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Orchardists in Jackson County,   Oregon,   are threatened with 

springtime frost damage due to low nighttime temperatures.     This 

damage,   although not generally severe enough to harm the trees,  does 

kill the fruit buds,   thus reducing the current season's yield.    Several 

protection methods are available for use in an effort to prevent or 

reduce this frost damage.     The most common protection method in 

Jackson County,   Oregon,  is orchard heating.     The orchard heaters 

are capable of raising temperatures about five degrees when 35 heaters 

are used per acre. 

Each day during the two month frost season,   a weather forecast 

is issued by a forecaster provided by the National Weather Service. 

The forecaster's prognostication is used by the orchardists in deciding 

whether or not protection will be needed that night.     The purpose of 

this study is to analyze this decision process.     Specific objectives are to: 



(1) identify and evaluate the economic effect that alternative risk 

preference or aversion functions have upon selection of alternative 

frost control alternatives,   (2) measure the costs   and control measures 

in terms of their impact upon expected annual orchard yields and 

yield variability during the critical frost period,   and (3) determine the 

value of the fruit frost forecasts to orchardists in the Jackson County, 

Oregon,   producing area. 

Bayesian decision-theory formed the basis of the quantitative 

research model.    Three types of input data were collected for use in 

the model:   (1) probability distributions which measure degree of 

price and yield uncertainty to,   (2) utility functions for a set of 

orchardists which account for their attitude toward risk,   and (3) payoff 

tables which show the expected outcome for each possible action. 

The probability distributions were determined from Weather 

Service records kept in Jackson County.     To collect data for the payoff 

table and to specify individual orchardists utility functions,   a sample 

of orchardists were interviewed in the spring of 1973. 

From this survey,  it was found that personal preference plays a 

major role in determining what type of protection devices are employed. 

Timing in use of the protection methods was deemed more 

important than the type of protection in determining expected yield and 

yield variability. 



The value of the frost forecasts ranged from a high of $908. 21 

per acre per season for one orchardist to a low of $106. 40 per acre 

per season for another orchardist.   The total value for the eight 

orchardists who control 5, 060 acres was determined to be $2, 021, 166. 40. 

Although this value is valid only for these eight orchardists and could 

quite possibly be different for another set of orchardists,   or for these 

eight under different conditions,   it does indicate that the fruit frost 

forecasts are valued quite highly by orchardists. 
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AN ECONOMIC EVALUATION OF FROST FORECASTING 
IN JACKSON COUNTY 

I.    INTRODUCTION 

Problem Statement 

Orchard production is highly vulnerable to weather effects, 

particularly from frost damage during a six-week period of flowering 

and bud development.     Frost damage in Oregon varies considerably 

from year to year and general data as to the magnitude of crop loss 

annually is not known.    Some evidence of this yearly variability can 

be generated by comparing known "bad" frost years with more normal 

years.     Comparison of the 1969 and 1970 seasons in Jackson County 

is a case in point.    In 1969,   viewed as a relatively normal year, 

there -were 83, 000 tons of pears produced and sold while in 1970,   a 

year cited for high frost damage,   only 31, 600 tons of pears we re 

produced and sold,   nearly a 62% reduction in the production of pears 

(29). 

There are several methods an orchardist can employ to hedge 

against possible frost damage which appear    to fall into two general 

categories:    area diversification and mechanical protection.    Some 

orchardists hedge against crop loss by having orchards in different 

locations within or among growing areas.     This strategy accounts for 

climatic differences which exist between regions,  making some areas 



more or less frost prone than others due to elevation,   air drainage and 

wind effects.     The philosophy is comparable to crop diversification 

by "not placing all of one's eggs in one basket" which,   in this case,   is 

intended to reduce the potential hazard of depending on one particular 

micro-climate. 

For orchardists who cannot take advantage of area diversifica- 

tion,   there is a wide assortment of mechanical methods available and 

being used to protect orchards from frost damage. 

One type of mechanical protection involves the use of overhead 

sprinklers.     This system protects the crop by sprinkling water on the 

trees.     As the water freezes,   some heat is given off,   thus providing 

protection for fruit buds from frost damage as long as night tempera- 

tures do not get lower than the critical temperature.        This method 

will raise the orchard temperature about four degrees at a capital 

investment of about $500 per acre.     The sprinkler system also can be 

used during the growing season to provide supplemental irrigation, 

disseminate chemicals and cool the trees during the summer (23). 

A second mechanical device used for orchard protection is 

orchard heaters.    Several types of heaters are available.     Each 

appears to have approximately the  same protection capability of four 

to five degrees of protection when the standard of 35 heaters per acre 

The  critical temperature is the temperature below which frost 
damage will occur.    This temperature varies throughout the frost 
season as the buds mature. 



are used.     The Return Stack and Pressurized oil types,  however, 

have lower pollution ratings than the Jumbo Cone and Lazy Flame 

types.     The capital investment per acre for orchard heaters using 

35 units per acre ranges from $245 for the Lazy Flame to $550 for 

a pressurized oil system.    Nightly operating costs vary between 

systems and from year to year,   depending upon the number of nights 

during a season that the heaters are fired (2?.). 

Wind machines are another mechanical device used to protect 

orchards from frost damage.     These work best when there is an 

inversion layer of warmer air that can be pulled down by the machines 

and mixed with cooler air close to the ground (31).       Research 

indicates that wind machines are more effective when used in conjunc- 

tion with orchard heaters rather than used alone ( Z ).     Capital invest- 

ment in wind machines ranges from $500 to $600 per acre. 

Regardless of the type of mechanical frost protection employed, 

an important decision pertains to nightly use of protection methods 

during the frost season.    An orchardist's philosophy of risk-taking is 

important in determining "appropriate" nightly protection decisions. 

The nightly decision is influenced by the stage of bud development 

as well as expected minimum temperatures.     For example,   a night 

temperature of 28 degrees has different effects on potential fruit 

yields at different times during the flowering and bud development. 

Low nighttime temperatures are more damaging at open bloom and 



Table I. 1.    Summary of mechanical protection methods and per 
acre capital investment costs. 

Protection Method Capital Investment 

Heatersa 

Lazy Flame 
Jumbo Cone 
Return Stack 
Pressurized Oil 

Overhead Sprinklers 

Wind Machines 

a Estimates are based on 35 heaters per acre. 

$245 
280 
315 
550 

500 

600 



young fruit stages than at bud development stages, implying that the 

economic impact of frost control measures differ considerably from 

one time period to another in the  spring when frost is a hazard. 

While frost damage is of considerable importance to orchardists, 

no research in Oregon has,   as yet,   focused upon evaluating the 

economic impact of frost control alternatives in a setting of uncer- 

tainty.     To do so would require evaluation of capital investment, 

operating costs,   expected income,  income variability and management 

requirements of these choices to individual orchardists and evaluation 

of the economic merits of meteorological frost forecasting.    Research 

concerning orchard management has concentrated almost entirely 

on technological factors useful in improving production efficiency of 

selected crops and costs of production on both selected forms and 

selected orchard crops (36,   37). 

Although frost protection is but one phase of an orchard manage- 

ment process,   the decisions made relative to it have a direct and 

significant economic effect on orchard production since,  if the crop 

is lost to frost,  the decisions pertinent to the rest of the season have 

limited or no effect on current year production. 

To assist orchardists in the nightly protection decisions,   a frost 

forecasting service has been provided by the U.S.   Weather Service. 

Minimum nightly temperatures and dew point prognostications are 

provided.     The value of this forecast information has yet to be 



determined.     It is the intent of this study to analyze the frost protec- 

tion decision process and determine the value of the frost forecasting 

service. 

Objectives of the Study 

The main purpose of this study is to analyze orchard manage- 

ment with special emphasis upon frost control within a framework 

which permits uncertainty to be treated explicitly.     Specific objectives 

of this  study include: 

1. Identify and evaluate the economic effect that alternative risk 

preference or aversion functions have upon selection of alter- 

native frost control measures. 

2. Measure the costs and control capabilities of alternative frost 

control measures in terms of their impact upon expected annual 

orchard yields and yield variability during the  critical frost 

period. 

3. Determine the value of U.S.   Weather Service frost forecasts 

to orchardists in the Jackson County,   Oregon,  producing area. 

In serving the objectives of the study,   the theoretical aspects 

of uncertainty in production will be discussed first.     This is followed 

by development of a model which allows for the existence of uncer- 

tainty in decision-making.     Then a numerical example  showing how 

the model can be used to analyze production decisions is presented. 



Adaptation of the basic model for use in this study as well as pre- 

senting the results of the model's application follow. Conclusions 

from this study and summary remarks form the terminal statements 



II.     THEORY  OF PRODUCTION 

Classical Production Thoory 

In classical production theory,   a single objective function is 

either maximized or minimized.     Two major assumptions underlie 

this theory.     The first is that the decision maker possesses perfect 

knowledge about future events.     The second assumption is that the 

decision maker has complete control of inputs in the production 

process. 

The objective then is to maximize short run profit or minimize 

short run costs.     This is represented mathematically as 

maximize TT = Pq-c 

where TT = profit 

P = price of output 

q = f(X-) where X^ is the i      input in the production 
function 

and C = S^p^Xj + B,   the cost equation with Sp-X- 

representing variable costs and B fixed costs. 

Thus,   we have: 

(1) TT = P-f(Xi)-
,Spixi   - B 

The necessary first order conditions for a maximum are that the 

3IT/3X^ = 0,   guaranteeing that an extrema exists. 



■    (2) f(Xi) 

or p^P-J^il 1 Xi 

The sufficient or second order condition requires the principal minors 

of the relevant Hessian determinant to alternate in sign (19) which 

assumes that a maxima rather than minima is achieved (19).   Assuming 

the second order conditions are met,  the classical production theory 

provides that inputs are applied until marginal cost equals marginal 

value product when capital is assumed to be unlimited. 

In real world situations,   the two basic assumptions upon which 

classical production theory is based are seldom met.     Thus it appears 

to be appropriate to look at the effect that relaxing these assumptions 

has upon classical production theory and its applicability to real 

world production decisions. 

Relaxing the assumption of perfect knowledge introduces non- 

certainty into the decision process.    In 1921,   Frank Knight (21) 

divided non-certainty into two categories,   risk and uncertainty.     Risk 

was defined to cover those situations where future outcomes can be 

predicted with a specified degree of objective probability,  whereas 

uncertainty covers those situations where future outcomes cannot be 

predicted with objective probabilities.    In these situations the decision 

maker must rely on his own subjective feelings to assign probabilities 

to future outcomes,     These definitions have been generally accepted 

in the literature with very minor changes.     Heady (18) has defined 
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risk as  referring to variability of   outcomes which can be measured 

in an empirical or quantitative manner.     He further defines uncer- 

tainty to refer to those outcomes which cannot be measured in an 

empirical or quantitative sense,  i.e. ,   subjective probabilities must 

be used to assess the likelihood of the outcomes. 

From these definitions it can be  seen that the difference between 

risk and uncertainty is based upon the method used to assign proba- 

bilities to future events.    If a decision maker accepts both subjective 

and objective probability as equally valid methods for assessing the 

likelihood of the occurrence of future events,   then there is no real 

difference between risk and uncertainty for him.     This view will be 

adopted for this study. 

By relaxing the assumption of complete control of the inputs, 

it becomes possible to classify inputs into two categories,   those that 

are under the control of the decision maker at the time of the decision 

and those which are not controlled by the decision maker.     These 

uncontrolled inputs can be further divided into those which the 

decision maker knows the level of use with certainty (XM at the time 

of the decision and those which are not known with certainty at the 

time of the decision (X"^).     Thus,   the production function can now be 

represented as   : 

f represents an implicit function and not an exact functional form. 
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(3) q = ffXi,   X'y   X"k) (i = 1,   . . .mj     j  = 1,   ...   n, . 

k = 1,   . . . r) 

where   X. represents the controllable inputs, 

X- represents the known,  uncontrolled inputs, 

and X"k represents the unknown,  uncontrolled inputs. 

At the time of the decision,   it isn't generally possible to equate mar- 

ginal value product of the uncontrolled variables with the MVP's of 

controlled inputs.    However,  it may still be possible to optimize the 

levels of the controlled inputs without perfect knowledge of the un- 

controlled inputs since their effects on production for some input 

may be independent.     The sequential nature in use of input,   however, 

suggests that much input use is interdependent. 

If the X^ and X"^ have independent effects in the production 

process,   then aq/aXi=f(Xi,   X' ■) and 82q/8XiaX"i<: = 0.     Since X'j is 

known prior to the decision,   the conditional optimal levels of Xi, 

X^* can be determined.    In this situation,  uncertainty imposes no 

restrictions on the application of conventional procedures of produc- 

tion economics. 

However,   if X^ and X"^ are not independent then 8q/8X^ = 

f(X^,   X'j,   X"^-).    Since X"^ is not known at the time of the decision, 

it is not possible to determine the optimal levels of X^.     The decision 

maker is unable to choose the level of X^ which is optimal in the 

ex post sense ( 6 ). 
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The decision maker incurs a loss through this uncertainty often 

called the cost of uncertainty.      In order to minimize this cost,   the 

decision maker's objective will be to maximize expected profit E(TT), 

where 
m 

(4) EU) = E(P-q  -  r    PiXi-B). 
i = l 

Maximizing this obtains 

(5) a[E(TT)]/axi = Efpaq/ax^p.] = o 

or EOq/aX^ - Pi/P. 

Assuming second order conditions are met,  the necessary 

condition for maximizing expected profit is the equating of expected 

marginal value product and marginal costs.     However,  maximizing 

expected profit doesn't consider the variance of profit.    By definition 

variance of profit,   V(TT) is 

(6) V(TT)  = E[*-E(Tr)]2 

m m 
= EfPq-S- PiXi-B-EfPq-^p^-B)]2 

i=l i=l 

m m 9 
= E[Pq-2:piXi-B-PE(q) + ^   p^+B] L 

i=l i=l 

V(Tr) = E[:P2[q-E(q)]23. 

If the  controllable inputs,   X-,   and the uncontrollable inputs,   X'V,   are 

independent then the variance of profit,   risk by definition,  is constant 

irrespective of the level of X^,     This can be shown mathematically. 

Independence between X^ and X",   implies that 9q/3X^=f(X-, X'■) and 
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r)q2/f)Xi8X"k^0.     Differentiating V(TT) with  respect  to Xi obtains 

(7) a[V(^)]/3Xi = BE CP2[q-E(q)]2j /aXi    . 

= E[2P2[q-E(q)]J   Sq/aX- 

The expectation is being taken with respect to X", , the uncontrollable 

input. Thus when X^ and X"^ are independent, i. e. , aq/aXi=f(Xi, Xj) 

and aq   /dXidX"^) = 0, equation   (7)   can be rewritten as 

(8) a[V(Tr)]/aXi - 2P2(aq/aXi)E[q-E(q)]   = 0. 

When interaction exists between Xi and X"k,  dq/dX^fiXi,  X'j,   X"k), 

and equation (7)  becomes 

(9) a[v(TT)]/axi = aEfp2[q-E(q)]2j/axi 

= 2P2E[(    q/     Xi)[q-E(q)]] 

This does not equal zero,   i. e. ,   the variance of profit depends upon 

the level of the controllable input,  X^.     This points out an important 

aspect of the relationship between X^ and X", .    If X. and X'V are 

independent then the variance of profit,   risk by definition,   is constant 

irrespective of the level of X-.    However,  if interaction exists 

between the X- and X"k,   the variance of profit depends on the 

controllable inputs,  X^. 

Figures 2. 1 and 2. 2 illustrate the effect of this interaction. 

The production function has been simplified to two inputs, X the 



Ik 

IT 

Fipure 2.1 Examplr Where X and X"  are independent in the Profit 
Functi on 

h'.X") 

X~3 units 

X=2 units 

Xt*l  units 

Figure ?.? Example '/Vhere X and X" Interact in the Profit Function 
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controlled input and X" the uncontrolled input.     In Figure  Z. 1,   X = Z 

units is clearly the optimum level of X  to use since it generates the 

highest profit level.     However,   there is no clear optimal level of X 

in Figure 2. 2,  the interaction case.    In Figure. 2. 2,  h(X") is the 

probability density function of X".    If the decision maker uses one unit 

of X,   the probability of making a loss is zero,  but if the level of X 

is increased to 3 units,   the probability of making a loss is much 

higher,   but the possibility of making a large profit also exists.     If 

the decision maker attaches special significance to either of these 

outcomes then he is considering the riskiness of various alternatives 

( 7). 

Summary 

Th6 discussion in this chapter has shown that relaxing the 

assumption of perfect knowledge and complete input control does not 

necessarily impede the application of classical production theory to 

real world production decisions as long as the variability of future 

outcome is accounted for in the analysis.     However,  when interaction 

exists between controlled and uncontrolled inputs,   the uncertainty 

has two effects: 

3 
1. There is a cost of uncertainty 

-^This cost may take the form of delaying the decision in an effort to 
obtain more information.     The cost of uncertainty as used here also 
includes the expense of obtaining additional information. 
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2. Risk (or variance of profits) is determined by the level of the 

controlled inputs. 

In order to handle this interaction phenomenon, it is necessary 

to develop a method of analysis that will incorporate the decision 

maker's risk preference since he can control this risk to a certain 

degree. At the same time, the method developed should be able to 

investigate the possibility of obtaining additional information to re- 

duce the cost of uncertainty. Bayesian decision theory is a method 

of analysis which does this. 
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III.      BAYESIAN DECISION THEORY 

In this chapter the Bayesian decision making model will be 

developed.    A method for determining the value of additional informa- 

tion will be shown.    This will be followed by a numerical example 

illustrating how the Bayesian strategy is calculated. 

