set of values for the x; such that the relationships are simultaneously
satisfied.

The objective function
Given a feasible farming system the total gross margin from such a plan will
be given by:
Z =100x; + 80x, + 240x5 + 5x,

where Z = total gross margin.
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The planning objective

The planning objective is to determine values for the X; (i.e. find a farming
system) that maximizes the value of Z but at the same time simultaneously
satisfies the resource use and supply relationships (the constraint relation-
ships); i.e. find values for the x ; which maximize

Z = 100x; + 80x, + 240x5 + 5x,
subject to:

(i) 200 > 1x, + Ix, + Ixg + 0.1x, (land)
200 > 0.5x; + 3x, + 4x5 + 0.2x, (September labour)
70 = 1x; + Ix, (max. grain crop)
20 = 1x4 (max. potatoes)

(ii) x;>20,x,20,x320,x,>0

This last requirement states the obvious. It is economic nonsense to consider
negative production of a product.
As the relationships are linear the typical farm problem has now been
framed as a linear programming problem.
This statement has used specific values for various coefficients. To convert
this specific problem to the general case, define the following terms:
Let C. = the net revenue (or gross margin) per unit of the jth activity (j = 1, 2, ... n);
bj = availability (or level) of the ith resource or constraint (i = 1, 2, ... m);
T = the requirement by one unit of the jth activity for the ith resource (i.e.
the input—output coefficients).
Thus, the LP problem is to find a set of X; values that maximize

Z= ixjcj
j=1

and satisfy:

(i) b= Z)cjr,-j(for eachi=1,2...m)
=1

(ii) X; 2 O (foreachj=1,2 ... n)

Gross margins analysis, programme planning and LP

The relationship between these planning tools is now clear. They all attempt to
achieve the same thing, to find the farming system that maximizes the total
gross margin given a defined set of resources and thus a defined fixed cost struc-
ture. Further, they can be used to explore the effect of varying the fixed cost
structure by allowing resources to be sold and purchased. The difference between
the methods lies in the degree of accuracy with which they estimate an improved
system. Gross margins analysis requires considerable judgement but little detailed
computational effort. In general, the opposite holds for LP. Thus, a study and
understanding of LP assists in the efficient application of gross-margins
analysis.
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11.3 Converting Inequalities to Equalities
The method

The problem has been expressed using inequalities. To solve the problem it is
necessary to convert the resource and constraint relationship inequalities to
equalities. One way of doing this would be to simply state, for example, that
land used must equal land supply, i.e.

200 = Ix; + Ixy + 1xg + 0.1x,

However, it is by no means sure that there will be sufficient of the other
resources to enable all the land to be used, thus this method is unsatisfactory
(in a few cases it may not pay to use all the land. Any ideas why?). A satisfac-
tory method is to define a new activity for each resource and other con-
straints. The level of this new activity associated with each constraint
represents the number of units of the resource which is not used by a par-
ticular farming system. Such an activity is referred to as a disposal, or slack,
activity as it represents the quantity of a resource that is not used (put into
‘disposal’).

Consider the land constraint. Let the level of the new activity associated
with land, i.e. the land disposal activity, be represented by x;. Thus, the land
relationship becomes:

200 = 1x; + 1x, + 1x3 +0.1x, + lx5

Note that the r,; associated with x; is set at 1. Thus, if x; = 10, this indicates
that 10ha of land are not used.

It should be clear why adding this activity enables converting the inequality
to an equality. This disposal activity accounts for the difference between use
and supply of land so that:

use of land < supply of land
is converted into
use of land + non-use of land = supply of land

As this activity is designed to record only the non-use of land, it does not
appear in any of the other constraints. In other words, the coefficient of ry
associated with x; in the other constraints is O.

Similarly, disposal activities are defined for the other constraints. Thus:

X, = non-use of September labour
X, = non-use of the maximum grain crop restriction
Xg = non-use of the maximum potatoes restriction

Thus, the set of relationships becomes:

200 = 1Ix; + 1x, + 1xg + 0.1x, + 1xg + Oxg + Ox; + Oxg
200 = 0.5x; + 3x, + 4x5 + 0.2x, + Oxg + 1x, + Ox; + Oxg
70 = 1x; + 1x, + Oxg + Ox, + Oxg + Oxg + 1x; + Oxg

20 = Oxy + Ox, + 1xg + Ox, + Oxg + Oxg + Ox; + 1xg
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Wrriting out the disposal activity coefficients by themselves in the form of a
table (matrix) shows that the coefficients associated with the disposal activities
are all zeros except for a diagonal line of ones:

This arrangement is referred to as an
identity matrix

[eNeNeRH
[Nl o)
o =+ 00
- O OO

Having added these disposal activities (sometimes called disposal, or slack,
variables), these new variables now appear in the objective function. As non-
use of a resource has, usually, neither a cost nor a return, the net revenue
(gross margin) of these activities is set equal to 0. That is:

Ci=C,=C,=C4=0
The objective function is now:
Z =100x; + 80x, + 240x5 + 5x,4 + Ox5 + Oxg + Ox; + Oxg

Given that disposal activities have been added to the problem, one
for each constraint, the general constraint relationship can now be
expressed as:

b = Zx}-r,-j(for eachi=1 2 ...m)
=1

where it is assumed there are m constraints, and thus m disposal activities,
and n possible activities.

The effect of adding disposal activities on the original problem

Adding disposal activities makes no difference to the optimal farming system
(a set of x) and its total gross margin (or total net revenue). An optimal solu-
tion to the original problem (i.e. the problem in inequality form) will also be an
optimal solution to the problem in equality form (augmented problem) and
vice versa. This is because the disposal activities are given a zero net revenue.
Consider:

1. The profit equation

Let Z* = optimal value of Z
X" = optimal value of X;

Then,

Z" =100x7 + 80x3 +240x35 + 5x3
=100x7 + 80x5 + 240x35 + 5x + 0xz + Oxz + 0x7 + 0x3

i.e. the set of xj* maximizing both equations are identical.
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2. Feasible solutions
Given the solution consisting of the x}.* (=1, ...n), then

200 = 1x; + 1x, + 1xg + 0.1x,

is satisfied no matter what the values of the disposal activities satisfying the
equality (provided they are positive), and similarly the other constraints are
satisfied, i.e. the solution is feasible. (If this were not the case the X; values
would not be optimal.)

Thus, the value of x; in order to convert the inequality to an equality can
be easily determined by noting the difference between use and supply of land.
Therefore a set of x;—xg can be determined such that x; (j = 1-8) will also be
a feasible solution. Thus a set of x. satisfying the original problem also satis-
fies the augmented problem and vice versa. Therefore, if the optimal farming
system for the augmented problem is determined, this will be the optimal
system to the original problem.

A Formal Statement of the LP Problem

By way of summarizing the preceding discussion, the following formal state-
ment can be made:

1. A farm firm employs a number of factors of production (resources and
other limitations on production) of which m are in limited supply (if a resource
is non-limiting it can be ignored).

Let b, = the available level of the ith resource (i = 1, 2 ... m) or constraint.
2. The firm can use up to n different production activities.

Let x; = the number of units of the jth production activity

(i=1,2,..n).

A particular set of x. represents a particular operational system (farm system).

Let P, be a code given to the jth activity for identification purposes (e.g.
potatoes = P.).

Let the net revenue, or gross margin, earned per unit of activity P;be C,
=1, ..n).
3. Denote the requirement by the jth activity for the ith resource or constraint
by r;; per unit of P.. Thus, the activity P; can be described by a column of T
figures (referred to as a column vector).
P =(n)
12;
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4. Thus, the total production technology of the firm can be described by a matrix
of coefficients. This matrix will have n column vectors and m row vectors.

Thus:
ni 12 nn
21 73 on
£ Y'mn

5. Adding disposal activities, this matrix can be expanded to form the follow-
ing matrix having m rows and n + m columns:

5 T nn 100 ...l 0
|2 Ton 010 ...l 0

1 0
Tnl  eveeerrnenrienenns n O 1

6. An operational system for the firm is defined by a set of values for the x,
(j=1,2...n)(orif disposals are added, j= 1, 2 ... n, n+1, ... n+m). For such
a system to be feasible, the use of resources must not exceed the supply.

Thus:

b = ixjrij (foralli=1, ... m)
If disposaji:allctivities are added:

b = fx;rij (foralli=1, 2, ... m)
Also, "

ijOforallj= 1,2, ...n+m
7. Denote the contribution of the jth activity to the value of the objective by
C; per unit of P;. Thus, the value of the objective for a set of x; values is given
by: .

Z=xC (j=12 ..n)

j=1
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8. Thus, an optimal operating system is a set of X; (j=1, 2, ... n+m) which
maximizes the objective function

Z= iijj
=1

and satisfies:

M b= xp (=12 ..m
j=1
() x>(G=1,2,..n+m)

11.5 Graphical Presentation and Solution
Introduction

To obtain a clear understanding of the LP framework for a farm problem, and
to see the form an optimal solution will take, it is necessary to consider the
problem in graphical form. As it is only possible to draw graphs for a problem
with two activities, consider the following simplified and slightly adjusted ver-
sion of the problem introduced before:

Max Z = 100x; + 200x,

subject to:
200 = 1x; + 1x,
200 > 0.5x, + 4x,
45 > 0x; + 1x,
Thus, x; and x, represent the hectares of wheat and potatoes.

The feasible values of x, and x,
There will be many pairs of values for x; and x, that will satisfy the constraints.
The problem is to find the pair that maximizes Z. First, however, draw a graph

delineating the feasible values of x; and x,. Set up a graph with values of x;
and x, on the axes:

hectares
( —>

of wheat)

T

(hectares of potatoes) X5




242

Chapter 11

The first requirement for feasibility is that X;2 0 for all j. Thus, to satisfy this
requirement we can only consider positive values of x,and x,. That is, only
points on the graph which are to the right of the x; axis and above the x, axis
are feasible. All such points are not, however, necessarily feasible as they may
not satisfy the other constraints.

The second requirement for feasibility is that b, > X Xjr; all i

1. Consider the first constraint. For feasibility the set of (x;, x,) values must
satisfy

200 > 1x; + 1x,

i.e. in terms of the graph, any point which lies on or below a line drawn
between the points x; = 200, x, = 0, and x; = 0, x, = 200 will be feasible
(satisfy the constraint).

land constraint line
X4

200 |

L Set of points representing x; and x, values
which are feasible with respect to 200 > x; + X,

I
200 X,

To find where the boundary line lies it is only necessary to change the inequality
to an equality and to express the level of one activity as a function of the other
(recall that this is how the product/product curve in production economics
theory is defined):

x; =200 - 1x,

Then, setting x, at various levels the value of x; can be determined and the
boundary points plotted. As the relationship is linear only two points are
required to draw the boundary line. Note that the slope of the line is:

dx,
dx,
(is this the marginal rate of substitution between wheat and potatoes?)

However, all points satisfying the first constraint may not simultaneously
satisfy the second.

--1

2. Consider the points satisfying the second constraint
200 > 0.5x, + 4x,
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X, —\ 400

> \ September labour constraint

50

Xo

Clearly, not all points in the area above fall in the area matching the first constraint.
Thus, to determine the area representing points that satisfy both constraints
simultaneously, superimpose the two constraint lines on the one graph:

X 400
! labour constraint

land constraint
200

50 X, 200

The shaded area represents the points (sets of x,, x, values) that satisfy both
constraints simultaneously. Points outside this area may satisfy one constraint
but not both together.

Similarly, the area or set of points which satisfies all the constraints
simultaneously is:

X, 400 .
labour constraint
/> maximum potatoes constraint
land constraint
200

N—>
\ feasible set of points

45 50 X5 200
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Simplifying, by removing the non-wanted segments of the graph, gives:

X, —/—> slope = -1 (=MRS)
200

feasible set

slope = -8 (= MRS)

slope = « (= MRS)

The boundary of the area is the production possibility frontier, which looks
similar to the product—product relationship of production economics
theory.

Having defined the feasible set the next problem is to find the points (a
pair of x;, x, values) from within this set which maximizes the value of the
objective function.

The profit-maximizing solution

Given that the gross margins per unit of P, will not decline as x, increases, it is
clear that production should never occur at a point within the feasible area (at
an interior point of the feasible set). The reason is that greater production is
possible given the same quantity of resources so that it will always pay (pro-
vided C ;> 0) to move on to a boundary point. The problem is to decide where
on the boundary to produce.

To determine the optimal boundary point, superimpose on the graph an
iso-profit curve. Given that:

Z = 100x, + 200x,

the slope of an iso-profit curve will be:

X _L_ZOOXQ
7100 100
-ﬁ:_g
“dXQ

Thus:
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Points of equal profit (the further the line from
200 - the origin, the greater the profit it represents)

slope =-2 (=-C,/Cy)

1
100 X,

Given that C. does not vary as x, varies, the slope of lines representing higher
and higher levels of profit will not change.

To plot a particular iso-profit line, set Z equal to the desired profit level,
set x; at an arbitrary (but reasonable) level and solve for x, (but remember x,
cannot be negative). Repeat with x; at various other levels and plot the x,, x,
points (only two points are necessary as the function is linear). As Z increases,
the curve representing points of equal, but higher, profit will be further and
further from the origin. Furthermore, they will be parallel (as slope does not
change as x. varies).

Given that profit is to be maximized, the optimal farm system will be
represented by the point on the production possibility boundary that is also on
the iso-profit line furthest from the origin. No other point will have a higher
profit and still be feasible. Thus, to determine the optimal point, superimpose
an iso-profit curve on the production possibility curve and move it parallel to
itself until it cannot be moved further from the origin and still have a point in
common with the production possibility curve.

That is:

Optimal point

X-
A= <

\
iso-profit lines
100

30 45
X2
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The optimal point appears to be at x; = 170, x, = 30, i.e. 170ha of wheat
and 30ha of potatoes forms the optimal farming system. In order to check
this, note that the optimal point is at the intersection of the land and labour
constraint lines, i.e. these resources are fully utilized. Thus, the x,, x, pair of
values must simultaneously satisfy these equations, and therefore can be
derived from simultaneously solving the equations:

200 = 1x; + 1x,
200 = 0.5x; + 4x,

If this is done, x; = 171.43, x, = 28.57. Profit at this point is:
Z=17143C, + 28.57 C, = $22,857.

(In order to obtain the true surplus, fixed costs must be subtracted from this figure.)
To check that the solution is feasible, the values of x. can be substituted
into the original constraint equations and evaluated.
Thus:

1. Useof land = (1 x 171.43) + (1 x 28.57) = 200
2. Use of labour = (0.5 x 171.43) + (4 x 28.57) = 200
3. Use of max. potatoes constraint = (0 x 171.43) + (1 x 28.57) = 28.57

All constraints are satisfied (in this case this was obvious. In a realistic problem
this is seldom obvious).

Solving this problem using the graphical method is particularly easy. With
realistic problems it is clear, however, the graphical method cannot be used as
the number of possible activities is greater than two or three.

11.6 The Need for Disposal Activities

200

Disposal activities are also known as ‘slack’ activities. The graphical presenta-
tion of the problem makes it clear why disposal activities must be included.
Consider the example problem:

A land constraint

labour constraint

max. potatoes constraint
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As the optimal solution will lie somewhere on the production boundary, there
is no point along the boundary at which all three constraints hold simultane-
ously as equalities without including disposal activities. Thus, in order to have
equality relationships holding at all points that might be optimal, the dis-
posal activities must be introduced.

Consider which disposal activities would be required at a positive level to
make the constraints hold as equalities along each segment and point on the
possibility curve:

(i) A—B: labour and maximum potatoes disposals as these two resources
are not fully used.

(ii) At B: maximum potatoes disposal.

(iii) B—C: land and maximum potatoes disposals.

(iv) C: land disposal.

(v) C—D: land and labour disposals.

11.7 The Important Features of the Optimal Point

Introduction

The optimal point exhibits special features that enable conclusions to be drawn
about the nature of an optimal solution. These lead to the development of an
efficient computational method for solving the problem.

Corner points and the optimal point

The optimal point will always be a corner point of the production possibility
frontier, i.e. a point lying at the intersection of two (or more) constraint
lines.

Consider the following production possibility graph:

iso-profit line
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The optimal iso-profit line, the slope of which is given by the ratio of the
prices of the activities

e
G
can only be in one of two general positions:

(i) With the only point in common between the optimum iso-profit line (or
price ratio line) and the production boundary at a corner point; or

(ii) Where the optimum iso-profit line is parallel to a linear segment of the
production possibility curve. That is:

A~

% NI
iso-profit line

Xo

Consider case (ii) above. In this case there are many points (an infinite number)
giving an optimal value of Z, all along segment AB. These are all alternative
optimal solutions. However, there are still two corner points (A & B) which
are in the set of alternative optimal solutions. Thus, there will be at least
one corner point which represents a solution having an optimal Z value (opt.
profit) in all cases. Thus, in determining an optimal solution, only corner
point solutions need be examined.

(Note that an optimal solution often exhibits stability as the ratio of activity
C S can vary over a defined range without the optimal point changing.)

range over which the price ratio can vary

X5
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The nature of corner points (extreme points)

200

Given that disposal activities have been included, any corner point of the pro-
duction boundary represents a solution to the problem in which m of the X,
are at a positive level, and all other x. are equal to 0 (where m = number
of constraints). Thus, if the number of activities (real and disposal) equals
m+n and the number of constraints equals m, then an optimal solution will
have:

o mofthexj(j=1,2, ...m+n)>0
o nofthex].(j=1,2,...m+n)=0

To see this, consider the graph of the example problem and examine each
corner point and determine the number of variables that are at a positive level
for each point:

A land constraint

labour constraint

max. potatoes constraint

X; 45

Let x4 = hectares of land disposal,
x, = hours of labour disposal,
xg = hectares of max. potatoes disposal.
(a) Point A
x;>0,x,=0,x3=0,x,>0,x;>0

i.e. all land is used, some labour is not used and all of the max. potato con-
straint remains non-used. Total variables at positive level = 3.

(b) Point B
x;>0,x,>0,x3=0,x,=0,x5>0

Total variables at positive level = 3.

(c) Point C
x;>0,x,>0,x3>0,x,=0,x;=0

Total variables at positive level = 3.
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(d) Point D
x;=0,%x,>0,x3>0,x,>0,x5=0

Total variables at positive level = 3.
Thus, the number of variables at positive level at all comer points is three. This
number is equal to the number of constraints in the problem (in general, this is m).

Conclusion

11.8

In looking for an optimal solution, only solutions containing m (the number of
constraints) variables at a positive level need be examined. Furthermore, it is
clear that there will only be a finite number of corner points and thus a finite
number of solutions with only m variables at a positive level. Thus, a solving
process that looks at the corner points will eventually find the optimal solution.

An Outline of the Solving Process

The practical solving process uses an iterative procedure. It initially finds a
solution representing a corner point and examines whether or not moving to
corner points immediately adjacent to it will improve profit. If not, an optimal
solution has been reached. If profit can be improved, the solution representing
the adjacent corner point is determined. This process is repeated until the
optimal corner point is found. Graphically:

second solution

third and optimal solution

start here

Xa

Note that if at each step, or iteration, the profit improves, then all corner
points do not have to be examined when searching for the optimal point.

Given many activities and many constraints, a multi-dimensional produc-
tion possibility frontier is obtained. The principles discussed for the two activ-
ity problem (two dimension) apply in exactly the same way for this
multi-dimensional problem.
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11.9 Production Economics and LP

Production economics shows that the profit maximizing point for the
constrained product-product problem is where:

Marginal rate of substitution between products = the negative of the
inverse of the product price ratio

AY: _ P
AYZ P, Y2
i.e. MVP; = MVP,
Where MVP is the marginal value product;
Y, and Y, = output of products 1 and 2;

and P, and Py, = product prices per unit of output.
In other words, production must be organized so that the above condition

is met. Graphically:
) tio li Py,
rice ratio line | —
p PY1

production possibility curve

Y

Recall that the production possibility curve must represent the maximum
possible output given the resources available, i.e. represents technically
efficient points.

The above situation is very similar to the LP problem. Consider the exam-
ple problem. If x, is adjusted to represent the output of wheat (kg) and x, kg
of potatoes, the problem becomes almost identical. In the LP problem the
production possibility curve is segmented so that the marginal rate of substitu-
tion does not continuously change. Thus, in general it is impossible to exactly
equate the marginal rate of substitution with the price ratio. Therefore, the
optimality condition in the LP problem is:

A particular point is optimal if there is no other point with the marginal rate of
substitution (MRS) of the segments surrounding it as nearly equal to the inverse
of the product price ratios at this point (though occasionally MRS = Price
Ratio).
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price ratio line

Point A is where the slope of the
segments surrounding it are more
nearly equal to the slope of the
price ration line compared with

all other points.

The classical production economics optimality condition can only hold given
a continuously curving possibility curve. If in practice this does not hold, then
the LP optimality condition becomes the important condition.

There is a direct correspondence between LP and production econom-
ics only if the production activities in LP are technically and financially
efficient producers of the product. In defining the wheat activity for
example, there is no assurance that this is the case. That is, in production
economics terms, given the resources available, there is no assurance that
the factor—factor optimality condition is satisfied. Graphically, for a particu-
lar product:

iso-quants (use market values for the

Resource resource prices)
One

optimal point

/ budget line = price ratio

Resource two (technical unit = 1 hectare)

However, if for each product a number of activities are defined, each one of
which uses the resources in a different proportion, then it is likely that one of
these will approach the optimal combination. The LP routine will select the
particular activity which maximizes profit. Thus, an activity could be defined
for each of the following points, each would have different ry coefficients and
a different gross margin.
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Resource
one X

technical unit = 1 hectare

Resource two

There is one further point to consider in the comparison. Production
economics requires that, at the optimal point for each resource and inputs:
Marginal return > Marginal cost

MR
ie. ——21
Le. viC

because MR will be greater than MC at the optimal point if there are insuffi-
cient resources to enable the MR = MC point to be reached. In defining the
LP activities there is no assurance that MR/MC will equal the optimal ratio.
However, if a sufficient number of activities for each product, each one with
a different combination of variable factors, is defined then the LP routine will
ensure that one with MR/MC at approximately the same ratio will be
chosen.

That is, for each product that uses the fixed resources in a given propor-
tion, define a different activity (each of which will have a different C j) for each

point on:
Py
Price ratio [ —
Py

Output (Y)

Activities for beyond point A
need not be defined as they
will be suboptimal as
MR<MC

Input (X) Technical unit = 1 hectare

Thus, provided a sufficient number of different activities are defined for
each alternative product (each one will have either different r;; and/or Cj
coefficients), there is a one-to-one correspondence between production
economics and LP where linear relationships can be used to represent the
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production possibility curve. Note that a study of production economics can
be directly related to practical problems through LP as it is an operational
method for solving practical problems. Similarly, the relationships between
gross margins analysis and LP has been made clear. Correspondingly, the
relationship between production economics and gross margin analysis should
also now be clearer.

11.10 Details of the Solving Process
Introduction

Given a set of m simultaneous equations that represent the constraints of an
LP problem, there will be many different solutions (that is, sets of x, values)
that satisfy the equations. Of these solutions, it has been shown the only ones
of interest have m variables (m = number of constraints) at a positive level,
and n variables at zero level (n+m = the number of disposals and real activi-
ties). Thus, to solve a LP problem a method that provides solutions having this
property is required. Given a ‘m’ variable solution it can be checked to see
whether any changes will increase Z (the total gross margin). If a change
improves Z, this change is made. This iterative process is continued until an
optimal solution is obtained. Optimality is identified by checking that any
change to this solution will only reduce Z.

This section outlines a method for obtaining an ‘m’ variable solution,
including how to develop a new solution with a greater Z value. The method
developed is not an efficient operational technique but it does provide an
understanding of the principles involved, which are required for efficiently using
LP. The details of an operational system (Simplex method) are provided in
Appendix 3 for students who might wish to create a computer program or bet-
ter understand readily available packages. The basic principles used in both
systems are identical.

Equations in canonical form

Take any set of simultaneous equations. If this set has the following general
form it is said to be in canonical form:

b1 = ].X1 + OXQ + 0X3 + ... + qu TR g1Xqr1 T Ngr2Xge2 T ooneet
b2 = 0X1 + 1X2 + 0X3 + ... + OXq t 12 q+1Xg+1 T T2g12Xg+2 t --oen.
b3 = OX1 + OX2 + 1X3 + ... + OXq + 13q41Xge1 T B3 gr2Xge2 + ooenen
b, = Ox;+ Oxz + Oxz + ..... + 1xq + TygaXga T TygeoXgsz+ oenen
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The general nature of the form is easier to see if the x terms are left out:

b =1 +0+0+ ... + 0+ g + gz + oeene
bp =0+1+0+ ... + 0 + g + gz + e
3:0+0+1+.....+O+r3,q+1+r3,q+2+ ......
1
1
by =0+ 0+0+ .. +1 4 101 + Iygez + cenen.

An identity matrix (a diagonal set of 1’s, O elsewhere) appears within the
set of coefficients. In any particular case, the order of the variables may
need to be re-arranged to make the identity matrix coefficients appear side
by side.

The above definition is in algebraic terms. Using words, a set of equations
in canonical form is defined as:

For every row (equation) there is a variable (x) which has a coefficient (rij) equal
to 1 in that particular row and a O coefficient in all other rows.

Note that the constraint equations for an LP problem, given that disposal
activities have been added, are in this form. For example, consider the exam-
ple problem used before. The constraints with disposals added were (x; =
hectares of wheat, x, = hectares of potatoes).

200 = 1x; + 1x, + 1xg + Ox, + Oxg
200 = 0.5x; + 4x, + Ox3 + 1x, + Oxg
45 = 0x; + 1x, + Oxg + Ox, + 1xg

The disposal activities coded P;, P, and P provide variables that satisfy the
above definitional requirements.

A solution to a set of equations in canonical form

A solution to a set of equations in canonical form which has only m variables
at a positive level is immediately available by inspection. This solution is given
by the following:

Set the variables which have a unit coefficient in a particular row, and zero
coefficients in other rows, equal to the left-hand-side constant of the row in
which the unit coefficient appears. Set all other variables equal to 0. Note
that as there are m rows, there will be m variables at a positive level.

For example, consider the example problem:

200 = 1x; + 1x, + 1xg + Ox, + Oxg
200 = 0.5x; + 4x, + Ox5 + 1x, + Oxg
45 = 0x; + 1xy + Oxg + Ox, + 1xg
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An obvious solution is:

X =200

X, =200 (check to make sure this is a solution)
X; =45

X =X%=0

This solution for this particular example is one in which no production occurs.
All resources are put to ‘non-use’. This is the starting solution used in the itera-
tive LP solving process as it is an easy solution to obtain in order to start the
process. (The associated Z = 0.)

Graphically, this solution is the origin of the feasible set graph:

corner point of feasible set representing
200 non-use of all resources
X
X5 45

In obtaining this general kind of solution the equations and variables do
not have to be arranged such that the variables with a unit coefficient in one
row and zeros elsewhere are side by side. They can appear in any order pro-
vided there is in fact one such variable for every row.

Some terminology

A solution to a set of m simultaneous equations in which only m variables are
at positive levels is referred to as a basic solution. (Recall that such a solution
represents a corner point on the production possibility boundary, and that an
optimal solution will be a basic solution.)

The m variables at positive levels are referred to as basic variables. The
other n variables at zero level are referred to as non-basic variables (where
the total number of variables, both real and disposal, = n+m).

Obtaining new basic solutions

Assume there is a set of equations in canonical form and, therefore, a basic
solution. Further, assume that if:
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(@) One of the variables at a positive level is set equal to 0 in a new
solution, and
(b) One of the variables previously at zero level is set at a positive level in this
new solution,

the profit from the new solution is greater than the profit from the old (i.e. old
Z < new Z). Later it is shown how to ensure this is the case.

To determine the variable values in this new solution it is necessary to
determine a new canonical form (a new basic solution).

This is achieved by adjusting the equations so that:

(a) The m variables to be positive in the new solution have a unit coefficient
in one row and zeros elsewhere, and

(b) The unit coefficients do not appear in the same rows (i.e. the coefficients
must form an identity matrix).

1 0 0 .. O
0o 1 0 .. O
o o0 1 .. O
o ... ... .. 1

By adjusting the equations is meant using simple calculations such as multipli-
cation, division and subtraction of the equations using constants as required.
Using these simple operations to both sides of any equation does not alter the
basic relationships the equations express. The adjustment processes must be
selected so that the equations end up in the desired canonical form. Once this
has been done a new basic solution is self evident.

For example, take the first two equations of the example problem:

200 = 1x; + 1x, + 1xg + Ox,
200 = 0.5x; + 4x, + Ox5 + 1x,
The current basic solution is:

x5 = 200 (200 ha of land in disposal)
x, = 200 (200h of September labour in disposal)

Now, assume for the moment that a new basic solution with variables x; and
x, positive is required. Thus, the equations must be adjusted so that:

(@) The variable x; has a unit coefficient in one row (equation) and a zero
coefficient in the other, and

(b) The variable x, has a unit coefficient in the row (equation) in which x; has
a zero coefficient, and has a zero coefficient in the other row (equation).

Having done this, the basic solution becomes self evident, i.e.

x, = left-hand-side constant of the row in which the unit coefficient
attached to X, appears
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x, = left-hand-side constant of the row in which the unit coefficient
attached to x, appears.

Note that in adjusting the equations the left-hand-side ‘constants’ will change.
Now, examine how the required canonical form might be obtained:

(@) As x; has a unit coefficient in row one and x, has a zero coefficient in the
same row, equation one is already in the desired form.
(b) Thus, adjust equation two (row two) such that x, has a unit coefficient.

Using trial and error, it is found that the following steps give the desired
form:
(i) Multiply equation two by 2.
5400 = 1x; + 8x, + Ox5 + 2x,
(ii) Subtract equation one (row 1) from the product, i.e.

400 — 200 = (Ix; — Ix;) + (8x, — Ix,) + (Oxg — Ixy) + (2x, — Ox,)
- 200 = Ox; + 7x, — Ixg + 2x,

(iii) Divide the result by 2:
- 100 = Ox; + 3.5x, — 0.5x5 + 1x,

Thus, the equation is in the desired form.
The basic solution is now evident. Putting the two equations together:

200 = 1x; + 1x, + 1xg + Ox,
100 = Ox; + 3.5x, — 0.5x5 + 1x,
the solution is clearly:

x; = 200 (200 ha of wheat)
x, = 100 (100 h September labour non-use)
Xy =x3=0

Similarly, the other basic (corner point) solutions could be determined. (These
are the following combinations at a positive level: x; and x,, x; and x5, x,
and x5, x, and x,.) It is clear, however, that given many equations the trial
and error method of adjusting the equations could become difficult.
Fortunately, there is a set of rules that enable the equations to be adjusted
into the desired canonical form with a minimum of calculations, as explained
in Appendix 3.

Determining the change in profit that would occur if a variable
is made positive

The basis of the method

Given a basic solution, to decide the variables to include in a new basic solu-
tion that has a greater profit, determine the effect on profit of making one of
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the variables at zero level become positive. (In moving from one basic solution
to another, only one variable is increased above zero and another dropped to
zero. All other variables in the basic solution remain at a positive level, though
the levels will probably change as the equations are adjusted.)

Recall that given a basic solution, all resources are ‘used’ by the variables
or activities at a positive level (this ‘use’ may of course consist of non-use if a
disposal activity or variable is at a positive level). Thus, if a variable (activity)
which is at zero level is increased above zero the levels of the other basic activi-
ties must decrease to free up resources to allow its production (in a few cases
where a basic activity actually provides resources they will increase in contrast
to the mainly resource using activities, e.g. a resource-buying activity).

If an activity’s level is increased above zero by one unit the profit made by
the current solution will:

(i) Decrease by an amount equal to the sum of the drop in each basic activity’s
level multiplied by their gross margins (in some specialized cases an activity
level may increase).

Let this sum = Zj (. refers to the activity increased from zero level to one,
i.e. x; goes from 0 to 1);
(ii) Increase by an amount equal to the gross margin of the activity which is
increased from zero to one. That is, by C}..

Thus, the net effect of introducing one unit of a non-basic activity into a solu-
tion is given by:

Zj - Cj
If this sum is

(i) Negative, profit will increase as the gain is greater than the decrease in
profit,
(ii) Positive, profit will decrease as the gain is less than the decrease in
profit.

Thus, given a non-basic activity with Z; — C; negative, if this activity is intro-
duced into a new basic solution (in so doing, one of the other basic activities
will become zero), the total profit of the new plan will be greater than the total
profit from the old plan (old basic solution).

Determining Z; - C]

The gross margin (or net revenue) (C }.) has already been worked out. To calcu-
late Z ; we need to know:

(i) The amount by which each basic activity changes as the jth non-basic
activity is increased from O to 1, and
(ii) Each basic activity’s C y (which is already available).

Working out how much each current basic activity will change is directly
observable from the equations representing the basic solution. To see this, first
define some terminology. Let the level of a particular basic activity be referred
to as the level of the ith basic variable (i = 1, 2, ... m). Thus, the left-hand side
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of one of the equations will indicate the level of the ith basic variable. Let this
equation be referred to as the ith equation (i = 1, 2, ... m). Normally they are
numbered sequentially from top to bottom. For example, given:

80 = 1x; + 5x, + 28x5 + Ox,
10 = Ox; + 2x, + 4xg + 1x,
the basic solution is x; = 80, x, = 10, x, = x5 = 0, and

(i) If x, is called the 1st basic variable, then the first equation is called equation 1.
(ii) If x, is called the 2nd basic variable, then the first equation is called equation 2.

Thus, the following statement can be made:

The amount by which the ith basic variable will decrease (or increase) if the jth
non-basic activity is increased by one unit is given by the coefficient (adjusted rij)

attached to the jth variable (x ].) in the ith equation. A +ve coefficient indicates a

decrease while a —ve coefficient indicates an increase.
Thus, in the above example, if x, were increased by one unit, then:

(i) x; would decrease by 5 units,
(ii) x, would decrease by 2 units.

Given this information, Z. can now be worked out by multiplying these figures
by the C. of each basic activity and summing the products.

Returning to the example problem originally used, consider how to esti-
mate Z i~ C ; assuming x, was increased from zero to one:

200 = 1x; + 1x, + 1xq + Ox,

100 = Ox; + 3.5x, — 0.5x5 + 1x,
(C,=100,C,=200,C;3=0,C, =0)
Z,=(1x100) + (3.5 x 0) = 100

5. Zy-C, =100 - 200 =-100

Thus, introducing the activity coded P, into a new basic solution would increase
profit by $100 for each unit. Similarly, Zs—C3=(1x100)+(-0.5x0)-0=
100. Thus, if x5 was increased above 0, profit would decrease.

A solving method

Given a basic solution to start with, the solving method is:

(i) Determine the Z =G for each non-basic activity. Select the one with the
most negative Z, — C;;
(ii) Adjust the equations so that they are in canonical form with respect to the
new set of basic activities. These are the old set less one variable, plus the
new activity;
(iij) Recalculate Z, - C, and repeat the process until all Z; - C; are zero or
positive.
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Marginal rates of substitution

The coefficients obtained in each adjusted set of equations are the marginal
rate of substitutions between the products (activities). The coefficients in the
ith equation or row that is attached to the jth variable (i.e. adjusted r, ) is the
marginal rate of substitution between the ith basic activity and the jth non-
basic activity.

Thus, each equation is in fact the production possibility equation with
respect to the ith basic activity and the non-basic activities. Thus, considering
row two from the example problem:

100 = Ox; + 3.5x, — 0.5x5 + 1x,
- x4 = 100 - 3.5x, + 0.5x,4
. 9Xq

e 0.5=MRS (the partial derivative — the quantity by which x,
2

changes as x, changes one unit)

Production economics states that for optimality, MRS = negative of price
ratio.

In calculating Z - Cj the procedure is seeing whether this holds. If the
MRS is greater than the price ratio (so that Z - Cj < 0), the activity is intro-
duced into the solution.

Consider the above equation from the example problem and assume C,
=200,C; =0, C, = 20.

Then, using LP terminology:

Z, - C, = — 130 (conclude increase P,) and
Zy — C3 = - 10 (conclude increase P.)

Using production economics methods:

aX4
—=-35
(a) aXQ
-C, 200
—<=-"""=10
Cqy 20
Conclusion: increase P, as MRS > price ratio.
b) % _05
8x3
G __0__
Cq 20

Conclusion: increase P; as MRS > price ratio.

Where the problem has many equations, the same principles apply. In effect,
the Z; - C; indicates the marginal net return as a result of making a marginal
change to the current plan.

(Note that if the negatives are dropped from the MRS and the price ratio,
a negative Z; — C; indicates MRS < price ratio.)
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11.11 The Assumptions of the LP Model

Introduction

Linear programming will determine the profit-maximizing farming system
provided the real-world problem fits the attributes, or assumptions, of the
linear model. These assumptions are listed below.

As with many models, however, it is doubtful whether many real-world
problems comply perfectly with the LP model. When deciding to use an ana-
lytical technique an assessment must be made of the loss in potential profit
from using an imperfect model compared to alternative analytical techniques.
This assessment must consider the costs of solving the problem using the
alternative planning models (e.g. for many farm consultancy jobs, budgeting
may well be the optimal choice).

The assumptions

The objective function

(1) The farmer’s objective

It is assumed that the farmer’s objective is to maximize short-run profits
(i.e. to maximize the total gross margin). If the farmer has another objec-
tive, and this can be quantified, this can be used in place of the monetary
objective. However, any objective used must give rise to a function of the
form:

Z=3 xC

In many problems a monetary objective is used with additional constraints
being added to satisfy some of the farmer’s other requirements. For exam-
ple, for a farmer who enjoys producing lambs a constraint stating that a
minimum number must be produced can be included; similarly for leisure
time.

Many farmers are prepared to vary their resource structure so their
decision problem has a long-term nature. To handle this situation asset buy-
ing and selling activities may need adding using advanced forms of LP to
ensure only whole numbers appear in the solution (e.g. you cannot buy half
a tractor). In addition, information on the resource MVPs provided by the
solution indicates the changes which should be made. Also, repeated solu-
tions could be determined for a range of problems, each with a different
resource combination. Comparing the profit from each solution indicates
the most profitable resource combination. This is the same technique used
in gross margins analyses to indicate whether a change to resource struc-
ture would be profitable.

(2) The form of the objective function
Linear programming assumes that the objective function is linear. This implies
there is:
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(i) No interaction between the activities; and

(ii) The net revenues (C, values) do not vary as x, varies.

Consider (i) above. This means that the C. of a particular activity must not
vary no matter what other products are produced. In some cases this will
be unrealistic. Thus, for example, it must be assumed that the Cj of a
wheat crop would not change if the wheat crop follows a white clover crop
compared with, say, another wheat crop. In some cases these problems
can be overcome through, for example, combining activities in which these
interactions occur to form an independent activity. Thus, an activity con-
sisting of 1ha of wheat and 1 ha of white clover might be defined as single
entity.

Consider (ii) above. This assumption implies a number of things.
Firstly, that the price received per unit of product does not vary as the
output increases (i.e. a perfectly competitive market is assumed to exist).
In general, this is realistic for primary production in the world market.
Second, it implies that there will be no management efficiencies, or inef-
ficiencies, as x. varies (i.e. constant returns to size). Thus, for example, it
assumes that the wheat yield does not vary as the number of hectares of
wheat produced increases. In general, it assumes that any component of
the C}. will not vary as X; varies. Effectively, a linear profit equation is
assumed.

Profit Majrgmal r‘eturn
from to ICncreasmg X;
activity P, =0
i = a constant
X

In some farming situations this assumption does not hold. Where, however, C.
decreases as x; increases, this situation can be approximated by defining a
number of different activities for the same activity. Each activity will be the
same except for its C ;- These will decrease from activity to activity and each
will be constrained to a maximum level commensurate with the range over
which its particular C; applies. For example, consider a wheat activity whose
C. declines as x; increases.

This situation might be approximated using the following activities and
constraints.
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Cj— $150 $140 $130 $120
Wheat 1 Wheat2 Wheat3 Wheat 4

Max. wheat 1 : 100 > 1 0 0 0
Max. wheat 2 : 150 > 0 1 0 0
Max. wheat 3 : 200 > 0 0 1 0
Land constraint 200 > 1 1 1 1
Labour constraint 4000 > 5 5 5 5

etc. for the other constraints.

(This simplex tableau-type table is used to represent the equation so that the values of x do
not have to be written in.)

Thus, a curved relationship is being approximated with a series of linear
segments:

Profit
from
wheat ($)

5

OF----cc o=

0 150 200
x wheat (ha)

_

Where the C. increases as x. increases the above linear segmentation tech-
nique cannot be used as the most profitable activity does not hold until all the
other levels have been utilized. The LP system first selects the activity with the
greatest Z — C, yet with increasing returns this activity should be selected last.
The opposite occurs for decreasing returns and does not, therefore, violate
the quantity application ranges.

The marginal rates of substitution

The LP model assumes that the marginal rates of substitution between products
do not vary as:

(i) x. varies; and

(i) The combination of activities produced varies.
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Recall that the basic input—output coefficients define the MRS between the
products, so this assumption implies that the original r;; coefficients do not
vary as x; varies and/or the combination of products produced (the farming
system used) vary.

Consider (i) above. This assumes that, for example, the labour require-
ment per ewe does not vary as more ewes are produced, that the feed pro-
duced per hectare of lucerne does not vary as the hectares of lucerne is
increased, and so on.

Graphically, this assumption implies:

x ——

In many cases this is probably reasonable, but not always. For example, it is
likely that the per ewe labour requirement would decrease slightly as the
number of ewes carried is increased (it does not take twice as long to
shift a mob of sheep twice as big). Where the per unit requirement for a
resource by an activity increases as X; increases, this situation can be approx-
imated using the linear segmentation approach; i.e. a number of activities
would be defined, each one being identical except for the relevant r, j which
would increase. Each activity would be limited to a maximum with a
constraint.

Consider (ii) above. This assumes that a particular r, j will not change no
matter what other activities are produced. The r coefficients are assumed
to be independent. For example, where a separate wheat activity is defined
it is assumed its machinery requirement will not change no matter what
crop precedes or follows it. This is clearly unrealistic in some cases. To
overcome this problem those activities that are not independent must be
combined.

Divisibility
Linear programming assumes that all products can be produced, all inputs

purchased and all resources used in fractional units. For example, the opti-
mal solution might indicate that:

(i) 6.7411 pedigree Friesian bulls should be sold;
(i) 2.3459 tractors should be purchased and used;
(iij) 56.8431ha should be in lucerne.
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The importance of this assumption depends on the particular problem being
solved. Some items can be purchased and sold in fractional units, e.g. fertilizer
and seed; however, others cannot. Items that are physically small and have a
low cost per unit in the case of an input, or a low return in the case of a prod-
uct, can be rounded to the nearest whole number (nearest integer value) with-
out a significant loss in accuracy or feasibility. For example, rounding an
optimal solution to the nearest ewe will have little effect, similarly for the
number of hectares of a crop.

For expensive items that do not come in fractional units, such as a tractor,
a header, a labour unit, rounding to the nearest integer will most likely result
in considerable inaccuracy. For LP problems where integer items can be
bought and sold (i.e. the ‘fixed cost’ structure is being considered for possible
change) the LP model will probably give an incorrect answer. It must be noted,
however, that there are some special techniques available that overcome these
problems.

Rounding may give an infeasible solution as with rounding down there
may be insufficient ‘facilities’ available. For example, if the optimal solution
indicates 3.34 labour units should be employed, rounding to 3 labour units will
mean there will be insufficient labour. Further, the reason why rounding may
give an inaccurate solution (one that is sub-optimal) is that there is no evi-
dence to suggest that rounding to the nearest integer will give a plan with a
greater profit compared with a plan having the variable rounded in the oppo-
site direction. Thus, in the labour example above, rather than redevelop a plan
having three labour units it may in fact be more profitable to use a four labour
unit farming system.

