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Numerous analytical aids are available to apple producers

to assist them in the decision problem of choosing among alternative

apple harvesting systems. However, a majority of these techniques

fail to recognize the effect of apple orchard yield variability on

system performance and economic efficiency. Furthermore, many

of the suggested procedures for decision making do not conscien-

tiously apply economic principles to aserious degree. Thus, it

was the objective of the study to formulate a procedural guide for

conduct of performance tests of mechanical and nonmechanical

apple harvesting systems. The guidelines set forth in this thesis

were developed in a manner consistent with economic and statistical

requirements of modern decision theory. In pursuit of this

objective a decisioi model was formulated which gives recognition
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to (1) the natural condition of yield variability among apple trees

in an orchard, (2) the variability due to harvesting system produc-

tivity, and (3) costs as they are related to system productivity and

economic life.

Harvesting system performance and economic efficiency were

evaluated as a function of yield variability or fruit density encoun-

tered in an apple orchard. Sources of yield differences and van-

ability in an orchard were identified and data to document their

existence was presented. A computer simulation program esti-

mated the range of fruit density an apple orchard can exhibit.

A sample size formula and sampling procedure were developed

for (1) estimating from performance tests of systems the relation-

ship between system productivity and orchard fruit density, and

(2) detecting whether or not two or more systems are statistically

different in an economical sense.

In the event two or more apple harvesting systems are true

decision alternatives, a computer program was employed to simu-

late operation over economic life of each system in a specified apple

orchard. The simulation generates a distribution of present value

of total cost for each alternative to whicha decision criterion can

be applied for selection of a system.

The prescriptive character of the thesis precluded findings

of a conclusive nature. However, sensitivity tests conducted on



the present value of total cost computer simulation program

indicated that implementation of the developed guidelines will

clarify factors that influence apple harvester performance, and

aid the decision making process of producers.
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A SAMPLING PROCEDURE TO DETECT ALTERNATIVE
ACTIONS IN A DECISION MODEL FOR CHOOSING

AMONG APPLE HARVESTING SYSTEMS

I. INTRODUCTION

In the decades before the American Civil War, the American

farmer produced food and fiber enough to feed and clothe himself

and three other people. At the time the United States entered

World War II, nearly a century later, modern technology had in-

creased this ratio to include himself and 11 others; today, 1970, the

ratio is himself and 42 other people(Billard, 1970).

The importance of this statistic is that the superabundance of

American agriculture comes from an ever declining number of

farmers working fewer and fewer farms. Contrary to the plight of

many countries today, America's agriculture with its incredible

productivity yields bumper crops that make food and fiber surpluses

an economic problem. The agricultural horn of plenty sets the

American family's table with varieties and qualities of food unsur-

passed anywhere in the world, in fact, of the 6, 000 to 8, 000 food

items in supermarkets today, approximately 40 percent were not

there 12 years ago (Billard, 1970).

How has this growth and abundance been possible? The

answer is agriculture in the United States in the time span of a
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man's life has progressed technologically more than in all the

preceding centuries of man's toil on the land. Research activities

in the fields of mechanization, insect and weed control, credit,

genetics, electricity, fertilizer, communication, marketing, soil

and water conservation, and others have contributed to the tre-

mendous upsurge in technological advances.

One of the most important technological advances in agri-

culture over the last century has been mechanization on the farm.

Impetus to farm mechanization has come from several forces.

One, of course, is the encouragement given mechanical innovation

through publicly supported research agencies and university re-

search programs. Twenty-five years ago, war time manpower

labor shortages were an important force pushing farm mechaniza-

tion. Another major force pressing for rapid mechanization, es-

pecially in the post World War II years, has been the price of

labor relative to the price of machinery (Heady, 1960). That is,

greatest expansion in the economy has come in the nonfarm goods

and services sector where rises in labor wages have resulted in

correspondingly higher labor wages in the farm sector. The effect

of nonfarm expansion has been to make substitution on the farm

of capital in the form of machinery for human labor profitable. In

addition, growth in the size of farms has allowed farmers to take

advantage of economies of scale in order to employ more efficient
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production practices. Consumption expenditures for machinery,

made for the sake of lessening the drudgery and hard physical

effort of farming, are another force adding impetus to farm

mechanization.

Mechanization in general has brought many rewards to the

agricultural sector. Apart from its effect of increasing labor

productivity by serving as a substitute for human efforts, it has

reduced the drudgery formerly required by many farming operations.

In addition, mechanization allows many tasks to be performed which

were previously too difficult or uneconomic, and through mechani-

zation has come new farming techniques enabling the quantity of

resources man can manage and physically control to increase

many fold.

Mechanization in Tree Fruits

Development and refinement of mechanical harvesting systems

have progressed most rapidly for row and field crops. For specialty

crops, particularly tree fruits where quality and appearance of the

fruit is easily damaged by harsh mechanical operations, mechani-

zation has progressed much less rapidly. For example, the highly

mechanized U. S. wheat farmer of today can produce an acre of wheat

in 2. 9 man hours compared with 56 man hours in 1800 and 15 in 1900.

However, in some types of fruits, such as apples, peaches, and
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pears, it still takes as long to harvest an acre of trees as it did

20 to 30 years ago (Simpson, 1966). The future of the tree fruit

industry may be analogous to the classical case of the buggy whip

versus the horseless carriage. Buggy whip manufacturers, either

out of apathy or an unwillingness to have a more flexible view of

their product as a stimulus to a power source and their failure to

manufacture spark plugs, spelled their own economic defeat as a

viable enterprise. In the case of the tree fruit industry, failure

to adapt new technology may bring a similar result.

Several factors have impeded development of harvesting aids

in the tree fruit industry, some of which are:

1) Fear of doing lasting structural damage to a tree's trunk,

roots, limbs, and foliage by harsh mechanical actions

has been a concern. This has been particularly important

because of the long maturation period before a fruit tree

produced an economically valuable crop. Should a tree

have to be replaced because of excessive damage, valuable

time and orchard space is lost for crop production.

2) Seasonal labor supplies to fulfill harvest operation require-

ments at relatively low costs have been adequate in recent

years.

3) Nonmechanical, handpicking of fruit has minimized damage

to fruit quality. Minimal fruit damage is particularly



important for that portion of a tree fruit harvest going

to fresh markets.

4) Limitations have been imposed on mechanical devices by

orchard accessibility and within orchard maneuverability

due to topography, and design and spacing of tree plantings.

These and other factors, such as the difficulties of mechanically

sensing, selecting, and removing properly ripened fruit,have slowed

development of mechanical harvesting in tree fruits.

In recent years the tree fruit industry's growth rate, poten-

tial size, and economic value have attracted new interest and

attention from research organizations. Many of the forces and

obstacles to mechanization have not been solved, but some have

been partially overcome.

Horticulturalists have, through plant breeding and selection,

brought new varieties and rootstocks to the industry, thereby

reducing the long term fixed nature of the fruit tree and increasing

its productivity. New more vigorous and faster maturing varieties

are appearing. They are smaller in size, thus less demanding

physically to pick; faster maturing, thereby coming into full produc-

tion sooner and allowing for earlier removal should technological

changes deem it necessary; more productive with greater yield

uniformity from season to season, making possible fuller utiliza-

tion of mechanical aids.



Rising demands of other industries for a stable, nontransient

labor force, restrictions on the hiring of Mexican nationals and

other foreign labor, and more generous welfare and minimum wage

laws have reduced available farm labor supplies, and hence in-

creased harvest labor cost. A result has been an important impetus

to mechanization.

Experience gained in other fields of mechanization, refine-

ments and advances in engineering design, and the propagation of

fruit trees with superior fruit characteristics for mechanical har-

vesting have reduced concern for fruit quality damage. New tech-

niques in orchard cultural practice and management have led to

greater attention to orchard site selection, land preparation, and

tree planting patterns and spacing. These have improved the

acce s sibilibility and maneuverability characte ristics of new orchards

with respect to mechanization.

Mechanization in Apple Production

Mechanization in the apple industry, especially in the har-

vesting of the Northwest apple crop, has progressed at a slower

pace than in eastern states where mechanical harvesting of apples

for processed use has been carried on for several years (Edwards,

1970).

In 1968 the total U. S. commercial apple crop reached 5.45
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billion pounds. Eastern apple producing states have contributed

46 percent to the total U.S. production, central states 19 percent,

and western states 35 percent. For the fresh and processed apple

markets, the West produced 40 percent for fresh and 27 percent for

processed, while the East provided 38 percent and 56 percent,

respectively. The central states produced the remainder (U. S.

Dept. of Agriculture, 1969).

The larger proportion of apples produced in the East for

processed use combined with the reduced need to control quality

damage to fruit for processed use has encouraged greater har-.

vesting mechanization in the East. Furthermore, the proximity

of eastern apple producing areas to large labor demanding industrial

areas, offering year around employment and attractive wages, is

another explanation for the greater emphasis on mechanization in

the East. In contrast, for fresh market apple production in the

West, a desire for minimal quality damage has prolonged the use

of hand labor even in the face of rising costs.