Bernoulli's Principle 

The Bayesian decision model is based upon Bernoulli's principle. 

Bernoulli first introduced the idea of measuring risk philosophies in 

1738 ( 4 ).     Von Neumann and Morgenstern defined this idea in a more 

rigorous fashion in 1947 in their book "Theory of Games and Economic 

Behavior. "   Bernoulli's Principle is often stated as the Expected 

Utility Theorem. 

Expected Utility Theorem 

Given a decision maker whose preferences do not violate the 

axioms of ordering,   continuity and independence,   there exists a func- 

tion u,   called a utility function,  which associates a single real number 

or utility index to any risky prospect forced by the decision maker (13). 

Marschak (25),   Chipman ( 9 ),   and Herstein and Milnor (2C),   as 

well as several others,   have shown that the axioms of ordering, 

continuity and independence imply the Expected Utility Theorem.     Thus, 



it is sufficient for the objectives of this study to state these axioms 

without showing the derivation of the Expected Utility Theorem.     For 

a decision maker with a single goal,   the axioms are: 

Axiom 1  (Ordering).     An individual's order of preference among 

alternatives can be represented by an ordering.     Thus a person con- 

fronted by any two uncertain prospects Aj  and A-, either prefers Aj 

to A^,   or prefers A-, to Aj  or is indifferent between them.     For any 

three uncertain prospects Aj,   A^,   and A3,   if he prefers A,  to A^,   or 

is indifferent between them,   and if he prefers A^ to A^,,   or is indiffer- 

ent between them,  then he will prefer A,  to AT or be indifferent 

between them. 

Axiom 2 (Continuity).    If a person prefers A j to AT to A3,   then 

there exists a unique probability P such that he is indifferent between 

A^ and a gamble with probability P of yielding A j and a probability 

(1-P) of yielding A3. 

Axiom 3 (Independence).     If Aj is preferred to A^ and A3 is 

some other prospect,  then a gamble with A^ and A3 as outcomes 

would be preferred to a gamble with A? and A., as outcomes if the 

probability of A,  and A? occurring is the same in both cases (13). 

The Utility function which embodies these three axioms has the 

following properties: 

1. If the uncertain prospect A} is preferred to A^,   then the utility 

index of Aj will be greater than the utility index of A2,  i. e. , 
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u(A])> ufA^) if Aj is preferred to A2. 

If A is the uncertain prospect with a set of outcomes Fa 1 

distributed according to the probability distribution  P(a),   then 

the utility of A is equal to the statistically expected utility of A, 

that is 

(10) u(A) = Eu(A) 

If P(a) is discrete, 

(11) Eu(A) = Z.u(a)P(a), a 

and if P(a) is continuous, 

(12) Eu(A) = C,Xu(a)P(a)da. 

3.. Uniqueness of the function is only defined up to a positive linear 

transformation.    Given the utility function u,   any other function 

u* such that 

(13) u* = au+b,   a> 0 

will serve as well as the original function.     This means that 

utility is measured on an arbitrary or ordinal scale and is a 

relative measure analogous to the various scales used to mea- 

sure temperature rather than a cardinal or absolute measure. 
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For an individual who accepts the axioms of ordering,   continuity, 

and independence,  the expected utility theorem provides a way to 

associate a real number with each uncertain prospect.     This is 

accomplished by use of a utility function.     One of the properties of 

the utility function is that themost preferred prospect will have the 

highest utility index,   and the least preferred will have the lowest 

index.     All other prospects can be ranked in order of preference 

according to the magnitude of their utility index.     Thus Bayesian 

decision making implies the maximization of utility.    According to 

the Expected Utility Theorem this is the same as maximizing 

expected utility.     Equations (11) and (12) provide the empirical basis 

for application of the Theory.    From these equations it can be seen 

that there are two concepts involved in Bayesian decision making, 

degree of preference (utility) and degree of belief (probability).    It 

will be helpful to expand upon these two concepts individually before 

combining them to develop the Bayesian decision model. 

Probability 

Halter and Dean (16) state that a prerequisite to the development 

of the theory of decision making under uncertainty (Bayesian decision 

making) is the development and understanding of the concept of 

probability and probability distributions.    The purpose of this section 

is to treat the importance of probability distributions and illustrate 
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how they are used in the decision making model. 

A probability distribution function P,   is a rule which assigns 

numbers between 0 and 1 to all possible outcomes of an event.     There 

are three ways to derive the values assigned to each of the outcomes. 

These are logical or classical,   empirical,   and subjective.     The 

empirical method is  sometimes referred to as the frequentist theory 

of probability and subjective probability is often called personal 

probability ( 6 ). 

Under the classical theory,   the probability of an outcome is 

determined by considering all the logical possibilities.    As an example 

consider the probability of getting heads when an unbiased coin is 

flipped.     The logical probability would be determined in this manner: 

since there are only two ways a coin can fall,  heads or tails,   and 

since the coin is unbiased,  the logical probability of getting a head, 

P(H),   would be equal to 1/2.    In the classical sense the probability 

distribution is determined by constructing the fraction:   number of 

elements in subset Ai  divided by the number of elements in set A. 

This method of deriving outcomes is practical only when both the 

number of subsets and outcomes are small. 

In the empirical approach,   the long-run regularity of a frequency 

ratio is used to determine the probability distribution.    An example of 

this would be the historical occurrence of a certain temperature on a 

given day.    It is necessary to have a large number of historical 
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observations of the event in order to determine a frequency ratio. 

Using this approach,   the probability distribution is developed by 

constructing the fraction:    number of observations in Aj divided by 

number of observations in A.    In this case,  A contains observations 

of events that have been repeated many times and Ai   contains those 

elements which satisfy certain conditions.    Insurance rates are 

established by this method. 

In the subjective approach,  the probability of an event or out- 

come is taken as a certain kind of numerical measure of the subjec- 

tive opinion of somebody about something (16).    Hence the name 

personal probability.     This approach is used when no a priori 

information either of a classical or empirical nature are available. 

To illustrate how subjective probabilities may be derived, 

consider the following example presented by Dillon (13).    Imagine   a 

risky prospect that yields a utility of ua if event A occurs and uj-, if 

event B occurs,  ua being larger than u^.    If one is indifferent 

between the risky prospect and a sure payment of u,   then this implies 

that his degree of belief or subjective probability P about the occur- 

rence of A is (u-ui;))/(ua-u, ) since indifference implies u = Pua+(1 -PJu^. 

In this sense a person's subjective probability for an uncertain event 

corresponds to what he regards as fair odds for a bet on an event.    In 

the above example these odds would be P:(l-P) or (u-u^)):(u-ua) for a 

bet on the occurrence of A.    Such personally fair odds must typically 
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be expected to differ from person to person for the same event; and 

for the same person,   they may vary over time. 

Savage (33) uses a different approach to derive personal 

probabilities.    His system is based on the subject's preference 

between acts.     He assumes an idealized subject who is always con- 

sistent.     This ordering among the acts implicitly defines that person's 

subjective probability distribution for the states of nature. 

Dillon (13) presents a strong argument in favor of using 

subjective probabilities in theoretical decision-making models.     He 

asserts that the most valid approach to use in a theoretical sense 

is the subjective one since real world decision makers,  who must 

bear responsibility for their own decisions,   temper their decisions 

on the basis of their own strengths of belief. 

Personal or subjective probabilities,  unlike objective probabili- 

ties,   allow the incorporation of intuitive knowledge in the assessments 

of the  chances of occurrence.    Another advantage is that they are 

useful in describing situations of a non-repetitive nature. 

The assessment of personal probabilities may present problems, 

however.    First,  the probabilities must be coherent with probability 

calculus,  to be quantifiable; and second,   they should reflect as closely 

as possible the actual assessment of the decision maker.     The 

coherency can be checked by a simple mathematical exercise (13), 

but there is no way of knowing if the specified probabilities are the 
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actual feelings of the decision maker.     There is some evidence that 

people tend to understate high probabilities and overstate low ones 

(27).     Bias in favor of or opposed to some probabilities over others 

is another possible problem.    Ho-wever,   the more fundamental prob- 

lem is one of getting estimates of people's subjective probabilities. 

Carlson ( 8 ) and Williams (38) have both shown that this is possible 

as they have been successful in deriving farmers'  subjective 

probability distributions.     This issue can be sidestepped as demon- 

strated by Bauer ( 3 ) simply by presenting the range of expected 

income choices in an ex post   sense to farmers; let them pick what 

they subjectively perceive as their best choice.     The approach simply 

identifies a point on an unknown utility function without identifying 

the function per se. 

Utility 

Degrees of belief about outcomes constitutes one half of the 

Bayesian decision model,   degrees of preference about the outcome 

is the other half.    Degrees of preference are measured by utility. 

This is analogous to probabilities measuring degree of belief.     The 

utility function expresses the relative value to its owner of various 

amounts of gain or loss,   and by the Expected Utility Theorem, 

enables utility indices to be associated with alternative uncertain 

prospects. 
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Figures  3. 1  and 3. 2 show two examples of utility functions.     In 

Figure  3. 1,   X represents money gain or loss,     du/dx is decreasing 

for X     0 and increasing for X     0.     This means that this individual ob- 

tains diminishing utility from each extra dollar of gain and increasing 

utility from each dollar reduction in loss.     The reverse is true for the 

curve in Figure 3. 2.    In this situation du/dx is increasing for X     0 and 

decreasing for X    0.     This means that this individual obtains increasing 

utility from each extra dollar of gain and decreasing utility from each 

dollar reduction in loss.     For financial outcomes,   the usual assumption 

is that more money is always preferred to less money,  hence du/dx is 

always greater than or equal to zero,   thereby negating or eliminating 

the case for du/dx     0. 

Utility Function Derivation 

The measurement of a person's utility function involves deter- 

mining in a quantitative form his subjective feelings concerning 

various monetary gains or losses.     Four methods have been developed 

to .do this:    direct measurement,   the von Neumann-Morgenstern 

method,   the modified von Neumann-Morgenstern method,   and the 

Ramsey method. 

Galanter (15) developed and used the direct measurement 

method.    It involves asking a series of questions of the type: 

''Suppose I were to give you an outright gift of $100.     This $100 comes 
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Figure 3ol Utility Curve of a person Exhibiting Risk Aversion for 
Money Gains and Fisk Preference for the Avoidance of 
Money losses 

Figure 3.2 Utility Curve of a Person Exhibiting Risk Preference for 
Money Gains and Risk Aversion for Money Losses 
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from a foundation whose resources are limitless.     How much money 

would you need to make you feel twice as happy as the $100 would 

make you feel?"    The answers to a series of these questions enables 

the plotting of a utility curve against an arbitrary scale.    In using 

this method,   Galenter assumed that money and utility grow at a 

constant ratio.     This assumption appears to be invalid for the present 

study. 

The von Neumann-Morgenstern method is based on the Contin- 

uity Axiom which states if Xj is preferred to XT and XT is preferred 

to X   ,   then there exists some probability,   P,   such that Pu(Xj) + 

(1 -P)u(X,) = u(X2).    For given values of Xj,   X? and X-j,   the utility 

of X^ can be determined by questioning to find the value of P for 

which this equality holds,   i. e. ,   the value of P at which Xo is the 

certainty equivalent of the uncertain prospect involving Xi and X-a. 

ufXj) and ^X-j) are assigned utility indices on an arbitrary scale. 

By choosing an array of values for X2 between Xi  and X3 and then 

finding the corresponding value of P,  the utility curve between Xj and 

X3 can be plotted (34). 

Two criticisms have been made of this method.     First,  the 

certainty equivalents may be biased by an individual's like or dislike 

of gambling.     Second,   an individual may have a preference for or 

against certain probabilities,   which may bias his answer. 



The modified von Neumann-Morgenstern method overcomes 

the  second criticism of the former method by using neutral probabili- 

ties of P = . 5 = 1-P.    Questioning is then used to determine the certainty 

equivalent,   X^,  for a 50-50 gamble between Xj and X3.    Arbitrary 

utilities U(XI)>U(XQ) are again set for Xj and X3.     This results in 

(14) . SutXi) + . 5u(X3) = u(X2). 

After determining ufX^),   the certainty equivalent,   say X4 for X2 and 

Xj,   can be determined as 

(15) u(X4) = . 5 u(X1) + . 5 u(X2). 

By continuing this process, more points on the utility curve can be 

obtained. This method overcomes only one of the objections to the 

von Neumann-Morgenstern method. The choice is still between an 

uncertain prospect and a certain outcome. 

The Ramsey method overcomes both objections to the 

von Neumann-Morgenstern method.    It offers a choice between two 

uncertain prospects and uses neutral probabilities.     The procedure 

for this was developed by Ramsey (32) and has been used by Davidson, 

Suppes,   and Seigel (11) and Officer and Halter (28).    Under this method 

the utility function is derived by playing a series of games to deter- 

mine the utility indices to associate    with various monetary outcomes. 

The games and questions are   sLructured in the following manner. 
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Game  1 

P(0) Ai      A2 

. 5 0 

. 5 Q 

a       c 

b       d 

The individual is asked which action he prefers to carry out; action 

Aj with possible monetary outcomes a and b,   each having probability 

of occurrence equal to . 5,   or action A? with possible monetary out- 

comes c and d each having a probability of occurrence equal to . 5. 

C is varied until the individual is indifferent between A,  and A-,.     This 

implies that the u(A]i) = u(A2).    By the Expected Utility Theorem, 

ufAj) = . 5 u(a) + . 5 u(b) and u(A2) = . 5 u(C') + . 5 u(d) where C is the 

value of C where the individual is indifferent between Aj and A^. 

Thus,   for the first game, 

(16) . 5 u(a) + . 5 u(b) = . 5 ufC) + . 5 u(d). 

The  second game is set up in a similar manner. 

Game 2 

P(e) 

. 5 

. 5 

A,    A, 

ei 

C     e 

b       d 
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The questioning procedure is the same as game  1.     This time e is 

varied until e' is found such that the individual is indifferent between 

A-,  and A4.    In this case u(A,) = u(A4),   or 

(17) . 5 ufC) + . 5 u(b) = . 5 u^') + . 5 u(d). 

From games  1 and 2 the following relationships can be derived. 

From game   1, 

(18) . 5 u(b) - . 5 u(d) = . 5 u(C') - . 5 u(a) 

and from game 2, 

(19) . 5 u(b) - . 5 u(d) = . 5 u^') - . 5 u(C') 

Combining the results, 

ufC) - u(a) = Me') - u(C') 

or 

(20) ufC) = l/2[u(a) + ^e')] 

By setting u(a) and u(e') equal to some arbitrary utility values,   the 

origin and scale of the utility function is specified and ufC) can be 

determined.    Because one might expect the utility functions to be 

non-linear in nature,   at least three points on the utility function are 

necessary.     One point is determined from each game,   thus three 
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games are necessary to establish the utility function. 

To derive more than these three points for the utility function, 

more games must be played.     They are all structured the same 

as game 3 and each game adds one additional point on the utility 

function. 

P(e) 

. 5 

. 5 

Game 3 

ei 

e 

^6 

1 

a C 

F e 

In this game,   F is varied until F1 the indifference point between 

A^ and A^ is found.    Thus, 

and 

(2 1) 

u(a) + ufF1) = u(C') + u(e') 

u(F') = ufC) + u(e') - u(a). 

u(a) and u(e') have been set and ufC) has been deternnined from pre- 

vious games,   so u(F') can be easily obtained.     To show how the 

remaining games follow from previous games it is necessary to set 

up game 4. 

Game 4 

P(e) 

. 5 

. 5 

^8 

©l 

62 

C1 / e 

g F' 
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Note that the value in the (A^,   Gj) cell for game 3 has been removed 

and the remaining values have been rotated in a counterclockwise 

manner to obtain game 4.     The objective in game 4 is to find g'  such 

that ufAy) = u(Ag).    The remaining games are structured in the same 

manner:   the upper left cell value is dropped and the remaining values 

rotated counterclockwise to obtain the next game. 

Officer and Halter (28) give a comparison of the three methods 

for obtaining a utility function.     Their conclusion was that the modified 

von Neumann-Morgenstern and Ramsey methods were better than the 

von Neumann-Morgenstern method.    In their test,   the Ramsey method 

gave the most consistent results,  but at the expense of more compli- 

cated questioning. 

Empirical Problems in Specification of the Utility Function 

Bernoulli's principle implies the existence of a utility function, 

u(X),   for an individual who follows the axioms of ordering,   continuity 

and Independence.    It will be assumed that u(X) is a non-decreasing 

function of X because the concern of this study is with financial out- 

comes.    It is expected that the utility function will seldom be linear 

over the entire range of outcomes,  thus u(KX) in general will not 

equal k u(X).     This means utility must be considered in terms of net 

financial outcomes per act,  not in terms of financial outcomes per 

technical unit (e.g. ,  $ per acre). 
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Knowing that a utility function exists,   doesn't specify its precise 

functional form.    However,  by following one of the procedures speci- 

fied above the utility curve can be plotted.    After plotting the function, 

some suitable functional form can be fitted either by regression or 

some other estimation procedure. 

The essential aspect,   if algebraic specification is needed,   is to 

obtain an estimate that is judged to fit the plotted curve over the 

relevant range of gains and losses.    If a variety of forms fit,   then the 

easiest to manipulate should be selected.    Quite often this will mean 

the use of a second or third order polynomial where non-linear 

functional relationships prevail (12).    A polynomial is often used 

when it becomes a Taylor series approximation to the unknown true 

utility function.    If u(X) has a finite nth derivative u  (X) for all X 

1 
and u        (X) is continuous everywhere,   Taylor's Theorem states that 

for any X* and every X / X* there exists a point £     in the interval 

joining X and X* such that u(X) may be approximated within a speci- 

fied bound of error as 

n-1 
(22)    u(X) = u(X*) +  SI    [uk(X*) (X-X*)k/k!]   + 

K = l 

un(^) (X-X*)/n!. 