As most farm problems involve products and inputs which can be rounded
without a large loss in accuracy, the divisibility assumption is not extensively
restrictive on the use of LP. Where it is, what is known as integer program-
ming can be used. While this is computationally more demanding, modern
high-speed computers can economically solve most problems. Where only a
small number of variables need be integer, and the number of possible values
is small (e.g. a choice between one or two tractors), it is possible to solve the
problem firstly assuming one tractor, then assuming two, and finally compar-
ing the returns of the two solutions relative to the tractor costs.

Certainty

Linear programming assumes that prices, costs, input—output coefficients,
yields and resource levels are all known with certainty. Further, it assumes that
the farmer’s utility function is linear so that he will be indifferent to risk.
Clearly, most of these assumptions are incorrect, with most variables being
random variables. Conceptually, the shape of the various coefficient distribu-
tions should be taken into account when planning.

If a farmer’s utility function is linear, his objective is to maximize expected
profit. Thus, the normal assumption is that the farmer does have a linear util-
ity function so expected values of the prices, costs and input—output coefficients
can be used. In many cases this will give a reasonable answer, but the solution
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will not usually be optimal as the randomness of the variables has not been
actively taken into account. (This problem was discussed for the use of expected
values in budgets.) A plan that is developed using expected values may be
infeasible in some years if a poor combination of the variables eventuates,
and vice versa.

Some of the above problems can be overcome by adding special con-
straints in an attempt to recognize the fact that few farmers are indifferent to
risk. For example, constraints can be added, limiting the area of risky crops,
and conservative prices and yields used.

In general, this certainty assumption is the most limiting assumption of
LP. It is a problem many methodological research workers have attempted to
solve, with some progress. Students interested in following this through should
search for articles on LP risk models. A technique known as multi-stage risk
programming is relatively realistic, but very demanding on computer resources
and analyst’s abilities, but other less demanding methods can be used with
reasonable success.

Finiteness

Linear programming assumes that there is only a finite number of different
activities that need to be considered. This is an obvious assumption as there is a
limit to the size of the problem that can be solved. Even with modern computers
there is a limit to what can be handled in a reasonable time period (reasonable
cost) and accuracy. With very large models accuracy can be a problem, as
checking coefficients and assessing the logic of equations can be daunting.

The importance of this practical assumption depends on the particular
problems. In normal farm system problems the limitation is more about the
abilities of the analyst rather than the computer capacity. It is only where
multi-stage risk models are attempted that computer power might be a prob-
lem and, as noted, the complexity of the model might be more of a problem
for the analyst than the computing limits. The availability of detailed data
might also be a problem.

Concluding comments

With imagination many integer, risk, multi-period (dynamic), multi-objective
and non-linear problems can be adequately represented using a ‘linear’ pro-
gramming model. To enable accuracy and completeness in these cases it is
often necessary to use computer programs to generate the model as the larg-
est desk will be too small to lay out the matrix of equations. And taking model-
ling even further, it is possible for computer programs to allow farmers to
interact directly with LP models through having simple question and answer
computer systems that obtain the farmer’s data ‘on screen’, which is then
used to automatically create an LP equation set. Once solved, the solution can
then be sent to another computer program that interprets and converts the
solution into farmer-based terminology, providing a report with directly
useable optimal system suggestions.
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In practical terms, the main task in LP analysis is the collection of the data
and the creation of the equations to adequately reflect the decision problem.
The next chapter contains methods to address these questions. The other
problem an analyst faces is obtaining efficient and capable computer packages
and learning how to use them. For simple problems most spreadsheets have
an LP routine attached.

Further Reading

Students wishing for a more detailed and com-  Pannell, D.J. (1997) Introduction to Practical
prehensive explanation of the linear pro- Linear Programming. Wiley Interscience,
gramming model than is provided here New York.
should refer to:



1 2 Linear Programming — Using
the Solution and Creating
Realistic Farm Models

12.1 Introduction

The challenge faced by any analyst in the effective use of linear program-
ming (LP) is interpreting the solution obtained and, prior to this stage, creat-
ing a set of equations that adequately reflect the reality of the farm-decision
problem. This latter task not only involves understanding the nature of the
problem, but also obtaining accurate data for all the production opportuni-
ties and management systems available. This chapter contains a discussion
on the information contained in the solution tableau (matrix) and how it can
be interpreted and, secondly, a series of sections covering equations repre-
senting components of typical decision problems. The chapter ends with a
discussion on solving least cost problems (feed formulation and transport
networks, in this case).

12.2 The Solution Tableau
Introduction

The final tableau of the simplex table (for details of the practical solving
process that creates the solution tableau see Appendix 3 — this can also
be obtained using the canonical form process described in the text)
contains much more information than just the optimal values of the x. and
ZJ. terms (the optimal farming system). This information can be invaluable
in farm planning. This section contains a discussion on this information in
what is called the solution tableau. Recall that this tableau has all the
ZJ. - Cj equal to, or greater than, 0, and therefore represents the optimal
solution.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 269
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The example solution tableau

12.3

12.4

The discussion will be based on the solution tableau of the example problem.
Recall from the appendix describing the simplex method (Appendix 3) that
this has the form:

100 200 0 0 0

Cj Py P, Ps P, P

P, 171.43 1 0 114 -029 O
P, 28.57 0 1 -0.14 029 0
P5 31.43 0 0 0.14 -0.29 1
Zj—Cj 22,857 0O 0 86 29 0

where P, = the wheat activity (defined in hectare units);

P, = the potato activity (defined in hectare units);

P, = the land disposal activity (defined in hectare units);

P, = the September labour disposal activity (defined in 1h units);

P, = the maximum potatoes constraint disposal activity (defined in
hectare units).

Profit maximizing plan:
x; = 171.43ha of wheat;
x, = 28.57ha of potatoes;
with 31.43ha of non-used potato constraint (x).

Scarce Resources

As the disposal activities P, and P, are not in the basic solution (i.e. x5 = x,
= 0) the resources they represent are in scarce supply. That is, all the land and
labour is completely used and is probably limiting production. If more land
and/or labour was available profit would be increased.

Conversely, as the disposal activity Py is in the basic solution, the maxi-
mum potato constraint is not limiting production and, therefore, of no value.
A lower constraint could be placed on the problem without affecting the opti-
mal solution. If this constraint had been a tangible resource constraint (e.g.
land or working capital) some of this resource could be sold off, or used else-
where without affecting the optimal solution. Note carefully, however, that
there is a limit to how much could be sold without reducing profit. Once the
limit is reached the resource becomes scare and thus has a value.

The Value of Resources

If a resource is scarce it has value. The Z. — C. in the final tableau of the non-
basic resource disposal activities indicates this value. Consider, for example,
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Zy— Cy As Zy — C4 = $86, the annual value of 1ha of land is $86 (this is
the marginal value product of land). The reason is the Z, — C. for a disposal
activity indicates the decrease in profit (as Z ;= Cis positive) if one unit of the
disposal activity was introduced into the solution. In other words, if one unit of
the resource was removed from production, profit would decrease by Z. — C..
Conversely, if an extra unit of the resource was made available, profit would
increase by Zj - C}.. Effectively, the Zj — C. for a non-basic resource disposal
activity represents the marginal value product of that resource.

If a farmer can purchase the resource at a price giving an annual cost of the
resource (i.e. interest on capital, depreciation, rates, etc.) slightly less than the Z}
— C,, additional units should be purchased. This will give additional profit as the
M\/I5 > marginal cost. However, there is a limit to how much should be purchased
as the MVP will decrease as the resource level is increased and will eventually
equal zero when there is enough resource available for the disposal activity to enter
the basis. The availability of the other resources will determine when a resource’s
disposal activity will enter the basis, e.g. if no land was available, all labour would
be in disposal. Thus, the MVP of resources depends on the ratio of resource avail-
abilities. In the long run, the farmer should attempt to bring the resources into their
correct ratio such that the MVPs are equated (and MVP with marginal cost).

In the example problem, the MVPs are:
Land = $86/ha

September labour = $29/h

‘Maximum potatoes’ = $0/ha

This suggests the farmer should buy more land if the annual cost is less than
$86,/ha and employ more labour in September if this costs less than $29/h.

12.5 The Zj - Cj of Non-basic ‘Real’ Activities
Introduction

The example problem used has no ‘real’ activities that are non-basic; most
realistic problems would (a ‘real” activity is a production activity rather than a
disposal activity).

The Z, - C; of a general non-basic real activity can take on one of two
general vafues:

@M Zz-C=0
(ii) ZJ.—C}.>O

Case where Z - Cj.= 0
This indicates there is more than one optimal solution. The particular

activity with Z. — C, = 0 can be introduced into a new basic solution with-
out a change in profit. Thus, if several of the non-basic P have Z, - C; =0,
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there will be several optimal solutions. Each one will have the same total
gross margin.

Graphically, this situation will occur if the price ratio line (iso-profit line) is paral-
lel to a segment of the production possibility frontier. This is shown in Fig. 12.1.

Cases where ZI - Cj >0

The value of Zj — Cj indicates:

1. The drop in profit per unit of production that would occur if a farmer
insisted on producing the activity. The farmers’ objective may mean this loss
is acceptable. The solution tableau enables the extent of the profit loss to be
evaluated and thus an appraisal of whether the gain in other objectives com-
pensates for the profit loss; and

2. The change in the activity’s C y before it would pay to produce the activity.
Given Z - C = k,if C y should increase by k, then Z - C y would equal 0 and the
activity could be introduced without profit decreasing. This has two implications:

(i) If there is some doubt about what is the true value of C p provided there
is some surety that it lies within the range

— to (Zj + Cj) + Cj =Z}.

there is confidence that the product should not be produced in an optimal
system.

(ii) Assuming C ;is known with certainty, the optimal farming system will
remain optimal (show stability) even if the C ; of the non-basic activity
should vary between —e to Z. as a result of price changes. If it should
go above Z ;» anew solution would be optimal.

There are, of course, many reasons why a C. could vary and each must be
. . . . . 'I . .

considered when interpreting the discussion. Thus, if there is some doubt

about, e.g. the vield/ha of wheat and/or expected price/kg, and/or the

harvesting costs, and/or the weed control costs and so on, then the sum of

these possible variations can be interpreted in the light of (i) above. Similarly,

X1

—~ price ratio line
] K—»

B

Values of x4 and x,
representing points along
A B have the same Z
value and are feasible. If
point A is selected, Z, -
x,  Cpwill be zero in the
optimal solution tableau.

Fig. 12.1. Several optimal linear programming solutions occur where the price ratio
line is parallel to the production possibility line.
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12.6

if, e.g. new varieties and/or new weed control techniques meant that activity’s
o exceeded Z. then a new plan would become optimal.

For example, assume that in the example problem there is a non-basic
sheep activity. Let its solution tableau column be:

Sheep (1 ewe) (C - $6)

P, 0.05
P, 0.012
P, 0.01
z-c 1.4

)

Thus, if the net revenue of sheep were to increase by $1.4, its Z, — C. would
be $0 and the activity could be introduced into the solution without loss of
profit.

If its CJ. should increase above 6 + 1.4 ($7.4), then its Z}. - Cj would be
negative and it would be profitable to farm a new optimal system with the
sheep activity in the new basis.

Changes in the Basic Activity Net Revenues (C)

Introduction

The discussion shows non-basic activity net revenues (gross margins) can vary
over a range without a solution becoming sub-optimal (a sub-optimal plan is
one in which at least one Z. — C. < 0). This applies equally to the basic activi-
ties. These ranges can be used in the following way:

1. If there is uncertainty about the correct level of a C i the range will indicate
whether this non-surety is important.

2. If a C, changes then the range will indicate whether the optimal farming
system should be changed (i.e. if the, say, price should change such that the
C 5 is now outside the stability range then the optimal plan will be different).

A graphic description of optimal plan stability

Assume a problem with a production possibility curve and iso-profit line as
follows:

X4

— iso-profit line
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This problem has three constraints. The optimal solution A, consists of P;
production with two resources in disposal. If the price of P, decreases, the
iso-profit line will have a greater negative slope. However, this decrease can
only occur up to a limit. Once the iso-profit line becomes parallel with AB
then point B is also optimal. Note that in this example C, can increase to plus
infinity without affecting the optimal solution. In the case shown in Fig. 12.2
there is an upper and lower limit to the values C; can take on without the
solution becoming sub-optimal.

iso-profit line
\/

C

X1 A

X2

Fig. 12.2. Variation in the prices without changing the optimal point in linear programming.

Calculating the basic activity net revenue ranges

Consider a basic activity. The range over which its C. can vary without making
a non-basic activity’s Z i~ C 5 < 0 is calculated by the following.

1. Estimate the change that can take place without making each Z. — C. < 0.
(The C. of the basic activity may need to, say, fall more for one Z] -C <0
than for another.)

2. Select the change nearest above and nearest below the basic activity’s C..
This will ensure that none of the non-basic activity’s will have a Z,-C <0 if
the basic activity’s current C ; should change by either of these figures.

To estimate the maximum change in a C, (a basic activity’s C j) that can occur
without making a particular Z = C 5 < 0, calculate:
(Z;-C))

lj

AC; = (irefers to the number given to the basic activity’s row)

Thus, for example, if

Zj—Cj= 10andr,.j=2

5 AC, = -5
That is, the net revenue of the basic activity can drop by 5 without giving a
negative Z = C i Note that if the r;; is negative, the basic activity’s net revenue
change necessary to give a Z. — C. < 0 would have to be positive.

The above calculation is repeated for all the non-basic activities. The
smallest negative and positive AC; defines the range. For example:

let C; = 50 and let
ACl = -20; ACS = 34, AC5 = 15; AC2 = 20; AC4 =-2; AC6 =18

.. The range is:
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50-2t0 50+ 15
i.e. 48 to 65

Consider the example problem, the ranges for C; and C, are:

@ ¢,

86
for P AC;, =-| —— |=-75.44
or I3 C1 (114) 75
29
for P, AC; =—| ——~ |=+1
Or Iy C1 (_029) +100
Thus the C, range is 100 — 75 to 100 + 100 = 25 to 200.
(i) C,
86
for P, AC, =—| —— |=+614.2
or Py AC, (_014J +6 9
29
for P, AC, =- =-100
e (0.29)

Thus the C, range is 200 - 100 to 200 + 614 = 100 to 814.

Normally, these calculations would need to be calculated for many more
non-basic activities as real problems would have a larger number of such
activities.

Virtually all LP computer packages automatically calculate the solution
analysis values and ranges as part of their output in addition to the optimal
values of all the basic activities. The full set of variable values gives rise to the
whole-farm optimal system, though in some formulations, of course, the LP
problem may represent only a sub-problem. This solution will only relate to
the sub-problem and may need integrating into the whole. Such cases will only
be optimal if there is no interrelationship with the rest of the farm, i.e. the
sub-problem is independent.

LP Model Building — General Approach and Principles

When solving a farm decision problem using LP the biggest difficulty is the
construction of a set of constraints and activities which, in total, adequately
reflect the real-world problem. The other major problem is the estimation
of the correct coefficients (prices, costs, yields etc.). The next sections are
concerned with indicating how to set up LP models for two reasons: (i) the
obvious reason is that if LP is to be used then a realistic model must be
constructed (the example problem used so far has been far from realistic);
and (ii) learning how to construct an LP model gives an understanding of
the real structure of a farm problem and therefore makes for a more intel-
ligent use of other planning tools such as a budgeting and gross margins
analysis.
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The approach is to consider a number of typical part-farm problems and
develop a set of constraints or equations for each problem. That is, a whole-
farm model will not be developed in each section. It is assumed that the reader
recognizes that all the sub-models would have to be put together to form a
whole model before solving. All aspects will not be covered. The approach will
be to provide examples so that general methods will become evident.

The primary principle must, of course, be to develop a model that, as
nearly as possible, reflects the real-world situation. As with budgeting and
other planning techniques, experience is an important aspect of model build-
ing. Input—output coefficients and other data required are all seldom readily
available in the literature and other publications so that ‘considered estimates’
must be used in many cases. Experience is invaluable here.

The general form a model should take will depend on the particular prob-
lem. Two basic situations can be recognized:

1. A model for a particular farm. The results of the study would be applied
directly to the particular farm only.

2. A model for a typical farm in a defined locality. The results would be used
for general extension work.

The particular farm model should take into account the farmer’s objective,
the currently available set of resources and so on.

The general farm model should use data typical of the conditions in the
area so the solutions will provide a general idea of an optimal plan rather
than a specific solution covering an action plan for the following year on a
specific farm.

To adequately reflect a real-world situation the following general constraint
types will usually need to be included:

e Resource supply constraints, e.g. land, labour, machinery hours etc.
limits.

e Personal constraints. These are included to impose a more realistic objec-
tive than simply maximizing expected profit, e.g. a limit may be imposed
on the amount of finance that can be borrowed for risk reasons; a mini-
mum constraint may be imposed on some activity as a farmer enjoys
producing it etc.

e Institutional constraints. These are necessary to take account of the limits
and requirements placed on production resource use by various institu-
tions, e.g. a local council may limit the amount of irrigation water that can
be pumped from a stream, a lease may require that a certain amount of
money is spent on development etc.

e Husbandry constraints. Where an input is produced by the farm, e.g. hay,
for use on the farm the production and use of the input must be recon-
ciled. Details of these constraints will be discussed later.

For a particular situation each type may not be necessary, though in most
cases it is probable that there will be at least one of every type.

The example problem used suggested that only simple production activities
could be used. In practice, as will become evident from the examples, many
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different types of activities may need to be included. For example, short-term
finance borrowing can form an activity. Another example is an activity to repre-
sent the purchase of hay for stock feeding. In general, any ‘activity’ that a farmer
can get involved in can be formulated as an activity in a farm LP model.

12.8 LP Model Building — Labour
Background

In general, the demand for labour by any farming system tends to fluctuate
throughout a planning period. For this reason, to ensure that a farming sys-
tem is developed which is feasible it must be ensured that there is sufficient
labour in each sub-period of a planning period. Thus, rather than use a single
equation to equate labour supply and demand (e.g. 3,000 manh >r; x; + r,
Xy + ... + 1, x,), a number of equations must be used, one for each period as
labour is a flow resource. i.e. it cannot be stored.

One problem is to decide on the number of different periods to use.
Because labour services cannot be stored for later use if they are not used at
a particular time, there must be sufficient available to carry out necessary jobs
in each period. If it does not matter whether tasks are performed at the begin-
ning, middle, or end of a period then the period can be considered independ-
ent. Using this principle, period lengths can be defined. The length of
independent periods will probably vary with the time of year. Thus, in winter
2-month periods may be adequate whereas at harvest 2-week periods may be
the largest independent units.

For example, in order to reflect the labour situation the sub-model may

look like:
Wheat activity  Turnip activity Sheep activity etc.
1st 2 weeks of harvest time: 160 > 0.25 0 0.05
2nd 2 weeks of harvest time: 160 > 0.1 0.08 0.01
Following month, etc.: 320 > 0.04 0.1 0.08

All labour is in man-h units

That is, where x; = hectares of wheat, x, = hectares of turnips and x; =
number of ewes:

160 > 0.25x; + Ox, + 0.05x,

160 > 0.1x; + 0.08x, + 0.01x,4

320 > 0.04x; + 0.1x, + 0.08x,

etc. for other periods.

Rather than write the equations out in full when giving example sub-models,
the initial simplex tableau (matrix) form will be used. Thus, the heading on
each column refers to a particular variable or activity and each row of the table
represents a particular equation. To save space the units being used will not
always be given. In general, this will be obvious.
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Overhead jobs

On most farms, given a set of fixed resources, there will be a set of jobs that
will have to be carried out no matter what farming system is developed, e.g.
building and fence maintenance, visiting the bank manager etc. These
requirements must be deducted from the man hours available for each period
before the problem is solved. Thus, in the above example, if 30 h has to be
set aside for such jobs in ‘the following month’ the available supply becomes
290 man h.

Hiring and selling labour

Where there are opportunities to hire casual labour (for considering perma-
nent labour, due to the divisibility assumption, an integer routine is required)
an activity representing the hiring of 1h (or any unit) of casual labour can be
included in the model. There may be one such activity for each labour period.
Similarly, where there are opportunities for working off the farm, there is a
need to include an activity representing the sale of labour. Thus, for one of the
labour constraints the sub-model might be:

+ C/ _Cj +Cl
Wheat .... Hire 1 h of casual Sell 1h of casual
labour labour
February labour 04+ (other activities) ..... -1 +1 etc

290 =

Notice that when an activity supplies a resource it has a negative r; (if it
demands, the r; is positive). If the equation is rearranged all the supplying
components can be made positive and put on the left-hand side of the equa-
tion, while all the demanding components can be made positive and put on
the right-hand side.

Overtime

The farmer may put a limit on how much time he is prepared to put into the
farm unless additional hours of work return at least a certain sum. Thus, an
overtime activity can be defined that has a negative C -

For example:

G,

Wheat, etc. activity —C,. Overtime labour activity etc.
November labour 160 > I -1
Max. overtime labour 40 > 1.0

etc.
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Thus, if the return on working longer hours than normal is greater than the
—C. assigned to the activity, then the activity will be in the optimal basis.
The -C ; should reflect the value placed on 1h of labour by the manager.
Similarly, activities to represent overtime by employed staff could be
included.

Flexibility of labour use

In some cases certain tasks can be performed equally as well at different
times of the year. To obtain information on the optimal time they can be
carried out, a number of activities can be defined, each with the jobs carried
out at a different time. Each would be identical except for the labour coef-
ficients. The optimal solution would then indicate when the jobs should be
carried out.

Similarly, where jobs can be carried out at different times, but only at a
cost in terms of a lower gross margin (e.g. lower yield), then a series of activi-
ties can be defined, each one with different labour coefficients. The LP routine
will select the optimal activity. It could well be that certain jobs should be
delayed after their optimal time of completion due to the demand (and there-
fore value) for the labour by other activities.

Data estimation

12.9

It is often difficult to obtain detailed data on labour demand. In these cases
simple summary constraints can be used as an approximation. Examples
include limiting the number of stock, crop hectares and the like, to a defined
maximum. For example, on a mixed dairy—crop farm, assume that it was
estimated that two men could

(i) Run 150 cows, or
(ii) Crop 500ha.

Thus, define a resource ‘labour’, a unit of which represents the labour required
by one cow. The constraint could be:

Cow activity Crop 1 (1ha) Crop2(1ha) etc.
150= 1.0 0.3 0.3

It must also be remembered that if labour is unlikely to be limiting in all but one
or two periods then these are the only periods that need to be considered.

LP Model Building — Reconciliation Rows — General

As noted earlier there may be a need to reconcile the production and use
of a production factor. Where the b, (constant) of an equation is equal to 0,
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the equation or row is referred to as a reconciliation row. Such an equation
will have both negative (supply) and positive (demand) coefficients. Thus, the
sum of the negatives must be at least as great as the positives, i.e.
02(Sun) (S
(S} (Sos)
For example, on a pig farm it would be necessary to ensure that the use of
piglets equalled the supply. Thus, the following sub-model might be used:
+Cj +Cj
-Cj light wt. Pork heavy wt. Pork
sow activity prodn. (1 pig) prodn. (1 pig) etc.
Piglet reconciliation, 0=>-16 +1 +1
etc.
The sow activity produces 16 piglets/year from two farrowings. These piglets
can be used by the various fattening activities.
12.10 LP Model Building — Selling, Buying

and Intermediate Activities

Reconciliation equations can be used in many different situations. A number
of these will be discussed in later examples as well as in this section.

Where a number of activities produce the same product, or use the same
input, and the analyser wants to vary the price of the product, or input, it is
convenient to have an activity to represent the sale, or purchase, of the prod-
uct or input. For example, a buy fertilizer activity and a sell wheat activity may
be defined for a cropping farm model. Thus:

+C;Sell  -C,Buy -C -C; -C;
Wheat fert. Wheat1 Wheat2 Wheat3
(100kg)  (50kg) (1ha) (1ha) (1ha) etc.

Wheat

reconciliation 0 > 1 -18 -20 -22
Fertilizer

reconciliation 0 > -1 2 2.4 2.8
etc.

The C; on the wheat activities would represent the gross margins without the
gross revenue and the fertilizer costs. The sell and buy activities would account
for these components of the gross margins (in the extreme case there could
be a buy activity for all inputs; e.g. fuel, seed, herbicide, etc.). With the buying
and selling activities isolated it is a simple matter to change the return/kg of
wheat and the cost of fertilizer before resolving.
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12.11

12.12

Activities that do not produce a product for sale, such as the fertilizer
activity, are referred to as intermediate activities. Another example would be
a hay-buying activity.

LP Model Building — Reconciling Feed Supply
and Demand

As with most resources, feed supply must be equated with feed demand in
each period if a farming system is to be feasible. The principle must be to
construct a number of periods such that the feed production and demand is
relatively constant throughout each period.

Activities that supply feed to each period and similarly those that demand
feed must all be defined. For example, the following equations might be used,
where the feed is defined in terms of stock equivalents:

+Cj +Cj —Cj _Cj _Cj

Sheep Cattle Pasture Buyhay G.F. maize

(1 ewe) (1 cow) (1ha) (3 bales) (1ha) etc.
Springfeed0> 2.0 8.0 -8
Summer feed0> 1.0 6.0 -12 -20
Autumnfeed 0> 1.0 6.0 -6
Winterfeed0> 1.5 7.0 -2 -1

In the extreme case, monthly periods could be used and metabolizable energy
and digestible protein figures could be used rather than stock units.

LP Model Building — Transfer Activities

There is sometimes a need to ‘transfer’ a resource from one equation to
another (e.g. between time periods). These transfer activities can be used to
represent many different situations. Two examples are the following:

1. Haymaking
Haymaking (or silage) and the use of the hay for feeding in a period other than
the one in which it was made is a transfer system. Feed is used by the haymak-
ing process and bales of hay are produced. These are held and used in another
period. Thus, a ‘haymaking and using’ activity is a transfer and may take the
following form:

-C,
+C]. +C/. Make hay
Sheep Pasture (1000kg) etc.
Summer feed 0 > +; ~r; +3
Winter feed 0 > +r; —r -2

ij ij
Etc.
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The C. on the haymaking activity represents the cost of making 1000 kg and
j

feeding it out in the winter. Note that there is a loss of feed due to the

inefficiencies of haymaking (1/3 loss).

2. High and low quality feed

On many farms there will be stock requiring a production ration and others
only a maintenance ration. Thus, two classes of feed need to be distinguished:
low and high quality feed. However, while the producing stock cannot use the
low quality feed, other stock can be maintained on the high quality feed. Thus,
two constraints can be formulated in each period. One for high quality and
one for low quality feed. A transfer activity can then be used to transfer any
surplus high quality feed to the low quality feed so it can be used by the low
quality feed-requiring animals. For example:

0 —Cj +Cj —Cj +Cj +C/.
Ryegrass
Lucerne  Wheat Straw Milking Dry
Transfer (1ha) (1ha) (1000kg) cow cow
High Quality
Feed 02>+1 =r; +;
Low Quality
Feed 0>-1 =l =l +r;

12.13

Thus, all feeds can be used to support the dry cow but only high quality feed
can be used for milking cows.

LP Model Building — Reconciling Stock Systems

In all the examples stock activities have been represented by simple ‘sheep’
or ‘cattle’ activities. In reality there are many stock activities that might be
included. The object is, of course, to develop an optimal stock and feeding
system, so it is important to provide as many alternative activities as
possible. As in budgeting work, the stock activities must be reconciled. In
general:

e Various classes of stock can be used;
e They can be replaced in a number of different ways;
e Progeny can be sold at different ages and weights;
e Progeny can be produced at different times of the year.
An activity should be included to represent each of the possibilities.
As an example, consider part of the stock sub-model for a lamb property.
Note the variation in feed requirements for different lambing times. Only
one feed equation is given for simplicity. Many other activities could be
included in the overleaf sub-model. For example, wethers (castrated males)
might be kept for wool production, ewe lambs could be reared and sold as ewe
lambs, or perhaps as hoggets (3/4 year olds) or perhaps as two tooths etc.



P, P, P, P, P P P, Py
Ewes Ewes Rear Buy Buy Sell Sell Sell
Lamb Lamb Replacement Ewe 2ths* Light Heavy Ewe
July Aug Stock lambs (1 2th) wether wether lambs
(1 ewe) (1 ewe) (1 2th) (1 lamb) lamb lamb (1 lamb)
(1 lamb) (1 lamb)
P, P, P, P Py Py P, Py
-G, 6 5 G -G +G, G 4G
Wether lambs 0= -0.5 -0.51 1 1
Ewe lambs 0= -05 -0.51 1 1
Replacement
Stock 02 +0.2 +0.2 -0.9 - 0.95 -1.0
Feed 02> 1.2 1.0 0.8 0.8 0.2

+The terminology 2th’ refers to two tooths (1% year olds). Similarly 4th and 6th in later examples.

"The ‘rear replacement’ activity demands one ewe lamb but provides only 0.9 replacements. The difference is due to deaths between the ewe lamb and 2th

stages.
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12.14 LP Model Building — an Optimal Stock-Replacement
System
In developing an optimal stocking system thought must be given to the age at
which stock should be replaced. For example, as ewes get older their wool
production declines, their death rate increases but also their fertility increases.
Given the price of the products and also feed and stock replacement costs
there will be an optimal replacement age. A sub-model that will help answer
this problem will contain a number of activities, one for each age, so that an
optimal system will be selected. Thus:
6th ewes Sell‘old’ Sell ‘old’
Buy 2ths 2th ewes 4th ewes etc. 2th ewes 4th ewes
(1ewe) (1ewe) (1ewe) (1ewe) (1ewe) (1ewe) etc.
2th
reconciliation 02> -1 1
4th
reconciliation 02> -0.95 1 1
6th
reconciliation 02> -0.93 1 1
etc.
Feed 02 +j + +j
The C}. figures would be different for each activity. The increasing death
rates are reflected in the decreasing numbers that are transferred from stage
to stage. The optimal solution will indicate how many animals of each class
to run.
12.15 LP Model Building — Working Capital

Any farming system must be organized so the working capital demand, say,
in every month can be satisfied from income, working capital on hand or from
borrowing. Furthermore, funds earned throughout the year help meet the
demand.

To adequately represent the working capital situation a month-by-
month (or some other period) cash profile must be determined for each
activity. For example, a wheat activity (1 ha) might have the following net
demand or supply in each month (monthly periods are common as this is the
usual period over which businesses require payments to be reconciled).

May +5 November + 1
June +20 December + 1
July +1 January  + 30
August +5 February +5
September + 1 March +1
October  +1 April -$192
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Remember that a positive sign represents a demand and a negative indicates
the activity supplies. Given such a profile for each activity, to ensure feasibility
the following sub-model would be necessary:

+Cj +Cj —Cj +Cj 0 0 0

Transfer Transfer Transfer
July August  September
Wheat Barley Pasture Sheep surplus surplus surplus etc.

July 20,000 > I I ry g +1

August 02 r r r r -1 +1
September 0= r; r r g -1 +1
October 0= ry i r r -1
etc.

The $20,000 left-hand side of the July equation represents the initial working
capital. This must be sufficient to meet the net demands of July (some of the
r;; may be negative so that at the end of the month the total supply may in fact
be $20,000 plus the month’s surplus). Any surplus funds are transferred so
that they become available for use in August. There is one row for each month
so that the above sub-model will ensure sufficient working capital is available
in every month.

Further, borrowing activities could also be included, one for each month.
Each would assume that the funds are paid back at the end of the month. If
this is not possible further funds could be borrowed in the following month to
meet the payback of the previous month’s borrowing. The C; would reflect the
monthly interest rate. There should also, probably, be constraints imposed on
borrowing to limit it to a defined maximum.

For example, consider the following sub-model:

+Cj 0 0 —C/. -Cj
Borrow

Wheat Borrow ($1)

etc. Transfer  Transfer  ($1) July  August etc.
July 20,000 +1 -1
August 0= i -1 +1 +1 -1
September 0> l -1 +1
October 02 i
etc. 0>
Max. July 12,000 > +1

borrowing etc.

Note that to complete the model, equations must be added to ensure that sufficient living expenses are
available.

12.16 LP Model Building — Soil Types

If a farm consists of several different soil types these must be treated as sepa-
rate resources. For each product there must be several activities defined, one
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for each soil type. They will have different C}. values and possibly different r
values. For example, consider a farm with two different soil types. Part of the
LP model might be:

+Cj +Cj —Cj +Cj
Wheat 1 Wheat 2 Lucerne 1 Lucerne 2
(1ha) (1ha) (1ha) (1ha) etc.
Land 1 150> 1.0 1.0
Land 2 200 > 1.0 1.0
Feed 0> -12 -10
etc. 0>

The C; values would vary to reflect the different yields, different cultivation
costs etc.

12.17 LP Model Building — Timing of Land Use

Under some situations, particularly given new winter-growing green feed vari-
eties and cases where horticultural crops are feasible, it may be possible to
occupy 1 ha of land with more than one crop per year and improve efficiency.
To represent this situation in a LP model the land resource constraint must be
represented by a number of equations. Each represents the land resource
constraint for, e.g. a 3-monthly period. The activities are constructed so the r, j
values represent demand for land at each particular time.
For example, consider the following sub-models:

+Cj +Cj +Cj _C/' —Cj —Cj
Wheat Wheat Turnips 1 Turnips 2 G.F. maize
(Autumn) (Spring) Barley (late) (early) for silage
Land — Winter 200 > 1 1 1
Land — Spring 200 > 1 1 1
Land — Summer 200 > 1 1 1 1 1
1
Land — Autumn 200 > 1
Feed > - -r, -r, -r

i ij ij ij

Note that each product might be represented by many different sub-activities.
Each sub-activity may use the land for different lengths of time and have different
C. values as the yields and other coefficients will be different. The sub-activity with
the greatest C; will not necessarily be selected, as it may use land inefficiently.

12.18 LP Model Building — Independency and Rotations

LP assumes an activity’s C; and r,; coefficients are constant no matter what
combination of other activities are produced. If this assumption is violated, the
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relevant activities can be combined to form an independent activity. A typical
example is in crop rotations. One case is where a wheat activity is assumed to
be planted after peas (a legume) as compared with, say, after wheat. The coef-
ficients should be different as the soil fertility will be affected by whether peas
or wheat is the preceding crop.

To overcome these problems crop and pasture activities can be com-
bined to form a ‘rotational activity with a certain net revenue and T coef-
ficients. These coefficients are combinations of the individual activity
coefficients. The method of combining the activities will affect the ‘com-
bined’ activity’s coefficient values (other, but more complicated, approaches
are also available).

For example, consider the activities ‘wheat’ and ‘specialist white clover’ (a
very productive legume enhancing soil fertility). The way in which they are
combined will affect their C y and r, j coefficients. Two possible methods (rota-
tion) of using the activities are:

1. Wheat — wheat — white clover — wheat — wheat and so on with the pattern
repeating.
2. Wheat — white cover — wheat — white clover and so on with the pattern
repeating.

To represent these possibilities in an LP model an activity for each pattern is
defined. The coefficients for each component crop, given the particular rota-
tional system, must be estimated.

For example, assume the following coefficient values:

(i) Wheat ex white clover C = $120/ha
Winter feed = 3 SU/ha
(ii) Wheat ex wheat C = $100/ha
Winter feed = 2SU/ha
(iii) White clover ex one wheat crop  C, = $80/ha
Summer feed = 8SU/ha
Winter feed = 4SU/ha
(iv) White clover ex two wheat crops C, = $100/ha
Summer feed = 7SU
Winterfeed = 3SU

SU = stock unit

The two rotational activities would then be defined as:

Rotation 1: As this is a 3-year rotation before it repeats itself, define a unit of
this activity as consisting of:

0.33 ha wheat ex white clover
0.33 ha wheat ex wheat
0.33 ha white clover ex two wheat crops
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Thus, the coefficients of one unit of this activity are determined by taking the
individual activity coefficients and multiplying by the proportion in which they
occur and summing:
(0.33 x 120) + (0.33 x 100) + (0.33 x 100) = $105.6
Wlnter feed,
=(0.33x3)+(0.33x2)+(0.33 x 3)=2.64
Summer feed,
=(0.33x0)+(0.33x0) + (0.33 x 7) = 2.31
Rotation 2: Define one unit of this activity as consisting of:

0.5ha wheat ex white clover

0.5ha white clover ex wheat
The coefficients of the activity are:

(0.5 x 120) + (0.5 x 80) = $100
V\fmter feed,
=(0.5x3)+(0.5x4)=35
Summer feed,
=(0.5x0)+(0.5x8 =4.0
Using rotational activities overcomes the need to have constraints ensuring
general husbandry requirements are met. For example, rotations could be
defined so they all have at least a certain proportion of pasture and lucerne
to satisfy soil fertility requirements. Otherwise additional constraints would
be necessary to force the correct proportions into the solution (this could be
done by using a reconciliation equation with soil fertility-enhancing activities
supplying ‘fertility’ to demanding activities such as wheat. This forces at least
a minimum of enhancing activities if demanding activities are selected).

In most realistic situations many different rotational activities would be
defined. Some of these might be solely feed-producing activities while others
would be mixed rotations depending on the type of farm.

Having solved an LP problem, it is a simple matter to interpret a rota-
tional activity in the optimal solution. For example, assume the solution indi-
cates 50 ha of Rotation 2 defined above. As this activity is 0.5ha of wheat and
0.5ha of white clover, this infers that in any 1 year 0.5 x 50 = 25ha of wheat
ex white clover should be produced, and 0.5 x 50 = 25ha of white clover ex
wheat be produced.

12.19 LP Model Building — Complexity and the Real World

Many more examples of how to construct LP models could be given. Those
presented generally indicate the possibilities. A real-world situation can
produce a complex LP model containing many activities and constraints.
Farm models having, say, at least 300 activities and 100 constraints are
common. However, it must be emphasized that an LP model should not be
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made more complex than it need be. Farm resources unlikely to be limiting
should be examined carefully before inclusion. Detailed labour and working
capital constraints add considerable size to the model and therefore should
not be included unless it is clear that they are necessary. Even where neces-
sary, simple labour constraints, such as a limit on total stock numbers, may
be sufficient.

To give some idea of what an entire model might consist of, even if rather
restricted, a simplified model of a lamb farm is given in Appendix 4. In this
model labour and working capital constraints have not been included under
the assumption that they will not be limiting.

LP Model Building — Validation

Once a model has been developed it must be validated or tested to ensure it is
a realistic model of the farm. This is always a challenging task. After an initial
solution the opinion of various experts (consultants, advisors, researchers who
are familiar with the area and type of farming) on whether the system is feasible
can be sought. Similarly, the optimal solution can be presented to farmers, ask-
ing if they believe it is a practical solution, and if not, the reasons for its failures
leading to an improved model. In the case of models of an actual farm the LP
can be forced to replicate the current system (e.g. place a minimum lamb con-
straint on the problem to ensure currently produced numbers are replicated in
the model) and check whether the same output and profit levels are produced.

The Application of LP — General

LP was developed not long after the Second World War as a result of, in part,
efforts to efficiently route shipping. Since then it has been used to solve many
different problems though they are all basically maximization or minimization
problems. The use of LP to solve farm problems is one of the uses which first
appeared around the 1960s. In order to indicate the wide applicability of the
technique, and to make the discussion of LP more complete, some examples
of other uses of LP are presented. Before doing this, however, some com-
ments will be made regarding the practical use of LP in farm work.

The previous discussions have shown that LP has considerable applica-
tion in farm planning (with the biggest problem being the certainty assump-
tion). Its practical use depends on:

1. The degree of complexity; and the existence of considerable choice. Some
farms may only have a limited range of possible alternative systems, and these
may be quite simple. Thus, simple, less expensive, planning techniques may
provide adequate results.

2. Planning costs. LP work requires access to suitable software and to ana-
lysts with LP experience who might be expensive to hire. Thus, unless LP can
derive farming systems with a considerable improvement in profit compared
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with techniques such as gross margins analysis, it should not be used. However,
in general research work, the benefits frequently outweigh any costs. For
example, developing systems which minimize greenhouse gas output may
well lead to considerable worldwide benefits.

LP can be of use on individual farms where the farm is large so potential gains
to good planning are high, and where there is considerable choice and the
answers to the choice are not obvious. It is also, of course, useful in general
advisory and research work.

Given a relatively large area of similar soils and climate, the results of an
LP study on a representative farm can have considerable advisory use, par-
ticularly where the analyst uses a basic model to solve many variations of the
basic resource situation, and experiments with many price, technical and cost
parameter values. LP studies might be carried out to indicate the general
nature of optimal plans rather than providing a blueprint of operations. They
will then need interpolation for each individual situation. In carrying out LP
studies of this sort it is important to estimate as many near optimal plans as
possible rather than just the unique optimal system. This allows farmers
(assisted by advisers) to select a plan that best suits their particular objective.
(To determine near optimal solutions, non-basic activities with Z. — C, figures
approaching zero can be introduced into new basic solutions through adding
minimum constraints and resolving, or by increasing the activity’s C j.)

Solutions obtained for a range of different prices and costs explore the
effect of variations on optimal systems. Similarly, solutions for a range of
resource endowments are important to enable applying the results to different
farms (as noted above). Similarly, solutions for different input—output coeffi-
cients may be necessary to allow for different levels of managerial ability.

In summary, rather than obtain a single solution, considerable experimen-
tation should always be carried out for a range of parameter values. Each
solution should also be carefully analysed using the methods outlined under
the solution analysis section.

One of the criticisms levelled at the use of LP is that farmers have difficulty
in understanding it. This is, however, a non-criticism in the sense that the use
of LP need not rely on the farmer’s knowledge, for the interpretation should
always be through an adviser/consultant. Some farmers, however, will undoubt-
edly have the skills necessary. Computerized report writers also help convert
the results to a level understood by farmers who are primarily interested in a
recommended farming system. This will include the land utilization, stock num-
bers for the different classes and details of the systems to use, e.g. the best
method of supplying feed, least-cost mixes, harvesting machinery levels etc.

The Application of LP — Determining Least-Cost
Feed Mixes

A firm producing, e.g., a pig (hog) fattening feed must produce a feed that
has a given nutrient content for as small a cost as possible (the firm could
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be a farmer producing his own pig feed). To produce the feed, the firm can
mix together various source materials such as wheat meal, barley meal,
pea meal, soybean meal and so on. The objective of the firm is to deter-
mine the quantities of the source materials to mix so the total cost of the
materials is at a minimum. Linear programming can be used to solve this
problem.

Consider a simple example problem. Assume a feed firm requires a feed
which has at least 16% crude protein and at least 1.4 megacals (or its equiva-
lent in megajoules) of metabolizable energy. Assume the firm can mix together
wheat meal, lucerne meal and soy meal, and that they contain:

Crude protein % Mcals/kg

Wheat meal 12.7 1.6
Lucerne meal 18.0 0.8
Soy meal 49.7 1.3

Letting x; = kg of wheat meal in the mix,
x, = kg of lucerne meal in the mix,
x5 = kg of soy meal in the mix,
the problem can be stated as one of finding values for x;, x, and x, such that
the cost is minimized subject to satisfying:
crude protein constraint 16 < 12.7x; + 18.0x, + 49.7x,4
digestible energy constraint 1.4 < 1.6x; + 0.8x, + 1.3x4
and, if the costs per kg of the material are:
wheat meal 0.28 cents,
lucerne meal 0.33 cents,
soy meal 0.42 cents,
the objective function is:

COST = 0.28x, + 0.33x, + 0.42x,

This problem obviously has the same form as a general LP problem. That is,
find variable values so a linear objective function is minimized subject to satis-
fying a set of simultaneous linear equations. This problem is slightly different
from the farm maximization problem in that:

e The objective is to be minimized. Therefore select the activity to enter a
new basic solution on the basis of the activity with the most positive
Z; = C;value. This procedure will minimize Z.