However, Northwest apple growers have made reductions in

production costs through mechanization in areas, such as handling

of fruit in bulk containers in the field, self-propelled mechanical

spray and fertilizer applicators, and man-positioner devices for

tree pruning and fruit thinning operations. But a majority of apple

orchard mechanization has centered around these cultural operations



with only occasional application in harvesting.

Many ingenious mechanical aids to replace or aid manual

harvesting have been proposed, designed, refined, and manufactured

by both individuals and firms. Some are in actual commercial pro-

duction, others are feasible from engineering standpoints, but

await further improvements to make them economically practicable.

Generally, the more promising mechanical apple harvesting systems

may be grouped into four categories: (1) tree shakers, (2) air or

water jet streams, (3) niultiman platforms and towers, and (4)

rnan-positioners.

Tree shakers generally have tractor mounted shaking booms

which grasp a tree's trunk or limbs and vibrate the tree in a manner

to snap free its fruit)' The fruit is collected in tarpaulin catching

nets placed beneath the tree; fall of the fruit usually cushioned by

baffle screens of decelerating straps or sponge rubber padding.

This technique has not been entirely successful for the harvesting

of apples for fresh markets, owing to damage caused by passage

of the fruit through the body of the tree. Although in eastern

processing apple regions, the shaker principle is employed to a

large extent.

For a detailed discussion of the tree shaker developments and
designs, see Fridley and Adrian (1966).



Use of air or water jet streams has received experimental

attention, but few, if any, are in commercial operation as har-

vesting aids. However, for application of fertilizers, insecticides,

and other chemical agents the use of air and water jets is not a

new innovation.

Multiman picking platforms and towers have been under

investigation for sometime. These devices do not replace human

hands in the removal of fruit from a tree, but provide a picker with

greater accessibility to trees through elevated catwalks mounted

on self-propelled or tractor drawn frames.

Single man-positioner machines are similar to multiman

platforms. They do not replace the hand removal of fruit with

mechanical means. These mechanical aids are usually self-

propelled, three or four wheeled units each with a hydraulically

operated boom mounted in the center. The boom is operated by a

man in the picker's basket located at the end of the boom. The

picker controls both forward and backward movements of the unit,

and the movements of the boom up or down through foot and hand

controls in the basket. The fruit is either placed in a picking bag

suspended from the picker's basket or conveyed to a ground

See They ride while they pick. . ., (1968) and La Made, (1968)
for discussions of experimental multiman picking platforms.
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collection point by belt. These machines are more commonly

employed for pruning than for harvesting operations.

Choosing Between Mechanical and Conventional Manual Labor
Harvesting Systems

Increasing pressure to use more intensive mechanization

has added to the management decision problems of the farmer.

But with considerable confidence it can be said that proper choice

of mechanical aids is one of the most important factors contributing

to successful farming, and that farming without some degree of

mechanization is virtually impossible in the more highly developed

countries.

For most farmers, the general problem of choosing mechan-

ization over manual labor is not as simple as replacing man with

machine. It involves more than purchase of a wide selection of

machines and machine attachments; it implies the ability to use

mechanization efficiently and effectively.

A highly successful farmer is not necessarily the one with

the most machinery. But rather the one having good balance be-

tween men and machines; a balance which insures the best use of

farm resources for the successful operation of the farm as an

economic unit. A farmer to be successful must deal with the

demands of many different activities of farm production for his
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available land, labor, and capital resources in the process of

deciding if investment in mechanization will be more advantageous

than investment in other competing alternatives. However, the ease

with which a farmer carries out a wise mechanization development

program depends not only on the availability of farm resources, but

also on the availability of adequate information on mechanical system

design, capability, and economic efficiency.

For an apple producer, the problem of choosing between

mechanical harvesting and continued use of conventional hand

labor is basically the same as that faced by all other farmers, i. e.,

achieving a feasible and proper balance between the level of mechan-

ization and the constraints imposed by the availability oLhis land,

labor and capital resources. He is chiefly interested in improving

his harvest operation by decreasing his labor requirement, and

thereby labor cost. However, due to the generally higher fixed

costs of mechanical harvesting systems, a mechanical system

may have to show a substantial increase in productivity; an in-

crease great enough to cover a probably higher total cost.

Assuming an apple producer has adequate information about

the relative engineering designs and capabilities of available

mechanical harvesters, and thereby has eliminated those not

suited to his apple production enterprise, he needs an effective and

valid analytical technique to measure costs and economic efficiencies
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of alternative harvesting systems. The farm advisory literature,

both public and private, suggests numerous techniques to aid apple

producers in their decision problems. A majority of these tech-

niques can be placed in one of the following three general cate-

gories: (1) time study, (2) break-even analysis, and (3) cost study.

Time Study

A time study is used for determining the time required to

perform a specific task, and for identifying the elements of work

required to perform that task (Barnes, 1968; Maynard, 1956).

Time studies can contribute information to a decision maker

in the form of data describing performance capabilities of mechan-

ical and manual harvesting systems. They satisfy a need for

performance data which show the influence of variations in machine

design and work method from system to system, and isolate areas

for design improvements in the mechanical function of a machine.

Time studies identify performance characteristics of different

harvesting systems to prospective purchasers and assist manu-

facturers and researchers in their innovative activities of devel-

oping new and better systems.

Thou gh nieasurements of performance or technical efficiency

made through time studies are valuable, they contribute little to

the direct economic justification of investing in one system over
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another. This is because a measure of technical efficiency does

not by itself reflect or evaluate the cost of a harvesting system.

Since the ultimate test of success of a harvesting system an.d a.

farming enterprise must be made on economic grounds, time

studies alone are not sufficient.

Break-Even Analysis

A break-even analysis, usually presented in the form of a

graph, shows a relationship between revenue and cost at di±ferent

levels of output. In addition, it shows where net revenue, net

loss, or break-even is realized.

Cost and revenue

Output

Figure 1. Hypothetical break-even analysis.
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The total cost line (TC) in Figure 1 represents total cost

at various levels of output indicated along the horizontal axis.

The TC line is the summation of the fixed and variable costs

associated with the activity. The total revenue line (TR) repre-

sents total revenue for the enterprise at various output levels.

The break-even point (BE) is where the total revenue and total

cost lines intersect. As indicated in Figure 1, output levels lower

than the break-even point result in net loss. Output levels above

the break-even point result in net revenue for the operation. Break-

even analyses of decision problems have been employed in litera-

ture dealing with the best choice of mechanical harvesting systemø.

(Burkner, et al., 1968-69; How much. . ., 1962).

Unfortunately, applications of break-even analysis appearing

in the literature are conditioned by statements such as the following:

'Before a grower can decide if a particular picker-positioning mach-

me will be economically feasible for his operation, the increase in

productivity attributed to the machine system, under his grove con-

ditions must be determined." (Burkner etal., 1968-69, p. 1>

Another publication presents " . a formula whereby a grower

can determine if mechanization will pay", and proceeds to say

"First, decide how many minutes a day the equipment will save on

a yearly basis." (How much . . ., 1962, p. 26) Then referring

to a table and formulas, it instructs how to make the necessary
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calculation to determine how much can be invested in a machine

and still save on labor costs. The downfall of these analytical tech-

niques is that conclusions a farmer may derive from the calculations

are no better than the value for system productivity (output per unit

time) he uses in the formulas.

Break-even analyses have taken into consideration the

realities of fixed and variable costs, unlike some time studies which

may consider only variable cost per unit of time. Some break-even

analyses found in the literature make use of the important factor of

useful or economic life of a mechanical harvesting system, and thus

realizing a machine's life coincides with a flow of cost over its

useful life. Inclusion of this factor does make break-even analysis

a more realistic approach to capital investment decision problems.

However, even the most sophisticated break-even analysis

found by this author in the literature assumes that annual usage

of a harvesting system in terms of hours per year can be deter-

mined exante. A defect here is that in apple production one of

the uncertainties is fluctuating tree yields. Since annual hours of

machine use is directly related to the size of fruit crop to be

harvested, assuming a constant rate of use each year defies a

major reality of both nature and a producer's decision problem.

The calculation of total harvest cost for a season's crop is a

rather simple operation, if the total time required by a harvesting



system to pick that crop is known. But annual usage cannot be

known in advance, so reliable estimates of time required to harvest

a given output based on statistical sampling are needed before cost

can be calculated, and an economic solution to a decision problem

found.

Cost Study

A cost study identifies, isolates, and assigns those expendi-

tures which can be directly and/or indirectly associated with the

operation of an activity. Usually relying on information compiled

from accounting records, cost studies are used to make compari-

Sons between activities, and to isolate particular component costs

of the activities for further investigation and comparison.

Much of the promotional literature published and distributed

by manufacturers of mechanical harvesters falls into this cost

study category. For example, one manufacturer of mechanical

aids provides its prospective buyers with cost studies done on a

number of different farms in California using its man-position.er

mechanical aid. i-" These cost studies include analyses of ladder

picking labor versus the manufacturer's mechanical aid on several

The cost studies were obtained from promotional material of a
California farm equipment manufacturer.
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types of fruit, including olives, peaches, citrus, and plums.