By collecting like powers of X,  u(X) can be approximated as the poly- 

nomial 
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(23)     u(X) = JC0 +  <K iX + «<:2x2 + ,9C'3x3 + • ' • 

This    can be rewritten as 

u(X) = X + bX2 + cX3 + 

since the utility function is only defined up to a positive linear 

transformation. 

Applying the Expected Utility Theorem to this obtains 

(24)     u(X) = E u(X) 

= E(X + bX2 + CX3 + . . . ) 

= E(X) + bE(X2) + CE(X3) + . . . 

Thus utility can be expressed relative to an uncertain prospect with a 

consequence X following some probability distribution f(X).     For such 

a random variable,  the expression,  E(Xn),   can be expressed in terms 

of the first n moments about the mean of f(X).     If g^ denotes the i 

moment,  E(X-E(X))1,   the first three terms of u(X) can be written as 

E(X) = gj 

E(X2) = g2 + g2 

E(X3) =g3 +3g1g2 +g3. 

Now the expectation of the polynomial may be written as 

(25)     u(X)  = gi + b(gf + g2) + C(g3 + 3g1g2 + g3) + 
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This expresses the utility of any uncertain prospect X as a function 

of its distribution's moments. 

The quadratic and cubic cases will be presented as examples. 

For quadratic utility functions,  u(X) = X + bX^ and the restriction 

du/dX > 0 implies 

X > -1/2 b   if b > 0 

X < -1/2 b   if b < 0 

If X is an uncertain prospect,   the quadratic may be written as 

u(X) = E(X) + bE(XZ) 

2 
= g1  + bSj  + bZ-Z 

where gj is the mean and gy the variance of X.     For utility to increase 

as gi  increases,  with g? fixed,  9u/3gi must be positive.     This is 

always true in the relevant range of the quadratic,   so that if two 

possible prospects have the same variance,   the one with the higher 

mean will be preferred.    Since g2 is always positive and 3u/3g2=b, 

increasing marginal utility of money (b > 0) implies variability in X is 

attractive.     The greater is g^,   the greater is u(X) for b positive. 

Diminishing marginal utility of money (b<0) implies variability in X 

is disliked.    This is usually referred to in the context of the quadratic 

by saying that if b>0,  the individual is a risk preferrer and if b<0,  he 

is a risk averter. 
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For higher order polynomials,   risk preference or aversion is 

a function of the expected monetary payoff and may change as the 

expected monetary payoff changes.     For example consider the cubic 

portion of the utility function in equation (23). 

u(X) = X + bX2 + CX3. 

By the Expected Utility Theorem,   this was expressed as 

u(X) = Eu(X) 

= E(X + bX2 + CX3) 

= E(X) + bE(X2) + C E(X3). 

From the algebra of expectations,   the first three moments were 

presented as 

E(X) = gj 

E(X2)=g2+g2 

E(X3) =g3 +3g1g2 +g3 

where g. denotes the i      moment. 

Thus equation (24) was rewritten as 

u(X) = g1  + b(g2 + g3) + C(g3 + 3glg2 + g\). 

Now taking the partial derivative of this with respect to g? (variance), 

9u 
3g; 

= b + 3Cg1. 

This differs from the quadratic case by 3Cg,. 

This shows that the utility of an uncertain outcome takes account 

of both the expected value of the outcome and the variance associated 
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with it for the quadratic case.     For higher order polynomials all 

relevant moments of the uncertain outcome are taken into account in 

the utility function. 

Polynomial utility functions have proved satisfactory in empiri- 

cal application,   especially in Agriculture (13).     They have been 

strongly criticized,  however,   on theoretical grounds. 

One criticism of polynomial utility functions is that they are 

restricted in range or shape (5).     For example,   the quadratic is not 

everywhere monotonically increasing and is only relevant over its 

range of positive slope.    Similarly,   if the cubic function 

(26)      u(X) = bjX + b2X2 + b3X3 

is to be relevant over its entire range,   it must have b2   < Sbjb-j,   bj, 

h, > 0.      If these restrictive requirements are met,   the function -will 

have an initial stage of decreasing marginal utility,   followed after an 

inflexion point at X = -b^^b^ by a final stage of increasing marginal 

utility (13).     The relevant range for cubic functions will be restricted 

if marginal utility is first increasing and then decreasing.     Opera- 

tionally,   the fact that polynomials are restricted in range is not a 

great problem,   as they are only used as estimates for a particular 

range of gains and losses. 

Intuitively it seems that the insurance premium a risk averse 

person is willing to pay against risk should decline as the individual's 

wealth increases.     For quadratic utility functions,   this never holds. 
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For higher order polynomials,   the insurance premium declines only 

for part of the relevant range.     This criticism has been formally 

developed by Arrow ( 1 ) and Pratt (3 0) in their independent develop- 

ment of the coefficient of risk aversion,   r.     The coefficient,   r,  is 

defined to be the ratio of the second and first derivatives of the utility 

of wealth function,  u(W). 

(27)     r = -(d2u/dW2)/(du/dW) 

Dillon (13) shows the use of net returns rather than wealth as 

the argument in the utility function doesn't overcome the problem of 

increasing risk aversion.     However,  he does show how it is possible 

to get around this problem. 

Consider the quadratic case with 

(28)     u(X) = X + bX2,  b > 0 

The coefficient b may be regarded as some function of wealth instead 

of a constant.     This is a more realistic and less restrictive assump- 

tion than assuming b is invariant with respect to wealth.     Dillon 

(13) shows that for 

(29)     b = kj + k2Wq,  kj,  k2(   q>0 

The Pratt coefficients r.(W) and r(X) are diminishing as they intuitively 

should be.     The implication from this is that the utility function for 
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gains and losses cannot be derived directly from the utility of wealth 

without knowledge of the relationship between b and W. 

This criticism poses no operational problem either since u(X) 

can be easily obtained directly at a particular point in time and wealth. 

This fits into the practical approach of regarding a polynomial utility 

function as an approximation to the unknown true utility function.    It 

should be recognized that a new utility of net returns function should 

be derived whenever the decision maker's wealth situation changes 

significantly. 

The General Bayesian Decision Making Model 

The previous sections have developed and discussed the concepts 

of degrees of belief and degrees of preference.     They can now be 

combined into a general model of Bayesian Decision making.     This is 

actually no more than an extension of Bernoulli's principle as given 

in equations (11) and (1Z).     The discrete probability case will be 

presented as it relates closer to this study than the continuous case. 

Forester (14),  Halter and Dean ( 16),   Morgan (26) and Dillon (13) have all 

presented the general Bayesian model.     The presentation here will 

rely heavily on Halter's and Dean's and Dillon's presentations. 

Suppose a choice has to be made between a set of actions A,, 

Ay,   . . .   A      where the i      action A- has a set of uncertain conse- 

quences /"a-ic"? .     Which a,   occurs depends upon the state of nature 
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that occurs.     The states of nature follow the probability distribution 

P(0, ).     Thus the uncertain consequences also follow the probability 

distribution P(8, ).    The consequence a,   of A. is a random variable 

and a particular consequence a,   has a utility u(a, ).     The set of conse- , 

quences     a,       are specified as either gains or losses.    Both the 

subjective probability distribution,   P(0i ),   and the utility function 

belong to the individual decision maker. 

The expected utility of the i      action is' 

(30) ufAj) =g:u(ak)P(ek^ 

and the optimal action A.-* is the one with the highest utility.     The 

decision procedure,   then,  is to choose the action that has the maxi- 

mum utility.     This can be represented mathematically as 

(31) u(Af) = MAX u(Ai) 
i 

= MAX [^ u(ak)P(ek)] 
1       ak 

Quite often it is possible for the decision maker to obtain 

additional information concerning the state of nature and the likelihood 

of occurrence for a particular state of nature.     This information may 

be gathered by the decision maker in an experiment or sampling 

procedure usually at some cost to the decision maker,   or as is often 

the case,  a prediction is made as to which state of nature will occur. 

Weather forecasts are an example of this latter type of information. 
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It may be of use to the decision maker to know what value this infor- 

mation has and whether or not more or better information would be 

worth obtaining.     Through the application of Bayes1  Formula,   the 

above procedure can be modified to determine the value of additional 

information.    Bayes' Formula states: 

P(Bj/A) - P<Bi> P<A'Bi> 
^PIBj) P(A/Bi) 

This can be written as 

(32)                                            PfBi) PfA/Bi) 
PiB./A)-  p^^  

since ^SlP(Bi) PfA/B^ = P(A).    (6) 

Assume a particular piece of information Z- relative to the 

occurrence of state of nature,   8^,  is available to the decision maker 

at a cost of Z.     Z: is typically a prediction about which 8^ will occur. 

Given that the decision maker has knowledge about the conditional 

distribution of Z: relative to 8^ P(Z:/0^),  Bayes'  Formula allows for 

revision of the prior probability distribution of 8^ (PfSj^)) to obtain 

the  posterior probability distribution PiB-^/Z-). 

(33) _P(ek)P(Zj/8k) 
POk/Zj) j^  

where P(Zj) = 2P(ek) P(Zj/ek) 
k 
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After the additional information is known,   the utility of each 

action A^ given the additional information can be calculated as 

(34) ufAj/Zj) =^u(ak-C) P(ek/Z.j) 
ak 

where  C represents the cost to the decision maker of the information. 

The optimal action A^** is again that action with the highest 

utility, 

(35) u(Ai**) =  MAX ufA./Zj) 
i 

= MAX[2:u(ak-C) POk/Zj)] 

The utility value of the information can be determined ex post 

as the difference between the maximum utility obtainable with the prior 

distribution and the maximum utility obtainable with the posterior 

distribution.     Because this is an ex post evaluation,   i.e. ,   after the 

forecast is known,   the appropriate probabilities to use when weighing 

each consequence are the revised or posterior ones.     This holds for 

the prior optimal act as well.     The utility associated with each conse- 

quence of the prior optimal act is weighed by the posterior distribution 

in determining the expected utility of the act.     Thus, 

(36) ufZj) = UfAi**) - ufAjf/Zj) 

= [f  u(a**-C)P(0k/Zj)]   -[fufa* JPfOk/Zj)]. 
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This  can be rewritten as 

(37) u(Zj) = J[u(aJ * -O-ufa*   )]   PfQk/Zj) 

The information will be worth obtaining whenever u(Z-)*0. 

The maximum price that should be paid by the decision maker is 

determined by the value of C in equation (27) which makes u(Z-) = 0. 

Oftentimes before the actual forecast is obtained,   the decision 

maker knows the possible forms it may take.    In these cases it is 

possible to carry out a preposterior analysis.    In other words,  it is 

possible to evaluate the strategies that might be taken based upon the 

various possible forecasts and choose a priori the best strategy. 

Assume there are n possible states of nature (ks:l>2, . . . n) and 

the forecast information Z,   available at a cost C,   consists of a 

prediction,   Z:,   of the occurrence of the j      state of nature (j = l,2. . .n). 

This yields a set fZ- ( of n possible predictions. 

A strategy is a policy which specifies which action to take given 

a particular forecast.    For example a strategy might be:    "If the 

forecast is Z^  then action A-, will be taken; if Z2 then A5; if Zn,  then 

Aj. "    With m possible actions and n possible predictions there are 

mn possible strategies which can easily become a huge array. 

However,  Bayesian calculation procedures allows for quick selection 

of the optimal strategy. 
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The idea of the Bayesian computation procedure is to evaluate 

the utility of each action using the posterior probabilities associated 

with each forecast as in equation (34).     The strategy component for 

each particular forecast is the action which gives the highest utility 

for that  forecast.     The optimal strategy is derived by repeating the 

application of equation (34) to each possible prediction. 

Letting A-** (i = l,2,...m,  j = l,2,...n) represent the optimal 

action for the j h forecast Zj,  the optimal strategy may be specified 

by the n-element vector 

(38) CV*} =(Ay • Afi' ■■■ At?>---Aw 

The probability that each of these actions will be followed is the 

probability that the forecast Z- will be given,   i. e. ,   P(Zj).     The 

utility of the optimal Bayes strategy, u( 5 A** I ),   can be calculated 

as 

(39) u(   /A** J   )=   S:u(A**)P(Z.). 
C ij •J J        1J J 

It is again possible to calculate the expected utility of the fore- 

cast.     This utility value is the difference between the utility of the 

optimal Bayes strategy and the utility expected from the prior 

optimal act A-*,  but the posterior probabilities prevail.     There are n 

possible forecasts yielding n sets of posterior probabilities to 

consider relative to the evaluation of the optimal act.    Because the 
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particular forecast is as yet unknown,  the utility of the optimal act 

must also be weighed by the probability of each forecast P(Z.). 

The utility value of the set of possible forecasts is given by 

(40) u( [Zj] ) =   fufAij**) PfZj)-^  f u(a*k) PjOk/Zj)]  P(Z.) 

= ?[aEu(a**k-C) P(0k/Zj)-f u(a*k) P(Qk/Zj)] P(Zj) 

The term in square brackets will be recognized as the utility value 

of a particular forecast as derived in equation (37).     Thus the pre- 

posterior utility value of a possible prediction set    j Z- (      is equal 

to the weighted average of the posterior value of the particular pre- 

dictions,  the weighting   scheme being P(Zj), 

(41) u( {Z.\ ) =   ^u(Zj)-P(Zj) 

If this value is positive,   the information is worth having.     The 

maximum price that should be paid by the decision maker is given 

by the value of C in equation (30) which makes u( 5 Z-J ) = 0, 

Equation (41) may be rewritten as 

(42) uftZj] ) =  ^u(Z.)P(Z.) 

=*ckf(ak *-c)-u(ak )]P(ek/zj)]p(zj) 

Recalling from Bayes' Formula that P(0k/Zi) = p(9k)p(zj/Qk) 

or P(Z.) P(0k/Zj) = P(0k) P(Zj/0k) and knowing that ^P(Zj/0k) = l) 
J J 
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equation (42) becomes 

(43) u( rzj]) = £[u(a*   *-C)-u(a. *)] P(e  ) 
*- k1,       k k k 

= u(   fA^Vj-utAi*) 

which shows the utility of a set of predictions is equal to the utility 

of the optimal Bayes strategy minus the utility of the prior optimal 

act. 

Something else which may be of interest to the decision maker 

is the value of perfect information.    A perfect predictor is one that 

is never wrong.     This means that P(0k)=P(Zj) where Zj is the perfect 

predictor.    The implication of this is that the posterior probability 

will be one for some consequence and zero for all others.    Since the 

forecast is perfect,  the decision maker will always know which state 

of nature is going to occur and can always follow the optimal action. 

The optimal action is the one with the highest utility under the state 

of nature that is known to occur.    It is the action A'ij such that 

(44) ufA'") = MAX u(a^-C/Zj) 
k 

The expected utility of a strategy based on the perfect prediction will 

be 

(45) u(  (A'ij]  ) = ^ufA'ij) PtZ'.) 

= f[MAX u((a'k-C)/Zj)]  P(0k) 
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since  each t'orrcast will occur with probability PfZ':)  = P(0,.).      The 

utility value of (he perfect predictor is the difference between the 

expected utility of the perfect predictor and the expected utility of 

the prior optimal act A*^. 

(46) u( {Z'j} ) =u(   {A'ij] ) - u(A*i) 

where u(  f A'^j?  ) and u(A*i) are given by equations (45) and (31), 

respectively. 

The maximum price that should be paid for perfect information 

is given by the value of C in equation (45) that makes u( f Z'- 1 ) = 0. 

Having calculated the utility values of the imperfect predictor, 

u( ^ Zj 1 ),   and the perfect predictor,  u(   f Z'; j  ),  the percentage 

efficiency of the imperfect predictor can be evaluated as 

(47) 100u(£Zj3 )/U( [Z'jl  ). 

Since this is a ratio,  it is independent of the arbitrary scale used to 

measure the utility of the predictors.     This information concerning 

the efficiency of the current predictor in relation to a perfect predic- 

tor gives an indication of how much improvement may be nnade in the 

predictor.    As  such,  the providers of predictions may be interested 

in knowing this information.    Before illustrating the calculating 

procedures involved in Bayesian decision making,  it may be helpful 

to summarize the general Bayesian model in a block diagram. 
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The block diagram shows that the decision maker possesses 

both degrees of preference (utility) and degrees of belief (probabilities). 

The personal probabilities are combined with the forecast information 

by use of Bayes' theorem to provide a posterior probability distribu- 

tion.     Bernoulli's principle is used to derive the optimal strategy by 

combining the posterior probability distribution with the decision 

makers' utility function. 

Numerical Example 

To illustrate and clarify the decision making pfrocedure 

developed above,  a numerical example is presented. 

Consider the following decision problem.    During the spring of 

each year,   orchards are threatened by frost.    Each night during this 

period the orchardist must decide whether or not he should protect 

his orchard on that particular night.    In this simplified example the 

orchardist has two possible actions,   action one (Aj) where he does 

not protect,  and action two (A2) where he does protect.    Assume that 

there are only two states of nature which are relevant to the 

orchardist; Oj, where the temperature is above the critical level, 

and O^,  where the temperature is below the critical level.    Each 

action has two possible consequences,  a^,  which consequence occurs 

depends upon which state of nature occurs.     This can be expressed 

in a matrix commonly called the payoff table.     Each element in the 
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payoff table  represents the net profit of an action,   state of nature 

combination.     For this example the payoff table is the following. 