¢ The constraints have the inequalities the other way round compared with
the maximization problem. That is, minimum rather than maximum
requirements are placed on the problem. To convert such inequalities to
equalities the disposal activities take a slightly different form.

Given these adjustments, the problem is solved in the same way as the maxi-
mization problem.

In order to further compare with the maximization problem, consider the
graphical presentation of the problem. First, draw a graph of the feasible vari-
able value combinations that satisfy the constraints. Consider only the wheat
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meal and soy meal activities as only two axes can be drawn. Each constraint
divides the graph into two areas: the area above the constraint line and the
area below. As the constraints are minimum, rather than maximum, the area
above the constraints lines is feasible. Thus:

crude protein constraint

16/12.7

1.4/1.6

digestible energy

wheat meal constraint

(kg)

16/49.7 1.4/1.3
soy meal (kg)

The area which satisfies both constraints (provides at least the required level
of both nutrients) is:

Wheat meal

Soy meal

To find the optimal point, an iso-cost line (price ratio line) must be superim-
posed on the graph. The point at which the price-ratio line has a point in
common with the feasible area and is as close to the origin (as we wish to
minimize the cost) as possible is the optimal point. Thus:

iso-cost or price
ratio line

Wheat meal (slope =
0.42/0.33)

Soy meal

Note the similarity between this problem and the factor—factor problem of
production economics.

To solve minimization problems the ‘disposal’ activities become ‘surplus
nutrient’ activities and represent the amount of nutrient in a mix in excess of
the minimum. In this case the coefficient on the surplus nutrient variable must
be —1 as it records the difference between the minimum and actual content.
If, for example, the crude protein content was greater than 16%, e.g. 20%,
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the value of the ‘disposal’ activity would be 4. Thus, in the equality created
from the inequality

16 = 20 - 4.

As a starting solution is difficult to find using these negatives, a further set of
variables are added with +1 coefficients, one for each equation, to form the
identity matrix. As these are just a device to form a starting solution in the
iterative process, they are given an infinitely high C. so the first few iterations
drives them all from the solution. A good computer package will achieve this
requirement automatically. All the user must do is define the problem as being
a minimization LP.

Note that in the formulation of this example problem no requirement was
placed on the weight of the mix, just requirements on the nutrient content.
Thus, an additional equation should be added:

1=x;+x,+ x4

The solution will now have ingredients making up exactly 1kg.

The Application of LP — Determining Least-Cost
Transport Routes

Another very important use of LP is determining the least cost method of
transporting a good, or product, from a number of origin points to a number
of destination points.

The best way to see how LP can be used for this problem is to consider a
simple example. Consider a fertilizer manufacturer that has two fertilizer-producing
plants and has three selling depots. The manufacturer wants to know which plant
should supply which depot in order to minimize transport costs. While this exam-
ple is somewhat trivial, it will provide an understanding of the problem.

Assume that each plant produces the following quantities of fertilizer:

Plant 1 20,000t

Plant 2 10,000t

Assume that each depot requires the following quantities:
Depot 1 5,000t
Depot 2 18,000t
Depot 3 7,000t

Assume that the costs of transporting 1t from the plants to the depots are:
Plant 1 to Depot 1 C,
Plant 1 to Depot 2 C,
Plant 1 to Depot 3 C,4
Plant 2 to Depot 1 C,
Plant 2 to Depot 2 C,
Plant 2 to Depot 3 C,

Thus, if x; = the number of tonnes transported from Plant 1 to Depot 1
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x, = the number of tonnes transported from Plant 1 to Depot 2
x4 = the number of tonnes transported from Plant 1 to Depot 3
x, = the number of tonnes transported from Plant 2 to Depot 1
xg = the number of tonnes transported from Plant 2 to Depot 2
X, = the number of tonnes transported from Plant 2 to Depot 3

then the total transport cost of a routing system is given by:
Cost =x; C; +x,Cy + x4 C3+ x4 Cy + x5 Cg + x5 C¢

Thus a linear objective function has been formulated.
Now consider the constraints that a solution to the problem must satisfy. First,
the amount of fertilizer transported from Plant 1 to the depots must not exceed

20,000 t. That is:

20,000 > 1x; + 1x, + 1xq + Ox, + Oxg + Ox,
Similarly, for Plant 2:

10,000 > 0xy + Ox, + Ox5 + 1x, + 1xg + 1x,

Second, each depot’s requirements must be satisfied.
Thus, at least 5,000t must be shipped to Depot 1:

5,000 < 1x; + Ox, + Ox5 + 1x, + Oxg + Oxg
Similarly, for Depots 2 and 3:

18,000 < Oxy + 1x, + Ox5 + Ox, + 1xg + Ox,

7,000 < 0x; + Ox, + 1xg + Ox, + Oxg + Oxg

It is now clear that a LP problem has been formulated.

That is, find x; values such that the linear objective function is minimized
and the linear constraints simultaneously satisfied.

To solve this problem the simplex method would not be used. Due to the
fact that the only coefficients appearing in the right-hand sides of the equa-
tions are either ones or zeros, an algorithm more efficient than the simplex
method can be used. This algorithm relies on the fact that the equations can
be adjusted to give the required canonical form through using a set of rules
less complex than the simplex rules.

The problem could be solved using the simplex method, it is just that the
computational costs would be higher. The reason is that the number of activi-
ties and constraints necessary in realistic problems is extremely large. Consider
the simple example problem. With two sources and three destinations, 2 x 3
= 6 activities were required. A realistic problem could have 20 sources and 50
destinations and would therefore require 1,000 activities and 70 constraints
(in some cases some of these activities could be eliminated as being obviously
inefficient).

Another transporting possibility, which was not considered in the simple
example, may also be relevant. Besides transporting the good (fertilizer in the
example) directly from each source to each destination, it could be transported
froma source to adestination via one of the other source points (trans-shipment).
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This possibility provides further transporting activities, thus further increasing
the size of the problem.

The example given here is the basic transport model. With some mod-
ifications it can be adjusted to examine such problems as the optimal loca-
tion of production plants and depots and the optimal size of production
plants. This latter problem is important as economies of size usually exist.
Similarly, it can be used to examine, on a national or regional scale, the
optimal location of different product-producing farms. For example, a prob-
lem that might be considered is whether dairy products should be produced
under irrigation in one area relative to others in order to maximize total
national welfare.

The Application of LP — Concluding Comments

The above examples give some idea of the problems that could be solved
using LP, although many more could be given, e.g. designing oil refinery
operations, aeroplane scheduling, job assignment in a factory etc. It must
always be remembered, however, that when looking at some particular prob-
lem the analytical technique that best fits the problem must be selected.
Some analysts tend to do the opposite, and adjust the problem to suit a par-
ticular analytical technique as they are only familiar with a limited number of
techniques. Clearly the solutions will not comply with the real-world situation
where the approximation is too far from reality.

Problems that are multi-staged, and where risk and uncertainty is a
critical aspect of their analysis, may be better solved, at least in principal,
by Belman’s dynamic programming. This technique is the subject of the
next chapter.
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1 3 Dynamic Programming

13.1 Introduction — Background and Computational Principles

Dynamic programming (DP) is particularly suited to risky and time-
dependent problems involving part of a farm, e.g. the problem of decid-
ing how to use limited supplies of irrigation water in an uncertain rainfall
environment. Conceptually, however, the technique can be applied to
whole-farm problems but the quantity of calculations required challenges
the fastest of modern computers. Despite this, a study of DP is extremely
beneficial for understanding the nature of the farm decision problem in
the dynamic, non-certain environment in which any farm exists. It pro-
vides additional insight compared with production economics, linear pro-
gramming (LP) and many other techniques. These models were largely
concerned with static, certain situations. However, it should be noted that
despite the computational burden, with good computer support, DP can
be of use in solving whole-farm decisions for simple farm types where the
choice is not great.

The name ‘dynamic programming’ suggests that the technique can only
be used for problems involving several time periods. This is not the case, as
will become evident later. Basically, if a problem can be divided into stages, it
can be solved using DP.

DP is not a well defined algorithm like the Simplex method in LP
(algorithm — a set of solving rules or procedures). It is a basic approach to
problem solving, or, in other words, a way of thinking about problems. Given
a specific problem, an individual solving process must be set up for the
problem using the general principles of DP. To achieve this, several ‘open
source’ computer packages are available. Alternatively a standard computer
language, such as BASIC or FORTRAN, can be used by experienced
programmers.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 297
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DP will be discussed within three main themes. The first (sections
13.2-13.5) will provide a simple example to show the basis of the DP
approach. The next (13.6-13.12) will show how DP can be applied to a
number of different farm problems and generalize the DP approach. The last
theme (13.20) will discuss the assumptions used by DP and consider the
lessons available on the nature of the real farm decision problem. Note that
the use of examples forms the basis of the DP discussions. This method is
used as DP, as noted, is not a well-defined set of rules, but a way of thinking.
The examples will bring this out.

The first example is a simple example of the use of DP.

13.2 A Simple Example of the Use of DP

The problem

Consider a hill-country farmer who wants to put a farm road across his
property so that he will have access between the back and front. Assume
the objective is to minimize the total cost of the track. Also assume there
is a number of alternative routes that can be followed so that choice
exists. Further, assume that it does not matter which of the available
routes the track follows provided it starts at point A (front of property)
and finishes at point B (back of property), and construction costs are at
a minimum.

In constructing the track the process can be thought of as consisting of a
number of stages. Stage 1 might consist of getting the track to a position
500m from the starting point and so on. Assume that point B is approxi-
mately 2000m from point A so the problem can be seen to consist of four
stages. Assume there are three alternative routes the track can follow (this will
depend on the terrain, valleys available, rivers to cross, soil type etc.) from
point A to the end of stage 1. That is:

From point A can move to C, D or E.

Similarly, assume that once point C, D or E is reached, the track can then be
made to join up to points F, G, H or I using the following routes:



Dynamic Programming 299

Each line represents a possible route the
track can follow.

D Thus, to get to point G, the track can
start at D or E.

Similarly, for each of the remaining two stages, there are a number of alterna-
tive routes the track can follow.

For each possible section between two points, the track will have a fixed
cost. Assume these costs are known with certainty (it will be clear in later
examples how the certainty assumption can be relaxed). Thus, a summary
diagram representing the farmer’s decision problem can be drawn showing
the alternative routes the track can follow and the costs of each segment.
Assume the complete problem has the form shown in Fig. 13.1.

There are, clearly, a large number of possible routes the track can take in
getting from A to B. Each of these has a given cost. For example, from A to C to
F to J to B forms a possible route with total cost 6 + 24 + 12 + 15 = 57. Similarly,

Notes

(i) The figures beside each (i) This diagram is not a map of the
segment present the farm. It is a representation of the
costs (perhaps $100 units) problem

Fig. 13.1. Diagram representing the possible farm track routes and their
construction costs.
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another route is A to C to H to J to B with a cost 6 + 20 + 15 + 15 = 56. The
problem is to find that route that minimizes the total construction costs.

Features of the problem

13.3

The problem can be seen to consist of a number of stages. Within each stage a
decision must be made. For example, assume that it pays to construct the track
so that it passes through point C. Having reached this point the problem is in
stage 2 and a decision must be made about the direction the track should take.
There are three options. The track can move from C to F; C to H; or C to .

At the end of each stage the problem can be said to be in a defined state.
Thus, the statement ‘the track has reached point G’ defines the current stage
of the tracking operations.

There is obviously a connection between the decision made at each
particular stage and the state of the system at the end of the stage. Thus, given
the process is at point C, and assuming the alternatives are labelled in the
following way:

C to F = decision 1
C to H - decision 2
C to I = decision 3

then, for example, taking decision 3 means the decision maker has decided
the system should end up in state I at the end of this particular stage.

The decision taken at each stage results in a particular cost (in some prob-
lems this will be a return rather than a cost). Thus, in each particular stage, a
decision has two effects: (i) it gives rise to a particular cost; and (ii) it defines
the state the system will be in at the end of the stage.

Note that for a particular stage, the state of the system dictates what the avail-
able alternatives (decisions) are. Thus, for example, if the system is at state H there
are two alternative decisions available. That is, move from H to J or H to K.

Solving the Problem

One method would be to determine all possible routes and evaluate the cost
of each and select the route with minimum cost. This is obviously inefficient.
Another approach is to split the solving process up into a number of stages.
(In general, a dynamic programming problem consists of n stages.) A solution
to the n stage tracking problem is then obtained by determining the optimal
solution to each stage and combining these n optimal solutions to form one,
overall, optimal solution.

Consider the example problem. The first two stages are repeated below.

Consider the first stage. The optimal decision for the first stage cannot be
determined until it is known what the minimum cost is from moving from C
to B using an optimal route, similarly from D to B and E to B. However, the
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least-cost way of getting to each of the possible states at the end of stage
1 can be determined. In this case the answer is trivial as there is only one way
of getting from A to each of the possible states C, D or E. If there was in fact
a number of alternative ways to each stage (as there is in the second stage),
the selection above would give the least-cost way of getting to each stage.
Each of the least-cost ways would have a defined cost (in the example, A to
C=6,AtoD=12,AtoE=4).

Now, given the optimal route (optimal decision) for getting to each stage
at the end of the first stage, the decision about the minimum cost route to get
to each possible state at the end of the second stage can be determined.
Consider each of the second stage states:

(a) F — to get to F there is no choice.
Total cost for stages 1 and 2is = 6 (Ato C) + 24 (C to F) = 30
(b) G - alternatives
(i) Ato D to G, total cost = 12 + 3 =15
(ii) A to E to G, total cost = 4 + 24 = 28
.. optimal route to G is ADG with cost = 15.
(c) H - alternatives
(i) Hto C to A, total cost = 20 + 6 = 26
(ii) H to D to A, total cost = 10 + 12 = 22
(iii) H to E to A, total cost = 19 + 4 = 23
.. optimal route to H is = ADH with cost = 22.
(d) I- alternatives
(i) Ito C to A, total cost = 26 + 6 = 32
(ii) Ito E to A, total cost = 30 + 4 = 34
.. optimal route to I is ACI with cost = 32.
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Thus, the optimal route from A to each of the possible states at the end
of stage 2 has been calculated. Summarizing, these are:

State Route Cost
F ACF 30
G ADG 15
H ADH 22
I ACI 32

Which of these stages should be ‘aimed’ for depends on the cost of get-
ting from these states to B. What has been achieved so far is to determine the
least-cost route of getting to each of the possible states by doing two sets of
calculations:

(i) determining optimal routes to get to each possible state at the end of stage 1
(in the example this calculation was trivial); and

(i) using the answers to the first calculation, the optimal route to get to
each possible state at the end of stage 2 was determined.

Consider the third stage. Using the information calculated, the least-cost
way of getting to each of the possible states at the end of stage 3 can
be determined. Consider state J. There are three routes to get to this
stage:

@) Ftod,
(b) GtoJ,
(c) HtoJ.

Note that the cost of each of these routes is:

(@) the cost of getting to F using an optimal route up to this stage (i.e. least-

cost route to F) plus the cost of going from F to J. This is 30 + 12 = 42;
(b) the minimum cost of getting to G plus cost of G to J. Thisis 15 + 10 = 25;
(c) the minimum cost of getting to H plus cost of H to J. This is 22 + 15 = 37.

Thus the optimal route to get to J is ADGJ with a cost of 25.

Using the same procedure the alternative least-cost routes to K, the other
possible state at the end of stage 3, can be determined. That is, to determine
these costs, evaluate the minimum cost of getting to each particular state at
the end of stage 2 (this has already been determined) plus the cost of getting
from that state to the desired state at the end of stage 3.

This gives the following alternative routes and costs:

(@) ACFand FK = 30 + 9 = 39
(b) ADG and GK = 15 + 5 = 20
(c) ADH and HK = 22 + 10 = 32
(d) ACland IK = 32 + 8 = 40

Thus, the least-cost route to get to state K is ADGK with a cost of 20.
There is only one stage left to evaluate. As there is only one state at the
end of this stage, this being the destination, the solution to the last stage is



Dynamic Programming 303

13.4

13.5

obvious. There are two routes to get to B from the start of the last stage.
These are J to B and K to B. The optimal path is given by the lowest of:

(@) the cost of an optimal path to J plus J to B cost;
(b) the cost of an optimal path to K plus K to B cost

i.e.

(@) 25 + 15 = 40
(b) 20 + 10 = 30

Thus, the optimal path or route for all n stages has been determined. It is:

ADGKB with a cost of 30.

Features of the Solving Process

The important features of the solving process have largely been noted. The
n stage process has been solved using the answers to a series of one stage
problems. The procedure at each stage was:

1. Using the previously calculated information for an optimal set of
decisions or policies, and therefore the minimum cost (or maximum return
depending on the problem), to get to each state at the start of the stage in
order to,

2. Determine the optimal policy for the stage in order to get to each possible
state occurring at the end of the stage at least cost (or maximum return in
some problems).

This process is continued, stage by stage, until the final stage is reached.

A Backwards Solution

The solving process started at the first stage and proceeded to the last stage.

The optimal solution could have been obtained by following the opposite pro-

cedure. In practice, DP usually uses this backwards solution process and most

texts and research projects use the backwards solution, though it is immaterial

which is used. The following discussion uses the backwards approach.
Consider the simple example:

Stage n: (Stage 4)

(a) An optimal policy between stages B and J is BJ with a cost of 15.
(b) An optimal policy between states B and K is BK with a cost of 10.

Stage n-1: (Stage 3)

(@) An optimal policy from F to B is given by the alternative with the least cost:
(i) 12 + 15 = 27 (BJF)
(i) 9 + 10 = 19 (BKF)
i.e. policy (ii).
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(b) An optimal policy from G to B is given by the alternative with the least
cost:
(i) 10 + 15 = 25 (BJG)
(i) 5+ 10 = 15 (BKG)
i.e. policy (ii).

(c) An optimal policy from H to B:
(i) 15 + 15 = 30 (HJB)
(i) 10 + 10 = 20 (HKB)
i.e. policy (ii).

(d) An optimal policy from I to B — only one alternative:

@) 8 + 10 = 18 (JKB).

Stage n-2: (Stage 2)
(a) An optimal policy for C to B:
(i) Cost of C to F plus cost of an optimal policy from F to B (from
previous calculation) = 24 + 19 = 43
(ii) Cost of C to H plus cost of an optimal policy from H to B (from
previous calculation) = 20 + 20 = 40
(iii) CtoIplusItoB =26 + 18 = 44.
Optimal choice is (ii), i.e. CHKB.

(b) An optimal policy for D to B:
i) DG+GB=3+15=18
(i) DH + HB = 10 + 20 = 30.
Optimal choice is (i), i.e. DGKB.

(c) An optimal policy from E to B:
(i) EG+GB=24+15=39
(i) EH+ HB =19+ 20 =39
(ii)) EI + IB =30 + 18 = 48.
Optimal choice is either (i) or (ii).
Say (i), i.e. EGKB.

Stage n-3: (Stage 1)

(@) Optimal policy from A to B through C is AC + CB = 6 + 40 = 46.
(b) Optimal policy from A to B through D is AD + DB = 12 + 18 = 30.
(c) Optimal policy from A to B through E is AE + EB = 4 + 39 = 43.

Thus, optimal choice is (b) above, giving an optimal path of AD + DB.

To find the full optimal path, go back to the calculations for stage 2 and
determine the optimal route for DB. This is DG + GB. Similarly, the details of
the whole route are ascertained giving ADGKB.

This is the same path or route determined using the forwards solution.
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13.6 Farm Example (with some general terminology introduced)
Introduction

The previous discussion covered the DP approach for problems that are
conceptually multi-stage. The example used, however, was not a particularly
important or difficult farm problem, and the DP approach used was not
generalized. This section will give a more realistic problem, though it will still
assume a certainty environment, and will start to derive a general statement
for the DP approach. It is important to make this statement as DP can be
used to solve problems that appear to be, and are, quite different.

Using DP to solve a typical part farm decision problem

The problem — possible states

Consider a farm on which store (unfinished) cattle are purchased and fed on
purchased concentrate feed. The problem is to decide on the feed to give per
head in order to maximize profit. This is a realistic problem that involves con-
siderable complexity. In order to simplify the description, the amount of choice
(the number of decisions) will be limited.

Assume the farmer keeps the cattle for exactly three 40-day periods before
selling, giving a total of 120 days. Thus, the problem is being divided into three
stages. Assume that when the cattle are purchased they will be either 300 or 320kg
LW (i.e. they can be put into groups so their mean weights are 300 or 320kg). The
farmer must decide the quantity of feed to give each group during each stage.
Assume that the feeding rate is not varied throughout a particular stage.

Assume that the farmer has a choice of three feeding rates:

(a) a maintenance ration (growth rate = Okg/day);
(b) a growth rate of 0.5kg/day;
(c) a growth rate of 1.0kg/day.

As a result of choosing a feeding rate, the animal(s) will be in a defined state
at the end of the 40-day period.

Consider a 300kg animal. After 40 days it will be in one of the following
states, depending on the feeding rate chosen:

(a) 300Kkg — using feeding rate (a) above;
(b) 320kg — using feeding rate (b) above;
(c) 340kg - using feeding rate (c) above.

Similarly, depending on the feeding rate used in the next 40 days, the animal(s)
may end up at a number of possible states. Summarizing, considering both
starting weights and all three stages, the possible states and the ‘paths’ con-
necting them are presented in Fig. 13.2.

Notice in the figure that a fourth stage has been added to take account of
selling. After three feeding stages the animals are sold at the beginning of the
fourth stage.
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Stage 1 Stage 2 Stage 3 Stage 4

300 = 300 > 300 > 300
320 320 \ 320 \> 320
340 \‘ 340 \‘ 340
360 360 360

> Sell

380 380
400 400
420

440 )

13.7

13.8

Fig. 13.2. Stages and paths in a beef production system — live weight options (kg).

The Problem —Terminology for Defining Possible States

Rather than use kg of live weight to describe the state of the animals, the
problem can be generalized through the following terminology:

S; = ith possible state at the beginning of stage j (or at the end of stage
j-1).
Leti=1be 300kg LW

i =2be 320kg LW
i =3 be 340kg LW

i = 8 be 440kg LW

Thus, for example:
S% = a state of 340kg at the beginning of stage 3 (or end of stage 2)
S§ = a state of 440kg at the beginning of stage 4 (or end of stage 3).

The Problem —Terminology Representing Decisions
and Action (feeding alternatives)

Three alternative feeding programmes (decisions) within each stage are pos-
sible (i.e. plan for Okg/day growth rate, or 0.5kg/day or 1.0kg/day). This
forms the decision variable. In general, let X; refer to the decision taken during
stage j where:

x; = 0 represents feeding to give zero growth rate;

x; = 1 represents feeding to give 0.5kg/day growth rate;

x; = 2 represents feeding to give 1.0kg/day growth rate.
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The value given to x. affects what state the animal will be in at the end of the
stage (as previously noted). It does not, however, completely determine the
ending state. The starting state together with x. determine the ending state.
That is, the starting state (S}) and the decisions made (xj) determine the ending
state for a particular stage.

In general:

Sji1 = fISx)
Sy =fS;.1x;.1)

etc. where Sj is a general variable describing the state of the system at the
beginning of stage j. In our example, S. can take on the values S ,S?,S?, . . .,
S8 ie. S !

,le. S

The Problem — Costs and Returns

In order to solve the problem, feeding costs and the value of the animal at
different weights must be known.

Assume that the price per kg received varies with the LW. Therefore,
assume the following prices per head:

300kg LW at 30 cents = $90.0 (i.e. return for beast in state S!)
320kg LW at 30 cents = $96.0 (i.e. return for beast in state S?)
340kg LW at 30 cents = $102.0 (i.e. return for beast in state S3)
360kg LW at 29 cents = $104.4 (i.e. return for beast in state S%)
380kg LW at 27 cents = $102.6 (i.e. return for beast in state S°)
(i.e )
(i.e )

400kg LW at 25 cents = $100.0 (i.e. return for beast in state S°
420kg LW at 25 cents = $105.0 (i.e. return for beast in state S7
440kg LW at 22 cents = $96.8 (i.e. return for beast in state S8)

In order to estimate the feed costs the kg of feed necessary to give the specified
growth rates must be known. Assume the following feed requirements:

Feed per day (kg) to give a growth rate of

LW 0 0.5kg/day 1.0kg/day
300 5 6 9

320 52 6.2 9.4
340 5.4 6.4 9.8
360 5.6 6.6 10.2
380 5.8 6.8 10.6
400 6 7 11.0

Given that the heavier the cattle are, the greater the feed requirement to gain
1kg (the maintenance requirement is higher), then taking cattle to heavy
weights is not necessarily profitable. Similarly, the faster the growth the greater
the food requirement per kg of gain so that faster growth rates are not
necessarily profitable. To make such decisions the marginal costs and returns
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must be considered. To get very high rates of gain very expensive feed may
have to be used in order to get sufficient energy into the animal within the
animal’s appetite limit.

Assume that as the season progresses the cost/kg of feed increases.
Assume a cost of 2.5 cents/kg, 3.0 cents/kg and 3.5 cents/kg in stages 1, 2
and 3, respectively. Thus, the cost to get from each state to another state can
be determined. These are given below:

$ Cost of moving from Sj to S,

Stage 1

Starting
state

Stage 2

Starting

state

Stage 3

Starting

state

End state

S, S: S3 S;
811 500 6.00 9.00
g2 520 620 9.40
1

End state

si 8 s st s s
S 6.00 7.20 10.80
2
g2 6.24 7.44 11.28
2
g3 6.48 7.68 11.76
2
sS4 8.40 9.80 15.40
2

End state

S. Sz S; S: S: S¢ CH S$
S;, 7.00 8.40 12.6
g2 7.28 8.68 13.16
3
g3 7.56 8.96 13.72
3
sS4 7.84 9.24 14.28
3
I 8.12 952 14.84
3
g8 840 9.80 15.40
3
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13.10 The Problem — the General Return Function

The return (where it is assumed that a cost is written as a negative return) in
any stage is a function of:

(i) the decision made in that stage, i.e. X, value; and
(ii) the starting state in that stage, i.e. S;.

Thus, let R ;= the return in stage j:
Consider our problem. If, for example:

() S;=S% and x, =0, then R, = -6.24
(i) S;=S% and X, = 2,then R, = - 11.28
(iii) S;=S5 and x5 =1, then Ry = — 8.68

etc. (These figures are read off the preceding tables. Also recall that Si1 =
fiS;x).)
"I the final stage (stage 4), x, cannot take on any values as the cattle are

sold. Thus,
R, =$90if S; =S} (i.e. 300kg animal is sold)
R, = $96 if S, = S2

R, = $96.8if S, = S}

13.11 The Backwards Solution to the Problem
General method

To solve the problem, use the backwards solution. Thus, when the calcula-
tions for a particular stage are being carried out, the return from using
optimal decisions for the rest of the stages (to the end of the process) is
known from previous calculations. This is known for each possible state.
Therefore, to determine the optimal decision (in this stage) for each par-
ticular starting state, the return from moving from this state to the various
possible ending states in the stage is combined with the above
information.
In order to define this statement using symbols, let,

1. f (SJ’) = the $ return if an optimal policy (optimal decisions are made)
is followed from stage j to the end of the process assuming the process is in
state i at the beginning of stage j.

2. r}( jﬂ) = the return associated with moving from state i (the superscript
on r) at the beginning of stage j to state i (the superscript on S) at the beginning
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the return if an optimal policy is (1) the return from the jth stage if a decision
followed from stage j to the end of is made to go to state S! at the end of the
the process assuming the process| — stage plus

is in stage Si

of stage j+1 (or end of stage j); the return depends on the values of the
decision variables necessary to give S, .

s, (8)) = . (Sha)-for ()
ion Sj,

(This is referred to as a recurrence relationship.)
In words:

(7 The maximum value of the following\
calculation:

(2) the return from following an optimal policy
from S! in j+1 to the end of the decision
problem (process) where this is calculated
for each Sji1 that can be reached from

LS )

The third stage

Using the above formulae an optimal policy for stage 3 can be calculated for
each possible starting state. For example, consider the starting state S3 (i.e.
300kg LW at the beginning of the last 40-day period). Depending on the
value of x,, the animal will be fed to end up in one of the states S}, S2, S3
(i.e. 300, 320 or 340kg LW). The decision about which of the alternatives is
optimal relies on the evaluation of the recurrence relationship:

4 (54)+ i (54)

Silie.i=1) — 7+90 = $83.00
S‘%i Silie. i=2) - 84+96 = $87.60
Silie.i=3) - 126+102 = $89.4*

where these $ figures are obtained from the cost and return tables developed
earlier.

Note that in this final stage the f; (Sj) figures are simply the sale prices.
The optimal i value is clearly 3.

Thus, an optimal policy for stage 3, given that the process is in stage S3,
is to feed so the animal(s) end up in state S;. This then indicates that f; (Sé)
= $89.4. That is, the return to following an optimal policy from S} to the end
of the process is $89.4. This information is used in calculating an optimal
decision in stage 2.

Similarly, the optimal policies and associated optimal returns ( f; (S})) can
be calculated for S§ (i =2, 3, 4, 5 & 6).

The results are presented in Table 13.1 (the calculations for S} are
presented for the sake of completeness).
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Table 13.1. Costs, returns and optimal polices for each
stage of the beef production problem.

S, Si1 f}(S};l) + j+]_(Sji+1) = $ Total
s -7.0 +90.0 =83.0
st s -8.4 +96.0 =876
s -12.6 +102.0 =89.4
sz -7.28 +96.0 =88.72
8 s - 8.68 +102.0 =93.32"
Ss -13.16  +104.4 =91.24
s -756  +102.0 =94.44
2 A -8.96  +104.4 =95.44*
8 -13.72  +1026 = 88.88
st -784  +104.4 = 96.56*
st S5 -9.24  +1026 = 93.36
S8 -14.28  +100.0 =85.72
8 -812  +1026 = 94.48"
S8 S8 -9.52  +100.0 =90.48
s -14.84  +105.0 =90.16
s -84 +100.0 =91.6
S8 sl -9.8 +105.0 =95.2*
S8 -15.4 +96.8 =81.4

The * locates the optimal policy and return for each Sj .

To summarize the results for stage 3 the following set of figures can be
constructed.

Optimal policies and returns for Stage 3

Starting state S} Optimal policy Move to state: Optimal returns f; (Sg) $
S S2 (implies x, = 2) 89.4

s; S3 (implies x, = 1) 93.32

s3 S; (implies x, = 1) 95.44

S3 S} (implies x, = 0) 96.56

S5 Sg (implies x, = 0) 94.48

S8 S; (implies x, = 1) 95.2
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The second and first stages

Similarly, using the recurrence relationship, the optimal policies for the alter-
native possible starting states in each stage can be estimated, bearing in mind
that the results for stage 2 must be estimated before stage 1 results can be
estimated. Once the first stage results have been calculated an optimal policy
for the whole three stages becomes evident.

Second stage First stage
S; sS4 r3(SL) 1, (S s, s r'(Sh) f, (Sh)*
S} -6.0 + 89.4 =83.4 s} -5.0 + 86.12 = 81.12
S) sz -7.2+93.32=86.12" S] Sz -6.0 + 88.00 = 82.00"
S3 -10.8 + 95.44 = 84.64 s3 -9.0 + 88.96 = 79.96
S5 -6.24 + 93.32 = 87.08 S5 -5.2 + 88.00 = 82.80"
S3 S5 -7.44 +95.44=88.00*  S%  S3 -6.2 + 88.96 = 82.76
S3 -11.28 + 96.56 = 85.28 S3 -9.4 + 89.84 = 80.44
S3 -6.72 + 96.56 = 89.84*
s3 S3 ~7.92 + 94.48 = 86.56
S5 -12.24 + 95.20 = 82.96
S3 -6.72 + 96.56 = 89.84*
S; S3 ~7.92 + 94.48 = 86.56
S5 -12.24 + 95.20 = 82.96

+The fj(SI!') are obtained from the table for the previous stage.
* denotes an optimal policy.

Optimal Policies
Second stage First stage
Starting state  Ending state  £,(S)) ($) Starting state Ending State  £,(S]) ($)
s} S2 86.12 s! S2 82.00
Sz S5 88.00 s2 Sz 82.80
s3 S3 89.84
S3 S3 89.84

13.12 The Optimal Solution

Description

Having reached the first stage in the backwards solution, the optimal solution
can be determined by using the information on the optimal policies in each
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stage given the system is at a particular state. For convenience, the table
giving the optimal policies is repeated below:

Third stage Second stage First stage
Starting Optimal Starting  Optimal Starting  Optimal Optimal
state ending state  state ending state  state ending state return
S} S3 S} S2 s s3 $82.00
S2 S3 S2 S5 s2 s3 $82.80
$3 st ss s
3 st si s
s3 S
S8 s]

An optimal policy for the whole system is now evident. An optimal feeding
system depends on the weight of the animal when it is brought into the feed
lot. Given:

1. 300kg animal (i.e. state S}):

(i) The first stage table shows that the animal should be fed to reach S?
(i.e. 320kg at the end of the stage (i.e. x; = 1)).

(i) Thus, for the second stage the animal starts in state SZ. The second
stage table shows that if the animal starts in this stage that an
optimal policy is to end in state S (i.e. 340kg, this x, = 1).

(i) Thus, for the third stage given the animal is starting in S3, an optimal
policy is to end in state Si (i.e. 360kg, thus x5 = 1). The gross return
is $82.00

2. 320kg animal (S?): the tables show that the optimal feeding policy for
this animal is the same as for the 300kg animal except that in the first
stage x = O rather than 1 (i.e. the animal is only fed a maintenance
ration).

Summarizing, the optimal policies are:

Stage 1 Stage 2 Stage 3

300kg animal x=1 x=1 x=1
320kg animal x=0 x=1 x=1

Recall that x = 0 implies feeding for zero growth rate; x = 1
implies feeding for 0.5 kg/day growth rate; x = 2 implies feeding
for 1.0kg/day growth rate.

Note that in this example it does not pay to feed for the maximum growth
rate. This occurs as Marginal Return < Marginal Cost for the high growth
rate.
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13.13

13.14

A Feature of the Solution Tables

The solution tables indicate more than just the optimal solution. They indicate
what an optimal policy should be, given the process is started at any stage
and in any of the possible states. For example, say that due to a truck load of
good feed the mean weights of a batch of animals at the end of Stage 1 was
340kg (S3) rather than the planned 320kg (S3). Given that the end state is
different, the optimal policy should change. The tables show that the new
optimal policy should be:

Stage 2: End in state S (x,

Stage 3: End in state S (x5

Final weight = 360kg

1)
1)

A Diagram of the Optimal Policies

In order to reinforce an understanding of the nature of the optimal policies, a
diagram showing the optimal paths for each possible starting state is given in
Fig. 13.3.

Optimal policies, no matter what the starting state at any particular stage,
are now quite evident.

It is re-emphasized that the problem used as an example has been simpli-
fied to facilitate the explanation. For example, there is no reason why each
animal should be kept for exactly 3 x 40 = 120 days. It may pay to sell after,
say, 80 days, or a large range of other weights.

Stage 1 Stage 2 Stage 3

300 kg

320 kg

300 300

340 \ 340 340

/

360 360 360
380 > 380

400 400

s\\\\\\\\\\\\“t»4zo

440

Fig. 13.3. The diagram of the optimal policy sequences for the beef fattening example.
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13.15 General Statement and Further Examples

The general form necessary

¢ For a problem to be solvable using DP, it must be capable of being broken
down into stages. These stages do not have to be separated in time (an
example at the end of the chapter will show this).

e The state of the process at the end of each stage must be capable of being
described, and there must be a range of alternative possible states at the
end of each stage (if only one state is possible, the solution to each stage
can be determined independently of the other stages).

The state variables

Let the state of the process (in general this will be a production process) be
defined by the general variable S; where:

jrefers to the stage, j=1,2, ... n

i refers to the ith possible state, i = 1, 2, ... m
In most processes a number of variables are required to describe the state of
the system. These are referred to as the state variables. For example, con-
sider the store beef fattening example. The variable ‘live weight” was used to
describe the state of the system. However, another important variable in some
feedlot problems is ‘feed on hand’.

Thus, two state variables (q; = LW, g, = t of feed) might be necessary to
describe the state of the system.

Then, for example, Sj might be defined as the overall state where q; =
300, g, = 180.

Further definitions might be:

§2 = (q, = 300, g, = 200)

S3 = (q, = 300, q, = 220)

St =(q, = 320, q, = 180)

etc.

Similarly, variables such as g, = working capital balance, g, = ewes on hand,
g5 = rams on hand, g, = area of good turnips, g5 = area of poor turnips etc. would
be required to describe the state of a whole farm. To completely describe a large
system at any particular time would require many state variables. Thus, the number
of possible value combinations for these variables would be extremely large so that
i on S" would have to range from 1 to approaching infinity. (Computational limita-
tions mean such problems become impossible to solve using DP.)

The decision variables

In any particular stage, a number of decisions must be made. Let each deci-
sion be described by a variable x; where j refers to the stage, and i refers to
the particular decision variable (i = 1, 2, ... m).
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13.16

For example:

x? might refer to the feeding decision. Thus, if x? = 0, this refers to a
maintenance diet in the feed lot example.

x? might refer to the animal health expenditure. Thus, if x; = $2.40 this
refers to a decision to spend $2.40 on animal health within stage j.

x{ might refer to the stock sale decision. Thus, x{ =1 might represent
the decision to sell, while x} = 0 might represent the decision not to sell.

In the store beef fattening example the superscript was not required as
there was only one decision variable. In realistic problems there would be
many.

Relationships Between States and Decision Variables,
Associated Returns and the Optimal Policy

Given the system is in a particular state, the values of the decision variables
(the decision made) affect the ending state. It is assumed that there is a defin-
able function relating the decision made and the resulting end state. If the
decisions taken do not affect the ending state, then the solution to each stage
can be determined independently.

Thus,

1 2
Sj = f(Sj,l,x_i,l,xj‘,l,...x}q,l)

The return received in a particular stage depends on the decisions made and
the state of the system at the start of the stage. (The return in a particular
stage may be negative.)

Thus, letting R; = the return in the jth stage:

R; = f(Sj,x},ij,xf’,...,x}'»‘)
Note that, because S; = f(S,_;, x; 1),

RJ = f(f(’S}_lv x}‘_l)’ x})
This could be further split up as

S;_1 = fIS,_g, x;_y) etc. so that

Rj = f(S;, X1, Xq, X3,..., xj)

Now as the ending state of a particular stage is a function of the starting state
and the decisions made (S 1 = f(Sj,x}.)), the return in a stage is a function of
the ending state. Thus,

To determine an optimal policy:

let F\(S) = the return from an optimal policy for the n stage process
assuming the process starts in state S' (i.e. for the whole problem);

let f; (S}’ = the return from an optimal policy for the stages j to n assum-
ing the process is at state S; (i.e. from stage j to the end of the process);
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let f; (Sj-, j+1) = R, where the process moves from state S; to state Si,; .
Then,

Fy(S) = max(f(S{,S§)+f2(S§)) acrossalli=1,2,... mon S},;

That is, to determine the optimal first stage return, given a particular starting
state, determine the n stage return from moving to each possible ending state
for the second stage from the given starting state and select the maximum
value.

However, f, (S’z) is not known at this stage. Thus, the solving process is
started at the last stage. At each stage the general recurrence (or recursive)
relationship given below is used to determine an optimal policy:

£,(8}) = max (£(S},Sj)+ fir(Sja))across all i = 1,2, ... mon S},

13.17 The Dynamic Programming Principle

DP was largely developed by Bellman (1957). The solving process used rests
upon his Principle of Optimality. Bellman states that ‘An optimal policy has
the property that whatever the state and initial decision are, the remaining
decisions must constitute an optimal policy with regard to the state resulting
from the first decision.’

In setting up solving systems that meet this requirement, the terminology
used to describe DP tends to vary from text to text, and from computer pack-
age to computer package. Further, as DP can be used for many different
problem types, the symbols used will tend to vary. Thus, when doing general
reading make sure that you carefully read all symbol definitions.

13.18 A Stochastic Example
Introduction

One of the major advantages of the DP approach is that stochastic prob-
lems, i.e. problems where the variables are random so that planning is tak-
ing place under a non-certainty environment, can be solved with the
technique. An example is given as an understanding of the method leads to
a better comprehension of the nature of the general farm decision problem.
It will be assumed that the decision maker’s objective is to maximize expected
profit. Almost as simply, a model to maximize expected utility could be
developed.

The problem

For the sake of simplicity, the store beef fattening problem will be used.
Assume, however, that:
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e  The beef prices are a random variable;

e The feed costs are a random variable; and

e The growth rate is a random variable, i.e. weather conditions, incidence
of disease and disorders, the quality of the particular batch of feed etc. are
all random variables and affect the growth rate.

The fact that beef prices and feed costs are random variables does not affect
the optimal solution or solving process provided the expected values of the
random variables are used. If it is assumed that the prices and costs used in the
example were expected values, then the solution is optimal. Note, however,
that if there was a constraint on the maximum amount of funds that could be
spent on feed in each stage, then for the years in which feed costs turned out
to be very high, the suggested ‘optimal system’ may become infeasible. DP
can, in fact, handle such situations, but this is beyond the scope of this text.

The stochastic growth rate variable cannot be handled so easily. Its exist-
ence (and this is the realistic situation) means that in any particular stage the
ending state ‘aimed’ for may not be reached. Thus, a new solution to the —
what is now a stochastic — problem must be found.

Assume that when an animal is fed at a particular rate, the range of pos-
sible ending states and their associated probabilities are as follows:

1. Fed to give a growth rate of Okg/day (x = 0)
(i) S;=0kgp=0.8
(i) Sj=20 kgp=0.2
(iii) S;=40 kgp=0

2. Fed to give a growth rate of 0.5kg/day (x = 1)
(i) S;j=0 kgp=0.3
(i) Sj=20 kgp =0.6
(iii) S;=40 kgp =0.1

3. Fed to give a growth rate of 1kg/day (x = 2)
(i) S;=0 kgp=0.1
(i) S;=20 kgp =0.4
(iii) Sj=40 kgp = 0.5

(Note that these probability figures might well vary according to the state of
the animal. This is not assumed in this case.)

The effect of a stochastic growth rate on the calculation

Given the process is at a particular state, to estimate the optimal policy for this
state the calculations must recognize that the system may not end up in the
state expected given a decision regarding X;. Thus, in calculating the recur-
rence relationship, the expected value of an optimal policy for the remainder
of the process must be used instead of the certain f; (Sj) .

Given that the process is at state i = 2 in some stage, the expected return
for this and the rest of the stages, assuming the cattle are fed so that they will
end up in state, say, 3, will be:
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E (return from states 2to 3) = 82 S,+1 + 2 f,+1 j+1
i=1

where p, = the probability of the system ending up in state S'.

For example, consider the third stage of the example problem and a start-
ing state of S5. Assume the animals are fed to give a growth rate of 0.5kg/
day. Thus, from the tables provided above:

1.
f(S5.57) =-$8.68
f(S%)=$96.0
f1(S3) =$102.0
f1(Si) =$104.4

2.

P = 0

p,=0.3
p3=0.6
p,s=0.1

from the probabilities given above

.. E(return from stage 3 to the end) = —8.68 + 0.3(86) + 0.6(102)
+ 0.1(104.4)
=$91.76
Similarly, given a starting state of S5 but where the animals are fed a growth
rate of 0.0 and 1.0kg/day the return figures are:

1. E(return from S to S7) = —-7.28 + 0.8(96) + 0.2(102) = $89.82
2. E(return from S% to S§) =-13.16 + 0.1(96) + 0.4(102) + 0.5(104.4)
= $89.44

The maximum E(return) occurs when state Sj is ‘aimed’ for.