These cost studies incorporated total daily costs, costs per tree,

efficiency ratios, costs per acre, savings per acre, and savings

per day in their comparisons of ladder labor to the mechanical aid.

This technique may be valid if a cost study can be performed

for a producer's particular farming situation before he makes the

decision to purchase a mechanical harvesting system or not.

However, the cost study is peculiar to the farming operation upon

which it is conducted. Labor wage rates, fuel costs, insurance,

maintenance costs, skill of the farm management, fruit variety,

ages of the trees, orchard location, and all the other factors which

distinguish one farming operation from another make cost study

extrapolation to farming enterprises with entirely different condi-

tions subject to question for their unique decision making purposes.

All the preceding analytical aids to a decision maker fail in

one or more ways to give reasonable consideration to the natural

yield variability of apple production. If any attempt is made, no

substantiation of yield variability with statistical evidence is pro-

vided. Uniformly they fail to conscientiously apply economic

principles to any serious degree.

In order for an apple producer to make a choice on. economic

grounds between alternative apple harvesting systems, he must

have a decision model that will take into account: (1) the variability



of yields among apple trees, (2) the variability in productivity

among apple harvesting systems, and (3) the costs as they are

related to system productivity and useful life.

The Thesis Problem

In an attempt to present a more reliable decision making

framework and procedure for choosing among two or more alter-

native apple harvesting systems, the twofold purpose of this thesis

is: First, to provide apple producers and research agencies con-

cerned with the development and performance testing of mechanical

harvesting systems, a guide for better performance data. collection;

and, second, to present a decision model for rational choice of

sys tern.

Objective of the Study

The objective of the study, upon which this thesis is based,

was to formulate a procedural guide for the conduct of perfor-

mance testing of mechanical and nonmechanical apple harvesting

systems.

However, before a guide for performance testing could

be developed, the decision problem of choosing among two or more

apple harvesting systems had to be formulated. Thus a decision

model was formulated that adequately takes recognition of
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(1) the natural condition of yield variability among apple trees,

(2) the variability due to harvesting system productivity, and (3)

the importance of utilizing economic criteria.

In accomplishing the objective of the study, the extent of

yield variability among apple trees was documented. Furthermore,

a sampling formula and technique for estimating the relationship

between productivity of a harvesting system and yield variability

among apple trees were developed, Statistical tests for detecting

significant differences between alternative harvesting systems were

proposed. Techniques for the allocation of a sample size in a

performance test site, and procedures for performance data col-

lection were also suggested.

Plan of Development

In Chapter II the components of a decision model will be pre-

sented. The applicability of decision theory will be shown with a

simplified illustrative example. This will lead to a detailed develop-

ment of the relationship between productivity of a harvesting system

and yield variability among apple trees. Documentation of the extent

of apple tree yield variability will be entered. A computer program

to estimate variability of fruit density in an orchard will be discussed.

Chapter III will set forth a statistical sampling procedure for

estimating a productivity-density relationship. Step-by-step
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development of a sampling technique to detect significant differ-

ences between two or more harvesting systems will be presented.

Procedures for allocating sample size, collecting data, and testing

hypotheses will be discussed.

Chapter IV will set forth a computer program that simulates

the harvesting of an apple orchard by a specified harvesting system.

The simulation calculates mean and variance of present value of

total cost for the useful life of the specified system. The procedure

for selection of an appropriate system will be detailed.

Finally, in Chapter V a summary will be made of the study,

together with conclusions.
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II. FRAMEWORK AND APPLICATION OF
DECISION THEORY

Apple producers, not unlike executives of large industrial

firms, must face the agonizing experience of carefully evaluating

the alternatives and consequences of decision problems affecting

successful operation of their enterprises. The effort and time

needed in the decision process of choosing between nonrnechanical

and mechanical or among two or more alternative mechanical

harvesting systems is no trivial expense when a choice will have

a significant effect on the economic success of a farm. In many

situations, the decision making process appears to rely more on

subjective judgements, intuition, and rules of thumb than on any

systematic procedure or sound theoretical basis. Assuming that

decision makers are striving to achieve rational decisions, sub-

jective judgements, intuition, and rules of thumb should play only

a minor role in the decision process. Systematic decision making

can be achieved through employment of modern decision theory.

The purpose of modern decision theory is to provide a systematic

approach to decision making under conditions of imperfect

knowledge (Halter and Dean, 1969).

This thesis attempts to present a more reliable, systematic

decision making framework for choosing among two or more
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alternative apple harvesting systems. Thus, the objectives of

this chapter are twofold: First, to show how a decision problem

can be formulated so as to permit a rational systematic approach

to a decision; and second, to develop fully pertinent relationships

defining components of the decision problem in the study.

Decision Theory Approach

Solving a decision problem consists of selecting among

alternative courses of action that particular action which will

maximize a decision maker's expected utility. Imperfect knowledge

of conditions underwhicha decision is made complicates a decision

process, and places a decision maker in a position of having to

take a risk. Modern decision theory seeks to provide a formal

means of analyzing decision alternatives when knowledge about

reality is imperfect.

In a decision problem, a decision maker in his attempt to

maximize expected utility usually has several actions open to hin..

The outcomes of alternative actions depend on certain conditions

which cannot be known with complete certainty. These conditions

are called states of nature. A lack of complete certainty about the

states of nature is characterized by a probability distribution over

the states of nature. The combination of a particular action and

occurrence of a specific state of nature will result in a specific
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state of affairs for a decision maker. This state of affairs yields

a decision maker a level of satisfaction or utility. The level of

utility received from a given action and state of nature combination

is called the payoff to a decision maker. A measure of utility re-

flects particular preferences of a decision maker for payoffs.

Payoffs for action-state of nature combinations are usually

easier to understand when expressed in monetary terms. In some

instances, maximizing expected monetary values might be sug-

gested as a decision criterion. However, a criterion of maximiza-

tion of monetary gain (or minimization of monetary loss) may or

may not be identical to maximization of utility.

Halterand Dean (1969, p. 41-44) provide an example illus-

trating that maximization of utility and maximization of monetary

value are not necessarily the same. Consider the payoff table in

Table 1 characterized by (A, 9, U, P) where:

A is the set of available actions that can be taken;

9 is the set of states of nature which can occur;

U represents the gain, loss, utility for each combination

of action and state of nature;

P is the set of probabilities of the given states of nature

occurring.
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Table 1. Hypothetical monetary payoff table.

State of nature
Probability oE state

Action of nature

A1 A2

$0.00 $10, 000 P(91) = 1/2

2
$0.00 -$10, 000 P(92) 1/2

Expected 1/2($0.00) 1/2($10,000)
value + 1/2 ($0. 00) + 1/2 (-$10, 000)

= $0.00 = $0.00

When maximization of expected monetary gain is the decision

criterion, a decision maker would be indifferent between actions

A1 and A2 since each provide an expected value equal to zero.

However, many decision makers might not be indifferent, particu-

larly if a $10, 000 gain or loss were large in relation to theirwealth

positions. Thus realistically, monetary values may not accurately

measure the importance to an individual of the consequences of this

decision problem.

Since monetary values may not provide an adequate measure

of the relative importance of large gains or losses to a decision

maker, a way of relating monetary values to subjective utility

values for different levels of wealth is needed. Assume a utility

function for a specific decision maker in Figure 2, where wealth

is measured along the horizontal axis and utility along the vertical

axis.
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Utility

80

60

40

20

$5, 000 $15, 000 $25, 000

Figure 2. Hypothetical utility function

Wealth

The decision maker's initial wealth is $15, 000 at M2. If

action A1 were taken he would remain at point M2. However, if

he chose action A2 he could be at point M1 with a $10, 000 increase

in wealth with probability 1/2, or at point M3 with a decrease in

wealth of $10, 000 with probability 1/2. The decision maker's

utilities at points M1, M2, and M3 are 70, 55, and 20, respectively.

If the monetary payoffs shown in Table 1 are converted to utility

payoffs, the utility payoff table in Table 2 results.

Now the expected value for action A1 is 55 and for A2 is 45.

Therefore, given this utility function, a decision maker who is

maximizing expected utility would choose action A1. This solution

is unique for an individual characterized by this particular utility
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Table 2. Hypothetical utility payoff table.

State of nature Action Probability of
state of nature

A1 A2

1
55 70 P(91) 1/2

55 20 P(02) = 1/2

Expected value 1/2(55) 1/2(70)
+ 1/2 (55) + 1/2(20)
=55 =45

function. That is, utility functions can take different forms for

different individuals; each form possibly yielding a different solution.

Thus maximization of expected utility can yield a different result

than maximization of expected monetary value, but the same solu-

tion if a linear utility function is assumed. The difference lies in

the shape of each decision maker's utility function.

Decision Theory Applied to the Harvesting System Decision Problem

In order to provide the reader with an insight into the decision

problem dealt with in the study, an illustrative example will be

constructed in this section. Terms and concepts that are part of

the specific decision problem dealt with in the study are used in

presenting the example, and will be defined in sections to follow.