Payoff Table in Dollars 

J^l 02_ 
Al 

A2 

If the probability distribution for 0 is known,   the expected profit 

for each action can be determined.    Suppose the orchardist has the 

following subjective probability distribution:    P(0j) = . 65 and P(92) = 

.35.     The expected profit,   E(IT),  for A, is 

1480 866 

1300 1200 

(48) E(iti) = ($1480)(. 65) + ($866)(. 35) = $1265. 10 

and for A? expected profit is 

(49) EU2) = ($1300)(. 65) + ($1200)(. 35) = $1265. 

If the orchardist's objective is to maximize profit,   action one will be 

preferred,   although the choice would be difficult as both actions have 

nearly the same expected profit.    Maximizing expected profits doesn't 

take into account the variance of profit.     For a decision maker whose 

preferences don't violate the axioms of ordering,   continuity,  and 

Independence,   the expected utility theorem provides a way to account 

for the orchardist's risk philosophy.    This is accomplished by using 

the orchardist's utility function to convert monetary outcomes to 
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utility outcomes and then maximizing expected utility. 

Assume the orchardist is a risk averter which can be 

expressed empirically by the following utility function:   u = . IX - 

. 00003X    where X represents net return measured in dollars.     The 

dollar payoff table can now be converted to a utility payoff table by 

calculating the utility of each element in the dollar table. 

Utility Payoff Table 

A., 
82.3 64. 1 
79.3 76. 8 

The objective now becomes that of carrying out the action which has 

the highest expected utility associated with it.    Expected utility is 

calculated according to equation (ZO).    In this case for action one 

(50) E[u(A1)]   = ;?_   u(alk.) P(0   ) 
k=l k 

82. 3 (. 65) + 64. 1 (. 35) = 75. 93 

and for action two 

(51) E[u(A2)]   = Si   u(a2k.) P(Qk) 
k=l 

79. 3 (.65) + 76. 8 (. 35) = 78. 43 

The optimal prio»r act is K-^,   since it has the highest expected utility, 

If the orchardist had to make a decision based upon the information he 
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has,   he would choose to carry out action two. 

Consider now the situation where additional information is 

available to the decision maker.    Assume this information takes the 

form of a forecast as to which state of nature will occur.    There are 

two possible forecasts,   Z:,  (j = l,2).    Zj corresponds to a prediction 

that 0j will occur and Z2 corresponds to a prediction that O2 will 

occur.     Assuming the decision maker knows the conditional proba- 

bility of the forecast given the state of nature (P(Z:/9, )) Bayes' 

Formula can be used to revise his prior probability distribution to 

reflect the additional information.    What this does is change the 

decision maker's strength of belief about the likelihood of occurrence 

of the particular states of nature. 

Recall from equation (33) that the revised or posterior probability 

is calculated as 

P^/Z,) = P<Qk> <P<VQk> 
K     J P(Z) 

where P(Z) =^P(0k) PfZj/Oy 

Suppose for this orchardist,  P(Zj/0, ) is given by the following matrix. 
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Conditional Probability Table 

. 7 . 3 

.2 .8 

This indicates that the decision maker through some prior experience 

or knowledge of some type has determined that when 0,  is the true 

state of nature,  it has been forecasted 70 percent of the time.     The 

remaining   30  percent of the time 02 was forecasted to occur. 

Similarly when Q? is the true state of nature,   0i has been forecasted 

(Zj) 20 percent of the time and 02 has been forecasted (Z2) 80 percent 

of the time.    So P(Z1/01) = . 7,  P^^) = . 3,  P(Z1/02) = . 2 and 

P(Z2/0?) = . 8 for this decision maker. 

The posterior probabilities are calculated as 

(52) P(01/Z1) = 
P(0l) PfZi/Qi) 

P(Z1) 

(.65)(.7) 
525 

867 



(53) 

(54) 

(55) 

P/Q2/7l^
P(Q2)P(Zl/Qz) 

P(Zi) 

_ (.35)(.2) 
. 525 

= . 133 ■ 

P(01) P(Z2/0i) 

-65 (.3) 
. 475 

. 411 

P(Q,/Z^P(Q2>P(Z2/92> '2'^2 
P(Z2) 

52 

-.35 (.8) 
.475 

= . 589 

These values can be arrayed in a posterior probability table for ease 

of use in later computations. 

Posterior Probabi 

P(V
Z

J) 

Zl 

lity Table 

Z2 
el .867 . 411 

e2 . 133 . 589 
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The optimal Bayesian strategy can now be determined by calcu- 

lating the expected utility associated with each action given the fore- 

cast information and then selecting the action with the highest utility 

for that particular forecast.    According to equation (34), 

2 
(56) Eu(A1/'Z1)=£:    u(alk-C) P(0   /Z   ) 

k = l k 

'= 82.3(. 867) + 64. 1 (. 133) 

=    79.88 

2 
(57) E u(A2/Z1) =  SI  u(a2k-C)■P(Ok/Z1) 

k=l 

= 79.3(.867) + 76. 8(. 133) 

= 78. 97 

2 
(58) E M(AI/Z2) =   SI  u(alk*C) P(0k/Z2) 

k = l 

= 82.3(.411) + 64. 1(. 589) 

= 71.58 

2 
(59) Eu(A2/Z2) =   £1   u(a2k-cyP(Qk/fc2) 

k = l 

= 79. 3(. 411) + 76. 8(. 589) 

= 77.83 

The optimal action -when Z j is the forecast is AT and the 

optimal action when Z2 is the forecast is A2.     The optimal Bayes' 

strategy f^ff'y   is given as (AJJ.  Ai2). 
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The Value of Information 

Now that the prior optimal act and the optimal strategy have 

been determined,  it may be of interest to the decision maker to know 

the value of this information.    In equation (41) it was shown that the 

preposterior utility value of the set of possible forecasts is equal to 

the weighted average of the posterior utility values.     The weighting 

scheme being the probability of occurrence for each forecast.     This 

gives the utility value of the predictor,  but this is of little practical 

use since the decision maker cannot transfer his utility to someone 

else.     It is necessary to determine the monetary value of the fore- 

cast. 

The monetary value of the forecast is the maximum amount of 

money the decision maker could give up and remain as well off with 

the forecast as he would have been with just his prior information 

(     ).     In other   words,   the monetary value is determined by the 

dollar amount which when subtracted from each cell of the dollar 

payoff table and converted to utility yields the same expected utility 

as the optimal prior act.    This is exactly what equation (37) does. 

(37)     u(Z.) =[£-u(a*  *-C)P(Qk/Zj)]   - [5Eu(a*)    P(0k/Zj)] 

C* will be the monetary value of the information such that 

-fufa^-C*) P(ek/Zj) =.Sru(a£) P(Ok/Z.).    This means that u(Zj) will 

equal zero and the decision maker is as well off with just his prior 



55 

information as he is with the. additional information. 

One method for determining C* is by trial and error.     That is, 

different values for C are tried in equation (37) until    C* is found. 

This method can become very long if there are a large number of 

forecast possibilities.    A better approximation method is the following 

Let u, = u(Aj**-C), the expected utility of the optimal act given 

the forecast and ^ = u(A^*) the expected utility of the prior act where 

the weights are the posterior probabilities.     Consider 

(60) w(C) = Uj-u 

where w(C) is some function of C.     The objective is to find C* such 

that w(C*) = 0,  i. e. ,  Ui   = U2.    To do this,  an initial value of C,   Co, 

is chosen and a small incremental change   AC is set.    From this it is 

possible to approximate the slope of w(C) as 

*z\r-r     _ w(C0+ AC)-w(Co) 
(61) ££   C = C0  dC | o AC 

The next value of C is determined as 

w(po) 
(62) Cj = CQ -  dw 

dC |co 

This procedure is illustrated in Figure 3.4 
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W(C) 

Figure 3oU Calculation Procedure for finding the value 
of Information 

The process is continued until C^, i   = Cj^ to some degree of 

accuracy. 

The monetary value of the forecast Zj  can now be determined. 

The optimal prior act is A2.     The expected utility of h^ using the 

posterior probabilities is 78. 97 as calculated in equation (57).     This 

is the value of u   .    Initializing C at O,   the value of ui   (u(A£* -o)) is 

79.88 as calculated in equation (56).     Now 

(63) W(C0)=u1-u2 

= 79.88-78.97 

= -91 



and 
dw 
dC 

C = C, w(Co + AC) - w(Co) 
AC 

57 

wh e r e AC = . 01 

and 

w(co) = . 91 

** 
w(^o + AC) = u(Ai '   -.01) - uiAi*). 

u(Ai*-. 01) = u{Al-. 01) 

2 

k=l 
u(ak-. 01) P(0k/Zj) 

= u(1480-. 01)(. 867) + u(866-. 01)(. 133) 

= 79. 869 

so 

and 

ufAi**) = 78.97 

w(C0 + AC) = 79. 869- •78. 97 

= .899 

dw 
d C   C0 

.899-. 
. 01 

91 

-1.1 

The new value of C is 

w(Qo) 
<64)  Cj = c0 - d^-r 

dC     C, 

= 0 + .91 
1. 1 

Cj =J. 827. 
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The next value of C is calculated as 

w(Cl) 

So 

dC     C 1 

where w(C1) = uiAj^  - . 827) - 78. 97 

= Si u(ak-- 827) PfOk/Zi) - 78. 97 
k=l 

= u(1480-. 827)(. 867) + u(866-. 827)(. 133)-78. 97 

= 79. 856-78. 97 

= .8858 

and w(C1 + AC) = u(A1 - . 837) - 78. 97 

= ^    u(ak-. 837) PfOk/Zj) - 78. 97 
k=l 

= u(1480-. 837)(. 867) + u(866-. 837)(. 133)-78. 97 

= 79. 855-78. 97 

= .8857 

thus dw i _ w(Cl + AC) - w(Cl) 
dCj  C! AC 

_ .8857-. 8858 
. 01 

= -. 01. 

.8858 
(66)     C2 = . 827 - —Qj- 

= $89. 407. 

This process is continued until the value of C is found such that 

^k+l  ~ ^k*    ■^or ^*s exarnple»   C^ is found to be $51. 002 and C7 is 
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calculated as 

w(C6) 

<67>     C7 = c6 -   d^T" 
dc|   C6 

where w(C6) = ufAj  -  51. 002) -78. 97 

2 
=   £1     u(ak-51. 002) P(0k/Z1) -78. 97 

k=l 

= u(1480-51. 002)(. 867) + u(866-51. 002)(. 867)-78. 97 

= 78. 970008-78. 97 

= .000008 

and      w(C6 + AC) = u(A1  -  51. 012) - 78. 97 

2 
= ^_   u(ak-51.012) P(0k/Z1) - 78. 97 

k=l 

= u(1480-51. 012)(. 867) + u(866-51. 012)(. 133)-78. 97 

= 78. 969817-78. 97 

= -.000183. 

So        dw _ -. 000183  - ■ 000008 
dC . 01 

= -.0191 

Therefore 

.000008 
(68)     C7 = 51.002+ 0191 

= $51.003 

This is within .001 of C^ and is the monetary value of the forecast 

Zi after it has been given. 
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The value of forecast Z-> is calculated in a  similar way.     C is 

again initialized at zero and  AC,   the incremental  change,   is set 

equal to .01.     The prior optimal act is still A.,,   but the expected 

posterior utility of this action is now 77. 83 (EufA?/Z2) as calculated 

in equation (59).     This is the value of u? in this particular application 

of equation (60).     This is compared to the utility of the posterior 

optimal act given the forecast Zo.     The posterior optimal act is 

action two with an expected utility value of 77. 83.     Equation (60) in 

this  case becomes 

(60)     w(C0) = UJ-U2 

= 77. 83-77. 83 

= 0. 

The forecast Z2 has no value to the decision maker in this situation. 

Intuitively this seems realistic since the optimal action didn't change 

after the forecast ZT was given. 

The above procedure determined the posterior monetary values 

of the particular forecasts.     As was shown previously in equation (40) 

the monetary value of the set of possible forecasts can be determined 

in a preposterior analysis by weighting the posterior values by their 

probability of occurrence.     The preposterior value of the set of 

possible forecasts 3^ Z- \      is calculated as 
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(69) ${,Zj]    = CjPtZ!) + C2P(Z2) 

= $51. 00(. 5Z5)+0(. 475) 

= $26. 78 

This means that this decision maker can pay up to $26. 78 for the 

forecast before it is given and be better off than he would have been 

with just his prior information. 

The monetary value of a perfect predictor has been calculated 

according to equation (46). The above procedure was used to deter- 

mine the value of this perfect predictor as $96. 92. 

The percentage efficiency of the predictor is calculated as 

100u((ZJ3  )/u( [Z1]  ). 

For this predictor 

(70) u( {Z.} ) =u(Z1)P(Z1) +u(Z2)P(Z2) 

= . 91(. 525) 

= .47775 

and u( £Zj ]) = ufZ^PfZi) + u(Z^)P(Z2) 

= 1.937 

The predictor's efficiency is 40. 54%. 

This example has illustrated the basic procedures for calculating 

the optimal Bayesian strategy for the case where no additional infor- 

mation was available as well as the case where additional information was avail 

able.     The monetary value of the additional information was deter- 

mined for both perfect and imperfect forecasts.     Finally the efficiency 
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of (he imperfect forecast   relative to the perfect one was calculated. 

Summary 

In this chapter,   the Bayesian decision making model was 

developed.    Bernoulli's Principle of maximizing expected utility was 

discussed.     The axioms of ordering,   continuity and Independence were 

presented. 

The two parts of the Bayesian model (probability and utility) 

were expanded upon separately and then combined into the general 

Bayesian model.    A method for calculating the value of additional 

information was shown.     This was followed by a numerical example 

presented in an effort to illustrate and clarify the calculating pro- 

cedures for the Bayesian decision model. 

Chapter IV will show how the Bayesian model has been adopted 

for use in this study as well as present the results of the model's 

application to frost protection decisions on pears in the Jackson 

County area of Oregon. 
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IV.    EMPIRICAL ANALYSIS OF FROST PROTECTION 
DECISION MAKING 

Introduction 

Chapter I outlined the frost protection decisions facing orchard- 

ists in Jackson County.     Chapters II and III provide the theoretical 

framework for analyzing decision making in situations where uncer-  . 

tainty about future events exists.     In this chapter,   the decision process 

will be described in greater detail.     The data needed to apply the 

model developed in Chapter III will be specified and the collection of 

this data will be discussed.     Finally,   the Bayesian decision making 

model as it has been applied to frost protection decision making will 

be presented and the results of the model discussed. 

Frost Protection Decision Process 

From mid-March to mid-May nighttime temperatures in Jackson 

County,   Oregon,   are likely to fall low enough to cause frost damage 

in pear orchards.    The specific temperature below which frost damage 

will occur depends upon several factors,  including the development 

stage of the blossom from which fruit emerges.     The blossoms 

progress through eight stages: 

1. Scales separating 

2. Blossom buds exposed 

3. Tight cluster 
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4. First white 

5. Full white 

6. First bloom 

7. Full bloom 

8. Post bloom 

Associated with each of these stages is a different critical 

temperature below which frost damage may occur (3 5).     The blossom 

stages and associated critical temperatures are summarized in 

Table 4. 1. 

Table 4. 1.     Critical temperatures for pear buds,   Prosser, 
Washington. 

Bud Development Stage        1 

Average temperature 
for  10% kill 15        20        24        25        26        27        28        28 

Average temperature 
for 90% kill 0 6        15        19        22        23        24        24 

Source:    Washington State  University,   Pears  -  Critical Temperatures 
for Blossom Buds,   WSU Research and Extension Center. 

Thus in making a frost protection decision  the orchardist is 

concerned about what stage of blossom development his trees are in 

and what the critical temperature is for that stage.     The lower the 

temperature drops below the critical level,  the more severe the frost 

damage. 
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Dewpoint also influences the specific value of the critical 

temperature.    Dewpoint is the temperature level below which moisture 

held in suspension in the air condenses in the form of dew or frost. 

When the dewpoint is above 32°,   the moisture condenses to form dew 

and provides some protection against frost.    Because there is no 

unanimity among orchardists as to the role the dewpoint plays in 

determining the specific value of the critical temperature,  it was not 

included in the model. 

Each afternoon during the frost season,   a temperature forecast 

is given by a meteorologist employed by the U. S.   Weather Service 

who lives in Jackson County for a two month period during the frost 

season.     The forecast is first issued around four p.m.   over local 

radio and television stations.     Temperature and dewpoint prognosti- 

cations are given along with a subjective prediction whether or not 

heater firing will be needed that night.    A revised forecast is given 

later in the evening.    A telephone service is provided also whereby 

the orchardists may call a listed number to receive the latest weather 

forecast directly from the meteorologist.     With the daily weather 

prognostication,   the orchardists are faced with the decision of whether 

or not to protect their orchards each night during the frost season. 

Daily decisions are based tipon the forecast that has been given and 

the orchardists' own feelings as to the accuracy of the forecast.     If 

an orchardist has decided that protection will be needed,  he must then 
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decide how much protection will be needed and when protection should 

be started.    How much protection is needed is determined for the 

most part by how much the forecasted temperature is below the 

critical temperature and the type of mechanical protection used by the 

orchardist.    In Jackson County,   the major protection scheme involves 

orchard heaters.    Heaters will raise the orchard temperature four to 
k 

five degrees when approximately 35  are used per acre.     Thus if the 

temperature is forecasted to be two degrees below the critical tempera- 

ture,   the orchardist may decide to light only half his heaters. 

The decision of when to start protection is more complex.     This 

decision is influenced by how fast the temperature is dropping,   dew- 

point level and possible cloud cover which retards the rate of 

temperature decline.    In Jackson County,  most of the orchardists 

employ high school boys to light their heaters.    It takes considerable 

time to light the heaters,   so lighting must commence in advance of 

the expected time of the critical temperature. 