Thus, the optimal policy, if the starting state in stage 3 is S5, is to feed
for 0.5kg/day giving an expected return of $91.76. (This is in fact the same
policy as in the certainty case. This is due to the choice of probabilities in the
sample problem.)

The optimal policies in the stochastic example

The preceding examples were taken from the third stage. The results of the
other calculations required for the third stage are given in Table 13.2.

To save space, the results of each calculation for the other two stages will
not be presented. (These calculations use, of course, the optimal E(return)
figures from above.) However, the optimal policies for these stages together
with those for the third stage are given in Fig. 13.4.
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Table 13.2. Optimal policies for the stochastic example.

Starting state  Ending state E(Return) Starting state Ending state E(Return)

s} 84.2 s} 96.2%+
1 * 5
53 S; 86.4 s} S8 93.64
s2 85.8+ S8 87.20
A 89.92 s% 93.96*+
2 * 6
S% s 91.76"+ % SS 91.76
st 89.44 s] 87.92
S8 94.92* st 92.6
3 7 *
S3 st 94.54+ 8 s] 93.16%+
A 89.54 s8 85.56

*designates the optimal policy; + designates the policy that was optimal in the non-stochastic case. In
two cases the optimal 3rd stage policies are different.

Sl——— 8§ Fn(S)=$79.67

s ST s e
Nl
Ss S5
S% Sg 3/ 4
3‘2‘/ Sg

Fig. 13.4. Optimal policies for all stages in the stochastic example problem.

Thus, the optimal policies for each possible starting state are:

St —=1 5%

. x=1 Sé’, x=0 SZI’
=05

These policies are slightly different to the certainty case in that x in the third
stage represents maintenance feeding rather than feeding for 0.5kg growth/
day. The fact that the certainty and non-certainty results are different in this
case does not necessarily mean they will always be different. In some cases the
ending state can be replaced with the expected ending state and calculation
carried out as for the certainty case. This depends on the shape of the return
functions and the effect of decisions on subsequent states (remember the utility
situation — if the utility function is linear (U(E(Profit) = E(U(Profit)). This
situation is somewhat similar.)
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Note that in the stochastic, or non-certainty case, the table giving the
optimal policies for all starting states in all stages becomes important. The
reason is that it is not sure what the ending state will be at any stage. Given
the system actually ends up in other than the expected state, the table indicates
the new optimal policy without further calculations.

An Example Not Involving Time

In an earlier chapter it was shown how linear programming (LP) could be used
to solve constrained, one-period problems. LP can in fact be used to solve
multi-period problems as well. Similarly, DP can be used to solve one-period
constrained problems (as well as the multi-period problems as already shown).
This section will briefly indicate how this is done.

Consider a very simple problem. A small fruit producer has three alternative
products and the only constraint on production is land. Assume he has 4 ha.

To solve this trivial problem (it is trivial as, given a linear return function,
the answer is to grow 4ha of the most profitable fruit) using DP, synthetic
stages are developed. Assume that the producer thinks in stages. In the first
stage he decides how much of fruit 1 to produce; in the second and third
stages he does the same for fruits 2 and 3, respectively. Thus, where the land
area not allocated to crops forms the state variable, the problem in diagram
form is as shown in Fig. 13.5.

Consider stages 1 and 2. If the farmer decides to grow Oha of fruit 1 he
will end up having 4 ha for use in stage 2 (i.e. he is at S ). Thus, his choices
in the second stage are to move to S} (i.e. produce Oha of fruit 2 and thus
have 4 ha available for the last stage), or move to S5 (i.e. produce 1 ha of fruit
2 and thus have 3ha available for the last stage), or move to S5 etc. (These
decisions are not, of course, separated by more time than it takes the farmer
to work out his plan.) On the other hand, if the farmer decides to grow, say,
3ha of fruit 1, then there will be 1ha available for allocating to fruit 2.
Alternatively, he can decide not to allocate any land to fruit 2. Thus, the fea-
sible ending states are S3 or S3.

Starting state Stage 1 End state Stage 2 End state Stage 3 End state
3 3 3

S===

(area not allocated after (area not allocated after (area not allocated
decision one) decision two) after decision three)

Fig. 13.5. Synthetic stages in determining an optimal crop allocation problem
(hectare units).
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Given the return figures (gross margin/ha) for each crop the optimal
policy can be calculated in the usual manner. For example, let the gross
margins per hectare be $3000, $3600 and $2500 for fruits 1, 2 and 3,
respectively. Thus, consider an optimal policy for state S3 . Alternatives and
returns are:

S} 0xgross margin of fruit 3 =10
§2  1x2,500 = $2,500
S} S3  2x2,500 =$5,000
Si  3x2,500=$7,500
S} 4x2,500=$10,000

Therefore, the optimal policy is to allocate 4 ha to fruit 3, assuming this
stage is started at state Sj .

If the calculations were continued it would be found that the optimal
policy is:

Si S 3 S

i.e. grow 4ha of fruit 2. If the return function had been non-linear (as it
might be for some specialized horticultural crops), an optimal policy may
involve more than one crop as the price would decrease as output increased
allowing one of the other crops to be profitably introduced into the
solution.

This simple example clearly points out the effect constraints have on a
DP problem (and a farm problem). This is to:

e Limit the number of possible states the system (farm) can be in (in the
example, the state S? = 5ha not allocated is not permissible); and

e Prevent the movement from a particular state to all other possible states
at the end of the stage (in the example moving from Sj to S is impos-
sible due to the land constraint).

13.20 Assumptions, Problems and Use of DP
Introduction

Throughout the previous discussions the assumptions implicit in the DP
approach have emerged. For the sake of clarity these will be brought
together in a complete list. Similarly, the important features of the DP
approach that emphasize the nature of real-farm decision problems have
been introduced but will now be brought together in one list. Thus, part of
this discussion reviews previous comments, but two new topics will also be
discussed and some further comments made regarding the practical
applications of DP.
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The assumptions of the DP approach

The number of assumptions is small reflecting the realism of the model. They are:

1. It is assumed the problem can be divided into stages;

2. That the state of the process can be described through the use of state
variables;

3. That the decisions made in one stage, together with the state of the system,

determine the state of the system at the end of the stage;

4. That the returns in each stage are a function of the decision taken in that

stage and the state of the system;

5. That all the relationships can be quantified;

6. That at any stage the system can only be in a finite number of discrete

states.

Thus, for example, it is assumed that a beef animal can only be in one of a
finite number of weight states. In reality, of course, an animal can be any
weight between, e.g. 30 and 1000kg. In general this assumption is not very
restrictive, except if very small divisions exist between each state then the
number of calculations required becomes very large.

It will be noted that there are no assumptions relating to the shape of the
return functions (objective function), cost functions and the functions relating
decisions to states. (Compare this with the LP situation.) Similarly, constraint
equations can take any form necessary to describe the real-world problem.
Furthermore, there is no assumption about the existence of the unrealistic
certainty situation.

It should be clear why this lack of restrictive assumptions exists. Neither
the calculations, nor the optimization technique, are based on a well-defined
fixed solving technique. At each stage the return from a particular decision is
simply determined by evaluating the relevant return function. Similarly, to
determine the ending state as a result of some decision the relevant function
is evaluated. These ‘functions’ may of course be represented by tables worked
out through various budgets. For example, in the beef fattening example, the
feed cost ‘function” was reduced to a table containing the relevant figures.

It will also be noted that there is no divisibility assumption, as was the case
in LP. This is because it is a simple matter to evaluate the various functions for
integer values only if this is required. Similarly, if the (or only some) state vari-
ables are only permitted to take on integer values, then only states that satisfy
this requirement are defined when the problem is set up.

Calculation problem

The major problem with DP is that the number of calculations required can be
extremely large. The calculational costs are often significant, as are the costs
of developing the computer code for each specific problem.

The need to calculate an optimal policy for every alternative state at
each stage is the real problem. Thus, DP is not an efficient approach,
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although it is more efficient than enumerating the return from all alternative
plans (farming systems). In contrast, for example, the LP solving technique is
very efficient as it only has to examine a small number of the alternative fea-
sible plans (these are the possibility curve corner points which are no more
than m, where m = the number of constraints).

The examples used did not contain many states, unlike most realistic
problems. For example, in the beef production example, it would be realistic
to use at least three state variables. Assume:

V, = LW of an animal (in kg);

V, = t of feed in store;

V,; = age of the animal (in month:s).

Further, assume that,

V, can vary between 200 and 500kg in 10kg units. Thus, V, can take on
31 values.

V, can vary between 10 and 200t in 5t units. Thus, V, can take on 41
values.

V, can vary between 6 months and 30 months in 1 month periods. Thus,
V, can take on 25 values.

As a state must be defined (provided any constraints do not prevent
some of the states being attained) for each possible value combination of V,
V, and V, taken together, there will be 31 x 41 x 25 = 31,775 alternative
states at each stage. Each would require calculations at each stage to esti-
mate the costs and returns as well as the resulting state from each of the
possible decisions.

A whole farm problem with, say, 20 state variables becomes a difficult
processing load. In general, only problems involving a small number of state
variables can be solved using DP. For example, a problem with, e.g. five
state variables, each of which can take on, say, 15 values, there will be
759,375 possible states at each stage. Of course, some may be impractical
at some stages and can be ignored. Nevertheless, the calculations will be
challenging.

DP and the Nature of Real-World Farm Decision
Problems

A study of DP leads to an extremely clear understanding of the overall farm
decision problem in an uncertainty environment. Some of the features
emerge from a study of production economics, LP and the other techniques
discussed, but DP tends to emphasize some of these particularly well. The
important points that emerge about farm decision problems are listed
below.

1. Decision problems consist of a multi-stage process with decisions required
at each stage. When budgeting is carried out, for example, there is a
tendency to think in terms of making a set of decisions at the start of the
year only. This is clearly not the real situation.
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2. While the plans are designed to have the farm in a particular state for each
period in the future, the desired state may not be attained. Thus, a new
optimal policy may need to be implemented, thus the need to have a
recording system to show when the system is diverging from the desired
path. Budgetary control attempts to do this.

3. The comments imply that the initial starting state, or the initial condition
of the farm (the state when planning was carried out), are irrelevant to the
optimal farming system to use in stages other than the first. The optimal
policy depends only on the current state of the system (e.g. it does not
matter what the initial bank overdraft was when plans are being revised at,
say, Christmas time. What is important is the current bank overdraft level).
Further, past decisions should not directly affect the future policy or system.
They are history. Nothing can be done to alter them. They are reflected in
the current state, which is the new all important starting state.

4. The value of each resource and input depends on the contribution made to
future returns. This conclusion (somewhat obvious) is derived from the fact
that the f(S;'.)* figures are valuations of the alternative states, which depend
on future returns. Consider the store beef fattening example. The fj(Sj.) fig-
ures indicated the value of a beast at particular weights as they represent
the eventual sale value less feeding costs from an optimal policy.

5. As the expected future prices, costs and input—output coefficients change
compared with the original estimates, the farming system or policy may
need to be changed. In DP terms, this will occur as the fj(S;.) for future
stages will change.

6. When planning a farm, only a certain number of future states needs to be
considered. That is, there exists a planning horizon beyond which future
stages do not need to be considered when deciding on the plans that
should be implemented at the current time. Decisions for periods beyond
the planning horizon can in no way affect current decisions through the
value ( f}.(Sj.)) of the state variables.

This should become clear after studying the example shown in Fig. 13.6.

The figures on the lines leading to each state (denoted with alphabetic letters)
are the returns for the stage for the particular decisions. Assuming the forward
solution method is used rather than the conventional backward solution, the fig-
ures beside each state (letter) are the values (returns) of an optimal policy from the
starting state to the particular state. The black-headed arrow lines represent opti-
mal sub-policies while the large double-lined hollow arrows represent the optimal
policy for all stages. Now, consider stages 1 and 2 only. If these were the only
stages considered when deciding on an optimal decision for the first period, the
decision would be to move to state C. However, this decision is in fact the optimal
decision even if all the stages are considered. Thus, the planning horizon need
only consist of two stages. Note that if only one stage was considered when mak-
ing the first period decision the incorrect decision would be made.

The example clearly indicates the idea of, and the relevance of, selecting
the correct planning horizon. It does not, however, indicate how to determine
the minimum planning horizon. In general, there is no rule indicating the
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Starting Ending
state Stage 1 States Stage 2 States Stage 3 states
5 G6
1
/ 9
B-10 H12
~10 \ /
A E-2
12
—25 \ —22
C-25 119
35 /
F10
N
J 30

Fig. 13.6. An example demonstrating an optimal planning horizon.

length of the planning horizon so estimates must rely on trial and error calcu-
lations through including additional stages until the first-stage decisions tend
not to change as further stages are added. (Note: in a stochastic environment
it is pointless constructing plans for more stages than is necessary as they are
unlikely to be carried out unless all the conditions expected eventuate.) The
only decisions absolutely necessary are those for the ‘here and now’, the rest
can wait until the next stage becomes the ‘here and now’ requiring a re-run of
the model given the new state is now known.

13.22 The Practical Use of DP

DP has considerable use at a research level for many part farm problems
because of its ability to handle uncertainty and the realities of most situations.
Problems such as the beef feeding problem considered, an optimal weaning
policy, an optimal irrigation policy (to name a few) can all be solved using DP.
The restriction lies, of course, in the number of state variables necessary to
describe the problem. An analyst operating in a large, environmentally similar
area might well use DP on some representative farms. The results would then
be interpolated for each individual. The analyst will need access to a fast com-
puter and a programmer who would compile the necessary programs.
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One of the practical advantages of DP is the form the results are in. The
optimal policies for all possible states are provided, so if the expected outcomes
do not occur (as is usually the case), the results still provide the new optimal
policy for the current state. For example, consider a lamb weaning problem.
The results of a DP study may indicate the lambs should be weaned at 9.5
weeks of age. This would assume the expected feed conditions, expected lamb-
ing percentage and so on occurred. If a particularly good season eventuated so
the feed state was good, the DP results would indicate the new optimal policy.
The new decision might, for example, involve weaning at 11.8 weeks.

As noted, a major advantage of studying DP is the insights provided into
the nature of the farm problem. This understanding should assist in the suc-
cessful use of the less-sophisticated planning techniques allowing subjective
adjustments to better represent the true decision problem.

DP has extensive use throughout all industries and other areas too. It is
used extensively, for example, by wholesalers and retailers to calculate when
the products they handle should be re-ordered from the manufacturers and
how many units should be purchased (an inventory problem). A totally different
example is determining an optimal trajectory for a space capsule being sent to
the moon. The state variable in this case consists of alternative points in space.
If something goes wrong, provided the current location of the capsule is known,
the DP answers will indicate a new optimal trajectory. The objective in such a
case could be to minimize oxygen and fuel consumption. Clearly, any analytical
system that mimics the real world will have numerous applications as is the
case for DP. It is also interesting to note an LP model can be set up to mimic a
DP situation — can you think how this might be achieved? (Hint: each period’s
sub-matrix is repeated with resource rows linking each period.)
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Introduction

Some farm management problems cannot be solved using the well-structured
analytical techniques such as linear programming, gross margins analysis and
so on. Under these circumstances it is necessary to develop a model designed
specifically to solve the particular problem. For example, to estimate the
effect of using forward contracts on the shape of the profit distribution, con-
ventional models are unlikely to be suitable.

The development of ‘specific problem’ models and their analysis is referred
to as systems simulation. Strictly speaking this is incorrect, as all analytical
techniques which do not physically experiment with the problem can be
described as systems simulation. However, in line with general usage, the term
simulation is used to indicate the development and use of symbolic models
for solving specific problems that are often not ‘well behaved’, i.e. not easily
solved with simple maths.

A study of simulation is dissimilar from a study of e.g. linear program-
ming, which is a well-defined analytical model. As a systems simulation model
is developed for each particular problem, the approach is to provide a general
set of guidelines. These list the stages, or steps, that must be followed.
Furthermore, it is useful to study an example problem to demonstrate how the
stages can be followed through. While the example will emphasize many
points, it cannot cover all aspects. Many examples would be necessary for
this. Indeed, in most dedicated systems simulation texts the main approach is
studying case examples to cover the range of methods.

Due to each model’s uniqueness and, therefore, their high cost, their main
use lies in research on representative farm situations where the results have wide
application. However, some analyses common to many farms have been set up
for individual farm use via the World Wide Web (e.g. feed planning). Of course,
systems simulation should only be used where none of the more computationally

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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efficient techniques, such as mathematical programming, can be used (this will be
where their assumptions are a gross simplification of the problem).

A major reason for potential consultants and advisers to study simulation is
to understand simulation generated research results, and to be able to interpret
them for their locality. Furthermore, students wanting to follow through their
studies to a higher level and specialize in simulation and computer programming
will find this introduction a starting point. Whatever the case, the problem-
solving guidelines provided for simulation not only help both these groups, but
also have application to a wide range of problem-solving techniques.

It should be noted that budgeting is a simple form of simulation as it is a
model of a farming system. A specific budget is set up for each situation, but
the assumptions on the shape of the various relationships, such as the return
functions for alternative products, are not formalized. Once a budget is set up
it can be used to experiment with improved farming systems by changing vari-
ous parameters and comparing the results. In other words, a comparative
whole- and part-farm budgeting exercise is carried out. All the input-output
relationships are intuitively created by the budgeter rather than using formal
equations that are required in systems simulation.

There are four topics, or discussions, in this chapter. The first (section
14.2) and third (14.7-14.8) cover the uses of simulation and general simula-
tion methodology while the second (14.3-14.6) contains a discussion on the
simulation of stochastic systems. The remaining discussion (14.9) covers an
example problem. Some readers may find glancing through this example
before reading the earlier sections beneficial to their understanding. Students
who like to go from the particular to the general will fall into this category. The
finer details of the example can then be discovered at the second reading.

The Uses of Systems Simulation

General

The systems simulation emphasis on ‘experimentation’ will be noted as the
discussion proceeds. Models are seldom used directly for optimization due to
the complexities of real-life models and their mathematical expression. The
maths is simply too complicated for calculus and differentiation in particular.

This implies that simulation can be used to explore problems that are
realistic and complex as often the linking relationships between system com-
ponents are complicated, particularly where uncertainty is important. In order
to see why simulation can handle such problems, a brief introduction to the
method is first provided. This will be expanded later.

The first step is to develop a set of relationships, which link the output of
the product/s of interest (this may be a simple monetary output) to the factors
affecting the production of the product. In its simplest form this may be a
simple production function. Given this symbolic model, the second step is to
experiment with the system by determining output as a result of using various
input combinations. Thus, specific values for all the variables are put into the
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relationships and the output evaluated. Finally, the results of these ‘paper’
experiments are used to draw conclusions about the system.

As the relationships and functions are not mathematically manipulated,
their complexity is not important. All that is necessary is to evaluate (rather than
manipulate) the relationships for given variable (input) values. Contrast this with
the use of calculus in determining optimal solutions particularly to uncertainty
situations where there is a need to manipulate the equations of stochastic vari-
able distributions (e.g. try manipulating the equations of normal distributions).

Finally, it must be noted that simulation should only be carried out provided
it is difficult and/or too expensive to use actual systems to experiment with (e.g.
replicated experimental small farms). This is often the case due to the expense
of employing experienced technicians and staff, though small farm trials may be
profitable in their own right given the product produced in the experiments can
be sold. However, once extensive knowledge is available on all the technical
relationships, systems simulation can take over to provide an ability to explore
input combinations for which field trials are not available, and similarly be used
to explore profit relationships under a wide range of price and cost values.

Input—output data

Small plot trials, small farm and even whole farms provide data for use in farm plan-
ning. There are, however, many areas where such experiments have not been
carried out or are too expensive in relation to potential returns, so that other
approaches are necessary. One is making ‘considered estimates’ using experienced
people. Alternatively, a simulation model can be developed to provide the data.

The usual approach is to work from basic soil, plant and animal relation-
ships in order to synthesize the required data. For example, consider the prob-
lem of estimating wool production per ewe given the ewe will be grazing a
pasture in a newly developed area for which no past experience exists. There
are two parts to this system: (i) the pasture production; and (ii) the animal
production, given a certain level of pasture production.

Plant physiologists have developed relationships that predict growth as a
function of soil moisture, nutrient levels, temperature, radiation and so on.
Consequently, given observations for the particular area on rainfall, tempera-
ture and the other variables, it is possible to estimate what the expected pas-
ture production will be at different times of the year.

Similarly, animal scientists have determined the feed requirements of
ewes for maintenance and production. Thus, given the pasture production
figures obtained from the pasture simulation section of the model, the expected
animal production for different stocking rate levels can be estimated, and thus
the per ewe feed intake.

The input—output data provided can then be used in other planning models.
The above description might suggest the determination of input—output data in
this way is relatively simple. In general this is not the case, as the description is
a simplification of the problem. For example, pasture production figures must
indicate the production of the various proteins, carbohydrates, vitamins and so
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on, as these will affect animal production. Some of the difficulties will emerge
when the example problem is detailed later.

In evaluating pasture and animal production, the model would commonly
be evaluated for varying levels of the decision variables. Thus, for example,
provided the basic functional relationships are known, the effect of varying the
pasture fertilization policy and the stocking rate could be explored.

Evaluating management systems

Rather than use the pasture—animal model to predict only wool production it
could be extended to predict the profit from a whole (or part) farm. Given a
symbolic model (probably a series of equations) of the whole farm, the profit
from setting inputs at different levels can be evaluated. Similarly, the carrying
capacity can be altered and the profit determined for each different level. In
effect, the farm is being experimented with on paper.

While it is easy to read and write about this approach, it is both difficult to
estimate all the necessary relationships and time consuming to evaluate a
large number of alternative management systems. For example, assume a
model of a fat lamb is available. Consider three decision variables, e.g. stock-
ing rate, lambing time and weaning time. Given that each can take on, say,
ten different values (e.g. consider the lambing time variable; this might take on
the following alternative ‘values’ — aim to lamb all the flock on 25 July, all the
flock on 8 August, all the flock on 22 August, Y2 the flock on 25 July and %2
on 8 August and so on for a wide range of possible combinations), then at
least a thousand possible combinations is quite common, each of which would
require evaluation using the complex whole-farm model.

Parametric budgeting can be a simplified form of the ‘evaluation of man-
agement systems’-type simulation. In parametric budgeting, however, the
basic physical relationships are not quantified. It is assumed that these rela-
tionships have been summarized in the normal budget underlying the para-
metric budget and their results appear as the constants in the equation.

While using simulation to explore different management systems will
become clearer when the example problem is studied, a simple example may
help at this stage. Consider a simple beef fattening enterprise using a feed lot
system. The farmer must decide on how to feed the animals, and when to buy
and sell. Assume the growth rate is given by the following generalized function
(this would have to be quantified):

kg/day = g (age, weight, kg of protein etc.)
=gX), i=1,....m

where there are m possible inputs (Note: g represents ‘function of’).
Thus, the weight of an animal at a particular time will be given by:

Weight (kg) = ((starting weight) + (days held at feeding system one) x g(Xil)
+ (days held atfeeding system two) x g(X,-Z) etc.)
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where X! and X? represent the values of the input values for each of the
possible feeding systems.
Thus, where W = weight in kg, the profit from one beast is given by:

Profit / beast = (W x dressing % x price / kg)

—(2 X; x cost / unit of input) — animal purchase price

Given that the farmer has a feed lot that will hold a given number of beasts at
any one time, the objective must be to maximize the return per unit of feed-
lot space per time period. Using the above functions the profit/beast could
be calculated from varying purchase ages, purchase weights, keeping times
and feed policies. The combination of policies (a management system) giving
the maximum return/unit of time would then be selected (this is determined
by dividing the profit per beast by the number of days it is kept). It may also
be necessary to consider the fact that beasts of varying ages take up different
quantities of feed lot space.

The above example assumes certainty, i.e. assumes the variables are
non-stochastic. A simple estimate of profit/beast is made for each set of input
variable levels. It is quite feasible however, to assume a non-certainty situa-
tion. In fact one of the major reasons why simulation techniques were devel-
oped was to take into account non-certainty. For example, rather than assume
the price received per kg was non-stochastic, a large number of profit/beast
estimates could be made using, say, a large number of past year’s prices after
adjustments for trends. This would give some idea of the profit/beast distribu-
tion. The methods that should be used to take account of non-certainty will be
discussed in some detail in a subsequent section.

Determining the profit distribution for a defined farming system

Given a farmer with a non-linear monetary utility function it may be important
to determine the shape of the profit distribution for alternative farming sys-
tems. One method is to use the probability tree approach. In complex situa-
tions this approach becomes cumbersome. Alternatively, given the equations
of the constituent random variable distributions, the equation of the whole-
farm profit can occasionally be analytically determined. Usually, however, this
approach is impossible due to the complex maths involved.

Another approach is to use simulation, which, in many cases, is the only
practical approach. The procedure is first to develop a profit equation or series
of equations for the farming system/s under study. (This/these may be some-
what similar to a parametric budget.) Given the equation, one approach is to
use a past series of yields, prices and costs (suitably adjusted to remove trend
and inflationary effects) to obtain a large number of profit estimates for the
farming system, one for each set of variable values. Using these estimates (e.g.
50 years of simulated profit estimates) the probability of profit occurring within
a number of defined ranges can be determined on a frequency basis. In other
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words, the profit distribution is derived. There is also an alternative approach
to estimating the profit distribution. This will be discussed in the next section.

Concluding comments on uses

14.3

Systems simulation is being increasingly used in all fields. Agronomists, for
example, are using it to experiment with pasture management systems before
actual physical experiments are carried out. The ‘paper’ experiments suggest
the more promising areas for actual physical research.

Similarly, in farm management, simulation can be used to explore and develop
radically different farming systems before actual farm trials are carried out.

In-depth simulation studies are said to have many side advantages. For exam-
ple, they tend to highlight the areas where there is a lack of basic physical data.
Similarly, the act of developing detailed models tends to suggest new, alternative,
management systems for later detailed analysis using the model. Further, the act
of analysing systems using the models tends to provide a good understanding of
the system and an idea of where the likely management problems will be.

Monte Carlo Simulation

Introduction

Where analytical methods cannot be used to determine the profit distribution
for a farming system the alternative is to use experimental methods. As noted
in the previous section, given a symbolic model, which enables the profit from
the system to be determined for given values for all the inputs, ‘paper experi-
ments’ can be carried out for many different values of the random variables.
Given the results, the shape of the profit distribution can be estimated.

There are two different approaches to this procedure: (i) use a series of
historical values of the random variables and so obtain a series of profit esti-
mates for the farming system; or (ii) rather than use historical values, a series
of values for the random variables can be synthetically generated on the basis
of their distributions, and these used to estimate a series of profit values.
These profit estimates are then used to estimate the profit distribution. This
second approach is referred to as Monte Carlo simulation and will form the
major discussion in this section.

An example problem

For simplicity, consider a part-farm problem, although a whole-farm problem

could have been chosen as the principles are the same for all cases. Assume

it is necessary to estimate the profit/beast distribution for a particular feeding

system and feeding period for the feed lot problem introduced earlier.
Assume that the equation giving profit/beast is:
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Profit/beast=100GxPxD-450F -3

Where G = growth rate/day (kg) (assume this is the average over all animals
in one batch);

100 = the number of days the animal is kept;

P = price/kg of dressed meat;

D = dressing percentage expressed as a fraction;

F = feed cost/kg;

450 = kg of feed consumed;

3 = other variable costs (health, etc.).
It is assumed that the only random variables affecting profit are G, P, D and
F. Thus, it is assumed that all other variables are known with certainty. Note
that to obtain this equation a number of feed and cash budgets must be calcu-
lated, e.g. to estimate the health costs.

Historical data method

Given a number of years’ records indicating the value each random variable
(after adjusting them for inflation, trends, etc.), the profit is estimated for
each set of values. Thus, given, say, 50 years’ records, 50 estimates of profit
would be obtained, which are then used to estimate the profit distribution.
For example, the number of estimates falling within a number of ranges
might be:

No. of times estimate
Profit/beast ($) falls within range

50-69.9 5
70-89.9 10
90-109.9 20
110-129.9 15
This gives a distribution of:
0.4 —
03— 0.4
Probability
02— 0.3
0.2
0.1
0.1
50 70 90 110 130

Profit/beast ($)
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The implicit assumption in this historical data approach is that the avail-
able records indicate the shape of each random variable’s distribution that is
expected to occur in the future. However, this assumption may well be
violated in many cases. Thus, the second approach (Monte Carlo approach)
tends to have greater use. The historical data method also requires informa-
tion on all the variables. In many cases such data will not exist. Consider the
example problem. Data on the growth rate achieved for the given feeding
system probably do not exist as there are no farmers who have used exactly
this system for a large number of years, let alone actually recorded the
growth rates.

Monte Carlo method

Introduction

The profit estimates are made using synthetically generated random variable
values rather than a historical series. The data are generated on the basis of
the random variable distributions, assuming the distribution of each of the
random variables is known. Some comments will be made about this
assumption.

Generating data

Consider the random variable G (average growth rate/day/head in Kkg).
Assume for a particular feeding system the variable exhibits the following dis-
crete distribution:

Event (kg/day) Probability

0.8 0.2
1.0 0.4
1.2 0.3
1.4 0.1

For 50 batches of animals the growth rates expected would be 0.8 kg/day
in 0.2 x 50 of the trials (10), 1.0kg/day in 0.4 x 50 of the trials (20) and so
on. Thus, to synthetically generate a series of growth rate observations from
the distribution, select a number of observations according to the proportion
we would expect to occur in real life.

To achieve this a random selection process is used. Assume 100 identi-
cal marbles are numbered 1 to 100, each of which has an equal chance of
selection. Now give the variable ‘growth rate/day’ a specific value if the
number on the marble drawn should fall within a specific range. These
ranges are based on the chance of each value of the random variable occur-
ring. Thus, as a growth rate of 0.8 kg/day has a probability of 0.2, assign a
range of 0.2 x 100 (20) numbers to this value. Let the numbers 1-20 rep-
resent a growth rate of 0.8 kg/day. Similarly, as a growth rate of 1.0kg/day
has a probability of 0.4 assign a range of 0.4 x 100=40 to this value, so
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numbers 21-60 represent a growth rate of 1.0kg/day. Assignments of
numbers are determined for the other values of the variable using the same
principle. Thus:

Variable value (kg/day) Assigned no. range

0.8 1-20
1.0 21-60
1.2 61-90
1.4 91-100

A series of growth rate values can now be generated. Randomly select a
marble, which, for example, might be 67. As this lies between 61 and 90, the
first growth rate observation is set at 1.2kg/day. This procedure is then
repeated for as many values as are required.

For example:

Value on marble selected Growth rate

1 0.8
38 1.0
24 1.0
68 1.2
95 1.4
42 1.0
etc. etc.

This procedure produces a random series of ‘observations’ coming from
a defined probability distribution. Each is selected on the basis of the
probabilities.

In the example problem there are four random variables, so for each vari-
able the procedure described is carried out. Assuming the random variables
are independent, i.e. covariance between each pair is 0, to determine one set
of values for all the variables four numbers would be randomly selected and,
depending on the numbers selected, a value given to each random variable.
This process is then repeated for as many times as sets of observations are
required.

This process can be compared with the historical data approach in which
‘nature’ does the selecting of the variable values for each trial. In the synthetic
approach, the researcher does the selecting but on the same basis that
‘nature’ would use as the selections are based on the probability
distribution.

Random numbers

The numbers selected using the marble process described are referred to as
random numbers. This is a number selected from a defined range such that
each number has an equal chance of selection compared with all other num-
bers. A marble-drawing process is one way of generating a series of random
numbers. Various other, less tedious, mathematical methods have been
devised. As a result, tables of random numbers are readily available and most
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statistical books have them as an appendix. They also provide tests to check
whether a series of numbers is truly random. This testing is not a trivial
matter.

The following is an extract from such a table of random numbers:

Table of Random Numbers

136 124 987 652 312 486 134 951
831 261 658 164 288 396 789 546
321 690 830 348 911 201 016 353
168 754 382 086 169 350 687 456 etc.

Most simulation models will be computerized and will utilize the commonly
available random number functions built into most computer languages.

Generating data for the example problem

Assuming random numbers from within the range 0-999, rather than the

1-100 assumed earlier, each random variable must be considered and number

ranges allotted. Thus, for each value a random variable can take on, a random

number range is assigned. This range is based on its probability of occurrence.
Assume that in the example problem the ranges assigned are:

Growth rate Price/kg of dressed meat
Value Random no. Random no.
Probability (kg/day) range Probability ~ Value ($/kg) range
0.2 0.8 0-199 0.3 2.40 0-299
0.4 1.0 200-599 0.6 2.80 300-899
0.3 1.2 600-899 0.1 3.00 900-999
0.1 1.4 900-999
Dressing % Feed costs/kg
Random no. Value Random no.
Probability Value (%) range Probability (cents/kg) range
0.3 45 0-299 0.2 18.0 0-199
0.4 50 300-699 0.5 20.0 200-699
0.3 55 700-999 0.2 22.0 700-899
0.1 24.0 900-999

To generate one set of data for one trial, four random numbers are
selected. Their values determine the random variable values. Take the first
four numbers from the random number table:

136, 124, 987 and 652

Thus, the values for the first trial are:
Growth rate: 0.8 as 136 falls within the range 0-199
Price/kg: 2.40 as 124 falls within the range 0-299
Dressing %: 55 as 987 falls within the range 700-999
Feed cost/kg: 27.0 as 652 falls within the range 200-699
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The process is then repeated for as many sets of data as are required. Using
the next four random numbers from the table of random numbers, the gener-
ated data are:

Growth rate

Random nos. (kg/day) Price/kg Dressing % Feed cost c/kg
312, 486, 134, 951 1.0 $2.80 45% 24.0

831, 261, 658, 164 1.2 $2.40 50% 18.0

288, 396, 789, 546 1.0 $2.80 55% 20.0

321, 690, 830, 348 1.0 $2.80 55% 20.0

etc. etc.

14.4 The Profit Distribution

Using the sets of generated data, the symbolic model of the system is evaluated
for each set of data. This produces a series of profit estimates, which enable the
shape of the profit distribution to be estimated in the same way as that demon-
strated for the historical data approach. This distribution will obviously depend
on the shape of the profit-determining random variables’ distributions.
Consider the example problem. Given the first set of generated data of

0.8kg/day, $2.40/kg, 55% and 20.0 cents/kg ($0.20), the profit is:

Profit/beast ($) = (100 x 0.8) (2.40) (0.55) — (450 x 0.20) - 3
=105.60 - 93
=$12.60

This is obviously one of the poor outcomes and it would not be expected to
occur frequently. For the other four sets of data in the above table, the profit
estimates are —$1.50, $12.60, $9.50, $9.50.

Given that 100 sets of data were generated, 100 profit estimates might
exhibit the following frequencies:

Profit/beast ($) No. of simulated observations
—24.60 (lowest value) 1
2
. etc.
47.0 12
. etc.

97.5 (highest value) 1
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14.5

14.6

Given these data, the probability of each value can be estimated on the
basis of its frequency, which leads to the probability distribution.

Use of the Monte Carlo Approach

Where the historical data approach cannot be used, the Monte Carlo method
is the only alternative. This will occur under the following conditions:

1. Where it is believed subjective probabilities should be used. This might be

because:

(i) Objective probabilities are not available; or

(ii) Objective probabilities are available, but they differ from the farmer’s
beliefs (subjective probabilities).

2. Where historical data are available, but it is considered that the historical data

represent a poor sample of possible values, or a sample of insufficient size.

Under these conditions the historic data must be capable of suggesting the shape
of the profit distribution to enable the Monte Carlo approach to be used.

For example, assume that historical records of beef growth rate gave the
following frequency graph:

No. of
observations

0 025 05 075 1.0 125 15
Growth Rate (kg/day)

It is likely that the low observed frequency of the 0.75kg/day rate is due
to chance and is not a true indication of the distribution shape. Thus, the dis-
tribution could be ‘smoothed’ and then used to generate data.

Probability Tree Approach

It will be recalled that the profit distribution for a farming system can be
determined using the probability tree method. This involved determining all
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14.7

possible outcomes and their associated probabilities. This technique, how-
ever, is clearly only suitable where the number of random variables is small,
and the values each can take are limited. If this is not the case the method
becomes cumbersome due to the number of alternative possible outcomes.
For example, consider a problem in which there are ten random variables and
each can take on ten values. The number of possible outcomes is 1019, It is
impossible to solve such a problem using a probability tree.

The alternative is to use the Monte Carlo simulation technique. This is
basically a sampling technique. Rather than determine all alternative out-
comes, sets of data are generated and from these the shape of the profit dis-
tribution is inferred. The larger the sample (number of data series generated),
the more accurate the estimate of the distribution.

General Procedures

Introduction

In carrying out any analysis, a number of well-defined steps must be followed.

These tend to be the same for all problems (scientific method), no matter whether

the problem is a ‘simple’ farm advisory problem or a complex pure research prob-

lem. It follows that in using simulation the same general steps must be followed. In

this section, an outline of the steps necessary for general simulation are provided.
The steps are:

Formulation of the problem.

Creation of the mathematical (symbolic) model.
Data collection.

Creating the computer program.

Validation.

Experimental design and experimentation.
Data analysis.

NookwN =

Formulation of the problem

This should be as detailed as possible in order to give as much direction to the
following steps as possible. Study of the example provided later will give ideas
on a typical approach.

The first step in model building should be to construct a flow diagram of
the system. As the model is developed, this diagram would probably be
changed and improved. The diagram enables the whole system to be visual-
ized in its entirety and as a result tends to suggest areas that should be included
in the overall model, which might otherwise be initially overlooked.

A flow diagram consists of a number of decision-making and event-occurring
‘boxes’, linked together by arrows indicating the relationship that exists. For
example, consider the beef fattening feedlot as depicted in Fig. 14.1.
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Fig. 14.1. A flow diagram for a systems simulation model — an example for beef
production.

The second step is to quantify all the relationships in a mathematical
model as described in the next section. This may involve going back and
changing the flow diagram as more is learnt about the system. Eventually, the
first model is completed. In general, this would not occur until after some trial
runs with the model.

Creation of the mathematical model

This is usually the most difficult task and is where all the basic thought must
go. Once the model has been developed, the nature of the results are largely
determined.

Modelling is in part an experimental process. Given a problem, the first
suggested models tend to be incorrect. Given more research and reading the
model becomes closer to reality. Construction of the model is linked to data
collection, as it is obviously of no use constructing a model that cannot be used
due to lack of data. Model construction also tends to be a learning process.
Faced with a problem, the analyst has initial ideas on the structure of the
model, but as data relationships and problems become evident (e.g. the effect
of feed quality on animal intake), the analyst obtains a better idea of the struc-
ture of the problem and how to solve it.

Some of the decisions that have to be made include:

e Which variables are going to be determined outside the model (e.g. the
decision variables, the prices received, the costs paid) and which will be
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determined by the model (e.g. the quantity of dressed meat produced, the
wool production/head etc.). This latter variable could well be supplied as
given data rather than determined by the model on the basis of such vari-
ables as the feed input.

e Which variables are going to be assumed to be constants and which ran-
dom variables?

¢ How detailed and complex should the model be? That is, which simplifica-
tions are included? This must depend on the expected increase in accu-
racy resulting from a more detailed analysis. Complexity for its own sake
is of no use.

A major area of model construction is determining the relationships tying
together all the variables. These will usually be obtained from specialists in the
various physical sciences (animals, plants, etc.), though in some cases they
may have to be derived from the results of plot trials. For example, consider
the relationship between pasture growth and irrigation water applied. Physical
scientists tend to report the results of such experiments in terms of total water
used and total increase in dry matter production. For detailed management
systems it may be necessary to have the relationship between water applied in
each 2-weekly period and pasture growth. (These are probably non-linear
relationships.) In order to do this, the basic experimental data may have to be
obtained.

Data collection

Data collection methods and problems depend on whether the simulation
study is stochastic or non-stochastic.

In the non-stochastic models, estimates must be made of all the variables
determined outside the model. Thus, estimates must be made of the prices,
costs and all the technical relationships not determined by the model itself
such as, perhaps, the growth rates expected given a range of different feeding
methods. (This same procedure must be gone through by all planners whether
it is for budgeting studies or any other kind of study.)

In the stochastic case the data collection becomes more difficult and
complex. Estimates must be made of the distributions of all random variables
that are determined outside the model. The simplest situation is where subjec-
tive probabilities are being used, though in determining these some thought
should be given to probabilities determined using historical data.

The steps which must be followed in estimating distributions from histori-
cal data are:

1. Collect the information.

2. Remove any trends affecting the data. For example, in attempting to deter-
mine the wool price distribution, many of the changes from period to period
are due to supply and demand effects rather than simple random disturbances.
These effects must be removed so that the observations only indicate the
effect of the simple random disturbances. This could be done by determining
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the average change in price from one period to the next and deducting this
change from the observations. Similarly, the observations would have to be
deflated to a common point before any trends are removed.

3. Test to see whether any autocorrelation exists, i.e. test to see whether
there is a correlation between successive observations. For example, it is likely
that the pasture growth during a particular week will be, in part, dependent on
the pasture growth during the preceding week. In other words the variable
pasture growth/week is autocorrelated. The reason for testing for autocorrela-
tion is that when data are generated in a Monte Carlo simulation a particular
value selection cannot be made independently of the previous selection if
autocorrelation exists. For example, in the pasture growth example, when
selecting this week’s growth the figure generated for last week would form the
basis of the estimate. Thus, 200kg of dry matter (DM) might have been last
week’s growth, so this week’s figure would be determined by randomly select-
ing a correction term and adding or subtracting this to/from the 200kg. This
assures that the current week’s growth is determined by:

kg of DM = last week’s production + random part

In reality, there would also be other factors affecting growth.

4. Test to see whether there is any correlation between the random vari-
ables. For example, two random variables in a simulation model of a mixed
cropping farming system will probably be wheat and barley vield/ha. These
two variables tend to be highly correlated so the values generated for a par-
ticular trial of the system, to be realistic, must allow for this. Thus, given that
a wheat yield has been generated, a barley yield would be generated using the
wheat vield as a base:

barley vield = wheat yield + randomly selected value

The size of the randomly selected value would depend in part on the degree
of correlation between the variables.

5. Distribution smoothing. Where the historical data give rise to an oddly
shaped and/or irregular distribution, there may be reasonable grounds for
smoothing the distribution (using techniques devised for doing this) before
data generation. For example, assume that a spring rainfall distribution is
being estimated for some area (this might be necessary to determine spring
pasture growth). Meteorological records for the specific area might be limited
and give a frequency distribution of the following form:
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However, there may be a large number of observations for surrounding areas
and these might give a regular distribution:

This would suggest that the distribution for the specific area of interest should
be smoothed before use.

Developing a computer program

As simulation model experimentation usually involves a large number of cal-
culations it is necessary to use a computer, particularly for Monte Carlo simu-
lations. To control and automate the calculations, which will follow the flow
diagram of the problem, a computer program will need to be written using a
standard computer language, or possibly one of the packages specifically
developed for simulation. A search of the World Wide Web will quickly provide
details of the latest packages available. For inexperienced analysts it pays to
seek advice on an appropriate package for the particular problem to hand.

If the analyst cannot efficiently write computer programs, which will often
be the case unless he/she has had special programming courses, it will be
necessary to employ a programmer to prepare the necessary computer code
from the developed flow diagram and mathematical model. This part of the
operation is somewhat mechanical with the main work being in creating the
model concept and working out all the relationships between the variables as
well as searching out the data.