These sections will be arranged in parallel with the presentation
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order of the components of the example.

Suppose an apple producer is contemplating purchase of

one of several apple harvesting systems. He is faced with an

eternal flow of sales talk, testimony, and impressive performance

data; none of which will satisfactorily direct him to the best action

for his operation. However, this producer believes that for a

mechanical harvesting system to be an economically feasible

alternative to his present hand labor and ladder method, it must

reduce his present harvest cost by increasing productivity of his

harvest operation. He knows that most mechanical harvesting

systems demand higher fixed investments than do conventional

methods. Furthermore, the producer believes variable cost for

a harvesting system is related directly to the amount of time it

takes to pick his orchard. The amount of time required depends

on the number of trees in his orchard and on the amount of fruit

on his trees, i. e., the density of fruit in the orchard. Finally,

since harvesting equipment usually has an extended useful life

beyond one harvest season, the producer realizes he will incur

a flow of cost throughout its useful life.

Suppose the apple producer is considering three possible

actions:

A1 = purchase a man-positioner aid,

A2 purchase a multiman platform system,



A = use conventional hand labor and ladder method.

His choice among these actions depends on three states of

na tu re:

= fruit density is greater than 8. 0 trees per bin,

= fruit density is between 4. 0 and 7. 9 trees per bin,

03 = fruit density is between 0. 1 and 3. 9 trees per bin.

The decision maker assigns a probability to occurrence of

each state of nature:

P(01) = 0.20,

P(92) = 0.50,

P(93) = 0. 30.

He bases these probabilities on knowledge obtained from

historical data and his past experience.

Table 3 shows the hypothetical present value of cost per bin

incurred by choosing a particular action given the occurrence of

a specific state of nature.

The decision makers objective could be minimization of cost

or minimization of disutility. Either criterion involves calculation

of expected value for each action. Expected cost per bin for each

action are calculated as follows:



Table 3. Hypothetical present values of cost per bin, C(9, A).

Probability ofState of nature Action state of nature

greater than
8. 0 trees per bin

4. 0 to 7. 9 trees
per bin

93 0.1 to 3.9 trees
per bin

A1 A2 A3

C(01, A1) = $5.00 C(91, A2) = $6.00 C(01, A3) = $8.00 P(91)
= 0.20

C(92, A1) = $4. 00 C(02, A2) = $4. 00 C(92, A3) = $3. 20 P(92) = 0. 50

C(93,.A1)
= $2.00

C(93, A2) = $1.50
C(03, A3) = $1.00

P(93) = 0. 30

0
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E(A1) = P(01) C(91,A1) + P(02) C(92,A1) + P(93) C(93,A1);

E(A2) = P(91) C(91,A2) + P(02) C(02,A2) + P(03) C(93,A2);

E(A3) = P(01) C(01,A3) + P(02) C(92,A3) + P(03) C(03,A3).

The expected cost per bin are $3. 60, $3. 65, and $3.50 for

actions A1, A2, and A3, respectively. The decision maker would

choose that action which has the smallest expected cost per bin if

his decision criterion were minimization of cost. He would choose

action A3, the conventional hand labor and ladder method.

In order to apply the criterion of minimization of disutility

not only must the mean (expected value) be calculated, but also

the variance of each action. Variance of cost per bin for each

action are calculated as follows:

V(A1) = P(91) [c(91,A1) - E(A1)]2 + P(92) [c(92,A1) - E(A1)]2

+ F(03) [C(93, A1) - E(A1)]2;

V(A2) = P(91) [C(91, A2) - E(A2)]2 + P(02) [c(027A2) - E(A2)]2

+ P(93) [C(93, A2) - E(A2)}2;

V(A3) = P(91) {c(01,A3) - E(A3)]2 + P(02) [c(92,A3)

+ P(G3) [c(03,A3) - E(A3)].
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The variances for the decision problem described in. Table 3 are

1.24, 2.55, and 5.97 for actions A1, A2, and A3, respectively.

The relationship between expected utility and the moments (mean

and variance) of the probability distribution over the states of nature

are shown in Figure 3.

V(A)

6

5

4

3

2

1

3 3.5 4
E(A)

Figure 3. Hypothetical indifference curves and the
three actions
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The mean (E(A)) of cost per bin is measured along the

horizontal axis, and variance (V(A)) along the vertical axis.

Utility levels are shown by indifference curves joining combina-

tions of E(A) and V(A) to which the decision maker is indifferent.

This set of indifference curves is referred to as gambler's in-

difference curves or E-V curves." Because Figure 3 shows

levels of disutility for cost, the indifference curves are labeled

from left to right in order of increasing disutility (11<12<13).

If an additional action A. had been among those available,

this particular individual would be indifferent between it and

action A3 because he has the same level of disutility for each.

However, he would prefer action A2 to either A3 or A. for the

reason that indifference curve 12 represents less disutility than

does 13 Action A1 would be chosen since it is on a lower indif-

ference curve and provides the minimum expected disutility.

Thus a criterion of minimization of disutility results in selection

of a different action (A1) over that chosen by minimization of cost

(A3). This illustrates the importance of calculating variance for

each action, in addition to the mean when the decision maker's

utility function is nonlinear.

For further discussion of E-V curves, see Halter and Dean
(1969), Chapter IV.
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Calculation of Expected Value and Variance for Nondiscrete
States of Nature

In the earlier example presented in Tables 1 and 2, expected

values were found where there were discrete states of nature. A

discrete probability distribution was known and the decision

criterion was to maximize expected monetary gain or utility.

The states of nature for the decision problem in the study,

and to be described in detail in subsequent sections, are char-

acterized by a measure of fruit density in an apple orchard. As

in many decision problems, density of fruit in an orchard (states

of nature) cannot be easily categorized into discrete units or in-

crements. Expected values and variances for alternative actions

must be found by summarizing over a more or less continuous

distribution of states of nature. Given that mean (E(A)) and

variance (V(A)) values have been calculated over a continuous

distribution, application of a decision criterion for solution of

a decision problem can proceed analogously to that of a discrete

case. That is, in a case of minimization of expected cost, the

minimum E(A) is chosen; in a case of minimization of expected

disutility, the E-V analysis is applied.
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Components of the Harvesting System
Decision Problem

Preceding sections set forth an orientation to modern decision

theory. An example illustrated the formulation of a decision

model. The model formulated permitted a rational, systematic

approach to a decision problem of choosing among alternative har-

vesting systems. An association was made between the theoretical

framework and practical application of decision theory by briefly

introducing the components describing the decision model formu-

lated in the study. The following sections define in detail these

components of the decision model.

The Alternative Actions

For harvesting systems to be alternative decision making

actions, they must necessarily have economically important dis-

tinguishing capabilities and characteristics. The next section

investigates some of these major characteristics which play a

substantial role in the economic decision problem.

Useful or Productive Life

Purchase of a mechanical harvesting system is usually a

capital investment. A mechanical harvester will have a useful

In some instances, mechanical systems are purchased to satisfy
consumption motives or needs of the individual.
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life that extends beyond one year. That is, it can contribute to

a harvest operation throughout its useful economic life.

Even though economic or productive life is the time period

that a particular capital asset contributes to the productive activity

for which it was selected, this may or may not be the same as the

asset's potential life. In the case of a harvesting system, produc-

tive life may be less than potential life because of wear and tear

to which it is exposed, physical limitations of the system to perform

the tasks for which it is intended, and because of the speed with

which new technology causes the system to become obsolete.

For an apple producer facing the decision problem of

choosing among two or more harvesting systems, the adequacy of

the system he selects must be sufficient to handle his foreseeable

needs. Should his enterprise grow and expand more rapidly than

he anticipates, his choice may become inefficient long before it

wears out for the demands placed on it. Furthermore, new devel-

opments may occur making his equipment obsolete before its poten-

tial life has expired. In many other crops besides apples, equipment

obsolescence has occurred rapidly during the early years of change

to mechanized methods of harvesting.

Determination of productive life is usually handled by

accounting procedures consistent with tax and depreciation allow-

ance laws nd regulations. Whatever manner productive life is
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determined, the decision model must account for the fixed costs

associated with alternative systems over their respective economic

lives to make a rational choice.

For example, consider two alternative harvesting systems.

The first, System 1, costs $10, 000 to acquire and has a useful life

of ten years. The second, System 2, has an initial cost of $1, 000

and a useful life of only one year. In addition, suppose each

system will harvest exactly 100 bins of fruit each year of its

useful life. System 1 will harvest 1, 000 bins in its lifetime and

have an annual depreciation of $1, 000 per year. The average

fixed cost per bin per year is $l0.' The annual fixed cost of

System 2 is the same, i. e., $1, 000. Therefore, its average fixed

cost per bin per year is also $10.