To empirically specify this decision process in the Bayesian 

decision making model,   three types of data are needed: 

1. probability distributions for critical temperatures 

2. utility functions 

3. monetary payoff tables 
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Specification of the Probability Distributions 

Temperatures have been recorded at selected unheated orchards 

during the frost season since 1957.     These survey station orchards 

are widely distributed through Jackson County,   and have changed 

somewhat from year to year as heating was added or ownership 

changed (10).     Forecast data for the "average orchard" have also been 

recorded since 1957.     The average orchard was selected for its ability 

to exhibit temperatures -which are similar to the temperatures in the 

majority of the orchards in the county.     The average orchard is 

currently the Beddoe Orchard on Camp Baker Road about 1/2 mile 

south of Phoenix.    Based on historical and current orchard temperature 

data from "average orchard" site the owner or manager of an orchard 

is expected to extrapolate the forecasted temperature from the 

"average orchard" to the expected temperature in their orchards. 

Both the forecasted and actual temperatures for the "average 

orchard" have been used in this study to determine the prior probability 

distribution,   P(0ic)»  and the conditional probability distribution 

P(Zj/0   ) from the 16 years of data available.    Temperatures from the 

"average orchard" appear to be representative of temperatures 

experienced by the majority of the orchards in Jackson County.     The 

conditional probabilities are given in Table 4. 2.     There were 925 

days covered by the records of which 420 have recorded temperatures. 
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On the  rema'mmg days,   both the forecasted and actual temperatures 

were over 35°.    Each cell in Table 4, 2 was determined by dividing 

the number of times a given forecast (Z-) occurred by the number of 

times  a specific state of nature (Ok) occurred during the  16 years of 

frost season data. 

The ability of the forecaster to predict a temperature condition 

is independent of the absolute value of the temperature,   thus the 

P(Z;/0jc) values of Table 4.2   are not dependent on the week or month 

of the frost season when the prediction is made.     Consequently,   all 

temperature observations made during each frost season since  1957 

are included in deriving the conditional probability values in Table 4. 2. 

irrespective of when they occurred during a particular season, 

In Table 4. 2 the actual temperatures are the independent vari- 

ables and the forecasted temperatures are the dependent variables. 

Thus the table should be read from top to bottom within a particular 

column.     The blanks within the table indicate that this particular fore- 

cast temperature-actual tenaperature combination never occurred. 

For example the (Z?'   ^T) 
ce^ is klank.     This means that the actual 

temperature of 35° was never forecasted correctly.     A different 

situation   is  represented by the (Z-j,   O2) cell.    In this case the actual 

temperature of 35° was never forecasted incorrectly as 34°. 



Table 4. 2.   Conditional probability table of forecast temperatures and actual temperatures, Jackson County,  1957 to 1972. 

*S *7 

Actual Temperature 

8 10 11 12 13 14 15 16 

ND 35' 34° 33° 32' 31° 30* 29 28° 27° 26° 25° 24- 23° 22 21° 

2 6 
2 z 
S ^7 
«■ z 
at 
*- z„ 

10 

12 

13 

14 

15 

16 

ND 

35° 

34° 

33° 

32° 

31* 

30° 

29° 

28° 

27° 

26° 

25° 

24° 

23° 

22° 

21° 

.9778 

.00185 

.00370 

.00555 

.00370 

.00185 

.00185 

.00185 

.625 

. 1875 

. 125 

.0625 

.5455 

.0303 

.0606 

.2121 

.0606 

.0606 

.0303 

.01786 

.30357 

. 01786 

.01786 

.01786 

.21429 

. 19643 

. 10714 

.01786 

.05357 

.03571 

.25926 

.01852 

.01852 

.22222 

.18519 

. 18519 

.05555 

.03705 

.01852 

.11765 

.02941 

. 02941 

.05882 

.17647 

.17647 

.05882 

.20588 

.08824 

. 08824 

. .05455 

.01818 

. 05455 

.20 

.25459 

.16369 

.18182 

.05455 

.01818 

.02273 

. 13636 

.02273 

.250 

.34091 

.09091 

.11364 

.02273 

. 15385 

.02564 

.17999 

.15385 

.25641 

.15385 

.05128 

.02564 

.04167 

.04167 

.08333 

.33333 

.29167 

. 125 

.04107 

.04167 

.11765 

.23539 

.17647 

.35294 

. 11765 

.44444 

.22222       .33333 

.3333 .66667 

1.0 1.0 

ND represents "No Danger" and all temperatures above 35° are in this category. 

Source:   Annual Report of Fruit Frost Activities, Medford District, Jackson County, Oregon.   National Weather Service, U.S. Department of Commerce, Spring 1957 to 
Spring 1972. 
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The probability of an actual nighttime temperature occurring 

P(0, ) is  contained in Table 4.3.     Lower temperatures are more 

probable in March than in May of any given year,   thus these proba- 

bilities do depend on the period they were recorded.     To take the sea- 

sonal effect into account it was necessary to divide the frost season 

into four two-week intervals. 

The frost season in Jackson County starts when the earliest 

pear variety exhibits bud swelling,   one of the stages of bud develop- 

ment.     Based on the nine years of available data,   the average date for 

this appears to be March 14.     The season ends in May after no 

freezing temperatures are recorded.     The average ending date is 

May 13. 

The probability distributions in Tables 4. 2 and 4. 3 are taken 

to represent the degrees of belief for orchardists in Jackson County. 

The posterior probability distribution is derived from Tables 4. 2 and 

4. 3,  there being a posterior distribution for each time interval.     The 

posterior distribution is taken to be the orchardists' revised estimate 

(based upon the forecast) of the temperature probabilities.     For actual 

use in the Bayesian decision making model the distributions in Table 

4. % and 4.3 were smoothed to include missing data points. 
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Table 4. 3.    Historical prior probability of nighttime low temperature readings 
in Jackson County from March through May. 

Recorded March April May May 

Temperature 14-31 1-15 16-30 1-13 

ND .46108 .5375 . .49167 .75899 

35° 0 . 00833 .02083 .03227 

34° .02395 . 04583 .03333 .02878 

33° .041916 . 04583 .08333 .06475 

32° .08982 .06667 .06667 .02878 

31° .04192 .03333 . 04583 .02518 

30° .04192 .07500 .09167 .02878 

29° .07186 .06667 .06667 .02518 

28° .07186 ,05833 . 04167 .00719 

27° .05389 .05000 .01667 

26° .04192 .00417 .03333 

25° .03593 .00833 .00417 

24° .01198 .00417 

23° .00599 

22° 

21° . 00599 

Source: Annual Report of Fruit Frost Activities, Medford District, Jackson 
County, Oregon. National Weather Service, U. S. Department of 
Commerce,  Spring 1952 to Spring 1972. 
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Derivation of the Utility Functions 

The second type of data needed for the Bayesian model are 

individual orchardists' utility or risk preference functions.     With the 

cooperation of the Jackson County Extension Agents,   it was determined 

that there are approximately 11, 500 acres of pear orchards and about 

100 pear orchardists in Jackson County. 

Since this is a study of frost protection decisions,   only that 

acrea.ge which is protected is of concern. Approximately 90% or 

10,350 acres are protected by some means.     The protected acreage 

was further subdivided into the portion protected by orchard heaters 

and the portion protected by some other device.     This resulted in a 

final acreage figure of 9800 acres heated by orchard heaters and con- 

trolled by 36 commercial orchardists   ,  leaving 550 acres protected 

by some other method 

An attempt was made to interview all 36 of the commercial 

orchardists to obtain information from them concerning their orchard 

operation and to specify the utility function for each. 

A professional interview firm was hired to obtain physical and 

economic data for each orchard and utility function specification for 

each orchardist.    Due to the timing of the interviewing process which 

4 
A commercial orchardist is defined to be an orchardist who derives 
his primary source of income from his orchard operation.     County 
agents estimated that 25 acres of orchards would be needed to fit 
this classification. 
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occurred in March and April,   1973,   some orchardists were too busy 

to be interviewed.    Data were obtained from 26 of the 36 commercial 

orchardists.     Of the 26 orchardists interviewed,   consistent    utility 

functions were obtained from only eight. 

Complexity of the Ramsey method of specifying utility functions 

created problems for the professional interviewers.     They were unable 

to obtain any consistent utility functions.    Because of this it became 

necessary to conduct the interview in two stages.     The professional 

interviewers collected data regarding acreage,  yield,   prices received,, 

etc. ,   in the first stage and the author obtained the utility functions in 

the second stage.     The two stage method of interviewing,   though more 

time consuming,   proved more successful.     The author's familiarity 

with the Ramsey method resulted in consistent utility functions being 

obtained for the orchardists interviewed in this manner.     The eight 

orchardists for whom consistent utility functions have been obtained 

control 5060 acres,   over half of the total heated acreage in Jackson 

County. 

In deriving the utility functions,   the Ramsey method described 

in Chapter III was used to determine five points on the utility curve. 

Two additional points were determined to check the consistency of 

the orchardist. 

5 
A consistent utility function is one for which du/dx > 0,  where u is 
utility and x represents dollars. 
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In using this procedure an attempt was made to put the procedure 

for deriving the utility functions from the games in a "real life" setting. 

He was told to think of what he would do in his own orchard if faced 

with a set of specified alternatives.    By doing this,   consistent 

answers were obtained from seven out of the eight orchardists with the 

first five points.     For the eighth orchardist,  it was necessary to use 

the check points in specifying his utility function,   as he didn't grasp 

the intent of the Ramsey method as quickly as the others. 

To put the values used in the games into a context which was 

realistic for the orchardists,  the net return per season for the entire 

orchard operation was established for each orchardist and this figure 

was used as the starting point for the games.     Net return is 

defined here as total revenue minus variable or out-of-pocket costs 

for the entire orchard.     Thus for each orchardist,   the first game was 

set up in the following manner. 

Game 1 

Action 1 Action 2 
Weather condition 1     a c  
Weather condition 2 b d 

where a = 0 
b = net return 
d = 3/4 b 

and c is varied. 

The rest of the games follow from this one in the manner described 

in Chapter III. 
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After deriving the  seven points,   the utility function was then 

plotted and least squares analysis used to specify an algebraic form 

which fit the points.    Figure 4. 1 illustrates the plotted utility curves 

for the eight orchardists.     Table 4. 4 summarizes the algebraic form 

of each utility function. 

Each orchardist exhibits risk adversity to some degree in the 

relevant income ranges.    In Chapter III it was  shown that risk adver- 

sity depended upon the sign of b in quadratic utility functions of the 

form u(x) = x + bx^.    For higher order polynomials,   risk adversity 

may change as the level of expected income changes.    From Table 4.4, 

orchardists 3,   5,   and 7 all have b       0 indicating risk adversity.     For 

the remaining orchardists risk adversity depends upon the level of 

expected income.    This is illustrated by orchardist number six in 

Figure  1.     From $75,000 to about $500,000,  he exhibits risk adversity. 

This is in contrast to the range from $500, 000 to $550, 000 where he 

exhibits risk preference. 

Determination of the Payoff Table 

The third basic input for the Bayesian decision making model is 

the payoff table.     This table represents the net dollar gains or losses 

for all possible combinations of the stages of nature and the actions. 

In other words,   a dollar gain or loss must be determined for each 

action-state of nature (a^,   Oj^) combination. 
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Table 4. 4.    Algebraic  form of utility functions. 

Orchardist 
a/ 

Utility Functions — R2 

1 U  = .801637X .000000010496X2        + . 000000000000075708X3 .999 

(3.90) (-1.19) (1.68) 

2 U   = .0024214X      - .000000014723X2       + .00000O00O0OOO35388X3 .996 

(6.25) (-2.88) (2.20) 

3 U   = .00012458X    - 

(2.31) 

. 000000000020S79X2 

(-1.12) 

.927 

4 U   - .0011537X      - .0000000O29894X2     + . 0000000000000026484X3 .996 

(7.34) (-3.81) (3.00) 

5 U   = .0019532X      - 

(2.18) 

.   .00000000004734X2 

(-1.17) 

.887 

6 U   = .0010288X      - ■   .0000000036848X2     + .00000000000044852X3 .999 

(11.78) (-7.38) (6.95) 

7 u  = .00067724X    - 

(1.24) 

•   . 00000000043948X2 

(-.969) 

.889 

8 u = .0020519X      - ■   .0000000i472X2          + . 000000000000047009X3 .993 

(3.54) (-1.51) (1.29) 

The numbers in parentheses are the t-values for the coefficients. 
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It was determined,   after discussions with several orchardists 

and the  county agents in Jackson County,   that there are three relevant 

actions for orchardists in Jackson County.   They were specified as 

aj   = light no heaters 

a^ = light one half of the total heaters available 

a,  - light all the heaters available. 

The states of nature are the possible temperatures that may occur. 

From the weather service records it was determined that there have 

been 16 recorded temperatures during the frost season,   thus there are 

16 states of nature.    These correspond to the temperature from 21° 

to 35    with all temperatures above 35° being combined into one state 

of nature. 

The payoff table is now a 3 by 16 array,   each element of which 

must have a dollar value associated with it.    Initially it was believed 

that the payoff table should be expressed in terms of losses.    This 

was based on the notion that before the frost season orchardists had 

the potential for a full crop and then during the frost season,   some of 

this potential could be lost.    However,   several orchardists indicated 

in personal discussions that they do not think in terms of losses but 

rather in terms of gains,  implying that there is no production potential 

at the beginning of the frost season but that it develops during this 

period and whatever portion is saved by frost protection is viewed as 

a gain because the frost season corresponds with the bud development, 
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flowering,   and small fruit stages of growth for the trees.     Thus the 

production potential is actually being determined at this time.     Frost 

protection methods appear then to be viewed by orchardists as an 

attempt to generate a high production potential at the end of the frost 

season in accord with costs required to do so.     So each element of the 

payoff table for this study represents the net dollar gain for that 

particular action-state of nature  combination (a{,   0^). 

Each (a^,   9^) is determined according to equation (71). 

(71)     (a-^.Q^) = (gross returns - moneyloss    -pots (I) + 

harvcost) x acres 

where Gross returns  = gross returns per acre 

monyloss  = the expected value of crop loss 

Pots (I) = the cost of protection 

Harvcost = the expected harvest savings 

Acres - the total acreage controlled by the orchardist 

Gross returns per acre are determined as the expected price 

times the expected yield.     This is complicated somewhat by the fact 

that two main types of pears are usually grown on each acre.     Bartlett 

and winter pears are the two main types,   the winter pears consist 

mainly of the Bosc,  Anjou and Cornice varieties.     To account for this 

complication,   the distribution of Bartlett and winter pears was deter- 

mined.     From Jackson County statistics it was found that a 
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representative acre of pears consisted of 60, 5% Bartlett and 39- 5% 

winter pears (24).     The expected prices and yields for each pear type 

were determined from each grower in the interviewing process.     So 

in equation (71) gross returns are determined as 

(72)     Gross returns  = Bartlett price x Bartlett yield x . 605 + 

winter price x winter yield x . 395. 

Monyloss in equation  (71) refers to the value of the possible crop loss 

on a particular night.     The amount of crop lost on a given night is a 

function of the bud loss and the bud loss in turn is a function of the 

stage of development and the temperature. 

The critical temperatures for pear buds were derived from 

research done at Washington State University (3 5).    Eight stages of 

development were identified in that report.     The data is reproduced 

in Table   4. 1. 

The critical temperature increases as the buds progress to 

stage  8.     For example a temperature of zero degrees will result in a 

90% kill in stage  1 while the  same percentage kill will occur at a 

temperature of 24 degrees in stage 8,   indicating increased sensitivity 

of trees to frost damage as tree advances through bud,  blossom and 

fruit formation stages. 

To provide the entire range of percentage kills from 0 to 100 

percent,   a linear interpolation between the 10 percent and 90 percent 
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critical temperatures was made.     The   two points were plotted and a 

straight line was drawn between them and approximations derived 

from this relationship.     The resulting relationships are illustrated in 

Figure 4. 2 and the approximations derived are in Table 4. 5 (35). 

Only stages three through eight have been used in this  study as no 

temperature below 21 degrees has been recorded in Jackson County. 

At 21 degrees,   no frost damage will occur when the fruit is in 

stages one and two. 

The relationship between bud loss and crop loss is critical 

in the determination of dollar losses from frost damage in pear 

orchards.    Personal discussion with orchardists indicates that a full 

crop can be obtained with as much as a 50% bud loss,    A linear crop 

loss-bud loss relationship was assumed for bud losses greater than 

50% and illustrated in Figure 4. 3. 

The dollar value of the crop loss is determined as the percen- 

tage crop lost times the expected gross return per acre.     This is 

represented as money lost in equation  (71). 

The cost of heating varies between orchardists as well as 

between the types of heating method used.     The survey data indicates 

that full protection costs vary from $22 per acre per night to $75 per 

acre per night,   based on five hours average use per night.     Action 

one (no protection) has a zero protection cost associated with it. 

Based on interviews with orchardists,   it has been established that 
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12 3       U      567&8 

Percent 
Kill 

Figure U.2 Relationship Between Temperature and Bud Kill for 
the Eight Stages of Bud Development 

Sources    Washington State Hniversity,  Pears-CriticalTemperature for 
Blossum Buds, WSU Research and Extension Center 
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Table 4.5.    Estimated percentage of buds killed at varying temperature levels for each of 8 stages 
of bud development. 