Validation

Before using a model it must be tested to ensure a realistic representation of
the real world. This process is known as validation. (This applies to all mod-
els, not just simulation models, ranging from simple budget models to compli-
cated stochastic dynamic programming models.) The problem is that validation
is seldom simple, as models are usually developed for systems for which little
empirical data are available (if the data were available there would be no need
to build the simulation model).
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Some of the suggested procedures are listed below (which ones can be
used depend on the particular situation):

e Compare the model output with real-world farm results, where the
model output is determined using the input values actually used on farms.
For example, consider the beef fattening feedlot example. Given records of
profit/beast for a real farm, the simulation model can be used to estimate
the profit/beast where the same input values, feeding policies and prices as
experienced by the farm are used in the model and then comparisons made.
These comparisons tend to generally validate the model but not necessarily
validate it for conditions under which it will be used (the model is likely to be
used to explore systems that have not been extensively used in practice.
Otherwise, there is little advantage in developing the model).

e Compare parts of the model with actual farm results, plot trial results
and experimental results. This is the same as above but rather than use
the final output from the model the comparison is broken down to con-
stituent parts. For example, in the beef fattening example, physical growth
rates for a defined feeding system might be compared. In a grazing system
model, the pasture production might be compared rather than the final
profit figures. This approach will be necessary where there are no actual
farm records available for the whole system. This is likely, as the model
will be used to explore new systems.

e Conceptually, provided only proven fundamental physical relationships
are used in the model, the model should not require further validation.
The validation in this situation occurs through selecting only proven
relationships (e.g. relationships between animal live weight and mainte-
nance requirements are generally considered to be proven). In practice,
this approach is seldom possible.

e Ask the relevant experts whether the model output complies with what
their general experience would suggest the results should be. For exam-
ple, given a model of irrigated lucerne and beef fattening, ask an agrono-
mist whether the lucerne production figures compare with what would be
expected; similarly, for the animal production part of the model. As the
models will be used to explore new systems, this subjective-type validation
is usually important as actual comparisons will not be available.

Model validation is part of the overall model development process. As a result
of the validation exercises the model may need to be adjusted and the whole
process repeated.

Experimental design and experimentation

As systems simulation is a special form of experimentation, experimental design
is just as important as it is in physical trials. By experimental design is meant the
choice of: (i) the decision variable values for which the system should be evalu-
ated; and (i) in stochastic models, the number of trials that should be conducted
for each set of decision variable values in order to obtain meaningful results.
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Consider a non-stochastic model. The object is to develop an improved
management system. Thus, the profit is estimated for different combinations
and values of the decision variables (alternative systems). However, it is usually
impossible to evaluate all combinations, so a decision must be made over the
combinations to evaluate. For example, which feeding policies should be eval-
uated in the beef fattening example? Where an ‘optimal’ policy is required in
contrast to simply exploring a particular farming system, the usual approach
is initially to obtain profit estimates for markedly different decision variable
combinations and values. The results suggest the area of the most efficient
system, so a more detailed analysis using small decision variable value changes
can then be carried out around what appears to be a good system.

Consider a stochastic model. As with the non-stochastic case a deci-
sion must be made regarding the decision variable value combinations to
evaluate. Further, however, the number of trials to carry out with each set
of decision variable values must be determined. If insufficient trials are car-
ried out: (i) the profit distribution obtained will be an incorrect estimate of
the true distribution; and/or (ii) it will be impossible to decide whether the
different systems evaluated are significantly different (difference in the aver-
age profit is not sufficient justification for stating the systems are different
in a profit sense).

For example, in the beef fattening case, how many trials should be carried
out for one of the possible feeding, buying and selling policies to reflect a true
indication of the profit distribution?

To answer the questions discussed above, a knowledge of statistics and
experimental design is necessary. Many analysts may need to seek expert
advice in this area. Generally, however, the greater the variance in the con-
stituent random variables, the greater number of replicates will be required to
obtain a true picture of the output distributions. If only a few experiments are
carried out, the differences between policies may well be due to chance in
contrast to the different farm systems.

Data analysis

From the model evaluations, the usual procedure is to rank the alternative
systems (sets of decision variable values). In the stochastic case this will involve
using statistical methods to test for significant differences (analysis of vari-
ance). In addition, in some cases regression analysis may be used to summa-
rize the systems model data output. Consider, for example, a model designed
to determine pasture production as a result of fertilizer and irrigation levels
(the decision variables). The output from such a model will be yield figures for
each input combination. Using these data a relationship of the form:

Yield = f(N, P, K, H,0)

can be estimated. This function can then be used to assist decision making (the
data from the simulation model is directly analogous to the data obtained from
field plot trials designed to achieve much the same results) once combined
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with price and cost information. In this example, the systems simulation model
has enabled a pasture output production function to be estimated.

As with experimental design, expert advice in this area is often necessary
to ensure significant and useful equations are devised. Of course, this potential
output should be in the mind of the analyst when first planning the model.

14.8 Concluding Comments on the Methods of Simulation

The discussion on simulation methodology has tended to be quite general and
has not provided a set of definite rules that should be followed in simulation
studies. The reason for this is threefold: (i) no such set of rules exists, as the
method is a general approach. Each problem must have a model specifically
designed for the particular case; (i) system simulation draws upon many fields,
so that a discussion of simulation must rely on a good knowledge of other
areas besides management science, operations research and economics; and
(iii) the discussion is intended to provide a general introduction to the ideas
and problems rather than equip an analyst with all the skills necessary for a
systems simulation study.

14.9 An Example of a Systems Simulation Study
The case of irrigation decision rules

Introduction

As noted, the best way to understand systems simulation is to consider exam-
ples. Most texts on systems simulation largely consist of case studies. Given
that this chapter is intended to provide an introduction to systems analysis a
single case study will suffice, though it does cover many of the problems
encountered in simulation.

The study covers the development of irrigation decision rules for irrigating
a particular cash crop. While the crop in the example is cotton, the principles
discussed apply in general to all cash crops (details of this example study were
taken from Nuthall, 1972).

The problem

When an irrigated crop is grown, two important irrigation decisions are:

1. At what times should the crop be irrigated?
2. How much water should be applied each time the crop is irrigated?

Note that in some cases the irrigation system, particularly communal systems,
may dictate how much water must be applied at each irrigation and when
irrigation can occur. It will be noted that the irrigation decision problem is not
simply a matter of deciding how much water in total to apply to a crop.
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To decide when to irrigate, the logical variable to use is the soil moisture
level as plant growth is directly related to soil moisture. Once soil moisture falls
to a certain level the crop should be irrigated if profit is to be maximized.

The problem, however, is somewhat more complicated than this.

1. Irrigation decisions for a particular crop cannot be made independently of
other crops due to the opportunity costs of the water.

2. Irrigation cannot be decided without considering limitations on water quan-
tities. Many irrigators have two constraints on water use: (i) a limit on total
water use in one season (e.g. a community Water Board Restriction); and (i)
a limit on the amount of water that can be applied in any one irrigation (e.g.
due to pumping facility limitations, flow rate limitations etc.).

3. As crops respond differently to water at different stages of growth, the soil
moisture level at which irrigation should occur will probably vary throughout
the season. Thus, for example, it is more important to apply water frequently
during grain filling in most crops.

The objective, therefore, is to develop a systems simulation model that will
indicate the effect of varying the soil moisture level at which irrigation water
is applied on crop vield and variable costs and at the same time account for
the opportunity cost of the resources concerned (including water) and any
constraints on water use.

The method

The method used estimated the shape of the crop yield/irrigation water pro-
duction function. Using this production function the optimal irrigation policy
was determined using calculus, given the relevant cost and price data.

The first step was therefore to develop a model that enabled crop yield to
be determined given a particular irrigation policy. This was constructed to
allow different values of the following variables: (i) the total water available;
and (ii) the maximum amount of water that could be applied at each
irrigation.

The second step was to use the developed model to predict the crop yield
for many different combinations of the irrigation decision variable (soil mois-
ture level at which to irrigate). This was repeated for a range of total water and
water per irrigation constraint values, as on any particular farm a decision is
required on how much water to allocate to each crop.

A stochastic approach was taken as decision-making estimates of the
gross margin variance per hectare were required, i.e. irrigators may well have
a non-linear utility function so that information on more than just the expected
returns of alternative policies were required. To obtain estimates of the mean
and variance, repeated runs of the simulation process were carried out for
each alternative irrigation policy using a series of randomly generated data.

As the gross margin per hectare depends on the yield, the amount of
water used (and thus irrigation water costs) and the number of irrigations car-
ried out (and thus the labour costs), the relationship between these variables
and the irrigation decision variable had to be estimated. This was achieved
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through the results of the simulation model. Each run of the model estimated
the total water use and the number of irrigations performed. Similarly, in
order to estimate the gross margin variance, the relationship between the
irrigation decision variable and the following variables had to be determined:

the standard deviation of yield;

the standard deviation of the total water used;

the standard deviation of the number of irrigations;
the covariances between all these variables.

These parameters were estimated from the results of repeated simulation trials
for each irrigation policy. This enabled quantifying how each variable changed
as the decision variable was varied in subsequent trials.

It was assumed that fertilizer costs, insecticide, herbicide and other crop
costs were held constant. Thus, these costs were ignored in the study. You
could argue, however, that fertilizer should also be included as there is likely to
be an interaction between water and fertilizer, particularly nitrogen (one of the
models does include N application). Effectively, the model presented assumes
water is the most limiting resource.

The simulation model

Introduction

As the model was constructed in a number of stages it is similarly discussed in
these stages: (i) consider the amount of water used by the crop; (ii) develop an
equation recording the soil moisture level throughout the season (water
budget); (iii) develop the relationship between soil moisture and crop vield; and
(iv) construct a model incorporating all these relationships enabling the predic-
tion of vield.

Crop water use

A plant requires water to transport nutrients, as an ingredient to some of the
biochemical processes and as a cell component. Consequently water availabil-
ity affects the growth and production of plants. For maximum growth a plant
must have access to sufficient water to allow it to freely transpire. This poten-
tial rate of water transpiration is determined by the atmospheric conditions
existing on any one day. If the soil moisture level is below a certain level, the
plant will not be able to transpire at this potential rate so growth is below the
maximum possible. Where the potential is not attained the plant is said to be
stressed. If stress occurs, the yield may fall.

Moisture loss from a soil-crop system occurs not only through leaf transpi-
ration but also as evaporation from the soil surface. Thus, rather than estimate
simply transpiration, estimates must be made of both evaporation and transpi-
ration losses. These are collectively referred to as evapotranspiration. Thus,
a crop exhibits a potential evapotranspiration, but whether this can be
attained depends on the soil moisture level. The actual water loss is referred
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to as actual evapotranspiration. The difference between potential and actual
evapotranspiration gives rise to a measure of water stress. The amount of
water stress affects eventual yield.

To estimate water use, the relationship giving potential evapotranspira-
tion must be determined. By searching through various agronomic journals
research relating water use to atmospheric conditions was found. Using these
data the following relationships for the crop were estimated:

Potential Evapotranspiration (E,) = (0.387 + 0.103T - 0.005T?E

where (1 inch = 25mm):

E, is measured in inches of water per period;

T = age of the crop in weeks;

E = the evaporation from a free water surface in inches of water per
period.

As would be expected, E, depends on the age (stage of growth) of the crop.
Actual Evapotranspiration (E,) = (0.053 + 0.295Q - 0.023(32)15t

where:

E, is in inches of water per period;

Q = the soil moisture level in inches of available water (i.e. the quantity
of water which, if removed, would leave the soil at wilting point).

Summarizing, with these two relationships (and information on evapo-
ration from a free water surface over a defined period) and the soil mois-
ture level and the crop age, an estimate can be made of the moisture lost
from the soil (i.e. E)). An estimate can also be made of the amount of
stress (E, - E,).

The water budget

In order to estimate stress over a period, information must be available on the
level of soil moisture.

It will be noted that all relationships defined have estimates of water use
for a non-defined period. For complete accuracy, the simulation model should
be based on daily periods (or even hourly). Given daily estimates of evapora-
tion for a whole growing season the total potential evapotranspiration can be
estimated. However, if daily periods are used the number of calculations
required would be extremely large. Thus, as an approximation, the simulation
model was based on weekly periods.

Returning to the soil moisture-level problem, where weekly periods are
used, the soil moisture level at the end of a week will be given by:

SM,=SM,_, +1,+R,- O, - P, — E,

where,

SM; = soil moisture level at the end of week i (in inches of available
water).

I, = irrigation water applied during week i (inches).
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R, = effective rainfall during week i (inches).

0, = runoff during week i (inches).

P, = deep percolation during week i (inches).

E, = actual crop evapotranspiration during week i (inches), based on a soil
moisture level of: SM, ; + . + R, - O, - P,

Given this equation and values for the variables throughout a growing season,
the soil moisture level for each week can be traced and thus the actual eva-
potranspiration determined. This leads to an estimate of the stress which
occurs during each week.

The method of determining some of the above variables requires some
explanation. The rainfall figures were obtained from meteorological data (dis-
cussed in detail later) and the irrigation water applied was set at a defined
figure depending on the value of the decision variable (discussed later). The
deep percolation was estimated using the relationship:

P,=SM,_,+1,+R -0,-7

where 7 = the total available water holding capacity of the soil in inches.

When P; was negative, it was set equal to zero, and when P; was positive,
it was set equal to the value given by the equation.

To estimate the runoff (O,) during a week it was necessary to have the soil
water infiltration rate, as if the rain fell fast enough infiltration would not cope
and runoff take place. Through searching a number of agronomic and soils
journals, information was obtained which gave the following relationships for
the soils in the area studied:

Y =3.269 - 0.979Q + 0.076Q2
where,

Y = infiltration rate in inches per hour;

Q = soil moisture level in inches of available water (max. Q = 7 inches).
Given R, and the rate at which the rainfall occurred, an estimate could be
made of the water lost through runoff during a particular week. Thus:

D,

where,
D, = the rate at which the rainfall occurred in inches per hour.

i = the number of hours over which rainfall occurred.

If this equation gave a negative value, O, was set equal to zero.
Summarizing, given last week’s soil moisture level and values for the fol-
lowing variables:

rainfall during the week,

the rate at which the rain fell,

the irrigation water applied during the week,

the evaporation from a free water surface during the week and
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e the age of the crop,
then the following variables can be estimated:

potential evapotranspiration for the week (inches),
actual evapotranspiration for the week (inches),
plant water stress for the week (inches) and

the soil moisture level for the start of the next week.

Crop yields and soil moisture levels

Background

Yield is a function of water stress, and water stress a function of soil moisture.
Thus, to relate soil moisture and yvield a relationship between stress and yield
must be estimated so the model developed in the preceding section allows
predicting stress throughout a growing season.

As a relationship between stress and vield was not available it had to be
developed through information obtained from many small paddock (field) crop
trials over many years. These trials were not specifically for this purpose but suf-
ficient information was available for the necessary deductions. For each trial,
irrigation records had been kept and daily observations on rainfall, rate of rainfall
and free water surface evaporation were available. Yields were also recorded.

Using the water budget approach, the daily stress experienced by the
plants on each trial was estimated giving many hundreds of observations on
stress levels at different crop stages and the resultant yields. These observa-
tions gave the following vield/stress relationship (using regression analysis):

Y=2651.54-810.1X+778X,,—427.7X4, — 1779.9X5,+317.9X,,X,,
+241.1X |, Xy, —924.3X |, X, — 167.9X,, X5, +537.7X,, X, +8.8 N

where Y = crop vield per acre (lbs);

X,; = the sum of weekly stress for weeks in which stress was > 0.15
inches up to the stage where the first flower buds appeared;

X5, = the sum of weekly stress for weeks in which stress was < 0.25
inches for the period from the appearance of the first open flowers;

X3, = the sum of weekly stress for weeks in which stress was > 0.15
inches for the period from the appearance of open flowers to the appearance
of the first seed heads;

X3, = the same as X, except for weeks in which stress was < 0.15
inches;

X4q = the sum of weekly stress for weeks in which stress was > 0.15
inches for the period from first seed heads to harvest;

N = lbs of elemental nitrogen applied.

The prediction of yield

All relationships necessary for predicting vield have now been established.
Given weekly observations on rainfall, rate of rainfall, evaporation from a free
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surface and irrigation applied, the weekly stress in inches of water can be
estimated. Given these stress estimates they can be used to predict yield using
the yield/stress equation.

The next step was to bring all the relationships together into a detailed,
workable set of calculational steps amenable to computer operation. (Before
such a model could be used, however, information on weekly rainfall and the
other variables had to be obtained and decisions made about which alternative
irrigation policies were to be explored using the model. These problems will
be discussed later.) One of the problems still to be resolved is that of how the
model can itself determine when to apply irrigation water.

The determination of irrigation water applied

The crop growing season can be divided into four periods: (i) from planting
to first flower buds (6 weeks); (ii) from first flower buds to first open flowers
(4 weeks); (iii) from the first open flowers to first seed heads (8 weeks); and
(iv) from first seed heads to harvest (4 weeks), giving a total season of 22
weeks.

To ensure crop establishment it is necessary to irrigate before planting so
that the soil is at field capacity. Given this pre-planting irrigation it is usually
not necessary to irrigate in the first 6 weeks as the plants, being small, have
low evapotranspiration. Thus, it was assumed irrigation water is never applied
during the first 6 weeks. Similarly, it was assumed water was never applied
during the last 4 weeks prior to harvest as encouraging growth adversely
affects the quality of the crop and any increase in yield is more than offset by
a decrease in the price received due to the low quality.

The irrigation period is consequently weeks 7 to 18, inclusive. Given
these 12 weeks it could well be profitable to have a different policy in each
(strictly, rather than talk about crop age the stage of growth should be used to
describe development). However, there is an extremely large number of irriga-
tion policy combinations if 12 periods are used. For example, if four different
policies are recognized and can be used in any one week, the number of com-
binations for the whole season is 412. For this reason it was decided to divide
the 12 weeks into two periods. These periods coincided with the crop growth
stages, so one policy might be used over weeks 7 to 10 inclusive and possibly
a different policy in weeks 11 to 18 inclusive. This reduced the number of
simulation experiments required.

An irrigation policy is, of course, the soil moisture level at which water is
applied. Thus, for example, the policy might be to irrigate once soil moisture
drops to 50% of the soil water holding capacity. Given the two periods, an
irrigation policy for the whole year is a decision to irrigate at defined soil mois-
ture levels in each of the periods. As the holding capacity of the soil in ques-
tion was 7 inches, a policy might be to, say, irrigate once available water
dropped to 3 inches over weeks 7 to 10, and to 4 inches in weeks 11 to 18.
The weeks in which irrigation will occur is then determined by monitoring soil
moisture levels week by week.
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The amount of water to apply at each irrigation is still to be determined.
In most flood-type irrigation schemes (this was the type of scheme in the area
of interest) there is a limit to how much water can be applied in one irrigation
depending on the design of the system. Thus, it was assumed that when irriga-
tion occurred sufficient was applied to bring the soil to field capacity. This
could have been varied by applying sufficient to bring the soil to varying pro-
portions of field capacity. To explore this option many more simulations would
have been required according to the number of levels experimented with.

There is usually water wastage in any scheme. The quantity of water
pumped from a bore or entering the farm gate in a race seldom equals the
quantity entering the soil, due to evaporation losses, race seepage losses and
the like. While this loss is a random variable, for simplicity it was assumed it
occurred at a constant 25% of total water received. Thus, to get 3 inches of
water entering the soil

3x

1 .
075 4 inches
must be received and paid for.

It can now be seen how the value of I (irrigation water applied per week)
can be determined. Given that a decision has been made regarding how much
water to apply per irrigation (this depends on the irrigation scheme available
and can be varied in the analysis), I; equals this amount multiplied by o5z (loss
factor) whenever soil moisture at the end of the preceding week (SM,_,) drops
to a pre-defined level. There is, however, one more factor to be considered
when estimating I.. This is the question of whether there is sufficient water
available to be able to use the amount ..

Recall that in this problem, there is a limit to how much water can be used
in any one season, and also applied in any one irrigation (this will depend in
part on the area to be watered at much the same time and the rate at which
water is received). Thus, if all the water has already been used, even though
the soil moisture level is such that I, should be set at a positive level, I, must be
set equal to zero. Similarly, if it is not possible to apply all of I, due to rate of
availability constraints, I, must be set as near to the originally set value of I, as
the flow rate permits.

The flow diagram and its equivalent statement form

One of the first steps in developing any model should be to develop an overall
diagram of the system. In this description of the problem and its solution this
step has been left until this stage as some preliminary discussion was neces-
sary. The flow diagram should now be self-explanatory and is presented in
Fig. 14.2.

The simulation model can now be written out as a series of steps to be
sequentially carried out. This will be simplified compared with the system actually
used in order to give a general idea. Assume that information is available on the
weekly rainfall, rate at which this falls and the free water surface evaporation:
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Fig. 14.2. Diagram of a crop yield simulation model.

1. If the week no. is one of 1-6 inclusive, or 19-22 inclusive, proceed to step
5, thus missing out the calculation of irrigation water to be applied.

If the week number is 7-18 inclusive, proceed to next step.
2. If SM,_; (soil moisture level at end of last week) is less than the soil moisture
level set as being the level at which to irrigate, provisionally set I, equal to the
maximum quantity of water than can be applied per irrigation given the par-
ticular irrigation scheme.
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3. Adjust I, if there is not sufficient water left to permit the quantity I, to
be applied. Set it equal to the maximum quantity that can be applied given
the quantity of water still available for application. Similarly, adjust I if the
application of I, will put soil moisture above field capacity (7 inches). In this
case, set I, equal to the quantity necessary to bring the soil to field
capacity.

4. (a) Record how much water has been used during the season up to and
including this particular week. (This is necessary to calculate step 3 above for
the following week.)

(b) Record how many irrigations have occurred up to and including this
week.
Note rainfall, rate of rainfall and evaporation for the particular week.
Calculate runoff (O) for the week.
Calculate deep percolation (P, for the week.
Calculate potential evapotranspiration (E,) for the week.
Calculate actual evapotranspiration (E)) for the week.
. Calculate stress occurring during the week.
Let stress in week i = S,
Therefore S, = E,, - E,
11. Record the total stress occurring within each period.
Let TS, = total stress to date. Thus,
TS, =TS, | + S,
(In practice, different levels of stress have to be recorded as separate sums
rather than joined to form one TS as suggested above.)
12. Calculate SM,
SM;=SM, ; +I.+R, - O, - P, - E,
If the week is 1, set SM_ = 7.00, it being assumed that the soil is at field
capacity at the start of the season.
13. Return to step 1 if week 22 has not been reached (thus, the whole process
is repeated 22 times.) If week 22 has been reached, proceed to step 14
below.
14. Using the total stress figures (TS), calculate the crop vield for the
season.
15. Stop calculating if no more seasons are to be simulated. Otherwise,
repeat the whole process for another season.

oYRNO

As this process follows a logical structure it can easily be performed using a
computer.

Determining the input data

Introduction

Estimates of the variances and average values of the yield, the amount of
water used and the number of irrigation events are all required for each alter-
native irrigation policy. Clearly many simulations were necessary allowing for
replicates and a range of seasons based on the probabilities.
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As noted in the methodology section, two approaches to obtaining data
are possible. Either use a series of historic data to obtain the repeated trials for
each irrigation policy, or generate data using the Monte Carlo method. The
latter approach was used, as it was decided the historic data did not provide a
sufficient number of sequences of rainfall and the other variables. However,
the historic data were used to indicate the nature of the distributions and these
were then used to generate new sequences of data. (Personal subjective prob-
abilities were not used as the results were intended to be of use to many farm-
ers in the area.)

The rainfall data

Hourly observations from meteorological stations in the area were collected
for as many years as records had been kept. These were used to estimate the
weekly rainfall and the average rate of rainfall (inches/h) for each week for
each year.

Consider the weekly rainfall figures. These were tested to see if there was
any correlation between rainfall in one week and rainfall in any of the succeed-
ing weeks. This was not the case, so when the data were generated using the
Monte Carlo method rainfall in a particular week could be simulated independ-
ently of the rainfall in the preceding week. The weekly figures were then used
to develop a rainfall probability distribution for each week. These required
smoothing.

Similarly, the weekly rate of rainfall data proved to have no autocorrela-
tion, i.e. succeeding weeks are independent. However, it was found that the
correlation coefficient between the quantity of rain in one week and the rate
at which this rain fell was quite high. This meant the weekly rate of rainfall
figure could not be generated independently of the quantity of rain. Thus,
once a week’s rainfall figure was generated, the rate of rainfall level was cal-
culated from the weekly rainfall plus or minus a randomly selected factor. The
randomly selected factor was estimated from smoothed weekly distributions
based on the weekly rate of rainfall observations after making adjustments for
the correlations.

The evaporation data

There were no meteorological stations in the area that had been recording
free water surface evaporation for a large number of years. Those in the
area had a number of monthly observations rather than the required weekly
observations. Thus, extrapolation was required. Records were obtained from
the nearest stations with a large number of years’ observations on weekly
evaporation distribution. It was found (using chi-square tests) that the distri-
butions were normal. It was therefore assumed that the area of interest’s
evaporation distributions would also be normal. The monthly observations
that were available were used to estimate the mean and variances for these
distributions (these being a normal distribution’s only parameters). By observ-
ing the trend from month to month in the means, and assuming the same
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basic trend would occur from week to week, the weekly distributions were
derived.

The data were tested for correlation with the rainfall, and rate of rainfall,
and found to be independent. However, autocorrelation (the evaporation in
one week was correlated with evaporation in the following week) was found
to be present. Thus, when generating the evaporation data for a particular
week this was based on the preceding week’s level plus or minus a randomly
selected value in much the same way as the rate of rainfall data were gener-
ated from the rainfall data.

The number of simulations and the experimental process

It was decided (largely because of the computing funds available rather than
on a good experimental design basis) to estimate the crop yield 60 times for
each irrigation policy. This meant that the Monte Carlo process had to be
used to generate weekly data for 60 seasons for each of the input variables.
This was done using the distributions discussed above.

Before proceeding, a decision had to be made regarding which irrigation
policies to evaluate. There is obviously no point in evaluating all alternative
policies as the results from a few enable conclusions to be made about others.
Thus, a range of quite different policies was selected. As early results were
obtained, the policies that were evaluated were changed slightly as the results
suggested other likely policies.

Each set of irrigation policy experiments was repeated many times with
a different assumption about the total water available per season and the
rate at which this would be applied (max. quantity/irrigation). This was nec-
essary to ensure that the results would apply to many different farm
situations.

The results for a typical situation

General

For each irrigation policy, total water availability and maximum quantity/irri-
gation situation, 60 vield estimates were available. These were divided into
four sets of 15 simulated observations (replicates). For each set of 15 the
mean and variance of all the variables were estimated. Using these estimates
regression analysis was used to determine the relationship between the soil
moisture level at which irrigation occurred and the average vield, average
water used and so on.

To provide the general form of the relationships, rather than all the actual
results, some are presented below (details are in Nuthall, 1972). The terms
used are:

W, = total water available for use in weeks 7-10 inclusive;

W, = total water available for use in weeks 11-18 inclusive;
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A; = maximum quantity of water than can be applied per week in weeks
7-10 inclusive;

A, = maximum quantity of water that can be applied per week in weeks
11-18 inclusive;

D, = available soil moisture level at which irrigation is set to occur in
weeks 7-10 inclusive;

D, = available soil moisture level at which irrigation is set to occur in
weeks 11-18 inclusive;

E(Yield) (bs/acre) = 1497 + 97W, + 115D, - 7.7W§ + 6.2WiW,
+2.3AD, +2.8D,W; —7.5D,W; +8.6D,W,
E(Water used)in) = 0.65W, + 0.27W, — 0.4W,W, + 0.1D, D,
+0.1D, W, — 0.05D; W, + 0.02D, A, — 0.08D, W,

E(Number of irrigations)

=0.47W; -0.11A;, +0.366D; + 0.318D,t
+0.004A7 - 0.02W; —0.043D,W; +0.042D,W, — 0.002A,W;

Variance (Yield) = 3742 (was independent of policy);
Variance (Water used)

=(0.05A; +0.17W; +0.29W, — 0.01W¢# — 0.05D5
+ 003D1D2 - OO].DlAz + 0.02D2W22)2
Variance (No. of irrigations)

= (0.2W; +0.25D; — 0.02W¢ + 0.01W¢¥ — 0.04D?
+0.02D,W; — 0.01D;W, — 0.001A,W;)?

Covariance (vield, water used) =22.1D%-157D,-3.5D, +0.5A,W,
(and similarly for all the other covariance terms).

Using the results

AvERAGE RETURNS  Given a price for the crop, and the opportunity cost of 1
inch of irrigation water and the labour required to carry out one irrigation, the
equations giving the expected yield, water use and number of irrigations (i.e.
labour use) can be used to develop a gross profit equation:

E(Gross Profit) = (Price/Ib) (E(Yield)function) — (Water cost/inch)
x (E(water used) function) — (Labour cost) x (E(no
of irrigations) function) x (no. of hours required per
irrigation)

Given values for W,, W,, A, and A, for a particular farm, calculus can be
used to estimate the values of D, and D, (the decision variables — soil mois-
ture levels at which to irrigate), which maximize the gross profit. Using typical
prices and water availability the optimal policy was to set D, to 0, and D, to
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7 inches (weekly irrigations), which gave profit per acre of $279 with an
expected yield of 3135lbs. The marginal cost of increasing D, above zero
was $0.24 whereas D, had a marginal return of $17.42 clearly showing the
value of water in the second period. The relationships can be used to explore
a whole range of critical values such as, for example, the price of water which
would make applying water in the first period profitable. Other values for the
W and A parameters, and the prices, would of course give a different optimal
policy.

The variance of gross profit

Using the estimated variance and covariance relationships, an equation giving
the variance of gross profit can be developed in a similar way to that used to
estimate the expected gross profit. This will be, however, somewhat compli-
cated so it is not presented here. Just how complex this is will depend on
whether the prices and costs are also random variables. The results showed,
for example, that under typical prices the standard deviation of profit was
$40.20, which is relatively low and reflects the value of irrigation in reducing
variance.

Simplifications

In describing and discussing the model some simplifications have been intro-
duced. Some of these are no doubt evident. There are also many ways in
which the model could be improved. The example, however, does give a good
idea of a typical simulation study.

Concluding comments

The major comment must be that it should be clear just how complicated
and time consuming simulation studies can be. It has reinforced the main
use of simulation studies must be in developing management systems on
representative farms that are typical of very large areas. For small areas of
similarity, the expense of a simulation study is just not warranted in gen-
eral. However, where a model can be set up to allow individual farm
parameter values to be entered easily, simulators can be made available for
individual farm use via the World Wide Web. These systems need to be
very robust and self explanatory otherwise expert help is necessary to
obtain benefit from their use.

Despite these cautionary words, it is clear that systems simulation can
be extremely useful for situations where other analytical techniques cannot
be used due to their assumptions being violated. This statement only holds,
of course, provided the results will have extensive use. Otherwise it may be
better to do a few comparative budgets. It must also be noted the literature
contains the details of many simulation models — these should always be
utilized as starting points in developing a model (see the references
below).
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Introduction

The discussion in earlier chapters has covered analytical methods for
whole-farm decision situations, though some can also apply to part-farm
analyses. In contrast, this chapter will concentrate on specific part-farm prob-
lems and how they can be analysed. The emphasis lies on understanding the
structure of the problems rather than developing detailed computational
methods. Some of the analytical techniques already discussed can in fact
be used to solve some of the problems as will become evident. Readers
interested in developing more detailed models should refer to a modern
operations research text.

As the number of decision problems on a farm are innumerable the
approach is to cover a small range of the more important typical problems.
An adviser/consultant/analyst will be able to use the ideas and methods intro-
duced to set up models useful in answering more than just the problems
covered.

The decision problems discussed are the inventory and replacement
analysis problems. However, introductory comments will also be made
about critical path and queuing analysis. These latter two are less impor-
tant in farm settings compared to inventory and replacement analysis. As
most primary producing properties hold inventories of various inputs and
outputs it is important to work out an optimal inventory level. Similarly, a
farm holds many assets that need replacing from time to time, so getting
the timing right is important to ensuring least-cost farming. Critical path
analysis is about organizing projects to provide cost and time efficiency,
and queuing analysis is about providing facilities to ensure queued jobs are
dealt with economically. While these latter problems are not a major
source of decision difficulty on a farm, it is useful to be aware of their
structure.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall)
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15.2

Inventory Analysis — Introduction

An inventory is a stock of goods usually held for the purposes of making a
profit. Most firms hold inventories of one form or another, e.g. the corner gro-
cer holds an inventory of soap powder, an ail refinery holds an inventory of
crude oil, a farmer holds an inventory of fuel for the tractors, and of animal feed
and so on. All these firms must make decisions on a range of problems directly
related to this inventory. The major question is deciding the level of inventory,
as it is costly to hold large quantities of resources sitting idle, and similarly costly
if production or sales must be halted when stock is not on hand.

Inventory problems take many forms. This discussion is primarily concerned
with the feed reserve problem faced by most stock farmers. Farmers have other
inventories but on stock farms the feed problem tends to be the most significant
profit wise. However, depending on the farm type, many other inventory prob-
lems can be important, e.g. grain farmers might be faced with significant grain-
holding questions. In all cases, the same basic set of principles apply.

To round out the discussion, comments will be made about incorporating
the feed inventory model into a whole-farm model. Feed inventory is about
minimizing costs, yet this is not the overall farm objective. The problem should
not be solved without recourse to the rest of the farm and the inter-relationships
involved.

Before discussing the specifics of the feed problem, comments are made
about inventory problems in general.

15.3 The General Inventory Problem

Inventories enable the smooth and efficient operation of a firm. An inventory
may be necessary for a number of reasons as listed below.

1. To enable a firm to satisfy a fluctuating demand for a product. In this case
stocks of the finished product may be held, or alternatively, stocks held of
semi-finished products, which can be rapidly processed to meet the demand.
For example, a turkey producer may hold an inventory of frozen turkeys to
meet a fluctuating demand.

2. To enable a firm to overcome the problems of a fluctuating supply of an
input. These goods might be completely, or partially, processed inputs. For
example, an intensive crop producer may hold an inventory of nitrogen ferti-
lizer as it is impossible to obtain large quantities when required due to produc-
tion bottlenecks, ordering delays and the like.

3. To obtain inputs at least cost it may be necessary to purchase at certain
times of the year and hold for later use. For example, it may pay a farmer to
purchase feed barley at harvest time and store it for later use rather than pur-
chase it at the time of requirement due to the cost differences.

4. Similarly, to obtain the best price for a product it may be worth holding
production for sale in a period of high prices. For example, a farmer holds
wheat, barley, hay, potatoes and similar.
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15.4

5. For input costs, if large quantities are purchased at a particular time there
may be savings due to discounts offered. This gives rise to an inventory.

6. For some products (e.g. washing machines) there are considerable set-up
costs when a production line is organized: these may involve re-training,
adjusting the machines etc. If a large quantity of the product is produced in
one run the average cost per unit declines. Thus it may pay to hold an inven-
tory of the product rather than have many small production runs. For exam-
ple, it may pay a flower seed producer to produce 2 years’ supply in one
season (the effect of time on germination would be an important variable in
this analysis).

Analysing the Inventory Problem

As the decision variables in each problem vary, a model must be developed for
each. Further, in some cases the problem may be stochastic (i.e. it involves
non-certainty), others non-stochastic (e.g. where orders have already been
received for flower seed so that the demand is known). The problem is deter-
mining the decisions that minimize the cost of producing a given level of out-
put. Given the answers for several output levels a decision can be made on the
profit maximizing level. The output levels considered should be only those
attainable with the available level of resources.

In some cases profit-maximizing solutions will be the major aim of the
analysis. For example, the question of deciding how long (and how much) to
store barley before selling falls into this category. Others will be cost minimiz-
ing, though in the end this leads to profit maximization.

In general, the two basic questions which must be answered are: (i) the
level of inventory to hold; and (ii) the level to which inventory should be allowed
to fall before new supplies are obtained, as these may not be available
immediately.

The reason for maintaining a minimum level of stock may be due to an
expected delay in acquiring new stocks (e.g. ordering delays, a poor season
leads to low hay production, etc.) and/or a fluctuating demand given immedi-
ate replenishment is not possible. An optimal inventory policy may consist of
a simple rule stating that quantity y should be obtained once stocks have fallen
to quantity x. This might vary throughout the year.

As cost analysis forms the major part of any inventory analysis a good
understanding of the types of costs which will be encountered is necessary.
Two of the major costs are the cost of providing and maintaining the stor-
age facilities (repairs and maintenance, depreciation, interest etc.) and the
opportunity cost of having funds tied up in the good being stored (the
money could alternatively be invested in shares, the overdraft reduced etc.). In
some firms additional personnel may need to be employed to operate the
storage facilities. Other costs are ordering costs, transport costs, the varying
cost of an input (good) purchased at different times, selling costs, set-up costs
on production lines etc. and all the accounting and clerical costs of maintaining
inventories, though these tend to be negligible in a farm business. A further
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opportunity cost is the loss of potential sales through not being able to meet
a demand as a result of an insufficient inventory, e.g. a farmer producing
turkeys for a chain of restaurants may well loose market share if he fails to
supply in a critical period. Similarly, if an input is not available when required
there will be a loss in production, e.g. not having nitrogen fertilizer available
at the critical time. A few days’ delay can reduce yield markedly. This gives rise
to an opportunity cost.

15.5 The Feed Inventory Problem on Grazing Farms
The nature of the problem

As noted, a simple feed inventory problem provides an important example of
a farm inventory problem. A farmer operating a stock system needs to supply
appropriate feed quantities to maintain production. However, pasture produc-
tion fluctuates throughout the year and from year to year. Thus, feed must be
made and stored and/or purchased to maintain production. The problem is to
determine the quantity of feed to conserve and store, and purchase, to meet
deficits in the variable pasture supply. This is a stochastic problem as the pas-
ture supply will fluctuate from year to year, the amount of hay/silage that can
be made fluctuates from year to year, the cost of purchasing feed fluctuates
and so on. On feedlot-type farms without grazing (or cutting and carting), simi-
lar problems apply as the demand and prices vary throughout the year and
between years.

In planning a farming system the feed inventory problem is only part of
the overall problem. Consideration must be given to such factors as, for exam-
ple, an optimal stocking rate as this affects the feed demand and the potential
for feed conservation in surplus growth periods. Thus, given a particular
stocking rate there will be a particular optimal feed inventory. Another factor
is whether to provide a sub-maintenance diet rather than maintain large inven-
tories. Many other possibilities exist and are discussed later.

The nature of inventory management

Inventory management consists of continuous re-evaluations of the state of
the system and a continuously changing optimal policy as conditions change.
A simple optimal policy for average conditions exists only in theory, as aver-
age conditions seldom occur.

The feed problem can be divided into two phases, which may occur more
than once in each year: (i) the phase during pasture surpluses in which feed is
usually accumulated; and (ii) the phase during which feed stocks must be used
due to pasture deficits. The state of the farm (the state variable values) at the
start of a potentially cumulative period will affect the policy that should be fol-
lowed. For example, stocks of feed on hand and animal numbers will dictate
in part what policy should be followed. Similarly, the level of cash reserves
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(liquid assets) should affect the decision made. Given, for example, full hay
barns and high cash reserves it may pay to assign land to a risky cash crop
rather than make hay/silage.

As each phase progresses, the optimal policy may change within the
period depending on whether each season progresses as expected. The win-
ter ‘no growth’ period may have started earlier than expected so it may pay
to alter the rate at which it was planned to feed the stock. Barley/maize prices
may be lower than expected at harvest time so that it may be profitable to
purchase supplies that were not originally planned, and so on.

Summarizing, while an average optimal feed inventory level can be envis-
aged, feed inventory plans must be continuously reviewed and changed if
necessary as: (i) the state of the farm differs from that expected; and (i) expec-
tation of the future conditions change (e.g. barley/maize prices are expected
to be lower than usual).

Further, as a farm is developed, different stock numbers are carried, so
the optimal feed inventory policy may also change.

Some alternative strategies

Introduction

In the real world there is more to the feed inventory problem than simply
deciding on a feed level to maintain. Rather than store feed, various other
methods of bridging shortages are available. Similarly, as conditions change
and the state of the farm varies from the expected there are alternative strate-
gies besides simply altering the feed inventory policy. Some of the possible
strategies are listed in this section. Some require action during feed surplus
periods (or, at least, non-deficit periods), some during feed shortage periods
and others a combination. The alternatives listed are intended to cover the full
range of possibilities. Some will not be viable under some conditions and, on
the other hand, many are not mutually exclusive. This list is provided to ensure
an analyst keeps inventory problems in perspective and stresses the need to
consider any business ‘as a whole’.

Alternative strategies

ceaseBReeDING  This reduces the feeding demand through the smaller number
of stock to be fed and through the breeding animals not requiring special pre-
parturition feeding. Thus, the demand for winter feed is lessened as parturi-
tion usually takes place at the end of winter and it may be possible to conserve
more feed for future use due to the smaller demand in the spring/summer
period.

The actual number of animals not mated can be varied.

Under this policy income will be reduced as there will be no offspring to
sell. In extreme cases, however, there may in fact be an increase in income
due to the saving in feed costs that would otherwise be necessary. If income is
expected to decrease this must be offset against any expected increase in
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fodder reserves made possible by not mating and therefore having no off-
spring to feed in spring/summer. Another factor is the effect on the cash
profile.

selL stock  Feed demand can be reduced by selling stock. This can occur
either during a feed shortage thus reducing the requirement for stored feed, or
during a surplus period thus increasing the quantity of feed that can be stored
for future use.

The type and quantity sold off will affect: (i) saleable production; (ii) amount
of feed demand reduction; and (iii) future development of the property (e.g.
where breeding stock are sold). In most cases, finishing stock would be sold off
first.

stocking RaTE Owver the long term, the average stocking rate has a marked
effect on feed shortages, ability to conserve feed and profit variability. To
reduce the need for large reserves, for ease of management and to reduce
income variability a lower stocking rate may need to be considered. There
may well be a stocking rate at which the cost of maintaining feed reserves and
associated policies does not warrant the additional returns.

ADJUSTING THE FLOCK OR HERD STRUCTURE  This policy involves selling and buying
to alter the age and/or sex structure of the flock or herd. This may achieve
feed savings but more likely will provide greater flexibility and ‘hardiness’. For
example, if it appears there will be feed stress it may pay to sell off young,
growing and old animals and replace them with animals better able to with-
stand stress conditions. The success of such a policy will depend in part on the
buying and selling prices.

REDUCING THE FEED INTAKE OF SPECIFIC STOCK CLASSES To reduce feed consumption,
some animals can be fed less than normal. As a regular policy, and as a policy
to be used in unexpected shortage periods, animals can be fed at any level
between maximum production down to maintenance for long periods of time,
and below maintenance for short periods. Such policies clearly reduce physi-
cal production but also reduce feeding costs as feed may not have to be pur-
chased, or allow more feed to be conserved. These policies will affect different
classes of stock differently. Thus, for example, reducing the feed intake of
pregnant ewes prior to lambing may result in considerable mortality whereas
wethers (castrated males) will only be affected through a marginal drop in wool
production. In feed shortage periods, therefore, this approach of reducing the
feed intake of certain classes of animals may be useful.

COMPLETE DE-STOCKING  An extreme policy under severe feed stress is to sell off
all stock and to re-stock once feed conditions improve. The economics depends
not only on the selling and buying prices but also on the quality (productivity)
of stock purchased to replace the sold-off stock. This policy is more likely to
be acceptable for non-breeding programmes. The cost of buying feed will also
be an important variable. The geographical size of the area experiencing
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extreme feed shortages will influence stock prices and transport costs, as will
general farmer confidence and the availability of finance.

MAINTAIN A NORMAL POLICY (TAKE NO ACTION) Given other than expected conditions,
rather than adjust the policy the normally used policy can be followed through.
For example, given lower than expected hay supplies at the start of winter the
usual feeding policy can be maintained. This may prove to be successful
depending on the winter growth and the cost of alternative feed supplies. In
general, such a policy may not be profitable except in areas where feed short-
ages tend to be only minor, i.e. the probability of severe shortages is extremely
low. The costs and return associated with the alternatives must clearly be
considered.