In order to make an economically justifiable comparison

between these two systems on the basis of cost, ceteris paribus,

present value of the respective fixed cost is calculated. Present

value allows the time dimension of a flow of cost over a number of

years to be considered in present day terms. For System 2,

present value at a five percent discount rate for a ten year period

is $8, 107. 82 where an outlay is made at the beginning of each

The assumption is straight-line depreciation.
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year.21 But for System 1, present value is $7, 721. 73 for ten

years at the same discount rate.' The effective present value fixed

cost is the difference between the initial investment and the present

value of depreciation, i.e., $10, 000 - $7, 721.73 = $2, 278. 27. There-

fore, with no additional information, System 1 would be preferred

even though its initial cost is ten times that of System 2.

If the productivities of these alternative systems and the

amount of fruit to be harvested from year to year are allowed to

vary as they do in reality, the complications added to this decision

problem and the importance of evaluating cost over useful life can

be recognized, These two factors will become increasingly impor-

tant as the decision model components are defined in greater detail.

Harvesting System Productivity

Harvesting system productivity can be defined as output of bulk

bins of fruit per unit of time. This measure of productivity is to

be distinguished from measures of economic efficiency.V

The total present value is equal to $1, 000 for the first year plus
the present value of a $1, 000 payment each year for the remain
ing nine years discounted at five percent interest, or $1, 000 plus
$7, 107.82.

The present value of an annual depreciation of $1, 000 per year
for a term of ten years at an interest rate of five percent per year
is $7,721.73.
A bulk bin is usually a large wooden box container with a capacity
of approximately 25 thirty-five pound field boxes of apples.

Economic efficiency is measured in terms of monetary value of
output per unit of monetary input, i. e., the product of time and



Many harvesting systems have been adapted to bulk bin, handling of

fruit in order to conform to needs of handling and packing facilities.

in a study conducted by Berlage, Langmo, and Yost; (1966) on four

commercially available man-positioner aids, all used standardized

bulk bin containers. These systems used various methods of

transporting apples from a picker's hands to a bulk bin. Produc-

tivity was measured for all systems in terms of man minutes per

bin. In addition, this study recognized the influence on system

productivity of . . tree size, fruit size, and fruiting density . .

but did not measure productivity with respect to these factors

(Berlage, etal., 1966, p. 3).

To assume that a harvesting system's productivity is con-

stant over time and under a variety of orchard yield conditions is

probably an unrealistic simplification. Three factors contributing

to variability in harvester productivity are:

1) The human operator, or picker in the case of man-positioner

mechanical aids;

2) The climatic and topographic conditions of an area and orchard;

3) The size and density of fruit in an orchard.

and cost per unit of time. Assuming an apple producer receives
the same value for a unit output of fruit and pays the same value
per unit of input for any harvesting system he might employ, the
economic efficiency of a system will increase if it can produce a
unit of output with fewer units of input.
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Seamount (1969) concludes that among individuals oiiman-

posi tioner harvesting systems, picking rates differ significantly.

He concludes also that pickers with the greatest picking variability

are influenced more by the method of harvesting, i. e., ladder and

bag method versus mechanical aid method, than are those individuals

with less variable picking rates. That is, the more skilled, faster

pickers tend to be significantly less variable in picking rate and

influenced less by method of harvesting. Since it seems likely

the more skillful and responsible individuals would be assigned to

operate expensive man-positioner systems, this surce of system

productivity variability may not be as important as some others.

Furthermore, for those mechanical harvesting systems not utilizing

human labor for the picking function of a system, variability due

to a human operator may not be a significant factor at all.

Climatic conditions such as rainfall or extreme heat during

the harvest season may contribute significantly to the variability

of productivity of a harvesting system. For example, effective

movement of mechanical devices under conditions of rain softened

ground would be impaired. Performance of human labor can be

impeded by extreme climatic conditions also. Similarly, extreme

topographic features such as hilly, uneven ground may hinder

maneuverability, and therefore the productivity of a system. These

sources of system productivity variability are generally beyond the
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control of a producer.

It was the conjecture of the study upon which this thesis is

based, that size and density of fruit in an orchard contribute most

to productivity variability of harvesting systems. That is, the

smaller the apple size, the more time it may take a harvesting

system to find, move to, reach, pick, and place enough fruit in

a bulk bin to fill it. Density of apples on the trees determines the

amount of time required to maneuver for picking positions, and

therefore the rate at which a bulk bin is filled. Of course, a trade

off may exist between fruit size and fruit density in an orchard.

For example, the time needed to harvest a bin of fruit from trees

with high fruit density and small fruit size may not be different

from the time required to pick from trees with low fruit density

but large fruit si2e.

Lack of data on distribution of fruit sizes on apple trees,

and the prohibitive nature of collecting such data, necessitated

exclusion in the study of this source of variability. However, the

availability of apple yield data allowed fruit density to be included

in the decision model formulation, and thus permitting a more

realistic recognition of this factor with respect to measurement

of system productivity. Accounting for this source of variability

heretofore has been given superficial treatment in the literature.

In summary, bulk containers, widely used in apple harvest
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operations, have facilitated the comparative measurement of

apple harvesting system productivity. Several human and natural

factors contribute to the variability of harvesting system productiv-

ity; the more important of which may be fruit density. The relation-

ship between a systemrs productivity and fruit density in an orchard

will be fully described in following sections.

The States of Nature

In order for an apple producer to make a rational choice

among two or more apple harvesting systems, it was concluded in

Chapter I that he must have a decision model which considered among

other factors, the important reality of yield variability among apple

trees. An earlier example illustrated the decision model frame-

work of the study and characterized the states of nature in an orchard

as trees per bin (fruit density).

It is the objective of this section to define the concept of

trees per bin, and to discuss sources and extent of yield differences

and yield variability. This section also includes a discussion of a

computer program used to estimate the mean and standard deviation

of fruit density in an orchard.
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Definition of Fruit Density

The discussion on harvesting system productivity established

the use of the bulk bin as a common denominator for measuring

comparative productivitie s of alternative harvesting systems.

That is, a measure of a particular harvesting system's productivity

is the time it takes it to fill one bin with apples. Furthermore, it

was advanced that the most important orchard variable determining

productivity of a system is fruit density in an orchard. That is, it

takes more time per bin for a harvesting system to pick apples from

trees having a low fruit density that it does to pick a bin of fruit

from trees with high fruit density.

In order to measure fruit density with the same denominator

as the time per bin measure of harvesting system productivity, the

concept of fruit density is defined as the number of apple trees

which a harvesting system must pick to fill a bulk bin. Thus, trees

per bin is the measure of fruit density and defines the states of

nature in the decision problem.UJ This leads to asking the ques-

tion: Why in an apple orchard would it require a different number

of trees to fill each bin? The answer is that apple yields per tree

!JJ' Low field box yields per tree correspond to a high number of
trees per bin which corresponds to low fruit density.
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are not uniform from tree to tree within an orchard, and therefore

neither are the number of trees required to fill each consecutive

bin in a harvest operation.

Sources of Yield Differences and Yield Variability in an Apple
Orchard

Differences in yields among apple trees in an orchard arise

from several sources, among them are: (1) variety and rootstock

combinations, (2) ages of the trees, and (3) the nature of individual

trees.

Yield Differences Due to Variety-Rootstock Combination

The apple tree may be thought of as two major components:

(1) the root system and (2) the vegetative system. The root system

provides support for the tree and collects necessary nutrients for

it to live, grow, and produce. Root systems may differ one from

another due to their relative vigors and abilities to carry out their

part of the necessary life functions of the tree. These inherent

differences are characterized by types of rootstocks, that is, some

are better suited to different environmental conditions than are

others. For example, Mailing II and Mailing IX apple roots tocks

are adversely affected by poor soil aeration caused by heavy soils

and do not grow well in extremely wet conditions, whereas Mailing
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XIII rootstock does better under these conditions.(Doud, 1962))'

Roots tocks of Mailing II and Mailing IX are not tolerant of high

soil temperatures and are best adapted in cool, northern fruit

growing regions. However another Mailing rootstock, Mailing VII,

is more tolerant of the many adverse effects of climate and is

adaptable from north to south throughout U. S. apple growing areas

(Doud, 1962). In the Northwest the popularity of Mailing roots tocks

with tree size-controlling characteristics has grown in recent

years. These tree size-controlling rootstocks are characterized

by earlier fruit production and higher yields per acre (Doud, 1962).

Variety refers to the vegetative portion of the apple tree,

i. e., Johnathan, Golden Delicious, Red Delicious, or Wine sap

varieties. The variety grown in a particular region is determined

by variety demand of area markets, and whether regional climatic

conditions will allow production. Roots tock vigor and environmental

conditions determine the adaptability of a particular variety to a

region. Because of the relative advantages and disadvantages of

some variety-rootstock combinations over others, yield differences

may be observed within the same orchard containing two or more

variety-rootstock combinations.

These apple rootstocks are of the Malling series, developed in
England and imported to the United States in about 1940 (Doud,
1962).
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Tables 4 and 5 show mean yields in field boxes per tree within

age groups of 14 variety-roots tock combinations. II" For example,

mean yields for age nine years for trees of either Red Delicious or

Golden Delicious varieties on: (1) four types of Mailing rootstocks,

(2) Seedling rootstock, and (3) Clark Dwarf rootstock are shown in

the seventh rows of Table 5. This age nine classification shows a

low of 3.64 field boxes of apples per tree, and a high of 9.61 field

boxes per tree. These data are indicative of yield differences that

could occur for an orchard composed of various variety-rootstock

combinations.