Temperature , Stages of Developm ent 

(0F) 1 2 3 4 5 6 7 8 

11 30 62 100 100 100 100 100 100 

12 27 57 100 100 100 100 100 100 

.  13 20 50 100 100 100 100 100 100 

14 15 45 100 100 100 100 100 100 

15 10 40 90 100 100 100 100 100 

16 5 34 80 100 100 100 100 100 

17 NK 27 70 100 100 100 100 100 

18 NK 22 60 100 100 100 100 100 

19 NK 17 52 90 100 100 100 100 

20 NK 10 45 75 100 100 100 100 

21 NK NK 35 65 100 100 100 100 

22 NK NK 25 52 90 100 100 100 

23 NK NK 15 40 75 90 100 100 

24 NK NK 10 25 so 75 90 90 

25 NK NK NK 10 30 55 70 70 

26 NK NK NK NK 10 30 50 50 

27 NK NK NK NK NK 10 30 30 

28 NK NK NK NK NK NK 10 10 

29 & over NK NK NK NK NK NK NK NK 

* 
NK means No Kill of buds. 

Source:   Washington State University,  Pears - Cddcal Temperatures for Blossum Buds. 
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action three,   full protection,   will increase orchard temperatures 

five degrees while action two,   half protection,   will raise temperatures 

three degrees.     These two points have been incorporated in determin- 

ing bud loss in the Bayesian model.     The cost of protection associated 

with each action is represented by Pots (I) in the payoff table. 

If an orchardist loses some or all of his crop during the frost 

season,   he does not incur some of the variable production costs which 

occur later in the growing season.     It was hypothesized that spraying 

and harvesting expenses fit into this category.     Survey  results indicate 

that spraying expenses must be incurred even though the current year's 

crop has been frozen out.  The trees still need to be protected from 

insects and disease to assure production potential in subsequent years. 

However,   harvesting expenses were found to be dependent on 

the size of the crop.    Most of the pears in Jackson County are picked 

by migrant labor forces.     These migrant laborers are paid so much 

per box    for picking pears.    In heavy frost damage years,   the price 

paid per box may increase,   as laborers seek to cover their opportunity 

cost of working elsewhere,   but the harvesting costs per acre may 

decline as there are fewer boxes per acre to be picked,    Based on the 

survey results,   it was determined that for an 84% crop loss,   har- 

vesting expenses would not be reduced,  but for crop losses greater 

6 
A box is considered to be about 45 pounds of pears. 
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than 84%,   harvesting expenses would be less than 100%.    If the crop 

loss was  100%,   there would be no variable harvesting expenses 

incurred.     These two points were used to develop a linear relationship 

between crop loss and harvest cost reductions.     This relationship is 

illustrated in Figure 4. 4. 

100 

80 

Percent Reduction 
in Harvest Cost 

60 

ho 

?0 

Harvcost=«5«25> 
■+6.?5 Crop' Loss 

0      20      h0      60      80    100 

Percent Crop Loss 

Figure 4.4.    Relationship between crop loss and harvest cost 
reduction. 

The value of the harvest cost reduction is determined as a 

percentage of total estimated harvest expenses.     These expenses were 

determined for each orchardist.     The value of the reduction is repre- 

sented byharvcost in equation (71).   The input data for determining 

the payoff table is summarized for each orchardist in Table 4. 6. 
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Table 4. 6.    Summary of payoff table input data. 

Orchardist 
Bartlett 
Price 
($/T) 

Bartlett 
Yield 
(T/A) 

Winter 
Price 
($/T) 

Winter 
Yield 
(T/A) 

Heating 
Cost £/ 

($/night) 

Harvest 
Costs 
($/A) 

1 66.00 11. 35 102. 67 7.76 49.00 93.00 

2 112.20 11.35 135.96 9.08 27.50 180.00 

3 112.20 10.5 164.01 10.82 70.00 181.68 

4 176.00 6.8 242. 00 9.08 75.00 181.68 

5 193. 16 7. 14 .    207.39 7.01 22.00 122. 00 

6 132.00 3.4 157.67 3.27 51. 15 100. 00 

7 112.20 10.95 135.96 11.52 45.54 181.68 

8 132.00 11.36 161.33 10.34 55.00 191.90 

Average 112.20 10.5 135.96 10.82 47.81 181.68 

a 
Costs are based on an average of five hours usage per night. 
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The R.iyesinn 'Decision Making Model for 
Frost Protection Decisions 

The input data necessary for applying the Bayesian decision 

making model to frost protection decisions on pears in Jackson County 

has been specified.    It is now possible to describe how the model has 

been applied to frost protection decisions.     This can best be shown in 

.1 flo'.v diagram.     Figure 4. 5 illustrates how the Bayesian decision 

process has been applied to frost protection decisions.     The squares 

represent components of the model and the  circles  represent the 

calculations that the model makes. 

This diagram actually has three components:    the first is the 

nightly decision making process,   the  second is the actual nightly 

weather conditions that occur,   and the third is an accounting process 

which determines the value of the weather forecast for that night. 

Looking first at the protection decisions,   the payoff table is 

developed from the possible actions,   harvest savings and the value of 

the possible crop losses.     The value of the crop loss in turn is deter- 

mined by the expected price and yield as well as the bud loss.     The 

utility function is used to convert the dollar payoff table to the utility 

payoff table.     This table is then   multiplied by the posterior probabili- 

ties to obtain the utility of the actions given the forecast.    From this 

posterior utility table,   the optimal action for each forecast is obtained, 

this   action being the one with the highest utility for that forecast. 
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This  set of actions is referred  to as the Bayes strategy.     After the 

forecast has been given,   the actual action to be taken that night is 

selected from the Bayes strategy.     This completes the modeling of the 

nightly decision process. 

The weather forecast is represented in the model by the proba- 

bility distributions,  P(Z;).     The actual forecast in the model is ob- 

tained from the P(Zj) distribution.     This distribution is determined 

from the P(9k) anc^ PfZj/O^) distributions which are based on the 

recorded weather information. 

The actual temperature which occurs on a particular night is 

determined from the posterior probability distribution PfOj^/Zj). 

This temperature is then combined with the action which has been 

taken to determine the magnitude of the bud loss,  if any,   on that night. 

This information is then used in formulating the next night's payoff 

table. 

To determine what the optimal action would be if no forecast 

were available,   the utility of gains table is multiplied by the prior 

distribution,   PJOjJ.    This obtains the expected utility of each action, 

the action with the highest expected utility is the optimal prior action. 

The posterior utility value of this action is then determined and com- 

pared with each element of the Bayesian strategy to determine the 

dollar value of each possible forecast according to the method devel- 

oped in Chapter III and summarized there in equation (36). 



90 

Each day during the frost season,   a new payoff table is calcu- 

lated.     The price and yield data are unchanged,   but the magnitude of 

the bud loss possible changes throughout the season as losses are 

incurred. 

Recall that the frost season has been divided into four two-week 

intervals in determining the prior probability distributions.     This 

results in four different posterior probability distributions.     The set 

of distributions to be used each day is determined by which phase of 

the frost season the orchardist is in.    Because of the vast number of 

calculations necessary,   the entire model has been computerized. 

To clarify the calculations that are made,   an example showing 

how the current day's payoff table is dependent on the previous night's 

action and temperature is given below. 

Example of Calculations in Bayesian Model 

The second orchardist's input data will be used in the example. 

The  second orchardist's payoff table input data and utility function are 

the following: 

u = . 0024214X = . 000000014723X2 + . 000000000000035388X3 

Input Data:  
Orchardist   Bartlett   Bartlett   Winter   Winter   Heating   Harvest 

■ Price       Yield Price       Yield     Costs       Costs 
2 112.20      11.35       135.96      9.08     27.50        180.00 
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The first thing calculated in the computer program is the length 

in days of each bud development stage.     These are needed for deter- 

mining which bud-kill function will be used when calculating the daily 

payoff table.     The  four posterior probability distributions are calcu- 

lated next. 

Which of the four distributions is used is determined by the 

phase of the frost season.     Calculations for each distribution are 

made only once during the frost season and are stored for use in the 

daily calculations. 

Each day of the frost season,   the payoff table is calculated,   the 

percentage of the buds left  on the trees is calculated,   and the forecast 

for that night is determined.     With this information the optimal 

strategy is selected.     The value of the forecast for that day is calcu- 

lated and the actual temperature that occurred is determined.      Con- 

sider the following day in the middle of the frost season as a typical 

example of the calculation procedure. 

The length of the bud development stages have been calculated 

and the posterior distributions have been determined.     On some pre- 

vious night,   25% of the buds have been killed.     Each element of the 

payoff table is calculated according to equation (71). 

(71)     (a^, 0]^) = (gross returns - money lost - pots (I) + harvcost) 

x acres 
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To illustrate the procedure,   the payoff associated with each of the 

following combinations will be  calculated, 

i) (CL\,   Q\),   where a,  is action one (no protection) and Q-,  is tempera- 

ture condition one (greater than 35°). 

Gross  returns  = Bartlett price x Bartlett yield x . 605 -I- winter price 

x winter yield x . 395 

= 112. 20 x 11. 35 x .605 + 13 5. 96 x 9. 08 x .395 

= $1, 258. 08 per acre. 

Money lost on this  combination would equal zero as the tempera- 

ture is above the critical level of 2 6°.     There is no protection cost 

involved and no harvest cost savings.    So the dollar payoff for 

(ai,   9i) is 

(a-i,   Qi) = 1258. 08 x 135 

= $169, 840. 80. 

ii) (a^,   OIA) where a2 is action two (half protection) and 0w  is 

temperature condition 16 (21   ). 

Gross returns remain at $1258. 08 per acre; however,   at this 

temperature level and using only half protection,   bud kill will result, 

so crop loss is possible.     Half protection will raise the temperature 

three degrees,   so the actual temperature will be 24 degrees.    In stage 

five,   the current bud development stage,   a temperature of 24 degrees 

will result in a 50% bud kill (from  Table 4. 5).     There are only 7 5% 

of the buds left to begin with and 50% of these will be killed so the 



buds  remaining would be 37. 5%.     The total bud loss if this action, 

state of nature were to occur,   would be 62. 5%.     The crop loss from 

Figure 4. 10 associated with this bud loss is 

Crop loss  =-142 bud loss 

= 2 5% 

The value of this crop loss is 

Money lost = $1258, 08 X . 25 

= $314,521 acre. 

The cost of protection for action two is $13. 75 per acre.     The harvest 

savings are determined as 

Harvest cost = Harvsav x HCost 

where HCost = variable harvest cost per acre = $180. 00 

and Harvsav = -5. 25 + 6. 25 x crop loss 

= -3.6875 

Whenever Harvsav is less than zero,   the harvest cost savings equals 

zero. 

So the dollar payoff for (a.,,   Qw) is 

(a2,   916) = ($1258. 08 - $314. 52 -  13.75) x 135 

= ■$125, 524. 35. 

All other elements in the payoff table are calculated in a similar 

manner.     The total dollar payoff table appears as table 4. 7.     The 

dollar payoffs are then converted to utility values by using the utility 

function.     The utility of each dollar payoff appears in Table 4. 8. 



Table 4. 7.    Dollar payoff table for orchardist number two on the thirtieth day of 

the frost season. 

94 

State of Nature 

Actions 

A^S) A2($) A3($) 

169840. 80 167984.55 166128.70 

169840.80 167984. 55 166128.70 

169840. 80 167984.55 166128.70 

169840. 80 167984.55 166128.70 

169840. 80 167984. 55 166128.70 

169840. 80 167984. 55 166128. 70 

169840. 80 167984. 55 166128.70 

169840. 80 167984. 55 166128.70 

169840. 80 167984.55 166128.70 

169840. 80 167984. 55 166128.70 

169840. 80 167984.55 166128.70 

16984. 80 167984.55 166128.70 

127380.90 167984. 55 166128.70 

63690.48 167984. 55 166128.70 

26994. 94 167984. 55 166128.70 

24300. 00 125524. 35 166128.70 

e. 

o. 

©_ 

o 

e. 

o 

© 
10 
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12 
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Table 4. 8.     Utility payoff table for orchardist number two 
on the thirtieth day of the frost season. 

Actions 

States of Nature Al A2 A3 

ei 159. 93 159. 04 158. 18 

e2 159. 93 159. 04 158. 18 

e3 159. 93 159. 04 158. 18 

e4 159. 93 . 159. 04 158. 18 

e5 159. 93 159. 04 158. 18 

06 
159. 93 159. 04 158. 18 

07 159. 93 159. 04 158. 18 

e8 
15 9. 93 15 9. 04 158. 18 

09 
159. 93 159. 04 158. 18 

eio 159. 93 159. 04 158. 18 

eil 
159. 93 159. 04 158. 18 

ei2 159. 93 159. 04 158. 18 

013 
142. 69 159. 04 158. 18 

014 
103. 64 15 9. 04 158. 18 

ei5 
55. 33 159. 04 158. 18 

Q16 
50. 65 141. 95 158. 18 
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The optimal action for each possible forecast is determined by 

the method presented in Chapter III and summarized in equation (25). 

The forecast is selected randomly from the forecast probability 

distribution.     Once the forecast is known,   the action to be carried 

out is determined on this particular day.     The forecast was for a 

temperature of 3 1 degrees and action one is the optimal action.     The 

value cf   the forecast for this particular day is determined by the 

scheme developed and illustrated in Chapter III.    It turns out to be 

$1587. 16 or $11. 76 per acre for this orchardist on this day. 

The final thing to be determined is the actual temperature which 

occurred.     This is selected randomly from the conditional probability 

distribution,   P(9j</Zj).     The temperature selected on this day was 

25 degrees.     Table 4. 5 indicates that a temperature of 25 degrees 

in stage  5 results in a 30% bud kill when no protection is used.     This 

means that 3 0% of the remaining buds have been killed on this particu- 

lar night.    In other words only 52% of the buds will be left on the 

following day. 

Similar calculations are made each day of the frost season and 

the value of the weather forecast information is cumulated from day 

to clay. 
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Model Results 

The process which most orchardists use when making frost 

protection decisions has been described.     The model which is used 

to describe this process has been presented.     The data necessary to 

implement this model has been specified and the method used to col- 

lect this data has been outlined.     What remains is the presentation of 

the results of the model and the analysis of these results with respect 

to the objectives of this study. 

Because of the random processes and infinite choices present 

in the model,   for exposition purposes,  five separate applications of 

the model have been made for each orchardist.     Each application 

represents a different but commonly experienced set of random 

weather effects. 

Run number one is characterized by a mild frost season except 

for two bad nights,   one occurring in late March and the other in late 

April.     Run number two has two bad nights in March and then a mild 

season thereafter.     Run number three is an extremely mild season 

until mid-April when the temperature drops below the critical level 

for one night.     A week later it drops below the critical level for a 

second time.     The remainder of the  season is mild.     Run four has 

three  consecutive nights early in the season when the temperature 

is very close to the critical level.     The temperature drops below 
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critical for one night at the end of March and again in early April. 

The rest of the season is very mild.     For run number five,   two bad 

nights occur in an otherwise mild season.     The first bad night is at 

the end of March.     The  second is in mid-April.    ■ 

In Table 4. 9 the value of the information  represents the amount 

the orchardist is willing to pay to receive the weather forecast.    It is 

determined as the difference between the decision process that the 

orchardist would have to go through without the additional weather 

information,   i.e. ,   using only his prior probabilities to assess the 

likelihood of temperature occurrence,   and the decision process he 

goes through when the weather information is available,   i. e. ,   he 

uses the revised probabilities to assess the likelihood of temperature 

occurrences.       The percentage of the crop saved and the value of the 

weather information for each orchardist and each application is 

presented in Table 4. 9. 

As Table 4. 9 shows,   the average value of the frost forecast for 

all runs over all producers sampled is $399.44.     For individual 

growers,   the average ranges from $106.40  for grower number 6 to 

$908. 21  for grower number 7.     It is interesting to note that both of 

these are partnership organizations.    Grower number 2 is an owner- 

operator and values the frost forecast at $358. 02 per acre. 

The remaining five growers are all part of separate corpora- 

tions.     These corporations vary considerably in terms of both acreage 



Table 4. 9.    Summary of crop lost and the value of the frost forecast. 

Run- Aver 

($) 

age 
Orchardist 

1 2 3 4 5 

1 90 84.66 100 116.95 60 85.48 100 159.21 78 210. 19 85.6 131.30 

2 100 335.14 100 291.84 100 315.71 100 404. 98 86 442. 42 97.2 358.02 

3 86 970. 56 100 857. 39 100 381.66 100 364. 16 90 488. 99 95.2 612.55 

4 78 457.59 94 310. 13 60 588.52 100 212.41 90 166. 04 85.6 345. 14 

5 86 395. 90 100 374. 95 100 306. 79 100 312.49 100 317.29 97.2 341.48 

6 26 48.69 66 56.65 60 153.46 100 255.14 90 18.04 68.4 106.40 

7 86 779. 83 100 1063. 53 100 888.97 100 975.14 100 833.56 97.2 908.21 

8 78 601.84 100 429. 39 60 350. 37 100 325. 69 90 255. 08 85.6 392.47 

Average 98.8 459. 28 95 436.48 80 383.87 100 376. 15 90.5 341.45 89 399. 44 

a 
The first figure under each run is the percentage of the crop saved from frost; the second figure is the per acre value of the frost forecast. 
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size and type of corporation.     Numbers  3,   4 and 5 are all large in 

acreage and have some type of packing house operation associated 

with their orchard operations.    Numbers  1  and  8 are  small in terms 

of acreage and have no packing houses associated with them.     On the 

average,   the corporations with packing houses value the information 

at $433. 06.     This is in contrast to the corporations without packing 

houses.     This group values the information at $^6l. 89.     This differ- 

ence seems entirely reasonable as the corporations with packing 

houses depend quite heavily upon their pear crop in their packing 

operations.     Thus information which would reduce the magnitude of 

the frost loss is more valuable to them since it not only influences 

their pear production but their packaging and marketing operations 

as well,   which likely involves high overhead costs. 