PURCHASE FEED 1o meet feed deficits feed can be purchased during general
surplus periods and stored for later use, or purchased during general deficit
periods.

If feed costs vary only slightly between periods, similarly the availability,
then purchasing when the requirement occurs could be profitable. No more
than the actual requirement would be purchased at each point. However, such
conditions are unusual so that it usually pays to buy and store. At the other
extreme a system that buys and stores sufficient feed to meet all conceivable
requirement levels is also unlikely to be optimal. A more likely policy is some
combination.

In any area there are a number of alternative feeds including hay, straw,
grains, proprietary mixes and meals, silage and some root crops, or some
combination. Each will need assessing.

Given feeding is to occur, a decision must be made regarding the ration
mix and quantity. This will affect production, so the marginal cost should be
related to the marginal return. As a feed shortage period progresses the feed-
ing ration may need to be changed due to price changes, stock condition
changes and so on. Three basic ration types can be classified: (i) survival
rations; (i) maintenance rations; and (ii) maintenance plus production
rations.

With extensive feed purchasing it may be worth investigating forward
contracts both for quantity and price.

PURCHASE GRAZING  Some stock classes can be moved to grazing. This might
be anything from simple pasture grazing to root crop, and hay and green feed
rations, and might be used as a regular policy for which contracts are let every
season. More likely, grazing will be purchased when unexpected conditions
occur. The costs involved (feed and transport) will determine whether this
policy should be used in preference to buying feed or some of the other poli-
cies such as simply reducing the feed intake. Questions of whether to feed a
sub-maintenance ration must also be answered.

FEED CONSERVATION AND STORAGE It is common to store feed produced in surplus
periods. Often more than the expected demand is stored so that a range of
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feed shortages greater than the expected demand can be satisfied. Given a
long series of poor years this may not be possible unless stock numbers are
reduced. In such cases feed purchasing may be necessary.

A large range of possible conservation policies exists. Each has a different
cost and produces different quality feeds. Some possibilities are hay, straw,
silage, haylage, grain, standing pasture, standing fodder crops (e.g. root crops
grown in one period and held over, similarly maize produced in early summer
for late summer consumption).

SPECIAL PURPOSE PASTURES AND CROPS  Feed shortages usually occur due to growth
cessation resulting from unfavourable weather conditions, e.g. lack of rain,
cold periods. There may be plant species available which tolerate these condi-
tions given special treatment. For example, the cold-tolerant ryegrasses, which
will produce in cold periods given adequate nutrients. Such plants tend not to
be efficient in other conditions so a decision must be made, for example,
whether to reduce feed production in good growth periods to allow this pro-
duction in other periods.

Special purpose pastures and crops may be used both as a regular policy
and as a special policy for seasons in which conditions are ‘unexpected’.

RRiGATION  The use of irrigation may be profitable for a number of reasons,
one of which is the additional feed conservation made possible. In other cases
it can be used directly to reduce feed shortages in water stress periods that
would normally limit pasture and/or crop production. For example, irrigation
might be used on maize crops in a summer dry period.

piversiFicarion  While on average a particular stocking system may be the
most profitable alternative, diversifying into an area of cash cropping may
provide a lower income variability. In periods of extreme feed shortage the
area under cash cropping requires no maintenance expenditure as do stock
(feed costs). If a drought is the cause of the extreme feed conditions then nei-
ther will cash crops produce any returns. However, once the drought has
broken, cash crops provide a quick return at little cost compared with stocking
systems, as stock numbers might require building up again.

For weather-induced feed problems, it is possible that sub-regions within
the overall region may have different conditions. Through purchasing a
number of properties in different regions feed supplies may follow a less vari-
able distribution. Also in some cases seasonal feed shortages may be partially
overcome by using blocks of land exhibiting different growth patterns (e.g. an
early or late block).

concLubing comments A wide range of possible policies has been suggested.
On any particular farm some may not be feasible, e.g. irrigation and/or spatial
diversification. Further, some of the alternatives may require associated condi-
tions. For example, relying on a policy of buying feed in extreme feed short-
age situations will require access to liquid funds. Thus, it may be necessary, for
example, to borrow funds well before the need arises, or perhaps hold a
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readily saleable group of animals. Similarly, in considering the possibilities, the
opportunity cost of resources (e.g. labour) used must be taken into account to
allow for other sections of the whole farm. A complete feed inventory model
would take into account all these options.

This discussion also makes it clear primary production decision making is
complex. Most decisions have many aspects that must be taken into account,
and so often a change to one part of the farm has ramifications in other parts,
therefore the need to emphasize that any analysis must consider the ‘whole
farm’ before a final conclusion.

The background to a simple model

Introduction

As noted, the feed inventory problem is being used as an example of farm
inventory problems. While the previous section shows many alternative
approaches can be used, the symbolic model developed restricts choice to
feed storage and purchase options. A reader may need to extend this model
if other policies need to be explored.

Thus, assume that a farmer wishes to follow a policy of supplementary
feeding in feed shortage periods rather than varying stock numbers (varying
demand) or some other combination of possibilities. The problem is to deter-
mine the feed inventory level that will minimize the expected cost of feeding
all animals at a particular level (possibly maintenance, possibly production).

Factors affecting an optimal solution
The factors which must be considered are listed below.

1. In any one year the quantity of feed required can vary depending on the

season. In the extremes, supplementary feeding may be required for the whole

year, or not required at all (which is less likely).

2. Each of the possible feed requirement levels has some probability of occur-

rence. The total feed requirement to maintain production at a particular level

is a random variable. The shape of the distribution will vary with the stocking

rate, the climatic environment and so on. The shape of the distribution will

have an important effect on an optimal policy.

3. The farm can obtain feed supplies from:

(i) making and storing feed supplies in surplus periods (these may be induced

by decreasing the per head feed intake);

(ii) buying and storing feed in surplus periods; or

(iii) buying feed supplies when they are required rather than in surplus periods
when the requirement will not be known.

4. Each of the alternative feed sources has a different cost.

5. If insufficient feed is obtained and stored prior to a deficit period additional

feed will have to be purchased, usually at costs greater than feed costs in

surplus periods.
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6. If the farmer is not indifferent to risk it will be necessary to consider the vari-
ance of alternative policies and possibly other distribution parameters as well.
7. The cost of storing feed may be an important factor. If storage facilities are
available there will be repairs and maintenance costs but no capital costs.
A major part of storage costs will be the opportunity cost of the capital invested
in the stored feed. If funds are not used to purchase feed they can be used in
other alternatives. Similarly, if home-produced feed is stored this could have
been sold and the funds invested in other alternatives.

8. If too much feed is stored there is a loss in the value of the feed as it will have
declined in value through deterioration. To account for this it can be assumed
that all feed left at the end of the planning period is sold at a decreased price.

The estimation of the data

Probably the most difficult problem is estimating the alternative possible feed
shortages that might occur and their associated probabilities. Subjective esti-
mates can be made but it is helpful to have objective information on which to
base the estimates. However, directly applicable historical information is
unlikely to be available as the stocking rate, conservation methods, stage of
farm development and many other factors have probably varied, nullifying
what data may be available.

This means rainfall records and general experience may need to be the
basis for the estimates.

For example, given the current stocking rate, stage of development (type
and quality of pastures) and 60 years of rainfall records, an adviser may esti-
mate the possible feed shortages to be:

Possible feed shortages (SU) Probability

1000 0.1
2000 0.2
3000 0.4
4000 0.2
5000 0.1

SU: 1 stock unit is the feed necessary to support a 50kg sheep

Note that in this example no reference is made to when the feed short-
ages will occur, and for how long; e.g. a summer shortage of 3 weeks and a
winter shortage of 2 months makes up a total shortage of a given stock unit
level. Thus, it is assumed that the total feed requirement per year is all that is
important. This may not always be the case.

Similarly, estimates of the probabilities attached to the values of all the
other random variables are necessary. For example, the cost of purchasing
feed during deficit periods is a random variable, so prices and probabilities
must be estimated. However, assume that in this example problem the feed
requirement is the only random variable.
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Another factor which must be considered is the quantity of feed that can
be conserved on the farm given the particular stocking rate and stage of farm
development. There will be an upper limit to this. The cost of this home-
produced feed is the opportunity cost of the resource used in its production.
One alternative giving rise to this opportunity cost might be a cash crop. This
cost and the quantity produced are two further random variables that will be
assumed to be known with certainty in this example.

A symbolic model

A model expressing the expected feeding costs from maintaining a feed inven-
tory policy can be developed and used to compare the expected cost of alter-
native policies.

Define the following terms:

p; = the probability of a feed shortage of i feed units occurring. Let a feed
unit be 200SU (the smaller the units used the more calculations will be
required);

C, = the expected cost of a feed unit (200 SU) of feed produced or pur-
chased during a feed surplus period. Preliminary budgeting would indicate
whether home-produced or purchased feed should be used, although in some
cases a mixture may be necessary as it may not be possible to produce suffi-
cient quantity on the farm. C; would include the cost of transport to storage
and any other costs;

C, = the expected cost of a feed unit (200 SU) of feed purchased during
a feed deficit period. This information is important, as if insufficient feed is
stored extra supplies must be purchased. C, would include all transport, feed-
ing out costs etc.;

C, = the expected value of a feed unit (200 SU) of feed at the end of the
season. This may be the sale value or the expected value resulting from its
productive use;

R = the opportunity cost of the funds tied up in a feed reserve, expressed
as a fraction; i.e. if the opportunity cost is 7%, then R = 0.07,;

C, = the expected cost of developing a feed inventory during the major
feed surplus period of k feed units; i.e. k x 200SU,;

n = the maximum feed shortage that can occur expressed in feed units of
200SU.

Using these terms, an expression for C, can be developed. In this example
assume that storage facilities are available for any inventory level that might be
envisaged and that these will be maintained whether used or not. These
assumptions mean that storage facility costs can be ignored. Thus, the cost of
storing k units is given by:
n k
C, =kC, +kCiR +C; 2 (i — k)p; —ng(k —i)p;

i=k+1 i=0

Consider each term in the model:
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kC, = the cost of making and/or purchasing k feed units during a surplus
period;

kC,R = the opportunity cost of the funds invested in the feed reserve of
k feed units.

Note that the terms kC; + kC,R can be combined to form kC,(1 + R).

C, Z (i—kp, = the expected cost of buying feed during feed deficit peri-
farme | ods given that k feed units are stored. Note that the term

Z (i—k)p; estimates the expected feed quantity that must be purchased
=+l given that k units are stored.

This is multiplied by the expected cost/unit (C,).
Consider the Z(i — k)p, in more detail. The term in brackets (i - k), estimates
the possible feed shortages. This is multiplied by the probability for each short-
age occurring. The summation is done for only those feed requirement levels
that cannot be supplied from the feed stored (k units), i.e. for i = k+1 to n.

Possible feed requirements Probability

5 feed units 0.2
6 feed units 0.5
7 feed units 0.3

If 5 feed units are stored (k=5), the expected cost of feed purchasing will be:
350 [(6 - 5) 0.5 + (7 — 5) 0.3] = $385 where C, is $350

Note that if k was less than 5, this being the lowest possible requirement,
some of the components of the term would be zero as the probability of short-

ages less than 5 units is zero. Such components would be ignored.
k

C32 —i)p; = the expected value of feed left ‘on hand’ at the end of the
Py period

given k units are stored. The X (k—i)p, part of the term estimates the expected
quantity of feed ‘on hand’ at the end of the period. For example, using the data
above and letting C, = $200, if k = 7 the expected value of feed on hand will be:

200((7-5)0.2+(7-6)0.5+(7-7)0.3] = $180

Note that the term in brackets for i values less than 5 can be ignored as they
have a probability of zero in this example.

Determining the optimal feed inventory level

The expected cost

The model is used to estimate C, for all possible k values. The k value giving
the lowest C, is the least-cost inventory level and will be optimal if the farmer
is indifferent to risk.
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As an example, consider the following simple problem:

Possible feed requirements
or shortages (feed units) Probability

—

5 0.1
6 0.3
7 0.4
8 0.2
C, = $250
C, = $350
C, = $200
R =0.10 (10%)
Using this data, the cost of each possible storage level is:
Ifk=0,
Cy=0+350[5-001+06-003+(7-004+(8-0)0.2]-0
= $2,345
Ifk=1,

C, =250 (1.1) + 350[(4) 0.1 + (5) 0.3 + (6) 0.4 + (7) 0.2]
-200(1-0)0+(1-1)0]
=275+1995 -0
=$2,270

f k=2 C,=$2195
If k = 3, Cy = $2,120
If k = 4, C, = $2,045
If k=5, C, = $1,970
fk=6,C, = (6 x 250 x 1.1 + 350((7 — 6)0.4 + (8 - 6)0.2)) — 200 [(6 - 5)0.1]
- $1,910
fk=7,C,=$1,895
If k = 8, Cy = $1,940

Thus the optimal (least cost) policy is to store 7 feed units of feed. The chance
of requiring 8 feed units is not great enough to warrant storing more.

Note that in this particular example there was no need to consider k val-
ues less than 5 units as the cost of feed purchased is less than purchasing the
feed during the deficit period. This conclusion can be made as at least 5 units
of feed will always be required.

Estimating the cost variance for alternative policies

The least-cost policy may not be optimal where the farmer has a non-linear
monetary utility function, in which case the variance of alternative policies
needs estimating. In this simple feed inventory, using the general variance
formula is possible, although in more complicated models systems simulation
may be necessary:
Variance = (possible outcomes — mean outcome)?

x probability of each outcome occurring
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15.6

In this problem the variability around the expected or mean cost for a particu-
lar policy is made up of two factors: (i) the variability due to the feed reserve
being too small to meet the requirement; and (ii) the variability due to the feed
reserve being too large. Thus, the variance of a particular inventory policy will
be given by:
k n
V(Cost) = Y (1 +R)Cik +Calkc— 1)~ Col2pi+ Y. (1+ RICik + Cali k) - Gy
i=0 i=k+1
where V(Cost,) = variance if k feed units are stored.

C, = expected cost of storing k feed units.

The first term gives the variance due to storing more feed than is required,
and the second due to storing insufficient feed. The equation can be divided
into these two basic components as when k is less than the requirement the
term giving value of unused feed will be zero and vice versa.

In order to choose the least variance policy the equation would have to be
evaluated for each k value and the one giving minimum variance selected.

Hindsight and an optimal policy

The model will only indicate the expected optimal policy. Given that this pol-
icy is followed it may in fact turn out to be sub-optimal in some years, but this
knowledge is only available after the end of the season. In the example prob-
lem the optimal policy is to store 7 units of feed. If the feed requirement turns
out to be 5 units (possibly due to a mild winter) then 2 units of non-required
feed have been stored. If it was known before the event that only 5 units would
be required then a saving of $2 x 50 (the difference between purchase and
sale values) would have been made. This is a cost of operating in an uncertain
environment (the cost of uncertainty).

Extensions to the Feed Inventory Model

Introduction

As will be evident from the earlier discussion, the inventory model specified
has shortcomings. Many of the other factors would only be taken into account
in a subjective fashion due to the complexities of incorporating them into
symbolic models. To assist in this subjective assessment the main factors are
listed below. Before this, however, some comments on re-planning an optimal
policy are provided to emphasize the uncertain and dynamic nature of farm
planning.

Re-planning in the simple feed inventory problem

Given the optimal feed inventory has been calculated and partially imple-
mented, the farmer should not necessarily proceed to follow the originally
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estimated policy. As time progresses the expectations regarding feed
costs, feed salvage values and the probabilities associated with each pos-
sible feed requirement may change. If the changes are large enough the
optimal policy may require altering. If purchased feed costs, for example,
are currently lower than those originally expected it may pay to purchase
and store more feed than envisaged. Similarly, it may even pay to pur-
chase feed during a feed deficit period if the cost is low enough. This
could well be optimal where more feed than expected has been used so
there might be a reasonable probability of large quantities of feed still
being required.

In order to re-determine an optimal policy the simple model should be
re-evaluated each month given the new estimates for the variables. In this case
not all k values would have to be evaluated as there could already be some
feed on hand. The same comment applies when working out an initial optimal
policy in that some feed from the previous season may still be on hand. (In
some cases the possibility of selling off stored feed during deficit periods may
need to be considered.) If the cost and probability estimates have not changed
there is no need to recalculate an optimal policy. Recalculation will be easy if
the model has been computerized, requiring only the input of the data and
selecting a recalculate choice.

The realistic feed inventory problem

A farmer’s objective is unlikely to be maximized where it is assumed all stock
must be retained and fed at a particular level. Thus, policies such as selling off
stock and buying back later should be taken into account and, furthermore, the
fact that most of the variables concerned are random variables should be
allowed for.

It is clear that a realistic model will be complex. Such a model should
include:

1. All the variables included in the simple case together with allowances for:

(i) Feed purchase costs varying with time;

(ii) Feed purchase/production costs being random variables;

(iii) Feed sale prices varying with time and being random;

(iv) Purchase and maintenance of additional feed storage areas thus
allowing greater inventory levels. In the simple example it was
assumed that any level of feed could be purchased and stored. This
is unrealistic. Feed stored in unsuitable facilities will deteriorate.
This could also be taken into account.

(v) Limits on the quantity of feed that can be conserved on the farm.
Furthermore, this variable is also a random variable. Thus, while
plans are made to produce x units of feed, production may in fact
be less, or greater.

2. Variables taking into account that the feed demand and supply can be
varied through using one or more of the other policies discussed earlier.
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Each policy will have a particular effect on the feed demand or supply and

certain costs and returns. Each of these effects will also be random varia-

bles. For example, some of the factors that would have to be taken into
account are:

(i) The opportunity to sell off some stock and re-purchase later at various
times, which will reduce the feed requirement. The prices would be ran-
dom variables;

(ii) The possibility of purchasing off-farm grazing as an alternative source of
feed. Similarly, the use of irrigation to increase feed conservation.

It is clear that such a model would be complex and involve considerable costs
if a reasonable range of possible alternatives were evaluated. For a totally
realistic model it would make sense to use the systems simulation approach
and experiment with alternative policies.

The whole farm approach

In theory the inventory problem is not independent of other sectors of the
farm. As the farmer’s aim is to maximize an objective from the whole farm it
is usually necessary to use a whole-farm planning model, which would take
into account, for example, the working capital restrictions.

In a whole-farm model, perhaps using linear programming, different feed
inventory and associated policies can then be explored and evaluated on the
basis of how they affect, say, expected whole-farm profit.

Some of the factors that should be included in a whole-farm profit model
with respect to the inventory problem are:

¢ Allowing for different stocking rates, stocking systems and feeding levels.
All these factors will affect costs as well as productivity and thus returns.

¢ Constraints on the possible inventory policies due to the available working
capital, machinery capacity to handle fodder conservation and the like.

e The effect of shearing at different times of the year on feed demand and
on costs and returns.

As noted, allowing for all these factors is complex. One approach is to accept
the mistakes inherent in solving part-farm situations as independent problems,
and given the results using the simple feed inventory model, subjectively
assessing factors such as working capital limitations. This is where the experi-
ence of an analyst and adviser becomes very important.

Inventory analysis and dynamic programming

As inventory problems involve several time periods (inventory levels are built
up during particular periods for use in later periods) they are readily amenable
to solving using dynamic programming. Many examples of inventory analysis
given in the literature use dynamic programming as the solving technique. The
most important state variable is the current level of stored feed.
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15.7 Replacement Analysis

The general problem

Introduction

Replacement analysis works out the cost-minimizing time to replace assets
that provide services for creating profit. With use and time, an asset’s output
and costs change. Eventually an asset costs more to maintain than a replace-
ment and, usually, productivity declines relative to new models.

Information on the optimal replacement time is used to indicate when
assets should be replaced and is, therefore, part of the information necessary
to decide whether to sell an existing asset. The optimal replacement time
information relates to assessing the profitability of an asset as it determines its
least cost. To decide whether to invest in, or sell off, an asset the optimal
return obtainable from the asset must be known.

Types of replacement problems
There are two basic types of replacement problems.

1. Problems in which the productivity of the asset declines with use and/or
age and, possibly, the maintenance and running costs vary. An example of
this type of problem is the animal replacement problem. There is an optimal
time at which to replace e.g. ewes or cows as their productivity declines with
age (wool production declines from approximately 2 years of age, the lambing
percentage increases with age but eventually declines). Furthermore, the
maintenance costs increase in that they require more attention, better feed
and have a greater death rate. The net return per ewe/cow eventually declines
to the point where it pays to sell and replace with younger stock. Another
example of this general type is the pasture renewal problem.

2. Problems in which the productivity of the asset remains relatively constant
but the running and maintenance costs increase with use and/or time. The
objective is to determine the replacement time at which average costs will be
minimized. For example, a header/harvester can provide much the same
service as its use increases provided it is adequately serviced. The costs of
maintaining the header increase with use and age so eventually these costs will
rise to the extent that it will be cheaper to replace the machine, although there
may, of course, be other reasons why the machine should be replaced. For
example, the farmer may be increasing the quantity of cash crop and requires
a header with greater capacity.

Both of the above general problem types can be divided into two sub-types
based on the value of the assets: (i) assets of appreciable value, which can be
repaired and maintained with continued good output; and (i) assets of little
value, which cannot be repaired or are not worth repairing. Assets such as
headers, tractors and dairy sheds are in the first group, whereas assets such as
light bulbs and spark plugs are not worth repairing. It can be cheaper to
replace them all at periodic intervals compared with individual testing at more
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frequent intervals. This second group is only of small significance on farms, so
that it will not be discussed further.

The case of tractor replacement

To demonstrate the principles involved in solving replacement problems a
simple case of tractor replacement is considered.

Assume that the tractor is maintained so its productivity remains constant.
The problem is to determine the replacement time so that annual costs are
minimized. It is necessary to determine all the costs of running and holding the
tractor and, using this information, determine the number of periods the
machine should be held so that the average cost per period is minimized. It is
assumed the hours of use per period are constant. If not, the period costs will
need assessing on an hourly basis.

The cost categories involved in purchasing and running a tractor include:

e the initial purchase outlay;

e repairs and maintenance costs required to maintain the tractor in an effi-
cient working condition;

e running costs (fuel, oil, etc.);

e overhead costs (registration, insurance);

e the opportunity cost of the funds sunk in the tractor both by way of initial
outlay and repair costs etc.

In practice, not all of these costs will markedly change with time (or per hour
of use). If the costs do not vary they do not need to be considered in the
analysis of optimal replacement time, though including them provides a full
costing. In the extreme case, if none of the costs varied from period to period
it would never pay to replace the tractor as it would continue to provide the
same service for the same cost. This situation is, of course, unrealistic.

As constant costs can be ignored, consider each of the categories. If it is
assumed the tractor is well maintained it is likely that the running costs will not
increase much, so ignore them for this analysis (this assumes the use of real
values so that inflation is taken into account). Similarly, it can be assumed that
the overhead costs remain relatively constant and can be ignored. The repairs
and maintenance, and the opportunity costs, all vary as with time the total
investment in the tractor increases due to the increasing repairs and mainte-
nance bills each period. The opportunity cost per dollar invested probably will
not, however, vary. Similarly, the initial outlay must be considered.

The holding cost for a tractor

Basic model

Ignoring constant costs, at any time the sum of all costs incurred by the tractor
is referred to as the holding cost. Thus, in the tractor case:
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Holding costs = initial outlay + all repairs and maintenance
+ all opportunity costs
To estimate the optimal replacement time this holding cost must be estimated
for each alternative time for which the tractor can be held.

However, when the tractor is replaced, a trade-in price is received, or else
it is sold on the open market (salvage value). This leads to a net holding cost
for each period for which the tractor might be kept. This is the relevant cost
figure for decision making. The net holding cost is given by:

Net holding cost = holding cost — salvage value

With time, the net holding cost increases at an increasing rate as the holding
cost increases and the salvage value declines. The net holding cost will prob-
ably have the form shown in Fig. 15.1.

The time period giving the minimum net holding cost is the optimal
replacement time and is calculated through:

Average net holding cost for x periods = total net holding cost for x periods

X

where x can also equal hours worked.

Graphically, the optimal replacement time will be the point at which a
straight line drawn from the origin to the curve is a tangent to the curve. This
is shown in Fig. 15.2.

Of course, the average holding cost is given by the slope of the hypote-
nuse of a right-angled triangle (like OAB) formed using the origin as one apex,
the time for which the average holding cost is to be estimated as the right-angled
corner, and the curve as the other apex. The slope is the average holding cost
as the height represents the total net holding cost and the base represents
total time. The triangle with the hypotenuse having the smallest slope of all
triangles touching the curve represents a replacement time with the smallest
average net holding cost.

Total net holding

Initial outlay less
initial salvage
value

cost ($)

Accumulated repairs and mair
costs plus opportunity costs

plus the drop in salvage
value compared with

the initial salvage value.

Time (years or hours)

Fig. 15.1. Net holding cost graph for a typical machinery asset.
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Total net holding B
cost ($)

Optimal
replacement time

0 Time A
Average net holding cost=AB/OA

Fig. 15.2. The total net holding cost for an asset and its optimal replacement time.

Further variables which must be considered

These include the following.

TaxaTioN  Some of the expenditure is tax deductible, so reducing the net
holding cost. Further, while depreciation should not be directly considered in
the cash analysis above, it has to be calculated in order to determine the tax
deduction. This also reduces the net holding cost as without the machine the
taxation paid would be greater. Thus, the reduction in net holding cost due to
taxation is:

the sum of tax deductible expenditure (including depreciation)
x the tax rate in $

Note that in calculating depreciation it may be necessary to allow for any spe-
cial and investment allowance depreciation incentives a government might be
using. (It is interesting to note any investment allowance has the effect of
reducing the initial net holding cost and therefore reduces the optimal replace-
ment time.)

When the asset is sold there may need to be a further taxation adjustment
depending on whether the sale price is less than (the difference is deductible)
or greater than (taxable income) the book value.

UNCERTAINTY  Many of the variables are random variables. Thus, if the farm-
er’s monetary utility function is not linear it may be important to calculate the
cost variance of alternative holding times as well as the expected cost. This,
however, involves considerable work so that it should only be attempted in
cases where the investment is very large and the farmer is an extreme risk
averter or preferer. Alternatively, subjective estimates should be made. For
example, if the farmer is a risk averter, replace somewhat sooner than the
time giving the minimum expected net holding cost. For very large assets,
creating a systems simulation model may be appropriate.
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ossoLesceNce  New models periodically appear that are technically improved.
These models should produce greater output for much the same cost. Thus, by
continuing to hold an obsolete tractor the farmer is losing increased production
leading to an opportunity cost. If this opportunity cost could be measured it
should be added to the net holding cost of the existing tractor. It might be esti-
mated, for example, that a new model can be expected every 3 years. However,
the estimation of the expected production increase given a new model will
probably be difficult. For most farm situations this aspect should be subjectively
considered. Given that obsolescence has the effect of increasing the net hold-
ing cost and therefore making the total net holding cost curve steeper, it will
reduce the optimal holding time. This is demonstrated in Fig. 15.3.

erFicieNcy  In most cases the efficiency of a tractor declines with use, so its
productivity declines. This loss of productivity should be added to the net hold-
ing cost as it is an opportunity cost compared with replacing the tractor with
a new one of the same type.

Similar to the obsolescence case it is difficult to estimate this opportunity
cost. This should be subjectively accounted for by replacing the tractor some-
what sooner than the optimal time, as with the greater opportunity cost the
net holding cost curve is steeper.

UPDATING THE OPTIMAL REPLACEMENT TIME ESTIMATE  With time many of the item and
opportunity cost estimates may need revising leading to an updated replace-
ment time. Understanding the basic structure of the problem and how the vari-
ous variables affect the net holding cost curve, it should be easy to assess whether
a particular cost estimate change should bring forward, or delay, the optimal
replacement time. For example, consider the effect of a lower salvage value
than originally expected. This will alter the net holding cost curve’s shape so that
it pays to replace sooner than originally planned. This is shown in Fig. 15.4.

With obsolescence

New models released

Net holding cost
()

Ignoring obsolescence

Time

Fig. 15.3. The impact of asset obsolescence on net holding cost and optimal replacement.
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Revised estimate

Total net holding o _
cost ($) Original estimate

Optimal
replacement time

0 Time

Fig. 15.4. Updating the optimal replacement time as conditions change —
decreased salvage value.

A model of the tractor replacement problem

To develop an arithmetic model for tractor replacement, and also allow
comparing second-hand and new tractors, assume that:

¢ the running costs remain constant;

e all overhead expenses remain constant;

e the efficiency of the tractor does not decline; and

e new models are not being introduced, or if they are, the increased
efficiency is offset by the increased costs.

If any of these assumptions are violated the model outlined below will have to
be adjusted.
Define the following terms:

Let C, = the total net holding cost when the machine is held for g time
periods;

M., = the repairs and maintenance costs during the ith period. Assume
these are paid at the beginning of the period (this assumption affects the
opportunity cost);

subscript i ranges from 1 to g;

K = the initial outlay;

S, = the salvage value of the machine at the end of the gth time period;

T, = the saving in tax occurring due to the depreciation investment allow-
ance in the year of purchase. Assume the benefit accrues at the beginning of
the period in which the machine was purchased.

T, = the tax saved in the ith period as a result of:

(@) depreciation;
(b) repairs and maintenance;
(c) running costs and overheads if these are not constant.

Assume that the benefit accrues at the beginning of each period:
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T, = the tax saved or tax paid as a result of the salvage value being
different from the book value;

r = the opportunity cost of capital (expressed as a fraction) for one time period.
Thus, if 10% per annum is the opportunity cost, for 6-monthly periods use 0.05.
Given these terms, the total net cost can be estimated for alternative holding
time using the following relationship:

Cy=(K-T)1+r*+(M; -~ T)1+r)" +(My - To)1+7)7" +...+
(M, ~T,)1+1)-S,+T,
= (K=T)1+r)+ Y (M =T)L+n)? =S, + T,

i=1

The (1 + r) terms are the compound amount factors that account for the
opportunity cost of the capital. The (K — T)) term is the net initial outlay while
the (M, — T) terms are the net outlays per period.

In order to solve the problem, this model is used to estimate C 4 for all
alternative holding times. Then, using the C, estimates, determine the aver-
age net holding cost C q/q for each q.

The optimal time is that g giving the smallest C /q

In solving a replacement problem it must be remembered that this is a part-
farm problem and cannot necessarily be solved in isolation. For example, the
analysis may suggest that the tractor should be replaced every 3 years but other
development work may not leave sufficient cash to purchase the new tractor. If
the development work is more profitable than the cost savings obtained by
optimal tractor replacement, the tractor should be held for a longer period.
Thus, the whole-farm considerations must be taken into account. Conceptually,
the replacement model should form part of a whole-farm model, which is
solved simultaneously together with all the other problems. In practice, such
factors may have to be subjectively taken into account.

An example for tractor replacement

Assume a farmer is about to purchase a small tractor for $4000 and wants to
know the optimal replacement time so that he will know the minimum aver-
age holding cost. Assume that the farmer is paying tax at the rate of 40 cents
per dollar and that this rate will hold for all income levels being considered in
this example. Assume that tractor depreciation is calculated on the basis of
20% DV (diminishing value). Further, an investment allowance of 10% is tax
deductible. The opportunity cost of capital is 10%. Assume that the farmer
has estimated that the repairs and maintenance, and salvage values will be:

Year
1 2 3 4 5
Repairs & maintenance $200 $300 $500 $800 $1000

End of year salvage value $3000 $2500 $2000 $1700 $1500
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Given this information, C;, C, ... C; can be estimated. Then the average net
holding cost for each holding time can be estimated and the minimum selected.
Consider C;:

1. T, = (4000 x 0.10) 0.4 = $160

(i.e. (initial outlay x investment depn.) X tax rate)

S(K=-T)(1 + r)l = (4000 - 160) (1.1) = $4,224
2. In order to estimate (M; — T;) (1 + i, T, must first be estimated:

T, = ((4000 x 0.2) + 200) 0.4 = $400

(i.e. (book value x depn. rate) + R & M tax rate)

LMy -T) (1+r)! = (200 — 400) (1.1) = -$220

(the negative cost means, in effect, a net tax saving)
3. §,=3000
4. In order to estimate T _the sale price of $3000 must be compared with the
book value of the tractor at the end of the year. This will be $4000 — (4000
x 0.2) = $3200. Thus,

= (3000 - 3200) 0.4 = -$80

5. ..C; =4224 - 220 - 3000 - 80 = $924

. Average net holding cost = 924/1 = $924

Consider C,:

1. K-T) (1 +r)2 = (4000 -160) (1 = $4646.4
2. () M, -T)(1+r?=-$242
(ii) To estlmate (M, - T,) (1 + i, T, must first be estimated. To estimate
T, the book value of the tractor must be calculated for the end of year
1 (or start of year 2).
Book value = (4000 — (4000 x 0.2)) = 3200
o T, =((3200 x 0.2) + 300) 0.4 = 376
5 (M, = T,) (1 +n!=(300 - 376)(1.1) = -$83.6
3. S, =2500
4. T = (2500 - 2560) 0.4 = -$24
. C,=4646.4 - 242 - 83.6 — 2500 - 24 = $1796.8
. Average net holding cost = 1796.8/2 = $898.4

Consider C; and C,:

Using the same process as above, these two costs would be estimated and
from them the average net holding costs.

Consider Cs;:
1. (K—TS) (1+r)° = (3840) (1.1)> = 6184.3
T)) (1+r)° = (-200) (1.1)°> = =322.1
M2 T2 (1+r)* = (-76) (1.1)* = -111.27
(

- M
( )
(M;—T,) (1+r)2 = (95.2) (1.1)3 = 126.71
(M,— T4) (1+r)? =(316.2) (1.1)> = 382.6
(M—T¢) (1+r)! = (1000 - 531.07) (1.1) = 518.82
3. S = 1500
4. T (1500 -1310.8) 0.4 = 75.68

= $5,354.74

Average net holding cost = 5354.74/5 = $1070.95

)]

- %
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The Optimal Replacement Time:

To determine this the C q/q estimates would be compared and the minimum
selected. This cannot be completed in this example as C; and C, have not
been estimated. You might like to complete the calculations to see whether
replacement every 2 years is in fact the least cost time.

Further analytical questions

Solving using calculus

If the total net holding cost curve can be adequately represented by a continu-
ous function of the form:

Net holding cost = f(age (or hours of use), initial cost, tax rate, etc.)

then calculus can be used to determine the optimal replacement time through
setting up the equation giving the average net holding cost, differentiating and
setting equal to zero, and then solving for the replacement time giving the
minimum average net holding cost.

Where it is necessary to calculate each C . before the function can be esti-
mated, it will be easier to use the numerical approach given above rather than
using calculus. This will be the usual case.

Parameter variations

To explore the effect of parameter variations on an optimal holding time the
net holding cost curves need to be estimated for a range of parameter values.
Where farmers in an area have different opportunity costs, different tax rates,
different levels of machinery use per year, it will be important to determine an
optimal solution for a range of parameter values. As noted, a knowledge of
the structure of the problem will enable further extrapolation from the para-
metric results. For example, it is possible to deduce that the higher the oppor-
tunity cost the sooner a tractor should be replaced as the net holding cost will
be steeper. This is shown in Fig. 15.5.

Another important example is the effect of varying the number of hours
worked per time period. The more hours that are worked, the greater will be
the repairs and maintenance per time period so that the net holding cost will
be steeper. Thus, it will pay to replace the tractor sooner.

Asset investment decisions

Introduction

The discussion has shown that estimating the minimum average cost per period
for an asset is dependent on the optimal replacement time. Thus, decisions on
whether to buy or sell assets require this estimate of the optimal replacement.
Part of this problem involves whether to purchase new or second hand.
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Purchasing new or second—hand

If it is assumed that both new and second-hand assets have equal productivity,
the choice depends on which asset has the lowest average net holding cost
assuming both are replaced at their optimal time. For example, if the net hold-
ing costs were those shown in Fig. 15.6, it would pay to purchase a new
asset.

The curves may well have different shapes for different farms, so in some
cases a second-hand asset will be optimal.

Where the productivities are not equal, the holding cost curves have to be
adjusted to account for the opportunity cost. This would be added to the
second-hand costs as potential productivity is lost. However, it would be
difficult to accurately estimate the opportunity cost, so subjective estimates will
be necessary.

Opportunity cost 1

Total net holding

cost ($) Opportunity cost 2

The higher the interest rate,
the sooner the replacement

Time

Fig. 15.5. Optimal replacement time with an increasing cash opportunity cost
(interest rate).

Second-hand

New

Total net holding /

cost ($)

Time

Fig. 15.6. Holding cost variation with a second-hand machine.
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The different holding cost curves indicate, in part, why a second-hand
asset (machinery) market exists. Holding costs will differ due to the different
number of hours the machine is used, differences in the opportunity cost of
capital, differences in the farmer’s ability to maintain the machine and there-
fore the repairs and maintenance charges, and the marginal tax rate. Another
factor is the availability of cash, with cash shortage possibly precluding a new
tractor.

The decision on whether to invest in an asset

The discussion has assumed that it is profitable to hold the asset and the only
question is the optimal replacement time. As noted, a decision to invest can-
not be made until the cost of holding the asset is known.

Given the minimum net holding cost, the steps involved are:

1. Estimate the increased return which would result from having the asset.
2. Compare the minimum net holding cost (this could be for a new or a
second-hand asset depending on the cost) with the cost of employing a con-
tractor to provide the same services.

3. Compare the least cost alternative in (2) with the expected increase in
return.

4. If necessary, repeat the above analysis for alternative types and sizes of the
assets.

The major difficulty is the estimation of the expected increase in return. In
many cases ‘considered estimates’ may be the only data available (linear pro-
gramming could be used, however, to provide an estimate of the Marginal
Value Product of an asset).

A somewhat similar problem is whether to give a machine a major
overhaul. An analysis of this type could be put into a similar framework.
Similarly, the same approach can be applied to deciding whether to sell an
existing asset — is the net holding cost greater than the marginal return
from the asset?

15.8 Critical Path Analysis

Introduction and flow diagrams

Introduction

Critical path analysis (CPA) is about project sub-job sequencing. The emphasis
is on ensuring the project will be completed in as short a time as possible with
the cost being minimized, though there may be a trade off between time and
cost. A cropping farmer, for example, should organize crop harvesting so the
overall job is carried out efficiently and, consequently, might well use CPA to
achieve this. The results will tell which sub-jobs will be critical to the comple-
tion of the whole process, when various spare parts must be ordered, trucks
ordered for grain cartage and so on.
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Methods and flow diagrams

CPA proceeds through creating a flow diagram of the project and determining
the time taken to perform each sub-job or step in the overall task. From this
information the series of sub-jobs or steps which limit the earliest time the
overall job can be completed are determined. This is referred to as the critical
path. The critical path, together with other information contained in the
diagram, is then used in planning and carrying out the project.

To show how a flow diagram is constructed, consider a simple example of
building a hay barn. Assume that the sub-jobs that must be performed, together
with the sub-jobs that must precede before each sub-job can be started, are as
follows:

Jobs which must be
Estimate time required to  completed before the

Sub-job

complete (days)

sub-job can be commenced

Ordering and obtaining
framing materials
Ordering and obtaining
foundation materials
Ordering and obtaining
roofing materials
Prefabricating frame

Constructing foundations
Prefabricating the roof

Putting the frame onto the
foundations

Putting the roof on the frame

6

2

Yo

Nil
Nil
Nil

Ordering and obtaining
framing materials
Ordering and obtaining
foundation materials
Ordering and obtaining
roofing materials
Prefabricating the frame
AND constructing the
foundations
Prefabricating the roof AND
putting the frame up

To determine this information a list of all the sub-jobs making up an
overall job is made and then the relationship between each sub-job

determined.

This leads to a flow diagram (Fig. 15.7) showing which sub-job must pre-
cede others, and which are independent. The job time information is also

included.

Each arrow represents a particular sub-job and the figure beside it the

time taken to complete each sub-job. The nodes (boxes) represent the comple-
tion of one or more sub-jobs. A sub-job represented by an arrow leading from
a node cannot be commenced until all the sub-jobs represented by arrows
leading into the node have been completed. Thus, for example, the sub-job
‘construct foundation’ must await the arrival of the materials. The nodes are
given a code for identification purposes. For convenience, it is logical to
number from left to right.
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Order Prefabricate
frame (6) frame (2)
0 » 2 » 4 » 5 » 6
Order Construct Put frame up Put roof on
foundation (2) foundation (4) (172) (1)

Prefabricate roof (3)
Order roof (1)

3

The figure in brackets is the time (days) for each task

Fig. 15.7. Job flow diagram for an example task (hay barn construction) — jobs, times
and completion sequence.

Determining the critical path

To determine the critical path the flow or network diagram is used to calculate:

e The earliest time each sub-job can be commenced. This is dependent on
what sub-jobs must precede it and the earliest time they, in turn, can be
commenced; and

e The latest time each sub-job can be commenced without holding up the
final completion date of the overall job. Whether a particular sub-job can
be delayed without affecting the overall completion date depends on
whether there are other sub-jobs that take longer than the particular one
under consideration.

The critical path is determined by examining each sub-job to see whether
there is a difference between their earliest and latest commencement times. If
there is no slack or surplus time (i.e. earliest = latest time) the sub-job forms
part of the critical path. There will be a connected set of sub-jobs from start to
finish with no slack time. This connected set is then the critical path. If one
of the critical sub-jobs should be delayed, the completion date of the overall
project will be delayed. On the other hand, if a sub-job for which there is some
surplus time is delayed, this may not delay the completion time of the job
depending on the length of the delay.

To reinforce the above discussion, consider the example problem. Firstly
calculate the earliest commencement times by starting at node 0 and initially
determining the longest time it takes to get to each of the nodes connected to
node 0. Where there is only one arrow leading to a node, the longest time is
simply the time to complete this sub-job. Where there are two arrows (or
more) leading into a node, the longest time of these gives the earliest time at
which any sub-job emanating from the node can be commenced. This process
is then continued throughout the network for other nodes. Beside each node
is placed a figure representing the earliest time at which sub-jobs emanating
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from the node can be commenced. These data are used in calculating the
earliest time for succeeding sub-jobs. Carrying out this process for the exam-
ple gives the data shown in Fig. 15.8.

Secondly, calculate the latest commencement times by starting at the
node representing the completion of the overall job (node 6 in this example)
and working backwards through the network. The latest commencement time
for each node preceding (call it node B) a particular node (call it node A) is:

Latest commencement time for node B
= earliest commencement time for node A minus the time to com-
plete the sub-job depicted by the arrow joining the nodes.

Carrying out this process for the example gives the data shown in Fig. 15.9.

There are only two nodes in which the earliest commencement time does
not equal the latest commencement time. In realistic examples these could
well be sequences of nodes in which earliest commencement times are not
equal to latest commencement times. In such cases there are two latest com-
mencement times for a node. For example:

ERNEE y

® ©,

A4

Node x has two latest commencement times depending on whether node y is
completed in 12 or 16 time units.

Having calculated the earliest and latest commencement times the surplus,
or slack time (sometimes called float time), is calculated by subtracting the

The figure in each circle is the earliest time (day) jobs emanating from a node can be commenced

Fig. 15.8. Earliest time to complete each sub-job in the hay barn example job flow diagram.
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The figure in each triangle is the latest time (day) jobs
emanating from a node can be commenced

@ The figure in brackets is the time (days) for each task
The figure in each circle is the earliest time it can star

Fig. 15.9. Latest time to complete each sub-job in the hay barn example without
causing a delayed ending.

earliest time from the latest time. (Note that where there is more than one
latest commencement time for a node there is more than one surplus time

estimate.) For example, given:
X )
the surplus time for x is 13 — 6 = 7, and the surplus time for y is 16 — 12 = 4.
Carrying this out for the example problems gives the data shown in Fig.
15.10.