Yield Differences Due to Age of Tree

Orchard yields will vary with respect to ages of the apple trees.

Beginning about age four years most apple trees produce a harvestable

crop. From this age on, a tree generally produces an increasing

number of apples each year until a maximum production is reached,
15/ .after which yields decline. A yield and age relationship is

A field box is usually a wooden container, used extensively before
the introduction of larger bulk bins, and holds approximately 35
pounds of apples.

Clark Dwarf roots tock originates from South America and was
introduced into the United States by the Iowa Experiment
Station (Doud, 1962).

Adverse environmental conditions, whether induced by human
or natural force may cause crop failure during any year.



Table 4. Mean yields and standard deviations in field boxes per
tree by age and variety-rootstock combinations, a!

Golden Delicious variety Winesap variety on
on Seedling rootstock Seedling rootstockAge Standard b/(years) Mean N- Mean Standard

deviation deviation N

9 4.15 3.23 197 .6.46 4.41 181
10 19.42 7.08 197 14.31 6.44 181
11 11.77 5.20 197 18,53 4.81 181
12 16.35 7.25 197 16.68 6.36 181
13 11.04 5.50 197 14.18 6.00 181
14 19.79 8.47 197 16.89 5.44 181
15 19.10 7.48 197 14.05 8.02 181
16 20.58 8.91 197 21.87 6.07 181
17 20.13 7.22 197 20.49 7.43 181

Means and standard deviations calculated from data obtained
from Tree Fruit Research Center, Washington State University,
Wenatchee, Washington.

N indicates the number of tree observations used in calculating
each mean and standard deviation.

characterized in Figure 4 where age in years is measured along

the horizontal axis and yield in mean field boxes per tree along the

vertical axis.

Data which were used in the analysis portion of the study came

from trees of ages 3 through 17 years. Data from the Hood River

Experiment Station covered 3 through 9 years of age and data from

the Wenatchee Experiment Station 9 through 17 years. The data

plotted in Figure 4 are from both Hood River and Wenatchee.

It was the only data from these two stations that matched as to



Table 5. Mean yields and standard deviations in field boxes per tree by age and variety-rootstock
combinations, a!

Red Delicious variety on Golden Delicious variety on Red Delicious variety on
Age Mailing I rootstock Mailing I rootstock Mailing VII rootstock

(years) Standard b' Standard Standard
Mean deviation N-' Mean deviation N Mean deviation N

3 0.11 0.29 110 0.42 0.53 40 0.17 0.36 251
4 0.35 0.34 49 0.00 0.00 7 04O 0.45 114
5 2. 52 2.54 97 2.58 2.61 33 2. QO 1.86 221
6 3.16 3.02 110 3.31 3.24 40 2.42 1.85 251
7 5.48 3.39 110 7.22 3.63 34 3.91 2.32 251
8 5.61 5.06 95 4.62 4.20 35 3.60 3.28 215
9 7.17 3.95 110 7.72 3.70 39 4.56 2.77 251

Golden Delicious variety on Red Delicious variety on Golden Delicious variety on
Age Mailing VII rootstock Mailing XVI rootstock Malling XVI rootstock

(years) Standard Standard Standard
Mean deviation N Mean deviation N Mean deviation N

3 0. 60 0.57 78 0. 04 0. 14 74 0.24 0.41 26
4 0.00 0.00 10 0. 10 0.15 33 0. 00 0.00 2
5 2.48 1.79 67 1.20 1,50 71 2.51 2.65 22
6 2.10 2.20 78 2.40 1.91 80 2.61 2.01 27
7 5.42 2.98 69 4. 37 2.85 80 7. 32 3. 73 24
8 2.61 2.55 66 5. 37 4.51 70 4. 22 2. 90 23
9 5.10 2.97 73 7.47 5.17 80 8.96 4.68 26

Continued
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Table 5. Mean yields and standard deviations in field boxes per tree by age and variety-rootstock
combinations - -Continued.

Red Delicious variety on Golden Delicious variety on Red Delicious variety on
Age Malling II roots tock Mailing II rootstock on Seedling rootstock

(years) Standard Standard Standard
Mean deviation N Mean deviation N Mean deviation N

3 0.03 0.15 105 0.38 0.49 33 0.09 0.25 45
4 0.13 0.16 44 0.00 0.00 6 0.12 0.28 19
5 2. 15 2. 24 89 2.41 2.41 29 1. 77 2. 31 40
6 2.98 2.34 104 3.41 2.53 33 2.40 2.20 47
7 5.42 3.10 104 5.66 2.65 26 4.64 3.05 46
8 5.41 4.79 97 5.11 4.73 29 4.30 2.99 39
9 5.87 3.55 104 7.09 3.32 33 5.58 4.13 45

Golden Delicious variety Red Delicious variety on Golden Delicious variety on
Age Seedling rootstock Clark Dwarf rootstock Clark Dwarf rootstock

(years) Standard Standard Standard
Mean deviation N Mean deviation N Mean deviation N

3 0.34 0.48 17 0.03 0.11 11 0.79 0.95 19
4 0. 00 0.00 3 0. 00 0. 00 3 0. 00 0. 00 3
5 3.21 3.78 17 0.90 1.28 9 1,89 2.69 19
6 4.84 2.54 17 2.08 1.71 11 2,04 1,91 19
7 8.42 3.47 14 3.43 2.00 11 4.15 3.49 15
8 7. 13 5.03 15 3.77 2.42 9 3.62 4.71 16
9 9.61 4.33 17 3.66 2.02 11 3.64 2.74 18

Means and standard deviations calculated from data obtained from Mid-Columbia Experiment
Station, Oregon State University, Hood River, Oregon.
N indicates the number of tree observations used in calculating each mean and standard deviation.
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Figure 4. A yield-age growth curve for Golden
Delicious variety on Seedling rootstock

a common variety-rootstock combination, i. e., Golden Delicious

variety on Seedling rootstock. Although these data were not

gathered specifically for Figure 4, they do illustrate the

hypothesized yield and age relationship introduced above.

Data on other variety-rootstock combinations are summar-

ized in Tables 4 and 5. The mean yields in field boxes per tree

are shown by age for each of the 14 variety-rootstock combinations,
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and in all cases lend quantitative evidence to the existence of

substantial yield differences due to ages of apple trees. To show

the characteristics of growth curves for different variety-rootstock

combinations, linear regressionequations were fitted to each set of

variety-rootstock data. The regression coefficients and other

statistics are shown in Table 6.

The coefficient (b) on the age variable (x) is the slope of a

growth relationship and provides a measure of annual rate of in-

crease of yield in field boxes per tree. The differences in the slopes

listed in Table 6 represent differences in yield growth vigor for

these various variety-rootstock combinations. Figure 5 compares

yield-age curves for Golden Delicious variety on Clark Dwarf

rootstock and Golden Delicious variety on Seedling rootstock.

Slopes of their regression equations are 0. 5591 field boxes per

tree per year and 1.5791, respectively, thus indicating their

relative growth vigors. The comparison in Figure 5 shows in

addition the low and high slope coefficients observed in Table 6.

Therefore, in a harvest operation to relate productivity of a

16/ . .Data were not available to the study from which nonlinear
regression equations could be estimated over the lifetime of
apple trees.



Table 6. Linear regression equations and other statistics for yield in field boxes per tree as a
function of age in years. a_/

Variety-rootstock combination Constant, a Slope, b R-square F-value

Golden Delicious variety on Seedling
rootstock -4. 1359 1.4252 0. 1782 383.98

Winesap variety on Seedling rootstock -0.4071 1.1676 0.1611 312.39
Red Delicious variety on Malling I

rootstock -3.7163 1.2113 0.3616 384.55
Golden Delicious variety on Mailing I

rootstock -3.3024 1.1924 0.3488 121.04
Red Delicious variety on Mailing VII

rootstock -2. 0058 0. 7496 0. 3226 739. 20
Golden Delicious variety on Mailing VII

rootstock -1.3971 0.6963 0.2376 136.83
Red Delicious variety on Mailing XVI

rootstock -4. 6306 1. 2753 0. 3956 316.84
Golden Delicious variety on Mailing XVI

rootstock -4.2136 1.3449 0.4015 99.28
Red Delicious variety on Mailing II rootstock -3. 2635 1. 0800 0. 3480 344, 22
Golden Delicious variety on Mailing II rootstock -3. 1499 1. 1212 0. 3826 115. 90
Red Delicious variety on Seedling rootstock -3. 0186 0. 9641 0. 3417 144.84
Golden Delicious variQty on Seedling rootstock -4. 4974 1.5791 0.4524 80.97
Red Delicious variety on Clark Dwarf rootstock -2. 1979 0. 7083 0.4201 45.64
Golden Delicious variety on Clark Dwarf rootstock-0. 9265 0. 5591 0.1358 16.81

Yield in field boxes per tree = f(age of tree in years), i. e., y = a+bx where y is the yield in field
boxes per tree, a is the constant, b is the slope, and x is the age of the tree in years.