Comparing corporations with packing houses to partnerships, 

indicates that partnerships value the information at $523. 05 per acre 

which is higher than the corporation figure.    This may be a bit mis- 

leading as only two partnerships are included in this study and one 

places a relatively low value on the information and the other places 

a relatively high value, on the information. 

The per acre value of the frost forecast is  summarized by 

business type in Table 4. 10.     There are several orchardists in 

Jackson County that fit each type of business organization,     The 

specific growers selected for the sample could have been any one of 



101 

the orchardists. 

Table 4. 10.     The value of the frost forecast for different business 
organizational types. 
Business Value of the 

Organization Frost Forecast 

Owner-operator $358. 02 

Partnership $5Z3. 05 

Corporation 

With packing house $433. 06 

Without packing house $261. 89 

The only orchardists who indicated that they didn't borrow 

money throughout the production season were    numbers one and two. 

The remaining six orchardists borrow money to cover operating 

expenses incurred during the production season.     Orchardist number 

five indicated that the type of frost season influenced the magnitude 

of his borrowing.     Orchardist number six is the only one who indicated 

that he had a mortgage repayment commitment.     In some cases,   he 

also has frost protection expenses that carry over from year to year. 

The exact effect that the debt load levels,  debt repayment and 

previous unpaid operating expenses have on the frost protection 

decision process is not known.    A study by Officer and Halter (28) 

indicates that the utility function is affected by severe changes in 

these areas. 
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Intuitively it seemed that an orchardist would be willing to pay 

-more for the weather forecast as his percentage of crop saved 

increased.     Thus it was hypothesized that the percentage of crop 

saved would be directly related to the value of the frost forecast. 

The model results show this hypothesis to be incorrect between runs 

for particular orchardists.     This is because the value of the forecast 

is also related to its quality or accuracy.     The inaccuracy of the fore- 

cast reduces its value to the orchardists.     The type of utility function 

possessed by the orchardist also influences the amount he is willing 

to pay for the forecast.     The more risk averse the orchardist,   the 

more he is willing to pay for the forecast information.    It is believed 

that the inaccuracy of the forecast and the utility functions had more 

impact upon the value of the information than the percentage of the 

crop saved.     However,   it does appear that the average percentage of 

the crop saved is directly related to the value of the frost forecast. 

The lowest percentage of crop saved on the average was 68. 4% by 

orchardist number 6 who also placed the lowest value on the frost 

forecast.     The highest percentage of the crop saved on the average 

was 97. 2%,     Three growers achieved this amount.    Grower number 7 

placed the highest value of the information and also had the highest 

percentage of crop saved.    Between the extremes,   there appears to 

be no relationship between the percentage of crop saved and the 

value of the frost forecast.     This indicates that there are other 
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factors which influence the value of the frost forecast.     From the 

data collected and the analysis done in this  study it has not been 

possible to determine these factors.    If the utility of wealth function 

had been estimated,   it would be possible to determine the coefficient 

of risk aversion (13).     This would allow interpersonal comparisons- 

of risk aversion in an attempt to determine the influence of risk 

attitudes on the value of the frost forecast. 

Summary 

In this chapter the frost protection decision process has been 

described in detail,  the data needed to apply the Bayesian decision 

making model to it was specified.     The collection of the data was 

discussed and the data presented.     The manner in which the computer 

handles the data and determines the nightly decision was explained and 

an example of the calculating procedure was given. 

The results of the model were presented and the value of the 

frost forecast discussed in terms of the types of business organiza- 

tions represented by the different orchardists in the sample.     The 

hypothesis that the value of the frost forecast is related to the per- 

centage of the crop saved was refuted. 

The study will be summarized in Chapter V.     The results 

presented in Chapter IV will be analyzed in terms of the objectives of 

the study.     Chapter V will conclude with a discussion of some areas 

where future research may be beneficial. 



104 

V.    SUMMARY AND CONCLUSIONS 

Springtime frosts in Jackson County can have serious effects 

upon the bud development of pear orchards.    In order to minimize 

the crop loss resulting from spring frosts,  most orchardists in 

Jackson County employ some type of protection measure-     This study 

is an attempt to examine the decision process which orchardists go 

through when protecting their crop. 

Background information on the  severity of the frost season and 

the various protection methods available is presented in Chapter I. 

The specific objectives of this study are specified there. 

Classical production theory was  shown in Chapter II to be 

inadequate for dealing with decision processes where uncertainty 

exists.     Bayesian decision making theory was presented as a method 

for handling uncertainty in the decision process. 

In Chapter III the basic Bayesian decision theory model was 

presented.     The two components of Bayesian decision making, 

probability and utility,   were discussed and combined into the general 

Bayesian model. 

An example of how the model handles decisions under uncertainty 

was presented. 

The data  requirements necessary to fit the  Bayesian decision 

making model to frost protection decisions  were  specified in  Chapter 

IV as: 
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I. prob.'i bility (list rLbulions 

L. utility .functions 

3. payoff table input data. 

A sample of orchardists were interviewed to obtain the needed 

data with respect to their operations,     The sampling process was not 

as complete as expected due to the timing of the interviews and the 

difficulty in obtaining utility functions.     Thus the  results of this  study 

are not as generally applicable as had been anticipated.     The Bayesian 

model as applied to frost decisions was presented in Chapter IV.     An 

example of the computer calculations was given and the results from 

the computer runs were presented and discussed. 

Study Objectives and Model Results 

The model results were discussed in Chapter IV; however,   they 

were not discussed in terms of the objectives of the study.    It seems 

appropriate to discuss whether or not the objectives have been met 

and present some ideas as to why some of the objectives were not 

fulfilled.     The best format for this will be to discuss each objective 

individually. 

Objective  1.    Identify and evaluate the economic effect that 

alternative risk preference or aversion functions have upon the selec- 

tion of alternative frost control measures. 
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All individuals for whom utility functions were specified indicated 

risk aversity.     Based upon interviews with orchardists,   the major 

influence upon the type of protection method used is personal 

preference.     Previous research in this area suggests that personal 

preference is a function of the capital investment requirements, 

management requirements  and labor-capital substitution.     The; quality 

and availability of labor may be a major influence on the current trend 

toward pressurized oil systems which require less labor to operate 

but have a higher capital investment than the other heater types,     All 

the heating methods have approximately the same protection capabili- 

ties.     Several orchardists expressed a desire to switch from heaters 

to overhead sprinklers but   were   unable to do so because of limited 

water supplies.     Future research in this area may be quite beneficial. 

No "non-protectors" were interviews,  but it is believed that 

risk preference or aversion functions have a stronger influence upon 

the decision of whether or not to protect than they do upon the 

decision concerning the type of protection method to employ. 

Objective 2.    Measure the costs and control capabilities of 

alternative frost control measures in terms of their impact upon 

expected annual orchard yields and yield variability during the critical 

frost period. 

The data gathered in the interview process indicates that the 

timing of the use of the protection method is more impor-ant than the 
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type of protection method in determining expected yield and vield 

variability.     The model developed in this study is not specific enough 

to determine differences in the timing of nightly protection decisions. 

It does,   however,   specify whether or not protection has been employed 

during the night. 

As previously stated,   it is not possible to distinguish control 

capabilities between protection systems with the data that is currently 

available.     Thus this objective could not be met satisfactorily. 

Objective 3. Determine the value of the U.S. Weather Service 

frost forecasts to orchardists in the Jackson, County, Oregon, pro- 

ducing area. 

Table 4. 9 shows the value that the orchardists in the sample 

place upon the frost forecasts.     The method presented in Chapter III 

was used to determine these values.     The average value for the eight 

orchardists in the sample is $399. 44 per acre per year.     This results 

in a total of $2, 021, 166. 40 per year for the  5, 060 acres controlled by 

these eight orchardists.     This $2, 021, 166. 40 is the difference between 

what the orchardists would do using only their prior probabilities in 

the decision process versus what they do when the weather forecast is 

used to revise these prior probabilities thus changing the degree of 

belief that the orchardists hold. 

It should be recognized that the value of the forecast derived 

here is very specific.    It is valid for these orchardists only.    It is not 
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possible to extrapolate from the eight orchardists in the  study to ^lll 

the orchardists in Jackson County without making assumptions 

regarding the  risk philosophies of the unsampled orchardists.     Because 

of the  specific nature of this study,   general recommendations as to 

appropriate frost protection strategies for all orchardists cannot be 

made and the value of the forecast for the entire county cannot be 

determined. 
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Concluding Remarks and Areas for Future Research 

Objectives   I  and 3 were1 met   sal i.sf.i do r i I y by this study. 

Objective 2,   while not met satisfactorily,   does point out an area 

where future  research may be beneficial.     That being a study which 

would measure the actual protection capabilities of the various pro- 

tection methods.     This information could then be used to determine 

the effects  that different protection methods have upon expected annual 

orchard yield and yield variability. 

Another area where future research may be beneficial is in 

applying the basic Bayesian model to other  producing areas and 

different orchard crops to determine the value of frost forecasts there. 

Orchardists in Jackson County have  been trying for several 

years to obtain Federal Crop Insurance for frost damage.    A study 

could be done to determine the costs and benefits of such an insurance 

program.    It is suspected that the cost to the U.S.   Government of 

providing frost forecasts is less than the cost of insurance.     Frost 

forecasts leave risk preference and costs in the hands of the orchard- 

ists,   whereas insurance would remove the risk and substitute for it a 

high cost insurance premium.     The degree of risk   removal 

by insurance would be a function of the degree of insurance available 

and desired.     A probable necessary condition for insurance to be 

feasible is for the insurance program to be mandatory within a 
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producing region. 

Figure 4. 5 shows the various factors which are involved in the 

frost protection decision process.     The effects of changes in expected 

yields and/or expected prices have not been investigated in this study 

as the utility functions used were estimated over a specified range 

based upon one level of yield and prices.     Changes in either price 

or yield would result in outcomes not in the relevant range for the 

utility functions.     This leaves several areas open for future research. 

Estimating utility functions for a wider range of monetary payoffs 

would allow the researcher to investigate changes in expected yield 

and expected prices within one frost season as well as between frost 

seasons.    It is quite possible that expected prices do change within the 

frost season as information concerning other areas in the Northwest 

becomes available. 

The impact of frost protection early in the season versus late 

could also be investigated in terms of how the early expenses which 

become fixed affect later decisions.    Another area of interest related 

to changes within a frost season is the effect of frost losses on the 

utility function. 

The basic theory and empirical procedures for investigating 

these areas have been presented in this study.     An expansion along 

the lines outlined above could result in improved understanding of 

the frost protection decision process. 
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APPENDIX A 

This appendix is the FORTRAN computer program.       The input 

data from Table 4. 6 and the program presented here can be used to 

reproduce the results reported in Chapter III. 
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OLlFINt JCOMMN 
COMMCN/0ArA/ICAL(76) ,FZTA(lt,ie) ,PROFOR(i«) , 

1 DUOS (6, 3, 16) ,PTHETA(<«,16) , 
2 AA<2> ,30.(2),CC(2) 
0ATA(ICAL = 31 {1) , 15 (2) , 15 (3) , 15 (<♦) > , ( ((PZTA (I , J), J=l, 16) , 

1 1 = 1,8) = .97723,.006188,.001*95 0,.00 3713, 
2 .0021*75,. 001238, .001238,.0012 38,.0 01238, 
3 7(0.0) ,.622951,. 0 81967,.065574,.0 57377,.0 4918 0, 
<♦ .040981*,.. 032787, .016393,.016353,.016393, 
5 6(0.0) ,.5451*55,. 012987,.038961, .077922, 
6 .090909,. 081*1*16, .058442,.03896.1, 
7 .025971*,. 012987, .012987,5(0.0),.306667, 
8 .013333,.020000! .066667, .16000, .146667, 
9 .100000,.066667, .04000,.026667,.020000, 
X .020000,.013333 3(0.0),.263689,.013889, 
1 .027778,.097222, .166667, .152778,.125000, 
2 .0691.i*i*,. 027778, .013389,.013889,.013889, 
3 .013889,3 (0.0) , 115385,.009615,.019231, 
<* .048077,.113385, .173077,.153846,.134615, 
5 .096151*,. 057692 .028646,.019231,.019231, 
6 .009615,2 (0.0), 046875,.007813,.007813, 
7 .015625,. 01*6875 .156250,.218750,.210938, 
8 .156250,.078125, .023433,.015625,.007813, 
9 .007813,2 (0.0),. 028986,.007246,.014493, 
7 .036232,.079710 .115942, 
8 .181159,.217391 .181159,.079710,.021739, 
9 .Oli*i*93,. 00721*6 .007246,.007246,0.0) 
OATAK (PZTAt I,J) ,J = =1,16),1=9,16)= 

X .013699,. 0068'.9 .020548,.04 1096,.082192, 
1 .102740,.130137 .150 6 85, .1643 84,.15 0685, 
2 .082192,.027397 .0.13699, 
3 .006849,.006349 0.0,2(0.0),.012821, 
h .025641,.038462 .076923,.141026, 
5 .243590,.192308, .115385,.064103,.038462, 
6 .025641,.012921 .012821,0.0,3(0.0), 
7 .013889,.027778 .027778,.069444,.083333, 
8 .138389,.180556 .222222,.138889,.055556, 
9 .027778,.013839 0.0,4(0.0) ,.016667, 
X .033333,.033333 ,.066667,.166667,.233333, 
1 .183333,.133333 .066667,.0 333 33,.016667, 
2 .016667,5 (0.0), 031250,.031250,.062500, 
3 .062500,.093750 ,.187500,.250000,.156250, 
i* .062500,.031250 .031250,6(0.0),.013889, 
5 .041667,.055556 .083 333,.13 88 89,.194444, 
6 .222222,.166667 .055556,.027778, 
7 7(0.0) ,.013889, 041667,.055556,.083333, 
8 .138889,. 194444 .222222,.166667,.083333, 
9 8(0.0),.015625, .0 46875, .062500,.093750, 
X .156250,.218750 .250000,.156250) 
CATA tPROPOR=.28,.2 2,.28,.22), 

1 ((((BUOS(I,J,K) ,K=1,16),J=l,3),1=1,6)= 
2 12(0.0),. 10,.15 .25,.35,15(0.0),.10, 
3 16(0.0) ,11(0.0) ,.10,.25,.40,.52,.65, 
k 14(0.0) ,.10,.25 16(0.0) ,10(0.0),.10, 
5 .30,«50,.75,.90 ,1.00,13(0.0),.10,.30, 
6 .50,15(0.0) ,.10 9 (0.0),.10,.30,.55,.75, 

00001 
00002 
00003 
00004 
00005 
00006 
00007 
00008 
00009 
00010 
00011 
00012 
00013 
00014 
00015 
00016 
00017 
00018 
00019 
00020 
00021 
00022 
00023 
00024 
00025 
00026 
00027 
00028 
00029 
00030 
00031 
00032 
00033 
00034 
00035 
00036 
00037 
00038 
00039 
00040 
00041 
00042 
00043 
00044 
00045 
00046 
00047 
00048 
00049 
00050 
00051 
00052 
00053 
00054 
0 0 055 
00056 
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.7   .90, 1.00,1.00,12(0.0) ,.10,.30,.55,.75. 00057 
8 1MO.0) ,. 1C,.30,t>(0. 0) , .10,.30, .50, 00058 
9 .70,.90,1 . 00,1.00,1.00,11(0.0),.10,.30, 00059 
X   .50,.70,.90,13(0.0),.10, .30,.50,8 (0.0), 00060 
1 . 10, .30,.50, .70,.90,1.00,1.00,1.00,11(0.0),.10, 00061 
2 .30,.50,.70,.90,13(0.0),.10,.30,.50) 00062 
GATA(((PTHETA(I,J),J=i,16), 1= !,<»)= 00 06 3 

1 .393977,. 071^30, .075188, .0711*29,. 067669, OOOe** 
2 .063910,. 056391,. 0'*8872, .0<*5113,. 03759<», 00065 
3 .030075,.022556,.007519,.003759,.003759, 00066 
<♦   .003759,. 661017,.0H331b,.0'*ll«31,.O395«*8,. 037665, 00067 
5 .033898,.032015,.030132, .026365,.022599, 00068 
6 .01691*9,. 009'«16, .003766, .001883,0.0,0.0, 00069 
7 .681097,. 0<*7619,.0<«<*733,.0<*18i.7,. 037518, 00070 
8 .03'*b32,. 0317<*6, .02'*531, .021645,. 015873, 00071 
9 .0115i*i«,. 005772,.0011*1*3,3(0.0), 00072 
X   .863291,. 029111*, .025316, .022785,. 018987, 00073 
1 .015190,.010127,.007595, .003797,.002532, 0007<* 
2 .001266,5(0.0>> 00075 
CATA(AA=11.,23.), (68 = 15.,36.), <CC=21.,50.) 0 0 076 
COMMON A(ie,ie> ,PZ(lb) ,FPZ(16)-,8(16,16) , 00077 

1 GTA7AT(3, 16) ,JSTAGt(76) ,ISTAGE(i.) ,TEMP(16), 00078 
2 A3(3) ,0IST(16) , IZ ,'IOAY, ACTA , IASUB , ITHETA, 00079 
3 TEMPP(16,16),CUM(16),IR,BUOLEFT 00080 
i*   ,XrIN(16) ,C(3,16) ,1X1 00081 
5 ,P0TS(3),00LLARS(3,16),IPTR<16),XNEW(16), 00082 
6 HELP(16),C0NSTANT(16),WITHOUT 00083 

COMMON   YLO,FRIC£,HCOST, IFL AG , HORKK (16) ,ALAN(16), AHELP(l) 0008<* 
7 ,9HELP(1) .ACRES, OC, tiFRICE , BYLCWPRICE, WYLO, UVEC (3) 00085 