The critical path is now self evident. This is the path joining the nodes that
have zero surplus time. In the example this is the path:

In realistic problems there may be more than one critical path. Note that
sub-jobs emanating from nodes 2 and 3 can be delayed 2 and 4Y2 days respec-
tively without affecting the completion date of the overall job.

A4
<

Using information obtained from the flow diagram

Besides the critical path, other uses of CPA are listed below.
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The figure in each double box is the surplus time. The zero time boxes give the critical path
The figure in each triangle is the latest time (day) jobs emanating from a node can be
commenced

The figure in brackets is the time (days) for each task
The figure in each circle is the earliest time it can start

Fig. 15.10. The critical path in the hay barn example, showing surplus (or slack) time.

The commencement date necessary

CPA indicates the shortest time a job is going to take. If, therefore, a job must
be completed by a certain date the CPA will indicate the latest date by which
it must be started. There is often a loss of profit in finishing jobs too late, so it
is important to start on time. For example, if the wheat is not harvested on
time the vield will be reduced. It also indicates the latest date by which each
sub-job must be started if the project is to be completed on time.

Ordering materials

CPA emphasizes the importance of ensuring that all materials are ordered and
obtained in reasonable time. It clearly indicates when each item must be
obtained if job completion is to be on time.

Re-scheduling resources

Given the nodes at which surplus time exists, and the critical path, the overall
completion time can be shortened by re-scheduling men and machines from
jobs where there is slack time to jobs on the critical path. The critical path will
be shortened and men and machines which might otherwise be idle are uti-
lized more efficiently. This will mean that the non-critical sub-jobs will take
longer, but this is of little concern. This re-scheduling of men and machines is
important where the completion time affects profitability and there are limits
to how soon the overall job can be commenced.
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Altering the critical path

Besides re-scheduling, the critical path can be reduced by employing addi-
tional resources (men and machines) or using overtime hours. These services
are obtained at a cost, so the expected increase in returns from earlier job
completion must be compared with these marginal cost increases.

Choosing between alternative job methods

In some cases there could be a number of alternative ways of performing a
sub-job. For example, in the hay barn building example it was assumed the
roof was prefabricated before lifting into place. An alternative may be to con-
struct the roof ‘in place’. CPA enables comparing alternatives, thus allowing
for the, usually, smaller cost of slower methods. If surplus time exists, the less
expensive technique can be used without affecting the completion date.

Multi-job analysis

On most farms a number of main jobs are usually being carried out concur-
rently. There are often opportunities to ‘dove tail” jobs so all jobs are com-
pleted on time. The example looked at a single job but CPA could be used to
examine the completion of several jobs. The link between the different jobs is
the use of surplus time. Machines and men which would normally be working
on a particular sub-job can be diverted to a sub-job on another job if surplus
time exists in one and not the other. Whether this rescheduling between main
jobs is worthwhile depends on the expected return from each as a result of
earlier completion.

Sequential control

Sub-job completion is unlikely to occur precisely as predicated. As a job
progresses it is often necessary to re-calculate the CPA flow or network
diagram and update all the sub-job plans, material ordering times and so on.
This is the same procedure used in budgetary control. In fact, updating the
CPA diagram is a small section of the overall budgetary control process.

(Note that large industrial firms would be regularly updating their critical
path estimates and thus hiring additional men, and other resources, as required
to fulfil contracts. Because of the repetitive nature of the process the proce-
dure is readily computerized.)

Uncertainty

The analysis method explained has largely ignored uncertainty. In reality the
sub-job completion times, the ordering times and the cost will all be random
variables. Thus, each node will have an expected earliest and latest com-
mencement time, and also a time variance. The estimated critical path/s will
be the expected critical path, so that in practice some other path may turn out
to be the critical one. These uncertainty factors can be taken into account in
CPA but this obviously adds to the complexity. In general this is not worthwhile
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in farming studies. In their place subjective hedges against uncertainty could
be included. For example, completion times which are very uncertain could
have a ‘hedge factor’ of a number of days added to them.

Application in farming

Farm problems should in theory be solved using the principles outlined above.
However, most will be solved mentally in contrast to a formal analysis as most
jobs are not that complex, with sub-jobs seldom being heavily inter-related. The
flow diagrams are simple with at most one or two concurrent sets of nodes.
Consequently the cost of setting up a formal CPA analysis is seldom warranted.
An adviser/consultant, or a farmer, should, however, base decisions on the
CPA principles with, usually, only a few simple calculations performed.

On large farms employing many men where complicated development
work is being carried out, a formal analysis may be worthwhile. Formal CPA
may also be warranted on some intensive farms such as a large horticultural
unit producing crops at all times of the year and utilizing large machinery
investments.

15.9 Queuing Analysis
Background

Queuing or waiting line analysis covers problems where there is, usually, a
fluctuating demand for a service, so a decision on the quantity of the service
facility is required. The traditional example is checkout points in a supermar-
ket. The checkout and associated attendants provide a service but the fluctuat-
ing demand from the varying number of customers arriving can cause waiting.
If the queues are too long customers will go to other shops. The analysis must
determine the optimal number of checkout points to give maximum profit.
The more checkout points the greater the cost, but the greater the number of
customers happy to shop.

Queuing problems are characterized by four major factors: (i) the form of
the demand for the service; (i) the form of the supply of the service; (iii) the
cost of the service provided; and (iv) the effect on profit of letting a queue
develop. The queue is a function of the demand and supply of the service.

The ‘service’ in queuing problems can be extremely varied. For example,
it can range from the service provided by the local medical doctor to the serv-
ice provided by a lubrication bay in a garage. All such problems are amenable
to queuing analysis. In most cases all the variables are stochastic (random vari-
ables), so the queue length at any one time will be a random variable. The loss
in profit will, in turn, be a random variable, and so on. Given a linear utility
function the problem is to determine the number of service people, points or
facilities so the expected marginal cost of additional facilities equals the
expected marginal return resulting from the additional facilities (assuming
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capital is not limiting so that there is no restriction on the number of
facilities).

While the demand for the service is usually a random variable, the supply
of the service is often known with certainty. For example, the number of cars
a vehicle testing station can handle with x attendants will tend to be known
with certainty.

Farm examples

There are a large number of queuing problems on any farm. Any system in
which a service is required is a queuing problem. Some examples are:

e The use of a welding plant and of an experienced welder in the farm
workshop. The demand fluctuates as breakdowns are a random variable.
At certain times of the year, on large farms, a queue or backlog may
develop, especially where the labour has other fixed jobs to do as well.

e The use of drafting facilities in a set of stockyards. At shearing, or perhaps
weaning, more than one set of facilities may be useful. The return from a
second set might be the saving in overtime payment to employees where
there is only one set.

e The size and type of milking shed (parlour). The demand for milking facili-
ties varies at different times of the year, so with a small shed the milking
staff may have to spend more time milking at peaks and less working on
the farm.

An off-farm agricultural example is providing unloading facilities at public
stockyards. If an agency does not provide sufficient unloading points, farmers
and carriers might use other agents. A similar example is how many unloading
facilities to provide at a railway station, or airport.

Solving method

The procedure is to compare the costs and return of providing alternative
quantities of the service. In some cases it will also be necessary to consider the
variances.

Consider a simple example. A cropping farmer wants to know whether to
employ contract header harvesting services to supplement his own harvester.
(He could also consider purchasing a larger header, or even a second header.)
In this example the header provides the service ‘heading’, i.e. removing crop
heads and separating them from other plant material. The quantity of ‘head-
ing service’ provided per day can be regarded as a random variable due to the
possibility of breakdowns, problems of getting spare parts and so on. The
demand for the ‘heading service’ comes from the crops. This is also a random
variable. The area of crop becoming ready for harvesting per day varies
according to the weather conditions and other factors. The queue, or waiting
line, is the area of crop waiting to be harvested. The queue length is also a
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random variable, not only because the arrival rate (crops becoming ready) and
the service rate are random variables, but also because the weather affects
whether a crop remains a member of the queue. The costs are providing
additional headers, larger headers, or contractors, or some combination. The
saving in profit is from preventing crops, which are ready for harvesting,
standing in the paddock reducing in yield and/or quality.

Assume the farmer has a header which is capable of harvesting, on aver-
age, 15ha of wheat per day. Assume that only 150 ha of wheat is grown and
that on average 20ha arrive in the queue every day (i.e. 20ha ripen/day).
Assume that once in the queue aha stays in the queue (unrealistic).

After 1 day there will be 5ha outstanding. After 2 days there will be 10 ha
in the queue and so on. The alternatives available are: (i) to have the ripe
crops standing until the farm header can eventually harvest all the wheat; or
(ii) employ a contractor.

Assume that for every day 1ha of wheat is left standing after ripening
there is a loss in profit of $40. It costs $170/ha for contract harvesting and
this can be carried out as soon as the crop is ready. To solve the problem the
total number of ‘hectare standing” days must be estimated. (Note that in some
problems the loss per ‘standing day’ may not be a constant as assumed here.
In these cases an assumption is necessary on which hectares in the queue are
harvested each day. A common assumption is that those waiting longest are
harvested first. This may not be the most profitable. Technically, this assump-
tion on service priorities is called the ‘queue discipline assumption’.)

To determine the total number of ‘hectare standing’ days, it is necessary
to count from day to day the number of hectares left un-harvested, given that
20ha arrive per day and 15ha can be harvested. Thus:

Day number 1 2 3 4 5 6 7 8 9 10
Hectares ready 20 25 30 35 40 45 50 45 30 15
Cumulative total 20 40 60 80 100 120 140 150 - -

becoming ready
Hectares harvested 15 15 15 15 15 15 15 15 15 15

Hectares not 5 10 15 20 25 30 35 30 15 0
harvested

Cumulative total 15 30 45 60 75 90 105 120 135 150
harvested

where hectares ready = 20 + ha not harvested from previous day. Once
all hectares are ready the 20 is dropped from the calculation.

Thus, the total number of ‘hectare standing’ days is the sum of the hectares
not harvested now. This is 185. The loss in profit is therefore 185 x $40 =
$7400.

Alternatively, a contractor could be employed each day to harvest the
outstanding 5 ha (although in reality this is doubtful, so there would have to be
some waiting until a reasonable area was ready.) If the crop is harvested at the
rate at which it is ready, 7%z days elapse. Thus, a contractor would be required
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on 7 days to do 7 x 5 = 35ha. The cost would be 35 x $170 = $5950. Thus,
by employing a contractor the queue length is maintained at zero level so that
the $7400 profit loss due to standing is prevented.

In this example many simplifying assumptions have been made. It is clear
that if all these were removed the analysis would become complex.

Concluding comments for farming

Any farm has many queuing problems. If their stochastic nature is recognized
the analysis becomes complex. However, the economic significance of the
problems is usually not sufficient to warrant this complex analysis. Most prob-
lems must be solved using simple estimates and, often, subjectively. The
importance of studying the structure of queuing problems is to provide the
framework within which the subjective, simplified estimates can be made.

Further Reading

Hillier, F.S. and Lieberman, G.J. (2005) Operational Research Society (2001) Critical
Introduction to Operations Research, Path Analysis in Practice. Tavistock
8th edn. McGraw Hill, Boston (for inven- Publications, reprinted by Routledge,
tory and queuing problems). London (for critical path analysis).



1 6 Concluding Comments —
Review and Summary

Every farmer is constantly making resource allocation decisions even if the
decision is to simply follow what the neighbours are doing! However, most
farmers are more active than this, and many carry out simple calculations,
sometimes on paper, sometimes in their head, to help with the decisions.
Seldom, however, do they create and use economic models. Some farmers
review what the commentators and researchers are writing on optimal
decisions, and subsequently come to a conclusion, often through intuition.
Indeed, research has shown the better farmers tend to avidly read what is on
offer to aid their intuition and decision making. They also attend talks, field
days and workshops. This means the results of farming systems analyses that
are reported in various media, and demonstrated, can have a major impact on
good decision making in any primary producing community. This book has
been about methods of carrying out these analyses and is therefore useful to
existing and potential advisers/consultants and research analysts. The results
of analyses may also have value in developing government policies for pri-
mary production. Work on representative farms, and surveys, allows assessing
the value of suggested policies.

While some analytical methods are not reported here (e.g. Markov
Chains), most of value have at least been introduced. Indeed the book must
be regarded as introductory in some respects, as there is certainly much more
to be learned. In any area that needs further development the general agri-
cultural economics and operations research literature should be searched.
Similarly, the farm management literature should be researched, though in
recent years there has been less work being published in this area partly as
new analytical methods have not been developed. What has appeared, how-
ever, is an interest in learning about farm managers’ characteristics and abili-
ties with a view to improving their managerial skill (see, for example, Nuthall,
2009, 2010). For some reason the manager as a skilled decision maker has
been ignored as a research focus in the last few decades with preference being

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 399
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given to researching farm systems analytical models, and the systems
themselves. This book, together with the two mentioned above, reverses this
trend as they cover both areas including the human factor and methods of
rational analysis, thus forming a complete package. It seems totally logical to
study the farmer decision maker in his own right, for the farmers are clearly
the key people to making the correct investment and operational decisions.
Indeed, the majority of farmers worldwide rely on intuitive decision making
so studying, and subsequently, developing their inherent skills can have major
payoffs.

For analytical methods, as previously stressed, the framework, or blue-
print, for studying farming systems is provided by production economics.
Many of the important components of this theory have been summarized in
an appendix so students can remind themselves of this basis. However, for
most practical analyses production economics is not suitable due to the com-
plexity of the maths once realistic production economics models are created.
The consequence is that study and conclusions on improved farming systems
must be made from either observing the real world (surveys), or creating real-
istic models that can be used for experimentation.

Once surveys and/or model experiments are carried out it is important to
be sure the results are robust. Thus any analysis must include appropriate
statistical analyses to ensure conclusions are not due to chance effects. The
real world is made up of random variables, so any observation might simply
be from the extreme of a variable distribution and seldom repeatable; similarly
with the results of experiments. Consequently, any analyst must have a rea-
sonable working knowledge of statistical theory. While reference is made in
the book to various statistical questions and factors, details of the procedures
are not covered. Many statistical texts are available to provide this theory, and
even some have been written specifically for economic analysis. As an aside,
it is interesting to note that the first statistician of real note was involved in
assessing agricultural experiments so, if you like, agriculture is the father of
statistical method, which is now used in all areas of human endeavour (R. Fisher
was the early mathematician who studied at Cambridge and then, after a
range of short-term appointments, worked at Rothamsted Agriculture
Research Station in England where he developed the techniques to analyse
experimental results that checked whether apparent differences between
treatments were real and significant).

Thus, to become a good analyst of farming systems any student must start
with a working knowledge of both production economics and statistical analy-
sis. But, furthermore, equally as important is developing a good knowledge of
analytical models and methods. This is where this book comes in — it provides
an introduction to the common methods. If for no other reason, a good knowl-
edge of the methods enables an analyst to select which technique to use when
faced with a need to analyse farming systems. Often an analyst is familiar with
only a limited range of methods, so the results can be less than desirable if the
wrong analytical technique is selected as well it may if the analyst is not rea-
sonably familiar with the range available. The remainder of this chapter, there-
fore, reviews the methods available and provides contextual comments.
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Returning to analytical methods, the available approaches can be divided
into two streams. Faced with a research problem the analyst can obtain a
conclusion from either observing the real world (a survey) or creating some
kind of model of the problem, allowing experimentation. Sometimes a mix-
ture might be appropriate. For example, before developing a linear program-
ming model of a liquid milk-supplying farm a small survey might be conducted
of existing farms to discover the general nature of the management systems
that need exploring.

These two approaches are referred to as ex post and ex ante studies.
Borrowing these terms from Latin enables pointing out that the survey
approach is analysing what has happened in the past (ex post, ‘after the
event’), even if the very recent past in many cases. In contrast, the modelling
approach is concentrating on the future (ex ante, ‘before the event’), even if
the basis of the models is grounded in the past.

This book has covered the common methods in both these research
‘arms’. Sometimes a researcher has a choice of which system to use, in others
not. Clearly if you wish to know what is happening in the community some
kind of survey is necessary, but if you wish to explore improved systems you
have a choice of either method, or some combination. The latter assumes
there is sufficient information available to create the model. If not, the research
must start with some kind of survey and also, usually, a literature search.

As pointed out, surveying can be either quantitative or qualitative. If
facts and figures are necessary then you will be using a quantitative survey. For
example, comparing the profitability of irrigated farms with those not irrigat-
ing. Sub-problems include the level of irrigation and the crops to be irrigated.
Where opinions and ideas are to be explored then a qualitative survey may be
appropriate. It is also said that qualitative surveys enable inquiring with detail
and depth into problems. A smaller number of farmers are interviewed so it is
possible to spend time prompting detailed and encompassing replies, which
are usually electronically recorded for later analysis. So, for example, if the
researcher is interested in obtaining details of how farmers gather and analyse
information leading to decisions, a qualitative survey is likely to be necessary.
Further, qualitative surveys often use the subjects to suggest ideas in free-
flowing interviews. In contrast a quantitative survey requires a questionnaire of
some kind, so the researcher has already decided on the information required
having set up a hypothesis to be tested. In most qualitative surveys the
researcher tries to approach the situation with an open mind and lets the
interviewees give rise to the hypotheses, which can later be related to the lit-
erature. On the other hand, quantitative surveys would normally be started
with a literature review to obtain what is already understood about the prob-
lem before deciding on the information to collect, and subsequently, further
develop the ideas and theories already in existence. Overall, however, the
problem should dictate which approach is used.

In summarizing surveys, it should also be noted that the resolution of
some problems can be helped through a literature review. If the survey is
about factors and ideas that have previously been considered, the body of lit-
erature is clearly the first place to look. Young researchers are often quick to
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collect new information before checking out studies that others have carried
out. The saying ‘there is nothing new in the world” should be respected.

The book contains descriptions of the methods for analysing survey infor-
mation. Qualitative surveys lead to sorting out ideas and opinions that sum-
marize what the respondents have had to say. Often this is a tedious transcript
review, though software has been created to assist in sorting out the basic
ideas and the subsidiary sub-ideas that follow in a kind of tree structure.

For quantitative surveys, it is apparent that a whole range of analytical
approaches can be taken. These start with simple tables of the information
collected, to the creation of production functions using regression analysis,
and to more sophisticated models using, for example, structural equation
modelling. The book introduced most of these methods. There was also an
extensive description of benchmarking and comparative analysis in which sur-
vey information is used to divide the sample into a group of high-achieving
farmers relative to the remainder. Comparisons are used to suggest successful
farming systems and standards to aim for. Students should fully understand
this approach, for it has common appeal. An emphasis must be placed on
ensuring robust statistically sound results, for there is a temptation to simply
make comparisons between groups without checking whether differences are
causal and other than chance effects.

For ex ante studies, the book has sections explaining the common analyti-
cal methods. These start from simple budget studies, including enterprise
gross margins, which all rely on the budgeter’s skill in estimating the output
relative to the input levels and system configurations. The calculations give the
profit levels for each proposed system to enable comparisons. A sophistica-
tion of budgeting is formularizing the budget to create a parametric budget
that enables quickly exploring the impact of critical parameter variations (such
as product prices and yields). Farmers frequently create budgets for their
farms, and these often get converted into cash flows in which the monthly
cash, both in and out, gets related to the starting bank balance, thus creating
a forecast of the monthly balance relative to any overdraft limits. These budg-
ets also form the basis of the management cycle of planning—execution—
control. As the year progresses the actual cash balances are compared with
the forecast balances, allowing the farmer to make changes to overcome
undesirable deviations.

Consultants and advisers frequently help farmers with all their budgeting
and monitoring work. In contrast, an analyst or researcher may be involved in
exploring farming systems for a whole area. The results of such studies then
get used by farmers and consultants in the area. In this work the case-farm
unit is often selected to represent as many properties as possible. Thus, there
is a section in the book about selecting representative farms, for it makes
sense to base studies on situations that will have wider appeal than a specific
individual farm situation.

Then, of course, there are the more sophisticated analytical methods,
which are used by researchers and the better trained consultants. The most
commonly used, and very useful, is linear programming, which is used to
explore many factors about improved farming systems. Two chapters were
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devoted to linear programming (and an appendix on the solving method) as it
determines a farming system that maximizes a quantified objective, often
profit, subject to the restrictions imposed by the resource levels available. The
computer algorithm necessary to solve real problems, the simplex method, is
readily accessible for most computers. The approach embodied in linear pro-
gramming was introduced through describing gross margin analysis and pro-
gramme planning. The latter provides a method of maximizing the return to
the most limiting resource. The first step is to work out which resource is in
fact the most limiting, and then to select the production processes that give
the greatest return per unit of this most limiting resource. Programme plan-
ning requires considerable skill from the analyst to ensure the objective is
achieved. Today, this technique is not practical given the general availability of
computers thus leading to the use of linear programming, which has the same
objective but uses a solving method that guarantees the optimal solution is
found. In this respect it will be recalled that the features of the general farm
decision problem can be utilized to create a very efficient solving process (an
optimal solution will be a corner point on the production possibility curve —
something suggested by production economics. Thus, in obtaining a solution
only the corner points need examining, which provides an enormous compu-
tational advantage. Furthermore, there is a one to one correspondence
between production economics and linear programming).

While linear programming is a very efficient analytical system, it is not
always a good model of farm decision problems, particularly where non-
certainty is a major factor, and similarly multi-period decision problems that
reflect the ability of farmers to constantly re-plan as conditions change, which
frequently they do in the non-certain world of weather and markets.
Consequently, chapters were included in the book explaining both Bellman'’s
dynamic programming and general systems simulation. The latter approach
requires a specific symbolic model to be constructed to represent each decision
problem being studied. Once developed the model is used to conduct paper
experiments using high-speed computers. As the model does not have to con-
form to any pre-specified relationships (as in linear programming where the
relationships must all be linear), non-linear and stochastic situations are readily
modelled. The downside is such models are costly to develop and experiment
with, and require well-trained researchers and computer programmers.

Dynamic programming similarly requires a specifically designed computer
program for each situation, though computer packages containing the build-
ing blocks are available. They are also available for creating simulation mod-
els. Dynamic programming is a model that is almost a perfect reflection of
real-world farm decision problems by encompassing their non-linear, multi-
period stochastic nature. So often in life, however, there has to be a trade
off — in this case, while conceptually the model is perfect, in reality the com-
putational burden is very high so in many cases only simple farm problems, or
part-farm problems, can be solved with dynamic programming.

Finally, the book had sections on four specific part-farm problems: namely
inventory, asset replacement, critical path and queuing analyses. The first two
are common problems for which simple models were explored, whereas for
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the latter two only the general outline of the problem structure was explored
for the significance of the problems in farm situations only justifies subjective
decision making.

Overall, any analyst must weigh up the problem to be analysed by consid-
ering its importance and the potential improvement in outcomes if optimal
systems could be found. The analyst must also initially examine the problem
to discover its structure so it can be compared with the assumptions each
analytical model contains. A conclusion is then reached as to the most appro-
priate model and approach. The result may be to conduct a survey of some
kind, or it might be to create a model enabling experimentation. To enable a
robust decision the researcher must have a good knowledge of all techniques,
something which this book helps provide.

This commentary and review has not mentioned the contents of all chap-
ters. In particular, the chapters explaining non-certainty and cost-benefit/
investment analysis. An understanding of these topics, which can impinge on
all analytical techniques, is important in deciding which of the associated
methods need introducing in the model or approach selected. In addition, the
discussion on objectives needs to be noted. Farmers have complex objectives,
as do their families and these may be just as relevant as the farmer’s. As the
goal of any analysis must be to find systems that encompass the farm unit’s
objectives, any study must start with assessing these objectives. This is not
always easy due to the farmers’ inability to enunciate just what they want.
Often astute observation is required as past decisions will reflect, to a certain
extent, the objectives. The other difficulty is that most farmers’, and farm
families’, objective set will be unique. The consequence is a researcher work-
ing on, say, representative farm models, must experiment with a wide range
of objectives to enable individual farmers to isolate the systems that will best
fit their requirements.

All farm decision problems have risk and uncertainty as components. In
simple techniques such as budgeting, the analyst must subjectively allow for
non-certainty using various approximations such as downgrading a price
assumption if the price is deemed to be particularly risky, and as another
example, ensuring high feed reserves in a variable feed-production climate.
Systems simulation and dynamic programming cater for non-certainly particu-
larly well as would have been noticed, so simplifications are seldom necessary
when using these models.

Where non-certainty is regarded as being particularly important these
models should be favoured. Where the base problem is relatively simple,
dynamic programming can be used and is preferred. But for the more com-
plex situations, due to the experimental approach used with each unique
model, systems simulation will be a more realistic option. This does not mean,
however, that linear programming should be discarded in such cases for there
are a wide range of adjustments that can be made to the model to allow for
non-certainty. These have not been covered in detail in the text, but a search
of the literature will quickly unearth possible approaches such as, for example,
minimizing the profit standard deviation subject to a minimum expected profit.
Many other possibilities exist. As always, however, the more sophistication is
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added to the models the larger and more difficult to analyse they become. It is
always a trade off.

For time-dependent analyses (involving time preference), any model
encompassing many time periods must include the concepts of net present
value, discounting and, possibly, the internal rate of return. Thus, for example,
if a survey is used to explore, ex post, forestry methods and species, the objec-
tive must be to find the system that maximizes the net present worth. This is
an extension of a simple budgeting analysis. Similarly it is possible to create a
multi-period linear programming model involving, say, a programme to develop
a block of land over many years. This kind of model will probably need to
include time analysis principles to maximize the net present value, though in
some cases the objective might be to maximize the internal rate of return. The
reader, however, will remember the discussion on whether the IRR is an appro-
priate objective. And of course, dynamic programming needs to have time
preference principles included where the period spans are appreciable.

It must always be remembered that no matter how carefully constructed
an analytical model might be, its successful use will largely depend on the
accuracy of the data used in the model. For example, if the price assumptions
are wrong the results will most likely be totally misleading, and similarly for all
the technical assumptions included. For price and cost data the critical factor
is to ensure their relativities are accurate in contrast to their absolute values,
though if both are correct the results will be of greater use. The ability to fore-
cast prices is a study in itself and relies on creating supply and demand models
from historic information and their use with the relevant and up-to-date data.
While most farm management analysts rely on forecasts from experts, some
students may wish to study this area and consequently should search out a
reputable text on price analysis and forecasting, or attend a suitable course
which will no doubt be associated with a suitable text. Price analysis relies on
collecting time series data and analysing them using, probably, some form of
regression analysis, though other alternatives exist.

Overall, besides a good knowledge of the analytical methods outlined in
this book, an analyst must view any work with a critical mind. This means the
researchers must be critical of the method selected, of the data collected, of
the results obtained, but above all, be critical in the review of past studies that
relate to the problem to hand. In essence the researcher must be able to justify
to other professionals and farmers the totality of the work and defend the
selections made. Thus, good reasons must be given for the selection of the
method, the data used, the experiments carried out and the conclusions. In
this critical view of analyses, it is useful to consider what many regard as the
criteria for assessing research quality. The questions to be asked include (based
on Marsland et al., 2001):

1. Can you have confidence in the truth of the findings? (internal validity)

2. Can you apply the findings to other contexts or with other groups of peo-
ple? (external validity)

3. Would the findings be repeated if the enquiry was replicated with the same
or similar objectives? (reliability)
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4. Can you be certain that the findings come from the subjects, or the results
of the model experiments, rather than reflecting the biases, motivation and
perspectives of the investigators? (objectivity)

These questions provide cause for reflection. Remember, farming is a com-
plex operation involving most aspects of human endeavour. In this sense get-
ting the farming systems right is an exciting and complex challenge. Many
farmers do manage to achieve efficient and profitable production by learning
the lessons of experience through a reasonable intelligence and careful obser-
vation as well as anticipation of future scenarios. However, even more farmers
are not this able and will benefit from the outcome of a wide range of farm
management research and analyses. This book has provided, primarily, poten-
tial consultants and researchers, but some farmers too, the means of carrying
out positive studies of improved farming systems. Students who learn well,
gain experience from trying the techniques and procedures, will reap the
rewards of high achievement both in satisfaction and employment.
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Appendix 1: A Synopsis
of Production Economics

Introduction

To make clear conclusions on useful analytical methods, guidelines are
required. For farming systems the theoretical base is provided by ‘production
economics’. This is the study of the decision rules, which give optimal deci-
sions for a measurable objective function where physical production relation-
ships, prices and costs are known with certainty. In reality this is not the case,
but at least this situation provides a framework from which to conclude on
appropriate analytical techniques.

The real world has uncertainty and multi-component objective functions.
For example, most farmers and their families are interested in both cash
and leisure, and probably many more ‘outputs’ as well. They are probably
also interested in operating a long-run sustainable system. Modern texts on
production economics, of which a search of the World Wide Web will come
up with many, usually expand the base theory to include both uncertainty
and multiple objectives. For the moment, this synopsis merely summarizes
production economics without these complications. It will be clear from the
chapters in the book how some of the complexities can be analysed.
Furthermore, this synopsis only covers the key components that are
important in this book; for example, detailed cost relationships are not
considered.

In effect, this synopsis serves as a reminder of the basics for students
who have already studied production economics and, for those who have
not, it provides a brief introduction sufficient to understand most
references to production economics used in this book. For more detail on
the basic concepts see, for example, Barnard and Nix (1979, last
reprinted 1999), and for a detailed treatise see, for example, Beattie

et al. (2009).

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 407
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The Decision Problem

Most farmers are involved in production using a limited set of resources.
They have a bank balance (sometimes negative), various quantities of
different fertility land together with its attributes of slope, rainfall and other
production-defining climate components, a labour force with wvarious
attributes, a set of machinery and buildings, stocks of inputs (e.g. stored
feed) and a defined managerial ability. In a nutshell, there is a set of fixed
resources from which the farmer must produce output that maximizes, or
satisfies, various objectives.

In combining and using this limited supply of resources the farmer must
find a solution to three basic questions. These are:

1. The combination of products to produce (which might end up being only
one, e.g. milk, or a mixture of products, e.g. one-third of the farm devoted to
wheat production, a third to clover seed and a third to meat and wool from
sheep).

2. The level of output of each product (either in total, or on a technical unit
basis, e.g. per hectare) as, depending on the intensity of production and input
levels used (e.g. fertilizer), the production levels can vary.

3. The combination of inputs to use in producing each product, e.g. large
quantities of irrigation water and little fertilizer, or vice versa, or some combi-
nation. The objective is to find the combination that creates the defined level
of output per technical unit (e.g. 1ha) at least cost.

These three basic questions are not independent and must be solved as a
total entity with due regard to the set of fixed resources. The optimal com-
binations depend on resource use, output, prices and costs. The least cost
production methods will most likely depend on the total production level
possible with the given resources, as will the output per technical unit.
Note, however, that while production economics provides the theory
behind what defines an optimal system, seldom can the theory be used in
its entirety to solve complex farming problems as the maths involved
becomes too complex. Thus, for the most part, practical representations
of the basic production economics theory must be devised and used except
in very simple ‘one product/limited variable input’ situations. In this case
production economics can be used with the help of calculus to find the
optimal points.

Production economics usually assumes the physical production possibili-
ties follow a sigmoid curve so that as more inputs are added production even-
tually starts to decline. For example, as massive quantities of nitrogen fertilizer
are added to a hectare of wheat, the crop will start lodging (falling over) and
vield is lost and/or toxic levels of N will be reached in the soil. Just about every
form of output follows this sigmoid type production relationship as demon-
strated by the thousands of plot trials that have been carried out and by the
vast quantity of animal feeding experiments over the decades.

Thus, the typical production function, as it is called, exhibits the following
curve:
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Qutput

Declining

Decreasing

e.g. wheat
(t/ha)

Increasing

Level of input e.g. nitrogen fertilizer applied/ha

Output initially increases at an increasing rate (area of increasing returns),
then continues to increase but at a declining rate of increase, then eventually
total output declines. In some cases there might be an area of constant returns
between the increasing and decreasing areas. This would be reflected by a
straight line joining the two sections.

Algebraically (there is always a one to one correspondence between a
graph and an equation), this production function is represented by:

Y = fX,, Xg Xapeo- X, /X, 01 )

where f represents that output is some function of the inputs;
Y = the output per technical unit (hectare, or perhaps per animal);
X, to X the level of each input per hectare that is farmer controlled;
X .1 .- the level of non-farmer controlled inputs (e.g. rainfall).

For example, the function might be

Y =34.56+3.2X; - 0.67X +6.5X, +58X;3 - 1.2X5

In the two-dimensional graph only one input is varied, so the curve represents
what happens as all inputs but one are held constant. In reality, the situation
is multi-dimensional so a production surface, in contrast to a line, exists.

The Factor-Product Problem

First consider the problem of deciding on the optimal output per technical
unit. This is question (2) posed above. To find an optimal point an objective to
be maximized must be defined. While any objective that can be quantified can
be used, for this discussion assume the objective is maximum profit as this is
largely universal. Thus, the cost of inputs and the price of the output must be
known.

Before considering how to determine the optimal point it is possible to
make some preliminary conclusions. If the costs and prices are such that at
least some production is profitable, it can be concluded that production should
not occur in either the area of increasing returns nor the area of declining
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returns. That is, if production is worthwhile at all, moving beyond increasing
returns is profitable as for each additional input the output increases, and so
profit increases. And clearly beyond the decreasing returns area additional
expense is only decreasing the return, so it never pays to go beyond the
maximum production point.

To move to the next conclusion consider what is called the marginal
product (MP). This variable is defined as the increase in output per unit increase
in the input. That is:

increase (change) in output

MP = — —
increase (change) in input

In the area of increasing returns the MP is positive and increasing, in the
decreasing area MP is positive but decreasing, and in the final section of the
production curve, MP is negative.

Note that the MP will be constantly changing as the slope of the curve is
constantly changing at different input levels, and consequently could be
graphed on the production function diagram (and, therefore, has its own
algebraic expression). Graphically, MP is the slope of a tangent at any point
on the production function curve.

As will be shown below, the optimal level of production is given where the
input is increased to the point where

MP = B
Py
where P_is the cost per unit of input;
P is the price per unit of output.
Where MP is given as

Changein Y
Change in X

then the optimal point is where
Changein Y _ P,

Changein X P,
or Change in Y x P, = Change in X x P,

The left-hand-side value is called the marginal return (MR) and the right-hand
side the marginal cost (MC). Thus, the optimal point is where the MR equates
to the MC. This is logical. If you go beyond this point there is a loss in profit
for the increase in cost will be greater than the increase in return, and if you
do not quite reach this point it pays to add more input for the increase in
return is greater than the cost increase. Thus, you move to the point where
they are equal. Any other point has less profit.

Now consider how this same conclusion can be reached using a graphical
representation. Superimpose on the graph lines that represent all points
giving a particular level of profit. For example, where the price of the output
is $100 per unit, and the cost of a unit of input is $20, then a profit of, say,
$80 is represented by all points on the line on the graph below:



A Synopsis of Production Economics 411

Y
6 iso-profit line representing $80 profit per hectare
2
0
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Now consider adding a line for a profit of $280 per hectare (assuming the
technical unit is a hectare). This graph will be:

Y
THigher profit
iso-profit line representing $280 profit per hectare
6 iso-profit line representing $80 profit per hectare
4
2
0
6 26 X

Similarly a whole series of parallel lines can be drawn, each representing an
increasing profit. The slope of the line reflects the difference in the price of
the output relative to the cost of the input. Thus, as output increases by one
unit ($100), the input increases by five units ($100/$20) if the line is to
represent all points with the same profit.

As the objective is to maximize profit, the producer must work on the
highest iso-profit line that is technically feasible. To find this point, superim-
pose the production function (production possibility curve in effect) on the
graph of iso-profit lines. Thus:

Output
Declining

Decreasing

e.g. wheat
(t/ha)

Increasing

Level of input e.g. nitrogen fertilizer applied /ha
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The highest profit point is arrowed, and is where the production function is
just tangent to the highest iso-profit line that can be reached by the production
curve. Any other point on the curve will be on a lower profit line, or beyond
what is technically feasible.

As noted before, the tangent to the curve reflects the slope of the curve,
or the marginal product (MP). Now, it will be noted that the slope of the
iso-profit line is given by the ratio of the output price to the input cost thus:

X

Slope of iso-profit line = B
v
i.e. it reflects the number of output units in an input unit with respect to their
values.
The optimal point is, therefore, where the slope of the iso-profit line is equal
to the slope of the production curve provided it is the point on the highest iso-
profit line reached by the production function. Thus, the optimal point is where:

(change in output) _ P

(change in input) P,

or change in output x P = change in input (usually one) x P_

Remembering that the MP is the increase in output for a unit increase in
input, we have the additional decision criterion that the marginal return must be
equal to the marginal cost where the marginal cost is the increase in cost (change
in input X input price; where the change in input is one unit, the marginal cost is
P ) and the marginal return is the change in output as input is increased by one
unit multiplied by the price of a unit of output, i.e. output change * P,

The Factor—-Factor Problem

This is problem (3) outlined in “The Decision Problem’ above, i.e. finding the com-
bination of inputs that produces a defined level of output at least cost. Ignoring for
the moment restrictions placed on output levels due to the resource limitations, the
solution to the factor—product problem just outlined gives the profit-maximizing
level of output to produce per technical unit. This exposition only looked at one
input with the assumption that all others were held constant, whereas in reality
many inputs are involved and each can be varied. The problem then becomes
multidimensional, but the same principles apply. The factor—factor problem looks
at the combination of these many inputs to use in maximizing profit.

To outline this problem it is only possible to graph two dimensions repre-
senting two possible inputs. In reality, the problem becomes multidimensional
but with the same principles applying. But returning to the beginning, imagine
a two-dimensional production function. That is:

Y = Xy, Xy / Xg, Xy, X))
From this function it is possible to work out the combination of the two inputs

that give rise to any defined level of output. Plotting the levels for each output
level produces what are called iso-quants, or curves representing combinations
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of inputs producing equal output. There are a whole series of these curves
(iso-quants), each representing a higher level of output. Thus:

Xq
Increasing output

Iso-quant (points of equal output)

X2
The slope of any iso-quant (as given by the slope of a tangent to any point) is
given by

Change of input X;
Change of input X,

Marginal rate of substitution (MRS) =

to maintain the same output.

Note that the MRS will change depending on the section of the iso-quant
at which it is taken.

To determine the least cost point the costs of the inputs must now be
introduced. These can be used to plot an iso-cost line on the graph (some-
times simply called a budget line). The slope of the line will depend on the rela-
tive cost of each input (which could potentially vary depending on the level of
output as there could be cost reductions for increased purchase volume. But
assume here that one farmer is not sufficiently large to influence the costs).
The iso-cost line’s slope is given by

Slope of budget line = Po

x1

For any given level of budget available, a series of budget lines can be
graphed thus:

X4

Increasing cost

Points of equal cost
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To determine the combination of inputs to produce a particular level of output
the budget line must be superimposed on the iso-quant graph. Thus:

Increasing output

Iso-quant (points of equal output)

Budget line
Xz

The least cost point of production is where the budget line is just tangent to the
iso-quant as no other point on the iso-quant will have lower cost. All other
points are higher up on the graph and thus reflect greater cost. This point does
not, however, tell you the optimal output level, just the least cost combination
of inputs in producing that particular output level. The previous discussion gave
the optimal output level (but not the combination of inputs for least cost).

In algebraic terms, the least cost point is where:

MRS = the slope of the budget line
or
P

x1

MRS =

In words, the optimal point decision rule (for least cost production) is to pro-
duce where the marginal rate of substitution is equal to the input cost ratio. In
a multi-input situation the graph is multidimensional but the same principle
applies. That is, the MRS must equate the cost ratios for all combinations.

The Product—Product Problem

This final problem is problem (1) listed in “The Decision Problem’ (above) and
occurs where a farmer can produce more than one product. The objective is
to find the combination that maximizes profit assuming production occurs at
the optimal output level for each product (problem (2) and uses the least cost
input combinations (problem (3)).

To determine the decision rule that will ensure profit is maximized, con-
sider what is called the production possibility curve. Given the set of resources
available to the farmer, and for the moment assuming only two products are
possible (to enable two-dimensional graphs), if all resources are devoted to
product 1 (e.g. wheat (Y)) this will enable output to be at the maximum pos-
sible for this product. Similarly with respect to product 2 (e.g. meat (Y,)). In
between these extremes resources can be devoted, in varying proportions, to
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both Y, and Y, in which cases there will be output of both products but at
lower levels than the maxima possible. Graphically this can be shown as:

Yi

Yo

This graph could be for one technical unit, or for the whole farm. It does not
matter which as one is just a microcosm of the other assuming resources are
split equally between hectares. For a different farm that has different levels of
fixed resources, the curve will most likely be in a different position as, for
example, the labour levels may not allow reaching these output quantities.

It is also worth noting that this production possibility curve, as it is called,
should represent output levels using the most efficient methods. Any ineffi-
cient farmer will be producing at some point below the curve, in which case
an examination of the methods used may enable changes allowing production
to lie on the curve. If it is a matter of managerial ability this may take time and
training to correct, but if it is simply a technical matter (e.g. time of applying
fertilizer) this can be simply corrected.

It is possible to imagine how to determine the optimal combination of
products to maximize profit using the same logic as used in working out the
least cost combination of inputs. Assuming production is indeed worthwhile
such that the prices will more than cover the input costs, to determine the

optimal point consider creating a line representing points of equal profit. This
line will represent the relative prices of the products. Thus, for example, if P,
is $200, and Py is $50, then four units of Y, is equivalent to Y giving a slope
of 1/4. Graphically:

Yy

2

iso-profit line for $400
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A whole series of these lines representing points of equal profit can be drawn
and then superimposed on the production possibility curve. Thus:

optimal point

increasing profit

Yo

The objective is to produce on the highest iso-profit line that still has contact
with the production possibility curve. This is the arrowed point at which an
iso-profit line is a tangent to the production possibility curve (as can be seen
the slope is negative).

As with the least cost input, the marginal rate of substitution between
the outputs can be defined as

Change in Y}

MRS =
Change in Y,

This MRS varies with the position on the possibility curve, and is in effect the
slope of the graph at each point (the slope of a tangent to the curve). As with
the iso-profit line, it will be negative as it is backward sloping.

As the optimal point is where the price ratio line is also a tangent to the
possibility curve, the algebraic statement of the point is where the MRS is
equal to the price ratio. Thus, for optimality the farmer should move round
the possibility curve until:

MRS = Pe
vl
or
Changein Y; | Py
[Charlge in Y, J_ Py
or

change in Y, x P, = change in Y, x P,

In production economic terminology, the terms on the left and on the right
are called the marginal value product of each product, respectively. Clearly,
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as production is moved round the possibility curve one product is substituted
for the other with the rate of substitution depending on the resources released
by one product as less is produced, and how much of the second can be
produced with these released resources. When these quantities are combined
with the product prices you get the value of product given up and the value
produced by the substitute. If the value given up is greater than the value
created, then it does not pay to make this move; similarly in the opposite
direction. Thus, for optimality, move round the curve until the change is neu-
tral, i.e. move to where the MVP, = MVP,,.

Where many products can be produced creating a multidimensional
production possibility surface, the optimal point is where the MVP of all
products is equal. Any shift from this point will decrease profit as the point
is the position on the surface just tangent to the highest iso-profit surface
possible.