01
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Figure 5a. A yield-age growth curve for Golden
Delicious variety on Clark Dwarf
rootstock
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Figure 5b. A yield-age growth curve for Golden
Delicious variety on Seedling rootstock
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harvesting system to sources of varying yields, the age, as well as

the variety-rootstock variable must be considered.

Yield Variability Between Trees Due to Nature of Individual Trees

The apple tree is the manufacturing center for the fruit, but

unlike the manufacturing machinery in an industrial plant, it is a

living thing. Trees like all living things are unique in their action

and reaction to the environmental stimuli surrounding them. An apple

trees position in an orchard relative to other competing trees

determines the amount of exposure it has to sunlight, wind, rain, and

frost. For example, trees in orchard border rows will usually re-

ceive a greater exposure to climatic conditions and Less competition

17/with other trees due to their one outward facing side. Often these

border trees suffer the detrimental effects of receiving Little ferti-

lizer, insecticide, and cultural attention. Many times, heavier

motor traffic along orchard border rows with the resulting compaction

of soil impairs the normal growth of root systems. Whatever ex-

planation may be given, the fact remains that yields vary between

trees of the same age and variety-rootstock combination. This fact is

exemplified by the standard deviations of yields in field boxes per tree

In the design of orchard experiments, these tiborder effects on
border row trees are usually recognized and often handled with
special attention (Cochran and Cox, 1968).
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shown in Tables 4 and 5. For example, for age 16 Golden Delicious

variety on Seedling rootstock the standard deviation was 8. 91;

the highest variance (standard deviation squared) observed in

these data. The lowest standard deviation was 0. 11 for age three

Red Delicious variety on Clark Dwarf rootstock, excluding those

age and variety-rootstock combinations showing zero mean

yields.

Estimation of Density Variability

In a previous section the concept of fruit density was defined

as the number of apple trees which must be picked to fill a bin.

In addition, the question was asked: Why in an apple orchard would

it require a different number of trees to fill each bin? Data were

presented to substantiate that apple yields per tree are not uni-

form in an orchard, but do vary considerably. Therefore, it

follows that if yields per tree vary, then the number of trees re-

quired to fill each consecutive bin in a harvest operation will vary

also.

For example, suppose an orchard has only seven apple trees.

Suppose these seven trees bear yields in field boxes per tree as

shown in Table 7.
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Table 7. Hypothetical yields per tree and trees per bin data.

Tree Yield in field Trees per
number boxes bin

1 25 1.00
2 15 1.67
3 5 5.00
4 25 1.00
5 20 1.25
6 5 5.00
7 5 5.00

Mean 2.85

Standard
deviation 2. 03

In order to calculate fruit density of this orchard, it may at first

appear only necessary to take each tree's yield and divide it into

the 25 field box capacity of a bin to obtain a measure of bzees per

bin. That is, the first tree will fill one bin while the seventh tree

represents 5. 0 trees per bin, i. e., it would require 5. 0 trees of

five field boxes of apples each to fill a bulk bin. Next it may

appear to be only a minor calculation, as is shown in the last two

rows of Table 7, to obtain mean trees per bin and standard devia-

tion and thus a measure of fruit density. However, it will now be

shown these calculations do not correctly represent what they intend.

They are incorrect because they do not account for the

variability of yields between trees. That is, as a harvesting

system proceeds down an orchard row it does not encounter the
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mean yield tree, but a whole range of yield variability as described

earlier. For this reason a technique was needed to calculate

mean trees per bin and trees per bin variance from the standpoint

of yield conditions a harvesting system might realistically encounter

in an orchard. A computer program simulated the harvesting of

apples into bins, and calculated the number of trees picked to fill
18/ . .each bin. Averaging over the number of bins filled proviçled

mean trees per bin and the standard deviation was then calculated.

Simulation of Trees Per Bin Mean and Variance

The computer program simulates harvest of an orchard.

That is, it simulates the encounter of apple trees with different

yields and placement of each tree's yield in a 25 field box capacity

bulk bin. It calculates the number of trees and fractions of trees

which are needed to fill each consecutive bin from a preassigned

total number of bins. The simulation program contains a random

number generator that will, in effect, randomly select trees from

a specified yield distribution. This assumes that yields occur in

an orchard at random for any specified age and variety-rootstock

combination.

To illustrate operation of this technique, suppose an orchard

contains apple trees with a frequency distribution of yields in field

The trees per bin computer simulation program and instructions
for its operation are given in Appendix A.
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boxes per tree as shown in Table 8. Table 8 indicates that 12. 5

percent of the trees in this orchard have between 0. 0 and 10. 0

field boxes of apples on them with a midpoint of this class interval

of 5. 0 field boxes. Trees having between 20. 1 and 30. 0 field

boxes of fruit and described by the 25. 0 field boxes per tree

midpoint occur with a frequency of 0. 4375. A distrthution of yields

in field boxes per tree is described to the computer by cumulative

proportion intervals, suchas those given in the last column of

Table 8. The program randomly generates a number between

zero and one, searches through the cumulative proportion intervals

until it finds an interval in which the random number faUs, and

then associates with this interval the yield as represented by the

midpoint of that selected class interval.

Suppose the simulation program is instructed to pick enough

apple trees from the frequency distribution given in Table 8 to

fill four bulk bins. Furthermore, suppose the first random number

is 0. 7007. The program will search the cumulative proportion

intervals and find the interval into which this number falls. This

random number is between 0. 5001 and 0. 9375, specifying a field

box yield for the first apple tree of 25. The program then, in

effect, places the yield of 25 field boxes for the first tree in the

first bulk bin. It then tests to see if the bin is full, i. e., the bin

has a full capacity of 25 field boxes. The first tree drawn fills the



Table 8. Flypothetical frequency distribution of yields in field boxes per tree.

Class interval of Midpoint of Proportion of total Cumulative proportion
field boxes per tree class interval tree observations interval

0.0-10. 0 5.0 0. 1250 0.0000-0. 1250

10. 1-20.0 15.0 0.3750 0. 1251-0. 5000

20. 1-30. 0 25. 0 0.4375 0. 5001 -0. 9375

30. 1-40. 0 35.0 0.0625 0.9376-1.0000

Total 1.0000

The midpoints of the class intervals do not reflect precisely the true midpoints, however
for illustrative purposes they are satisfactory.
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first bin completely. After determining that the bin's capacity

less the observed yield is zero (25-25=0), the program counts

this first tree as one tree per bin. Next, the program checks to

see how many more bins it must fill. Initial instructions were to

pick four bins, thus the simulation continues on to the next bin,

bin number two. Generating another random number, which could

be 0. 4575, the computer searches for the correct cumulative

proportion interval containing this number, and associates a yield

of 15 field boxes with this next tree. The simulation program places

a 15 field box yield in the second bin, and tests to determine if the

bin is full, i.e., 25-15=10. A ten field box capacity remaining in

bin number two is computed. Since the entire yield of this tree only

partially fills the second bin, it is counted as one tree thus far in

bin number two. The program returns to its random number gen-

erator and may select 0.0117 in order to continue picking to fill

the remaining capacity of the second bin, This random number

produces a five field box yielding tree which is tested against the

ten field box remaining bin capacity. Sufficient capacity ,s left, and

this tree's entire yield is added to the second bin and thus giving

count of two trees per bin, and a remaining capacity of five field

boxes for bin number two. The simulation returns to the random

number generator for another random number and selects another

yield to place in bin number two. Suppose this time it chooses a



third tree with a 2.5 field box yield, however the remaining capacity

of the second bin is only five. The program will only use five

field boxes, and leave 20 on this third tree to be placed into bin

number three. Since only 5 of the 25 field boxes of apples on the

tree were needed to finish filling the second bin, the computer
5 . . .counts of this third tree as going into the second bin. Cumulating

all the trees picked to finally fill bin number two, the program

tabulates 2-1/5 trees were needed, that is, 2-1/5 trees per bin.

Again checking its instructions for the number of bins to fill, the

program proceeds to generate another random number possibly

directing it to a 20 field box yield for the first tree for bin number

three. Since the third bin already contains the 20 field boxes left

over from the second bin's third tree, the program, in effect, only

harvests the needed five field boxes of apples from this tree. The

20 5trees per bin count for the third bin is trees plus trees for

a total of 1-- trees per bin. The remaining 15 field boxes of

fruit from the ?.0 field box yield tree drawn for bin number three

is placed in the fourth and final bin. The simulation continues and

may generate a random number such as 0. 1250. A five field box

yield tree is selected, however this yield does not completely fill

bin four. Suppose the program selects still another tree with a

yield of five, thus exactly filling the fourth bin. The final count of



trees per bin for bin number four is 2-3/4.

Upon completing the instructions to fill four bins, the trees

per bin computer simulation program calculates mean trees per

bin for the four bins and standard deviation. Table 9 shows the

means and standard deviations of both the incorrect method

illustrated earlier, and the correct estimates calculated by the

simulation technique illustrated above.