END 00036 
PROGRAM PEARFRST 00087 
INCLUDE JCCMMN 00088 
READ(1,1001)IR 00089 

1001 FORMAT(I5) 00090 
IF(EOF(l))CALL EXIT 00091 
RE AD(1,10 0 2) (POTS (I) ,1=1,3),QYLO,WYLO,8PRICE,HPRICE,HCOST, 00092 

1ACRES,0C 00093 
1002 FORMAT(9F7.2,Fi*.3) 0009<» 

REAO(1,1003)(UVEC(I),1=1,3) 00095 
1003 FORMAT(F8.8,Fli*.li*,F21.21) 00096 
C 00097 
C GENERATE STARTS OF TIGHT CLUSTER AND FULL BLOOM STAGES. 00098 
C 00099 

OIFF1U=OIFF2U=OIFF10=OIFF20=0. 0 010 0 
CtfAL=0. 00101 

12 LLIM1=(BH(1>-AA(1))/(CC(1)-AA(1>) 00102 
IR = ANO(ANO(2069»IR,8388607)H772721, 3388607) 00103 
LR=IR/8389607. 0010<« 
IF(UR.GE.ULIM1)G0   TO   15 00105 
1X1 = AA (1)+SQRT(UR*(CC(1)-AA(1))»(B8(1)-AA(1) )> 00106 
GO   TO   20 00107 

15 IXl = CC(l)-SaRT((l.-UR)<MB3(l>-CC(l>M(AA(l)-CC(l))> 00108 
20 IR=ANO(ANO(2065»IR,838ee07)+1772721,8388607) 00109 

UR=IR/8398607. 00110 
ULIM2=(B8(2)-AA(2))/(CC(2)-AA(2)) 0 0111 
IF(UR.G£.ULIM2)G0   TO   25 . 00112 
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IX2 = rtA(2)»SGRT<Ufi»(CC(2)-AA(2))*<eB{2)-AA(2))) 00113 
GO   TO   30 Q011<* 

25           IX2=CC<2>-SQ«T<(l.-UfOM8B(2>-CC(2>)MAA<2> 00115 
1        -CC<2>>> 00116 

30           XLENGTH=IX2-IX1 00117 
CO   («0   1 = 1,'. 00118 
ISTAGE(I)=FR0F0R(l)*XLtNGTH*.5 0 0119 

"♦O          CONTINUE 00120 
I£N01 = IXlHSTAGc:m-l 00121 
IF((IX2-IEN01).LT.12)GO   TO   12 00122 
IE;N02=IEN01tISTAGE(2> 00123 
IEN03=IENQ2«-ISTAGt (3) 0012i« 
ItNO"*=IEN03*ISTAGt('») 00125 
□0   50   1=1X1,IEN01 00126 
JSTAGE(I)=1 00127 

50          CONTINUE 00128 
J=IEN01+1 .00129 
00   60   I=J,IENC2 00130 
JSTAGE(I)=2 00131 

60          CONTINUE 00132 
J=IEN02*1 00133 
00   70   I = J,IEN03 0013i» 
JSTAGE(I)=3 0013S 

70           CONTINUE 00136 
J=IEN03+1 00137 
00   80   I-J.IENC* 00138 
JSTAGECD^V 00139 

80           CONTINUE OOftO 
IEN05=lLN0<»4-7 OOliil 
J=IEN0'»>-1 001<«2 
DO   90   I-J,IEN05 OOl'fS 
JSTAGE<I) = 5 001i<<« 

90          CONTINUE 001<«5 
J=IEN05*-1 001<(6 
00   100   I=J,76 001'»7 
JSTAGE«I)=6 oome 

100        CONTINUE 001<49 
I0AY=IX1 00150 
ISU8=ICAl{I0AY> 00151 
00   102   1=1,16 00152 
TEMP(I)=PTHETA(ISUe,I) 00153 

102        CONTINUE 0Q15«» 
105        00   110   1=1,16 00155 

PZ(I)=0. 00156 
CO   110   J=l,16 00157 
A(I,J)=TEMF(I)»PZTA(I,J) 00158 

110        CONTINUE 00159 
00   120   J=l,16 00160 
00   120   1=1,16 00161 
FZ(J>=PZ(J)*AtI,J) 00162 

120 CONTINUE 00163 
CO 121 J=l,16 0016«» 
00 121 1=1,16 00165 
5(1,J)=A(I,J)/PZ(J) 00166 
IFtPZt J) .EQ.O.JBd, J) = 0. 00167 

121 CONTINUE 00168 
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CALL GTAZA 
00 125 1=1,3 
CO 125 J=l,16 
COLLARSCI,J)=GTAZAI(I,J) 

125   CONTINUE 
CALL FORCAST 
IFLAG^l 
CALL MAXMIZE(0IFF10,0IFF20) 
CALL UTILITY (3,16,GTAZAt) 
IFLAG=2 
CALL   MAXMIZE (DIFF1U,0IFF2U) 
CALL   SCHEML. 
MMM=ICAL(IOAY) 
00   170   1=1,16 
TEMP(I)=PThETA(MrtM,I) 

170        CONTINUE 
IR=ANO(ANO(2 069»IR,8 388e07)»1772721,8388607) 
UR=IR/8388e08. 
UR=1.-UR 
ISUB=ICAL(IOAY) 
IF(UR.GT.0(1,IZ))G0   TO   180 
ITHETA=1 
GO   TO   220 
s=o. 
00   190   1=1,16 
0IST(I1=S»B(I,IZ) 
S=S»-8(I,IZ) 
CONTINUE 
00   200   1=1,15 
KSUB=I+1 • 
IF(UR.GT.OIST(I).ANO.UR.LE.OIST(KSUB))GO'TO   210 
CONTINUE 
ITHETA=KSUB 
IOAY=IOAYtl 
WRITE(2,300a)ITHETA 
F0RMAT{1H-,^ITHETAI*,I2) 
IF(IOAY.GT,76)GO   TO   300 
GO   TO   105 
CALL   EXIT 
ENO 
SUBROUTINE   FORCAST  . 
INCLUDE   JCOMHN 
JSUB=ICAL(IOAY) 
CO   10   1=1,16 
FPZU)=0. 
00   10   J=l,16 
TEMFF{I,J)=PTHETA<JSUB,I)»PZTA(I,J) 

10 CONTINUE 
CO   20   1=1,16 
00   20   J=l,16 
FPZ(I)=PFZ(I)+TEMFF(J,I) 

20 CONTINUE 
IR=AND(ANO(2069*IR,8388607)♦177 2721,8388607) 
UR=IR/d338608. 
UR=1.-UR 
IFJUR.GT.PFZ <l))GO   TO   '♦O 

180 

190 

200 
210 
22 0 

3008 

300 

00169 
00170 
00171 
00172 
00173 
0017i» 
00175 
00176 
00177 
00178 
00179 
00180 
00181 
00182 
00183 
0018<« 
00185 
00166 
00187 
ooiae 
00189 
00190 
00191 
00192 
00193 
0019<i 
00195 
00196 
00197 
00198 
00199 
00200 
00201 
00202 
00203 
0020«. 
00205 
00206 
00207 
00208 
00209 
00210 
00211 
00212 
00213 
0021<» 
00215 
00216 
00217 
00218 
00219 
00220 
00221 
00222 
00223 
00221. 
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12=1 00225 
RETURN 00226 

itO S=0. 00227 
DO   50   1=1,16 00228 
CUM(I) = S<-PFZ <I> 00229 
S=S»PPZ(II 00230 

50 CONTINUE 00231 
CO   60   1=1,15 00232 
KSUB=I+1 00233 
IFtUR.GT.CUN (I).AKO.UR.LE.Cl.H(KSCe))GC   TO   70 0023«» 

60 CONTINUE 00235 
70 IZ=KSUB 00236 

RtTURN 00237 
END 00238 
SUBROUTINE   GTAZA 00239 
INCLUDE   JCOMMN 002<«0 
Ir (IDAY.GT.IXDGO   TC   10 002i«l 
BucLtFT=ioC0 oo^^^ 
JSU8=JSTAGE(I0AY) 002i»3 
GO   TO   20 002<t<» 

10 JSUQ = JSTAGE(IOAY) 002<«5 
IO=IOAY-l 002ii6 
JOAN = J.STAGE(IO) 002^7 
6U0L0SS = 8U0S(J0AN,IAS'UB,ITHETA) 0 0 2'* 8 
EUCLEFT = 3UCLEFT-BUOLCSS«BUCLEFT 0 0 2i»9 

20 00   30   1=1,3 00250 
CO   30   J=l,16 00251 
Ri:MAIN = -3UOS(JSUB,I, J) ♦BUDLEFT + BUOLEFT 0 0252 
XLOST=i.-RtHAIN 00253 
Y=-1.00+2.*XLOST 0025'* 
IF(Y.LT.0.)Y=0. 00255 
GRETURN=9PRlCE»BYLO*.60 5tHPRICE»WYLO».395 0 0256 
XHONYLCS=Y*GRETURN 00257 
HARVSAi/ = -5.25 + 6.25»Y 00258 
IF(HARVSArf.LT.O)HARVSAV=0. 00259 
HARVCOST = HAR>/SAV»HCOST 00260 
GTAZATd, J)= (GRETURN-XMONYl.OS-POTSCI)*HARVCOST)»ACRES 00261 

30 CONTINUE 00262 
hRITE(2,3033)JSUB.IOAY 00263 

3033      FORMAT (lhl,*STAGE:   * , 13 ,10X,*OA Y I* ,1 3) 0026<t 
WRITE(2,3 0 3<»)BUOLCSS,BUCLEFT 0 0 265 

203U      FORMAT(lH-,*auOLOSS=*,F5.2,10X,^8UOLEFT=*,F5.2) 00266 
RETURN 00267 
END 00268 
SUBROUTINE   SCHEME 00269 
INCLUDE   JCOMMN 00270 
CO   200   KCELL=1,16 00271 
IROW=IPTR(KCELL> 00272 
CON=0. 00273 
NTIME=1 00274 

10 00   20   J=l,16 00275 
XNEW(J)=OOLLARS(IROW,J)-CON 00 276 

20 CONTINUE 00277 
CALL   UTILITY (1,16,XNEH) 00278 
00   19   IAL=1,16 00279 
ALAN(IAL)=E(IAL,KCELL) 00280 
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19 CONTINUE 00281 
CALL   MPROtXNEW,ALAN,AHELP,1,16,0,0,1) 00282 
kRITE<2,60t8)AH£LF 00287 

6063      FORMAT(lH-,*AHc:LPl*,E16.8> 00288 
VAL=AHtLP-WORKK<KCELL> 00289 
IF tVAL.GT..l,OR. (/AL.LT.-.DGO  TO   <,0 00290 
CONSTANT{KCELL)=CON • 00291 
WRITE(2,6 0 00)KCtLL,AHELF,WCKKK(KCELL),CON 0 0 2=2 

6000 FORMAT(1HO,*FOR   2   -   t,I 2,5X , *AHELP=*,E16.8,5X, 00293 
1         *WORKK(KCELL)=*,tl6.8,5X,*CONSTANT=<,E16.8) 0029* 

GO   TO   200 00295 
UQ NTIMe=NTIME*l D0296' 

IF(MTIM£.GT.10)GO   TO   60 00297 
00   til   J = l,16 00298 
XN£W(J)=OOLLARS(IROW,J)-CON-DC 0 0 299 

1*5 CONTINUE 00300 
CALL   UTILITY(1,16,XNEM 00301. 
CALL   MPR0(XNEW,ALAN,8HELP,1,16,0,0,1) 00302 
AT£MP=(aH£LP-AH£LP)/OC 00303 
CLCCCN = CON 0030<» 
CON=CON-VAL/ATEMP 00305 
XOIF=CLOCCN-CCN 00306 
IF(XOIF.GT..1.0R.XOIF.LT.-.1)GO   TO   10 00307 

60    URITE(2,6001>KCcLL,AHELF,WORKK(KCELL),CCN,VAL 00308 
6001 FORHAT(1HO,<FOR Z =t,lZ,*   AFTER 5 TRIES AHELP=*, 00309 

1 £16.8,5X,*V.0RKK(KCELL) = *,E16.8,5X,*C0NSTANT = *,E16.8/ 00310 
2 5X,*0IFFcR£NCE=*,£16.8) 00311 
CONSTANT(KCELL)=CCN 00312 

200   CONTINUE 00313 
SUM=0. 0031«» 
DO 210 J=l,16 00315 
SUM=SUM«-CONSTANT(J),fPZ<J) 00316 

210   CONTINUE 00317 
WRITE(2,6002)SUrt 00318 

6002 FORHAT(1HO,*CCNSTANTS»PZ=A,E16.8) 00319 
CVAL = CtfAL»-SUM 00320 
V4RITE(2,6003)CVAL 00321 

6003 FORMAT(1HO,*CVAL=*,£16.8> 00322 
RETURN 00323 
END 0 0 32", 
SUBROUTINE UTILITY(M,N,ARRAY) 00325 
INCLUDE JCOHHN 00326 
CIMENSION ARRAY(3,16) 00327 
MN=M*N 00328 
DO UO 1=1,MN 00329 
ARKAY{I)=UV£C(1)»ARRAY(I)-U\/EC<2)»ARRAY(I)»ARRAY (!)♦ 00330 

lLVEC(3)»ARRAYII)»AfiRAY{I)»ARRAY(I) 0 0 331 
<*0  CONTINUE 00332 

RETURN 00333 
END 0033<» 
SUBROUTINE MAXMIZE(OIFFl,OIFF2) 00335 
INCLUDE JCOMMN 00336 
CI^ENSION HELFP(16) 00337 
REAL MAX1F 00338 
CALL MFRO(GTAZAT,e,C,3,16,0,0,16> 00339 
CO 130 J=l,16 00340 
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XMIN<J)=MAXlF(C(ifJ),C<2,J),C(3fJ)) 00 3m 
IPTS!(J) = 1 0031(2 
IF(XMIN(J) .EQ.CIZ, J))IPTR(J) = 2 003'»3 
IF(XMIN(J).EQ.C(3,J))IPTR<J) = 3 00 3«|t» 

130        CONTINUE 003«t5 
kITH = Q. 003«»6 
00   1<«0   J= 1,1 6 0 0 314 7 
WITH=WITH*XMIN<J)»PZ( J) 003<»8 

I'tO        CONTINUE 003<«9 
CALL   MPRO(GTAZAT,TEMP,A3,3,16,0,0,11 00350 
WITH0UT=MAX1F(A3(1),A3(2>,A3(3>) 00 351 
DO   11.5   1=1,3 00352 
IF(A3(I>.ECoWITHOUT)JFTRR=I 00353 

1<*5        CONTINUE 0035<» 
00   1<«6   1-1,16 00355 
HELPP(I)=GTAZAT(JPTRR,I) 00356 

li»6        CONTINUE 00357 
CALL   MPRO(H£LPP,B,WORKK,1,16,0,0,16> 00358 
kRITE(Z,eoe5) 00359 

6065 FORMAT(1H-,*WURKK ARRAY*) 00360 
WRITE*2,6066) (WORKK(IJ) ,IJ=1, 16) 00361 

6066 FORMAT(lxX,16F8.2) 00362 
V<RITE{2,'6067) 00363 

6067 FORHAT (1H-,*HF.LPP ARRAY'*) 0036<i 
WRITE(2,6066)<HELPP(IJ) ,IJ=1,16) 00365 
CIFF=WITH-KITHOUT 00366 
DIFF=-OIFF 00367 
hRITE(2,2000) 00368 

2000 FORMAT<1H-,20X,*GTAZAT TABLE*/) 00369 
CO 230 M=l,3 00370 
WRITE I 2,2001)<GTAZAT<M,J),J=1,16) 0 0 371 

2001 FORfATdH   ,16F8.2) 00372 
230        CONTINUE 00373 

ACTA = MAX1F(C (1,IZ) ,C(2,IZ) ,C(3,IZ)) 00 37«« 
DO   160   K=l,3 00375 
IF<ACTA.ea.C(K,IZ>)GO   TC   161 00376 

160 CONTINUE 00377 
161 IASUB=K 00378 

WRITE(2,3006)IASUB,ACTA,IZ 00379 
3006      FORMAT.(lH-,*IASUBt   *, 15,10X, *ACTA I   *,E15.3/ 00380 

1 1H   ,*IZl    *,I2) 00381 
AWITH=CtIASUa,IZ) 00382 
AOIFF = AWITH-WITH0L,T 00383 
AOIFF=-AOIFF 0038<i 
OIFFl=OIFFlfOIFF 00385 
0IFF2=0IFF2*A0IFF 00386 
IF(IFLAG.EG.1)WRITE(2,3 066) 0 0 387 

3066 FORMATdH-,**** DOLLARS ♦♦♦*) 00388 
IF(IFLAG.tO.2)WRITE(2,3067) 00389 

3067 FORMAT(lH-,*»»» UTILITIES ♦♦»*) 00390 
WRITE(2,3005)WITH,WITHOUT,OIFF 00391 

3005      FORfAT<lH0,*WITH   *,E16.8,10X,*WITHOUT   *,E16.8/ 00392 
1 1H-,*WITH   -   WITHOUT   =   J*,F10.2) 00393 

WRITE( 2,20C5) AWITH.AOIFF 0039<i 
2015     FORMAT(lH0,*AWITH   =   $*,F10.2/1H0,*AWITH  -   WITHOUT   =   $*,F10.2) 00395 

WRITE(2,2006)OIFF1,OIFF2 00396 
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2006 FORMAT<1HO,*SUIU   = 
RCTURN 
ENO 

it,Fin.2,10X,*SUM2   =   **,F10.2> 00397 
00396 
00399 