The production possibility curve drawn represents what are called com-
petitive products as they compete for the same resources (labour perhaps,
and probably land). Other relationships are possible. One possibility is where
increasing one also increases the other: such products are known as comple-
mentary products. For example, increasing clover seed production can
increase the quantity of wheat produced as the legume increases the fertility
of the soil. And then it is possible for two products to be supplementary,
which is where they are independent so increasing one does not decrease the
other. Often two products will have areas of each relationship. For example,
while clover increases wheat output, eventually there will be competition, for
example, the harvesting equipment may become limiting to both as there is a
limit to the hours it can work. And, for example, honey production and clover
production could be complementary for some quantities, but adding more
bees may eventually have no impact on the clover as there are more than suf-
ficient to pollinate the clover.

For complementary products, if it pays to produce at all, it pays to produce
quantities that move the relationship into the competitive area. For supple-
mentary relationships the optimal production levels will depend on whether
each is profitable, for they do not compete.

Summary Comments

Given a multi-product multi-input situation there is, theoretically, a production
function for each product. Given the equation for each and the expected
prices and costs a profit function can be produced. Thus, given two outputs
and three inputs, for example, the profit function will have the general form:

Profit = Y, P, + Y, P, = X, Py = X, Py = X3 Py

given that output depends on the level of inputs the Y values can be substi-
tuted within the function determining output (the production function). Thus:

Profit = F|(X;, X,, X3)Py1 + Fy(Xy, X, X3)Py2 - XPq = XoP - X3P 4
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Using calculus (the first derivative being set to zero) the equation of the first
derivative can be solved to find the values of each of the inputs allotted to each
product that maximizes the profit. The problem is if the functions are quite
complex, and many more products and inputs are the reality, the maths
becomes very difficult. Thus, more practical methods are used as discussed in
the various chapters in the book.

If a real case had available all the data and a solution was practical, the
optimal point would have to be determined after also allowing for the resources
available (e.g. the working capital available both on hand and borrowed). This
further complicates the maths by using additional constraint equations. If all
but land was non-limiting, then the optimal point, as shown in the discussion,
would be where:

Marginal cost = marginal return for all inputs with respect to each product;
MRS for each input pair = the cost ratios;
MVP was equal for all products.

It must be noted, however, that the farmer’s resource base may not allow
reaching MR = MC in all cases, though resource hiring should be considered
in such cases.

Obtaining the Data

The discussion assumes a knowledge of all the production functions. This is
seldom the case. Perhaps for a few farms an extensive research station is
nearby that has the same climate and soils on which extensive trials have been
held, thus enabling the functions to be calculated. Such cases are rare.
Consequently extrapolation is necessary from any evidence that is available.
Furthermore, sometimes extensive farm survey data is available providing
physical input—output information, which can then be used to estimate the
functions. Most farms will be using different input levels, so each farm becomes
a point on a multidimensional function. In other cases it will be necessary to
use ‘best estimates’, either from experienced researchers, or from farmers
themselves, or perhaps a combination of people. It is almost always possible
to come up with reasoned estimates, though there will be cases of new products
in new areas where the estimates might be quite incorrect. Such cases must
wait for some experience or trials to enable reasoned estimates to allow decis-
ions to be made.

Where data are available on input and output levels this must be analysed
to come up with the most likely production function. This requires the use of
appropriate statistical methods to produce the ‘most likely’ function. Invariably
the analysis will involve the use of regression analysis to estimate the best fit
equation. For details and proofs, a modern statistical methods book should be
consulted (e.g. Hair et al., 1998).

Regression analysis provides the best least-biased estimates of the param-
eters of a proposed equation together with goodness of fit statistics. It is a
procedure which finds the estimates by finding the parameters of an equation
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which best fits the plot of the observed data. The procedure minimizes the
sum of the squared differences between the line and the observed points. This
can be demonstrated by the graph below:

0 X

In this example the ‘x’s are the observed points for, say, a fertilizer experiment
(X) on wheat yields (Y). A straight line is assumed, so the equation will have
the form:

Y =a+bX

where a is the constant (production is, with zero fertilizer, at ‘a’ on the graph),
and b the parameter representing the change in Y as X is increased (the
slope of the equation). This parameter does not change as X increases, so it
is a straight-line equation. The arrows represent the distance between the
observed points and the proposed equation. The regression procedure finds
the parameters a and b that minimize the sum of squares of the distances
between the observed points and the equation. The squared values are used
as this gives more weight to the ‘further away’ points. The derivation of the
regression method gives rise to equations for solving for ‘a’ and ‘b’. Most
statistical packages have these routines, so obtaining the equation is just a
matter of entering the data, the proposed equation form (through defining
appropriate variables), and the package comes up with the parameters and
significance statistic values (an important one is what is known as R? and
gives the amount of the variation explained by the calculated equation on a
scale of 0 to 1 with R? = 1 indicating a perfect fit of the equation to the data,
and vice versa).

The same procedure is used for non-linear equations, but in these cases
the equation will have a different form. For example, a decreasing returns
function could be a quadratic of the form:

Y =a+bX -cX?

In this case the regression procedure finds the parameter values a, b and ¢
that minimize the sum of squared differences. In the computer package the
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user enters, for each observed Y, the associated value of X and also the
squared value of X so you end up with three columns of data. The maths of
the system does not understand that the two independent variables are
related (X and X2), just that the three parameters that minimize the sum of
the squared differences must be found. The value of ‘¢’ will be much smaller
than ‘b’ so for small values of X the third term will have little impact, but as
X increases it will come into play thus bending the increasing line down.
Similarly, various other functions can be used depending on the nature of
the plotted points.

Concluding Comments

The logic presented shows that production economics provides the theory
for working out which products to produce, which inputs to use in producing
each product, and the level of production per technical unit. Once risk and
uncertainty are also included in the analysis it becomes rather complicated,
though where the objective is the maximization of expected profit, expected
values of output and prices can be used. When, however, random impacts
mean the expected optimal points are no longer feasible (perhaps a lower
vield and price than expected occurs which means, e.g. exceeding the bank’s
limits on working finance), a new production function comes into play as
does a new optimal point. Theoretically, the whole system could be solved for
a range of possible ‘states of nature’, thus coming up with a range of optimal
solutions each with a probability giving rise to an expected optimal profit.
While this approach would be manageable with modern computers, the
assumption is that each state is predictable. In reality this is not the case.
Thus, more analytically practical methods must be used. And when the con-
straints imposed by the farmer’s resource set and ability are added, the com-
plexity of the maths in solving constrained production economic problems
becomes too difficult for practical application except in the most simple of
farm situations.

However, no matter what situation a farmer finds himself in, production
economics indicates any move that will increase profit is clearly worthwhile.
Thus, moving around the production function to give MR = MC should occur,
and similarly for the other decision rules. Once the farmer reaches a produc-
tion point from which profit (or whatever the objective set is) will decrease if
he moves from it, the best farming system has been found. In this dynamic
world, this point is always changing.

Most farmers operate by making small increments in moving to the
optimal point. Thus, what is thought to be the best system is used each year,
and after reviewing the outcomes and new evidence a new plan is devised
which is, in most cases, a small, but beneficial, move. Thus, marginal changes
are constantly being made rather than a radical re-organization. Farmers
‘feel’ their way to improvements, particularly where knowledge of the pro-
duction functions and markets is not certain, as is the case for the majority
of farmers.
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Appendix 2: Example of the
Output From an Individual
Farm ‘End of Year’ Analysis

(Note a DSE refers to a Dry Stock Equivalent, i.e. namely the feed needed to
maintain a dry sheep. The monetary unit is $10.)

PRELIMINARY ANALYSIS OF INDIVIDUAL FARM PERFORMANCE FOR 2025 — 2026
FINANCIAL SUMMARY
NET WORTH STATEMENT*

OPENING CLOSING

VALUE PURCHASES SALES VALUE
ASSETS $ $ $ $
Land and 160,000 0 0 165,000

improvements

Plant 40,000 2,000 0 36,000
Livestock 29,620 1,100 10,200 28,710
Other assets 4,630 3,850
Total 234,250 3,100 10,200 233,560
LIABILITIES 20,000 7,000
Equity 214,250 226,560
Equity % 91.5 97.0

*This Statement reconciles by columns but not by rows

©CAB International 2011. Farm Business Management: Analysis of
422 Farming Systems (P.L. Nuthall)
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PROFIT STATEMENT $ CAPITAL GAIN STATEMENT $
Total farm income 61,557 Closing value of land, plant and 201,000
improvements
Less total operating costs 33,337 Add depreciation 7,400
Less operator labour 2,400 Add sales 0
operating return 25,820 Adjusted closing value (A) 208,400
Less rent and interest 1,000 Opening value of land plant and 200,000
improvements
business return 24,820 Add capital costs 500
Operating return/av total 11.0 Add purchases 2,000
assets (%)
Business return/av equity (%) 11.3 Adjusted opening value (B) 202,500
Capital gain (A - B) 5,900
Capital Gain/Av Total Assets (%) 25
SUMMARY OF PHYSICAL PRODUCTION
LIVESTOCK
SHEEP PRODUCTION MERINOS CATTLE PRODUCTION (CONT.)  DAIRY
Attributed grazed acres 600.0 Overall mortality by 4.5
balance (%)
Av number of breeding ewes 1,000.0 Total butterfat (Ib) 26250.0
Breeding ewes/adult sheep (%) 56.2 Milk cow (gal) 525.0
Lambs marked/ewes joined (%) 95.0 Butterfat/cow (Ib) 262.5
Lambs survived/lambs 94.7 Butterfat/grazed acre (Ib) 65.6
marked (%)
Overall mortality by balance (%) 4.2 Average value cattle sold 30.0
($/HD)
Wool cut/grown sheep (Ib) 10.7
Wool cut/lamb (Ib) 2.2 PIG PRODUCTION PIGS
Wool cut/use (dry stock equiv) (Ib) 8.2 Number of sows 20.0
Wool cut/grazed acre (Ib) 30.0 Piglets born/sows farrowed 10.5
Wool produced/use (Ib) 9.1 Piglets born/farrowing 6.4
Wool produced/grazed acre (Ib) 33.3 Farrowing per sow/year 1.6
Average wool price/lb (cents) 36.1 Piglets weaned/born (%) 85.7
Average value sheep sold ($/HD) 6.0 Average value pigs sold 30.0
($/HD)
CATTLE PRODUCTION DAIRY
Attributed grazed acres 400.0
Av number of breeding cows 100.0
Breeding cows/adult stock (%) 82.6
Calves marked/cows mated (%) 90.0
Calves survived/calves marked (%) 100.0
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PASTURE & CROPS*

GRAIN OR SEED HAY OTHER PRODUCE
Total Per acre Total Per acre Total Per acre
produced harvested produced harvested produced harvested
Pasture 0 0 0 0 150.0 15
Wheat 25,000.0 25.0 0 0 0 0
Lucerne 0 0 225.0 1.1 0 0

* Units as in Input Sheets



FINANCIAL ANALYSIS OF LIVESTOCK ENTERPRISES

GROSS MARGINS

CALCULATIONS MERINOS DAIRY PIGS PER DSE COST ANALYSIS SHP D'RY
$ $ $
Add closing inventory 9,750 17,780 1,180 1. Animal health 0.23 0.09
Add livestock sales 4,500 2,400 3,300 2. Purchased feed (Sheet V) 0.09 0
Add rations 80 50 50
Less opening inventory 10,500 18,000 1,120 3. Services and labour 0.40 0.12
Less livestock purchases 400 500 200 4. Pasture costs — attrib to 0.05 0.10
I/stock
TRADING PROFIT 3,430 1,730 3,210
Add produce sales 6,500 11,100 0 5. Sundry expenses 0.23 0.10
GRoss INcoME 9,930 12,830 3,210 6. Fuel, oil, grease and elect 0.01 0.01
Less home-grown feed 223 463 1,250
(Sheet V)
Less purchased feed 577 422 0 7. Repairs and maint to plant 0.03 0.04
(Sheet VIII)
Less variable cash costs 2,300 610 460
(Sheet IV)
SHoRT TErRM GROSS 6,828 11,330 1,500 8. Repairs and maint to 0 0.01
MARGIN structures
Less allocable depreciation 400 300 200
Less allocable permanent 500 400 500 13. Sharefarmers part payment -0 -0
labour of costs
Long Term GRoss 5,928 10,633 800
MARGIN
Home grown feed 0.10 0.19
(Sheet V)
Continued

2 Xipuaddy
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Continued.
GROSS MARGINS
CALCULATIONS MERINOS DAIRY PIGS PER DSE COST ANALYSIS SH'P D’'RY
GROSS MARGIN RATIOS
A. Short term Purchased feed (Sheet 0.26 0.26
VIII)
$/DSE (Dry Stock 3.10 7.02 0
Equiv)
$/Grazed acre 11.38 28.33 0 TotAL SHoRrT TERm CosTs  1.40 0.92
$/Man month 1,365.74 2,266.76 300.00
$/$100 capital 61.38 60.00 36.14 14. Allocable depreciation 0.18 0.19
15. Allocable permanent labour 0.23 0.25
B. Long term
$/DSE (Dry Stock 2.69 6.59 0
Unit)
$/Grazed acre 9.88 26.58 0 TotaL Long Term CosTs 1.63 1.36
$/Man month 1,185.74 2,126.76 160.00
$/$100 capital 53.29 56.29 19.28

144
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FINANCIAL ANALYSIS OF LIVESTOCK ENTERPRISES

AVERAGE PRICES RECEIVED
FOR LIVESTOCK SALES

$

1. Sheep Merinos
Store lambs 6.40
Fat lambs 0
Ewes 1-2 yrs 0
Wethers 1-2 yrs 0
Cull ewes 0
Cull wethers 0
CFA ewes 4.25
Sundry stock 5.00
Rams 0
All sheep 6.00

2. Cattle Dairy
Calves 25.79
Yearlings 0
Breeding heifers 0
Stores 1-2 yrs 0
Fats 1-2 yrs 0
Stores over 2 yrs 110.00
Fats over 2 yrs 0
Sundry stock 0
Bulls 0
All cattle 30.00

3. Pigs Pigs
Weaners and slips 12.00
Porkers 28.50
Baconers 41.20
Brood sows 0
Sundry stock 14.50
Boars 0

All pigs 30.00




FINANCIAL ANALYSIS OF PASTURE AND CROP ENTERPRISES

GROSS MARGINS

PER ACRE COST

CALCULATIONS PASTURE  WHEAT LUCERNE  ANALYSIS PAST WHEAT LUC
$ $ $
Add closing invt 300 1,150 1,400 5. Sundry exps 0.06 0.75 1.75
Add sales 0 30,000 4,000 6. Fuel, oil, grease 0.12 0.40 0.40
and elec
Add seed used this yr 0 1,150 0 7.R & M to plant 0.06 0.55 0.80
Add grain and fodder fed 687 0 100 8. R & M to structures 0.00 0.15 0.20
Less opening invt 300 230 2,000 9. Fert 1.50 2.25 1.50
Less purchases 150 920 0 10. Contr, ins, harvesting  0.00 0.30 1.50
etc.
Trading profit 537 31,150 3,500 11. Chems, twine, bags 0.00 2.50 0.75
etc.
Less seed used for crop 150 1,150 0 12. Irrigation charges 0.00 0.00 1.00
Less var cash costs 1,400 6,900 1,580 13. Share farmers part -0.00 -0.00 -0.00
payment of costs
Short term GM -1,013 23,100 1,920 Seed used 1.19 1.15
Less allocable Dpn 0 2,000 500 Total short 1.93 8.05 7.90
term costs
Less allocable perm Ibr 0 1,000 500
Long term GM 0 20,100 920 14. Allocable dpn 0.00 2.00 2.50
15. Allocable perm Ibr 0.00 1.00 2.50
Total long 0.00 11.05 12.90

term costs

8¢y
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GROSS MARGIN RATIOS

A. Short term
$/Sown acre
$/Man month
$/$100 capital
$/Acre foot

B. Long term
$/Sown acre
$/Man month
$/$100 capital
$/Acre foot

-1.08

[eNeNeoNe)

23.10
3,850.00
77.00
0.00

20.10
3,350.00
67.00
0.00

9.60
640.00
19.20
4.50

4.60
306.67
9.20
2.05

2 Xipuaddy
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INCOME, COSTS AND GROSS MARGINS FOR ALL ENTERPRISES

SHORT SHORT
TERM TERM
GROSS % OF VARIABLE % OF GROSS % OF
ENTERPRISE INCOME  TOTAL COSTS TOTAL MARGINS TOTAL
$ $ $
Merinos 9,930 16.2 3,100 17.7 6,828 15.6
Dairy 12,830 21.0 1,497 8.6 11,333 26.0
Pigs 3,210 5.3 1,710 9.8 1,500 3.4
All livestock 25,970 42.5 6,307 36.1 19,661 45.0
Pasture 537 0.9 1,550 8.9 -1,013 -23
Wheat 31,150 50.9 8,050 46.0 23,100 52.9
Lucerne 3,500 5.7 1,580 9.0 1,920 4.4
All pasture 35,187 575 11,180 63.9 24,007 55.0
and crop
All enterprises 61,157 100.0 17,489 100.0 43,668 100.0
RECONCILIATION STATEMENTS
FARM INCOME OPERATING COSTS
$ $
Enterprise income 61,157 Enterprise ST var costs 17,487
Other farm income 400 Alloc depr and perm labour 6,250
(Sheet 11)
Overhead (excl operator 9,600
labour)
Total farm income 61,557 Total operating costs 33,337
FARM PROFIT
$

Total farm income 61,557

Less total operating costs 33,337

Less operator labour 2,400

Operating return 25,820

Less rent and interest 1,000

Business Return

24,820




Appendix 3: The Simplex
Method of Solving Linear
Programming Problems

Introduction

In Chapter 11 a method of solving linear programming (LP) problems was
outlined. It was not, however, particularly efficient. This discussion develops a
more efficient and robust method, though identical in principle. The differ-
ence is a set of defined rules is used to adjust the equations to create the
desired canonical form rather than a trial and error method. The method is
referred to as the simplex method. In a practical sense users of LP models do
not need to understand solving as they will use computer packages. However,
an understanding helps in model creation, overcoming problems as well as
providing a better understanding of the wealth of information available from
solutions.

The Example Problem

To demonstrate the simplex method, consider a modified version of the
example problem. That is, find a set of x; which:

max. Z = 100x; + 200x, + Ox5 + Ox, + Ox;
and satisfy:

200 = 1x; + 1x, + 1x5 + Ox, + Ox; (land equation)

200 = 0.5xy + 4x, + Ox5 + 1x, + Ox (labour equation)

60 = Ox; + 1x, + Ox5 + Ox, + 1x; (max. potatoes equation)
X;2 0, all j

where x; = hectares of wheat, x, = hectares of potatoes, x; = hectares of
land non-use, x, = hours of September labour non-use, x5 = non-use of max.
potatoes constraint.

©CAB International 2011. Farm Business Management: Analysis of
Farming Systems (P.L. Nuthall) 431
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The Simplex Method
Introduction

The best way to describe the method is to list and demonstrate the steps
involved. The reason for each step should be clear given an understanding of
the solving demonstration in Chapter 11.

The simplex tableau

The first step is to set up the simplex tableau (or table). This contains the
first solution to the problem and room for calculating further solutions. This
first solution is always assumed to have the disposal activities at a maximum
and all real activities at zero. This solution is immediately available from the
constraint equations without the need for any calculations and provides a con-
venient starting point for the iterative process.

Subsequent solutions are written below the first on the same sheet of
paper. Each sub-tableau represents one solution and contains the adjusted
equations.

The first tableau is set up as:

Table A3.1. The first simplex sub-tableau.

C, | $100 $200 O 0 0 R
c, P b Pl P, P, P, P, P, Rato
0| P 200 1 1 1 0 0
0| P, 200 0.5 4 0 1 0
0| P 60 0 1 0 0 1
g 0 0 0 0 0 0  subsequent solutions
Z-C -100  -200 0 0 0 follow below:

Within the main body of the table are found the constraint equations without
the variables included. Rather than write in the variables, each column is
headed with the relevant variable code. Thus, under P; appear the coefficients
for x; from each equation. For convenience in making calculations, the C y for
each P, is listed above the relevant column.

Under the column headed b, are listed the constants from the equations.
As these constants represent the levels of the basic variables this column will
contain the solution to each iteration of the solving process and will eventually
contain the optimal solution. As the equations are adjusted to form new sub-
tableaux, these values will, of course, change.

Under the b, column in the Z; row is recorded the profit made from the
solution which the particular sub-tableau represents. For the first solution,
profit equals zero as the disposal activities have C ; values = 0.
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Under the column headed P, is listed the variable code (or its name might
be used) of the ith basic variable. For example, the P, activity (land disposal)
is the first basic activity in the first solution, P, is the second, etc. Thus the
code number appearing beside an entry in the b, column indicates which basic
activity has that particular value.

Under the column headed C, are listed the gross margins of the basic
activities.

The Z i Z i~ C ; TOWs and the column headed ‘R Ratio’ will be discussed in
the next sections.

Determining the variable (activity) to enter the next basic solution

In Chapter 11 it was shown that the new basic activity is determined by calcu-

lating the Z. — C. for each non-basic activity and selecting the activity with the

most negative Z. — C.. This activity will increase Z more than any other activ-

ity. Thus, the next step is to calculate Z. and Z, — C. and enter them in the
j j

table. It was shown in Chapter 11 that Zj is given by:

Z;= 1Ci
i-1
where i represents a particular row number and they are numbered 1 to m
starting from the top of the table.
Thus:

i=1
(it can now be seen why the C; column is included in the tableau).
For example:

Zy=r11Cr 41y Cy+15 Cy

L Z;=1x0+(05x0)+(0x0=0
. Z,-C;=0-100=-100
Zo,=(1x0)+@x0)+(1x0=0

5 Zy,-C,=0-200=-200

In Table A3.1 all the Z = C jare listed for this first solution. These are easy to
calculate as C; = O for all i. (These marginal net return figures will, of course,
change for subsequent solutions as the coefficients, the T values will change
as will the C,.)

The most negative Z = C.is the =200 for P,. Thus, P, is selected as being
the activity to enter the next %asic solution (if two or more activities have the
lowest Zj - C}., an arbitrary choice can be made).

Determining the variable (activity) to be removed from the old basic solution

If a new basic solution is calculated with one new variable, one of the old vari-
ables must be removed (driven to zero) if the solution is to be a basic solution
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(contains m variables at a positive level). It was shown in Chapter 11 that an
optimal solution will have just m variables positive where m is the number of
equations.

Increasing a variable above zero requires resources, but the current solu-
tion is a set of activity levels accounting for all the resources available. Thus,
as one activity is increased above zero level, the other variables’ levels must
change to release, or produce, the necessary resources. If the new activity is
increased to a high enough level, one of the other activities will be driven to
zero. Once this point has been reached the new activity cannot be increased
to a greater level as there are insufficient resources available (unless consider-
ing a solution with less than m activities. But it is known such a solution will
not be optimal).

Thus, if the maximum level at which the new activity can be brought into
a new basic solution is determined, this indicates which activity should be
removed from the old basic solution (i.e. the one that becomes zero). Recall
that the T of the first tableau, and of subsequent tableaux, are the MRS
between the basic activities (which may represent resource disposals as is the
case in the first solution) and the non-basic activities.

Thus, if the jth non-basic activity is increased above zero level, it will force
the ith basic activity to change by r;. for each unit above zero it is increased.
Thus, the maximum value x. (the value of the jth non-basic activity) can take
on with respect to the ith basic variable is given by:

r-b

T
where b, = level of the ith basic activity (in the first solution, b, = resource
levels).

Note that if r;; is negative, the ith basic activity will increase, rather than
decrease, as x. is increased. Note that if x, was made equal to R, one of the
other basic variables might be driven to a negative level. This would be infea-
sible. Thus, to determine the maximum value X; can take on, follow the steps
below:

1. Calculate:

R= b for each i
Tij

provided r;> 0 @f ry < 0, do not calculate as the activity supplies, rather than
uses, the resource).

2. Select the smallest of the R. This value indicates the maximum value x,
can take. Furthermore, the row (that i) which gives the smallest R indicates
that the ith basic activity of the old solution is dropped from the new
solution.

At the end of the simplex tableau is provided a column for recording the R
ratio. Thus, after selecting the activity to be introduced, the R ratio is calcu-
lated for each i in the jth column and recorded in the R column (not for 0 or
—ver; values).
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The smallest R is selected to indicate the basic activity to be dropped from
the new solution. If there are two R values that are equally as small, an arbi-
trary choice can be made.

The R ratio in the example problem and some conventions

The R entries in the first tableau are (recall that P, has been selected as the
new activity, thus j = 2):

R =Pt 2200 o4
na 1

R, =22 =290 _g
oo 4

R,=2-00_¢o
39 1

Thus, the activity that will be driven to zero in the next basic solution is the
second basic activity as the smallest R ratio occurs in row 2. That is, P, (labour
disposal) will leave the solution and P, will take its place.

Knowing which activity is to leave and which is to enter the new solution,
the new set of equations, which are required to be in canonical form with
respect to the new set of basic activities, can be determined. The next section
will show how this is done.

Before doing this, define some terminology. To aid this discussion, the initial
simplex tableau is re-presented but now with the R ratio figures included. This
tableau can be taken as being typical of the sub-tableaux which will follow:

Table A3.2. The initial simplex tableau again (slightly simplified).

C, P, b, P, P, 4 P, P, P, R

0 P 200 1 1 1 0 0 200

0 B, 200 0.5 0 1 0 50"

0 P, 60 0 1 0 0 1 60
z-c -100  -200 0 0 0

Some terminology defined:

¢ The outgoing column: the column representing the activity that has been
selected to enter the next basis (solution) is called the outgoing column.
For identification purposes, an ‘outward” arrow can be placed beside the
relevant P;. See Table A3.2.

¢ The outgoing row: the row giving the smallest R ratio is referred to as the
outgoing row. For identification purposes an asterisk (and an arrow beside
the relevant P) can be placed beside the smallest R ratio.

e The pivot: the element (coefficient, r, j) at the intersection of the outgoing
column and the outgoing row is referred to as the pivot. This element is
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important in calculating the new equations and thus a box is placed
around it.

e The incoming row: this is the row whose left-hand-side constant (b, gives
the level of the new basic activity in the new solution. This row will appear
in the next tableau. It appears in all tableaux except the initial tableau (Table
A3.2). To indicate the incoming row an inwards arrow is placed beside the
relevant P.. (This does not appear in Table A3.2 as it is the initial tableau.)

Calculating the new tableau

To obtain the new equations (the new tableau) the following rules are used.
These rules ensure that the equations end up in the desired canonical
form:

1. To calculate the equation (row) representing the level of the new basic
activity and the new MRSs (incoming row), divide the corresponding ele-
ment of the outgoing row by the pivot.

Thus, in the example problem, the incoming row is:

G P; b; P, P, Py P, Ps
200 P . 4 o/ 1/ 0/
2 @ % 4 4 4 4
This -
gives
200 P, 50 0.125 1 0 0.25 0

Note that the x, coefficient is the desired 1.
Note that under the P, and C, columns for this new row are placed P, and
200, the code and gross margin for the new basic activity.

2. To calculate the elements of the new tableau (includes both the r,; and b))
other than those in the incoming row (these have been calculated above),
take the corresponding element in the old tableau and subtract from it the
product of:

(i) The element at the intersection of the same row as the element being
operated on and the outgoing column (i.e. the element that is in the
same row as the element being operated on and is above or below the
pivot, as the case may be), and

(ii) The element at the intersection of the column in which the element
being operated on is found and the incoming row. (Thus, this element
comes from the new tableau.)

Thus, for the example problem, assuming the incoming row is placed in
the first row of the new tableau, the elements for the row representing activity
P, will be (let this row appear in row 2 of the new tableau):

b, = 200 - (1 x 50) = 150.0

ro; = 1-(1x0.125) = 0.875
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Fpp=1—-(1x1)=0.0
rys=1-(1x0)=1.0
rps =0 —(1x0.25) = -0.25
rpe=0—(1x0)=0.0

Thus, the second row of the new tableau is:

c P b | P P P, P P,

I I I

0 P, 150 | 0.875 0 1.0 -025 O

Notice that this equation is in the desired canonical form. That is, x5 has a unit
coefficient and x, and x;, the other two basic activities for this solution, have
zero coefficients. The rules have been devised to ensure this occurs.

Similarly, the other equation from the old tableau would be adjusted. This
gives the third equation of:

C P b P, P, P, P, P

I
0 P, 10| -0.125 O 0 -025 1

Using these rules the equations are adjusted so that, given a particular equa-
tion from the old tableau, the new form gives adjusted coefficients represent-
ing the new value of the ith basic activity, and the new MRS figures. This holds
for all equations except for the outgoing row and the resultant incoming row.
This equation, of course, is the equation whose left-hand side represents the
level of the new basic activity and was calculated by dividing through the old
equation by the pivot.
The completed first and second tableaux are shown in Table A3.3.

Table A3.3. The first and second tableaux.

o} 100 200 0 0 0 R
P
C, P, b, P, P, t P, P, P,
0 P, 200 1 1 1 0 0 200
0 P, 200 05 4 0 1 0 50°
0 P, 60 0 1 0 0 1 60
Z-¢C 0 |-100 -200 0 0 0
0 24 50 0.125 1 0 025 0
0 P, 150 0.875 0 1 -025 0
0 P, 10 -0.125 0 0 -025 1
Z-C, 10,000

Completing the problem

The entire simplex method has now been discussed. To complete the problem
the new Z. — C. must be estimated. The activity with the most negative Z = C.
is selected as tf‘le activity to enter the next solution. The R ratio is calculated



438 Appendix 3

and the outgoing row and the pivot determined. Then, the new tableau repre-
senting the next basic solution is calculated using the rules. This process is
repeated until a solution is obtained in which all Z; — C; are greater than or
equal to zero. This solution is the optimal solution. Table A3.4 gives the entire
set of simplex tableaux (note that the solution is the same as that obtained by
the graphical method).

Table A3.4. The completed simplex table.

100 200 0 0o 0
o} P b, P, P, Py P, P R
0 P, 200 1 1 1 0 0 200
0 P, 200 0.5 4 0 1 0 50°
0 P, 60 0 1 0 0 1 60
Z-C 0 |-100 200 0 0 0
0 P, 50 0125 1 0 025 0 1600.0
P, 150 0875 0 1 025 0 171.43"
P, 10 | -0125 0 0 025 1 -
z-¢ -75 0 0 50 0
100 P, 1 0 114 -029 0
200 P, 0 1 014 029 0
0 P, 0 0 014 -029 1
Z-C 22857 0 0o 86 29 0

Optimal solution:
x; = 171.43 = hectares of wheat
x, = 28.57 = hectares of potatoes
x5 = 31.43 = max. potatoes constraint disposal

Summary of the Simplex Method

1. Calculate:

Z,-C;= Y 5Ci=C, forall
i=1
2. Select the activity with the most negative Z; — C; as the activity to enter the
new basis.
Ifall Z, — C, > 0, the optimal solution has been attained.
Let k = the value of the j index of the selected activity.
3. Calculate
R=2

Tik
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for all i except for any r, < 0.
4. The smallest R indicates the outgoing row (the activity to be dropped from
the new basic solution).
*. Let this row = S.
5. Calculate the new tableau: R
Let b, and r;; = old coefficients, let b, and 7,; = new coefficients.
(i) The incoming row (that representing the new basic activity) is given by
(@assuming this is placed in the first row of the new tableau so that i = 1):
b =b,/ry
re/ Ty
(ii) lele other rows are given by (each represents the ith basic variable):
b, = b, — (r,. x by) = level of ith basic variable
?i} = rl j (ry x 1, }) MRS between ith basic variable and the jth non-
basic variable
where (a) a new equation will ‘move down’ a row in the new tableau if it is
above the outgoing row in the old tableau (i.e., new i = old i + 1)
(b) new i = old i if the equation is below the outgoing row in the old
tableau.
6. Proceed back to Step (1) again and repeat until all Z = C ; are greater than,
or equal to, zero.
Also note that:

e The r; represent the MRS between the ith basic activity and the jth
non-basic activity for each tableau.

e The Z C represent the marginal return per unit of producing the jth
non-basic act1v1ty given that the plan represented by the particular tableau
is put into operation.

Further Reading

Beneke, R.R. and Winterboer, R. (1973) Linear Vanderbi, R.J. (2008) Linear Programming.
programming procedures. In: Linear Pro- Foundation and Extensions, 3rd edn.
gramming Applications to Agriculture. Springer, New York.
lowa State University Press, Ames.
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-G, -G -G -G -G -C -G -C -G -C -C -C +C, +C, +C, -C, -C; -C; +C, +C, +C, +C, +C, +C, +C, -C; -C; -C; +C, +C,

sajewsy sn|dins ‘suel|
S[HED Yluow-g| |18S
sioueam ||9g

SM09 Juswaoe|dal Ang
SMO0D Juswaoe|dal paaig
SM0D
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sque| e} Aneay |l
sque| e} Wbl l1es

Squwee| Jsyiam paig X I18S
squie| ama paiq X 19S
SQWIE| Jay1om 10D [|9S
Squie| ama 110D ||9S
Some palq X Jeay

SYj00} g 1109 Ang
sjuswaode|dal 10D Jeay
Wwes quie| Je} X ama paig X
wes 'g X oma a[epallion
Wel "1I0D X 9M8 9|epaliio)
(Jowwins) sinu daays Ang
(4ouIm) sinu daays Ang
(Jowwns) mens Ang
(Jowwns) Aey Ang
(1o3um) Aey Ang

ali4o

sdiuing

Rey ayep

1eah Yy suisonT

Jeak pig suleonT

Jeah pug auseon

Jeak }s| auioonT

1

300 = 1

Land

0=

Lucerne rec.

0>

Lucerne rec.

02 -

Lucerne rec.

+r

+r

+r

+r

+ A A AT A+

+r

H A A+

-r

-r

-r

-r —r —r -r +r

0>

Summer feed

+r

+ A+

+r

+ A AT AT+

+r

Winter feed

Corriedale

replacement

-r

-r

+r

+r

0=

reconciliation

X bred

replacement

-r

+r

0=

reconciliation

Corriedale ewe

lamb

+r +r

-r

0=

reconciliation

Corriedale wether

lamb

+r

02>

reconciliation

X bred ewe lamb

+r

+r

+r

02>

reconciliation

Continued
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Continued.

-G, -G, -G, -G, -G, -C, -C; -C; -G -C -C -C +C, +C, +C, -C, -C; -C; +C, +C, +C, +C, +C, +C, +C, -C; -C; -C; +C, +C,

solews} snjdins ‘suei|
311BD Yuow-g| ||8S
sioueam ||9S

SM09 Juswaoe|dal Ang
SM0D Juswaoe|dal paaig
SM0D

sjebBoy paiq X I1°S
squie| jej Areay [|9S
sque| e} Wbl 1es

Squeej Jayiem paig X I18S
squie| ama paiq X 119S
SQWIE| Jay1om 10D [|9S
Squie| 8ma 110D ||8S
SOMa palq X Jeay

Syj00} g 1109 Ang
sjuswaoe|dal 110D Jeay
Wes quie| Je} X ama paig X
wes 'g X oma a[epaiiion
Wel "110D X 9Ma 8|epallioD
(Jowwins) sinu deays Ang
(48um) sinu daays Ang
(Jowwins) mens Ang
(Jowwns) Aey Ang
(1o3um) Aey Ang

ali4o

sdiuing

Rey axep

Jeak Yy auieon

Jeak pig aulaonT

Jeah pug auieon

Jeah }s| auigon

X bred wether

lamb

+r

+r

0>

reconciliation

Finished lamb

+r

0=

reconciliation

Male calf

o=

+r

02>

reconciliation

Female calf

+1

+r

0=

reconciliation

Cow replacement

02>

reconciliation

Many more activities could be added to account for labour, capital, machinery (e.g. limits on haymaking), etc. The general coefficient r has been used as the specific coefficients will

depend on the particular farm.
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100-107, 109-110, 111
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non-certainty 14-17, 31-32, 68-69, 70,
404-405
cost of 48-49
decision making 40-49
certainty equivalent (CE) 45-46,
51-52
diagram 41-45
expected profit (E(P)) 46-48,
50-51, 64
expected profit-variance
(EV) 63-64
game theory 65-68
passive approach 62-64
payoff matrix 44-45
investment analyses 110-111
monetary utility functions 49-57
appraisal of 60-62
estimation 57-60
probability 32-34
continuous outcome 38
manipulation 34-38
objective 32-33
random variable 38-40
subjective 33

objectives 4-7, 25-27, 114-117,
262-263
objective probability 32
operational planning
budgeting 215-216, 230, 402
gross margins 220-228,
234-236, 422-430, 244
parametric 217-220
types 216-220
uses of 218-219
linear programming (LP) 11,
223-224, 232-233,
239-241, 267-268, 269,
402-403
application 289-295,
440-442
assumptions 262-267
constraints 233-234
converting inequalities
237-241
corner points 247-250
disposal activities 246-247,
249-250
feasibility 235
graphical presentation 241-244

marginal rates of
substitution 261,
264-265
model building 275-289
net revenues 273-277
optimal point 247-250
optimization 254-260
planning objective 236
production economics
251-254
products 234
profit-maximizing
solution 244-246
resources 270-273
simplex method 431-439
solution tableau 269-270,
432-433, 435-438
solving process 254-260
programme planning 223-228
production economics 228-230
optimal decisions 27
optimality features 247

parametric budgets 217
passive decision making 64
part-farm problems 362, 403-404
critical path analysis 388-389
determination 390-392
use of 392-395
inventory
alternative strategies 366-370
analysis 363-365
dynamic programming 377
management 365-366
models 370-377
queuing analysis 395-398
replacement analysis 378
asset investment
decisions 386-388
holding cost 379-381
model 383-386
variables 381-382
partial budgets 216-220
payback period 79
payoff matrix 44-45
percentage return on capital 180-184
planning horizon 326
price range optimality 271-275
probability 32-34
continuous outcome 38
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manipulation 34
rules 35-38

objective 32-33

random variable 38-40

subjective 33

tree 339-340
problem solving See decision making
product—product problem 414-417

production economics 228-230, 251-254,

407-409, 417-418, 420
data 418-420
factor-factor 412-414
factor-product 409-412
product-product 414-417
marginal product (MP) 410-412
marginal rates of substitution
(MRS) 413-414, 416-418
production function 408
profit
budgeting 215-216, 230, 402
gross margins 220-228,
234-236, 422-430,
244
parametric 217-220
types 216-220
uses of 218-219
cost accounting 157-158, 177,
185-186
automated recording
systems 169-175,
185-186
cost allocation 177-178
problems with 178-179
resource valuation 184-185
usefulness 179
whole farm production
functions 175-177
cost-benefit analysis 70, 113
discounting 73-75, 87-88,
98-100, 105-106
inflation 112-113
input / output timing 75-76
investment analyses 76-87,
91-107
optimal investment
decisions 71-72
planning horizon 112
technology change 111-112
uncertainty 110-111
value of time 71
distribution 338-340

expected profit (E(P)) 46-48, 50-51,
64, 199-204, 211-214
expected profit-variance (EV) 63-64,
199-204, 211-214
income variability 194, 214
profit variance 199-210
reduction 194-199
linear programming (LP) 11,
223-224, 232-233,
239-241, 267-268, 269,
402-403
application 289-295, 440-442
assumptions 262-267
constraints 233-234
converting inequalities 237-241
corner points 247-250
disposal activities 246-247,
249-250
feasibility 235
graphical presentation 241-244
marginal rates of
substitution 261,
264-265
model building 275-289
net revenues 273-277
optimal point 247-250
optimization 254-260
planning objective 236
production economics 251-254
products 234
profit-maximizing
solution 244-246
resources 270-273
simplex method 431-439
solution tableau 269-270,
432-433, 435-438
solving process 254-260
production economics 228-230,
251-254, 407-4009,
417-418, 420
data 418-420
factor—factor 412-414
factor—product 409-412
product-product 414-417
marginal product (MP) 410-412
marginal rates of substitution
(MRS) 413-414,
416-418
profit-maximizing solution
244-246
surplus 180-184
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profit (continued)
variability 199-204
diversification 204-210
programme planning 223-228
production economics 228-230

qualitative surveys 152-154
questionnaire design 136
queuing analysis 395-398

random variables 38-40
replacement analysis 378
asset investment decisions 386-388
holding cost 379-381
model 383-386
variables 381-382
representative farms 187-188, 193
advantages 190
disadvantages 190-191
selection 191-193
use of 188-189
research method and choice of
techniques 400
residual imputation 184-185
response errors 139
resource valuation 184-185
risk 14-17, 31-32, 68-69, 70,
404-405
cost of 48-49
decision making 40-49
certainty equivalent
(CE) 4546, 51-52
diagram 41-45
expected profit (E(P)) 46-48,
50-51, 64
expected profit-variance
(EV) 63-64
game theory 65-68
passive approach 62-64
payoff matrix 44-45
investment analyses 110-111
monetary utility functions 49-57
appraisal of 60-62
estimation 57-60
probability 32-34
continuous outcome 38
manipulation 34-38
objective 32-33
random variable 38-40

subjective 33
See also income variability
risk attitude 52, 62

sample size 133
sampling 128-130
bias 129-130
methods 130-133, 135-136
size 133-134
satisfaction 25-27, 30, 114-117
satisfaction
attitude to risk 52-54
cost-benefit analysis 72
discounting 73-75
diminishing margin 26
function 52-55, 60-62
monetary 49-60
general utility maximizing
model 28-29
individuality 26-27
lexicographic 116
monetary utility functions 49-57
estimation 57-60
optimal decisions 27-29
passive decision making 64
simplification of models 7
standard error 133-136
state variables 315
strata for sampling 131
strategy 19-20
structural equation modelling
(SEM) 147
subjective probability 33
survey 118-119, 153-154,
401-402
comparative analysis 157,
162-163, 168-169
advantages 167-168
methodology 157-162
problems with 163-167
data 10
analysis 144-148
coding 143-144
standard error 133-136
limitations 148-151
methodologies 124
direct observation 125
mail 125-126
personal interviews 127
recording schemes 127-128
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telephone 126-127
organization 140-143
analysis 144-148
data coding 143-144
qualitative 151-153
questionnaire design 136-139
response errors 136-140
sampling 128-130
bias 129-130
methods 130-133, 135-136
size 133-134
uses of 119-124, 156-157
survey types 124
symbolic model 372-375
systems simulation (SS) 11-12,
328-329, 360
application 347-360
example — irrigation
decisions 347-360
general procedures 340
analysis 346-347
data collection 342-344
experiment design 345-346
model creation 341-342
problem formulation
340-341
validation 344
input—output data 330-331
Monte Carlo simulation 333-338,
339
probability tree 339-340
profit distribution 338-340
uses 329-333

tax 109-110, 198, 381
technological change 111
telephone survey 126
time preference 71
tractor replacement 378
asset investment decisions
386-388
holding cost 379-381
model 383-386
variables 381-382
transportation costs 293-295

uncertainty 14-17, 31-32, 68-69,
70, 404-405
cost of 48-49

decision making 40-49
certainty equivalent
(CE) 4546, 51-52
diagram 41-45
expected profit (E(P)) 46-48,
50-51, 64
expected profit-variance
(EV) 63-64
game theory 65-68
passive approach 62-64
payoff matrix 44-45
investment analyses 110-111
monetary utility functions 49-57
appraisal of 60-62
estimation 57-60
probability 32-34
continuous outcome 38
manipulation 34-38
objective 32-33
random variable 38-40
subjective 33
See also income variability
utility 25-27, 30, 114-117
attitude to risk 52-54
cost-benefit analysis 72
discounting 73-75
diminishing margin 26
function 52-55, 60-62
monetary 49-60
general utility maximizing
model 28-29
individuality 26-27
lexicographic 116
monetary utility functions 49-57
estimation 57-60
optimal decisions 27-29
passive decision making 64

variables 16-17
income variability 194, 214
profit variance 199-210
reduction 194-199
random variable 38-40
variable costs 221

variance 200-204, 205-210

water budget 350
whole farm production

functions 175-177
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