Table 9, Means and standard deviations for incorrect method
and simulation technique.

Method of Standard
calculation Mean deviation

Incorrect method 2. 85 2. 03

Simulation technique 1. 75 0.87

Differences between the mean and standard deviation calcu-

lated by the incorrect method and the mean and standard deviation

obtained by simulation are large enough to have misled a researcher

as to the expected extent of density differences and variability.

This is especially true since the first technique fails to correctly

account for variability of yields between trees. To clarify, the first

19/
The reader should note that the example presented here has
been constructed so that the same tree yields were selected
as were used for the example illustrated in Table 7.
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method only expresses the number of trees with exactly the same

yield as a. given tree that it would take to fill a bin. It does not ex-

press yield variability of contiguous trees encountered in an orchard

by a harvesting system picking from tree to tree, and filling bin after

bin. Thus it is the order in which a harvesting system encounters

yields of different trees that is in effect the important consideration

in determining variability of fruit density. Whether or not yields

occur at random in an orchard, and hence whether a harvesting system

encounters them in some particular order, is of secondary importance.

The randomness assumption facilitated the calculations where data

showing the order of tree yields in an orchard were not available.

Tables 10 and 11 Show means and standard deviations of trees

per bin for the Wenatchee and Hood River data whichwere summarized

in Tables 4 and 5. These values were calculated by the simulation

program described above.

Each cell in Tables 10 and 11 specified by an age and variety-

rootstock combination was calculated on the basis of 100 bins. That

is, the program simulated picking from each yield distribution

until 100 bins were filled.' From these tables, information is

20/ . . .The distributions of field boxes of apples per tree implied by the
simulated results in Tables 10 and 11 were compared with the
actual distributions. A Chi-square test showed that there were
no significant differences between the simulated and actual dis-
tributions. The actual distributions are summarized in
Appendix B.



Table 10. Mean trees per bin and standard deviations by age and variety-rootstock combinations, a!

Golden Delicious variety Winesap variety on Seedling
on Seedling rootstock rootstockAge

(years) Mean Standard deviation Mean Standard deviation

9 5.70 1.71 3.87 1.21
10 1.27 0.37 1.73 0.53
11 2.09 0.55 1.34 0.29
12 1.47 0.56 1.43 0.40
13 2.13 0.57 1.74 0.52
14 1.31 0.46 1.39 0.33
15 1.45 0.52 1.72 0.67
16 1.13 0.38 1,11 0,24
17 1.23 0.31 1.16 0.34

Means and standard deviations of trees per bin were calculated by the trees per bin
computer simulation program given in Appendix A.



Table ii. Mean trees per bin and standard deviations by age and variety-rootstock
combinations, a!

Age
(years)

Red Delicious variety on
Mailing I rootstock

Mean Standard
deviation

Golden Delicious variety on
Malliag I rootstock

Mean Standard
deviation

Red Delicious variety on
Mailing VII rootstock

Mean Standard
deviation

3 24.62 0.77 23.72 1.41 24. 72 0.68
4 25,00 0.00 25.00 0.00 24.64 0,81
5 9.42 2.63 9.58 2.98 12. 10 3.00
6 8.16 2.70 6.57 2.08 9.87 2,54
7 4.79 1.33 3.29 0.98 6.07 1.42
8 4.37 1,69 5.47 2.05 6.42 2.00
9 3.38 0.99 3.14 0.81 5.23 1.37

Golden Delicious variety on Red Delicious variety on Golden Delicious variety on
Mailing VII rootstock Malling XVI rootstock Malling XVI rootstock

3 23. 84 1.47 25. 00 0. 00 25. 00 0. 00
4 25.00 0.00 25.00 0.00 25.00 0.00
5 9.89 203 14.59 3.01 9.39 3,13
6 10.26 2.68 9.85 2.15 9.44 1.82
7 4.71 1.17 5.32 1.44 3.38 0.91
8 9.57 2.65 4.41 1.37 5.82 1.65
9 4.71 1.16 3.36 1.32 2.64 0.74

Continued

0'



Table ii. Mean trees per bin and standard deviations by age and variety-rootstock
combinations- -Conhnued.

Red Delicious variety on Golden Delicious variety on Red Delicious variety on
Age Mailing II rootstock Mailing II rootstock Seedling rootstock
(years) Mean Standard Mean Standard Mean Standard

deviation deviation deviation

3 25.00 0.00 25.00 0.00 25.00 0.00
4 25. 00 0. 00 25. 00 0. 00 25. 00 0. 00
5 10.37 3.12 9.88 2.86 11.76 3.22
6 7.90 2.00 6.97 1.75 9.88 2.50
7 4.88 1.20 4.64 1.12 4.96 1.47
8 4.47 1.69 4.37 1.84 5.84 1.65
9 4.06 1.30 3.61 0.83 4.27 1.48

Golden Delicious variety on Red Delicious variety on Golden Delicious variety
Seedling rootstock Clark Dwarf rootstock on Clark Dwarf rootstock

3 25.00 0.00 25. 00 0. 00 20. 32 2.48
4 25. 00 0. 00 25. 00 0. 00 25. 00 0. 00
5 7.56 2.67 17.09 2.32 10.46 2.91
6 4.99 1.09 11.19 2.31 10.36 2.18
7 2.93 0.72 6.59 1.44 5.46 1.53
8 3.69 1.13 6.36 1.42 6.25 2,92
9 2.51 0.65 6.88 1.47 6.56 1.62

Means and standard deviations of trees per bin were calculated by the trees per bin computer
simulation 'program given in Appendix A.

0'
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available to at least define some bounds on the extent of density

variability within an orchard. For example, the ]owest density

was represented by the highest number of trees per bin, i. e.,

24. 72 trees per bin for age three Red Delicious variety on

Mailing VII roots tock. a" The highest density was represented

by 1. 11 trees per bin for age 16 Winesap variety on Seedling root-

stock. _?" However, since trees of ages three to four years are

of questionable harvesting value, a better lower bound on density

may be one similar to 17. 09 trees per bin for age five Red Delicious

variety on Clark Dwarf rootstock. A realistic estimate of the range

of fruit density within an orchard could be one that varied from 1. 11

to 17. 09 trees per bin. Thus the important reality of yield variability

among apple trees in an orchard can be accounted for in a decision

model where the states of nature, characterized as fruit density,

could be continuous within this range.

For those cells in Tables 10 and 11 specifying an age and
variety-rootstock combination with mean density of 5 and
zero standard deviation, all field box yields per tree were
between 0. 0 and 2. 0 in each frequency distribution. Therefore,
the midpoint used in the simulation was 1.0 field box per tree.
The program calculated 25 trees per bin with no deviation be-
cause exactly 25 trees were drawn to fill each bin.

22/ In comparing Tables 10 and 11 with Tables 4 and 5, note the
respective values of mean field boxes per tree and mean trees
per bin move in opposite directions in all cases. That is, as
field box yield per tree rises the number of trees per bin falls.
Thus the lowest trees per bin measurement represents the highest
yielding trees in field boxes; whereas the highest trees per bin
measurement represents the lowest yielding trees in field boxes.
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The Payoffs

The apple producer who must choose among two or more

harvesting systems, realizes that a system to be economically

feasible must reduce his present harvest cost by increasing pro-

ductivity of his harvest operation.a" This is especially true, where

a mechanical harvesting system with a higher fixed cost may re-

place conventional hand labor. Furthermore, variable cost for

a harvesting system is related directly to the amount of time needed

to harvest an orchard. The total time required depends on the size

of an orchard, the productivity of a harvesting system, and yields

of the trees. Finally, mechanical systems have extended useful

lives beyond one harvest season, thus a producer incurs a continu-

ous flow of expenditures associated with his system throughout its

useful life. These characteristics of alternative actions (pro-

ductivity and useful life) were discussed previously. The states

of nature in terms of trees per bin were dealt with in the last sections,

The payoff or outcome of a particular action-state of nature combin-

ation depends upon the characteristics of the alternative action

This assumes the producer's capital investment decisions are
not affected by his consumption motives, and that the value of
crop is not affected by the method of harvest.



and on the state of nature. The following section develops this

interacting relationship and discusses calculation of payoff.

Total Cost of a Harvesting System

The cells in a payoff table specified by action-state of nature

combinations contain present values of total cost. Total cost is

comprised of fixed and variable costs. Variable cost is a function

of the amount of time a system is operated. In order to calculate

variable cost for the payoff component of the decision model, it is

first necessary to know the amount of time a system will operate

to pick an orchard. The time needed, and therefore total variable

cost depend upon: (1) the number of fruit yielding trees in an

orchard, (2) fruit density in trees per bin, and (3) productivity of

a system in terms of time per bin. Therefore, ifproductivities

of alternative systems are inherently different, and if orchard

yields vary, variable cost from system to system will differ for

the same orchard. In addition, if yields of a group of trees vary

from one year to the next, and if productivities of alternative

systems depend upon yield conditions, the respective variable

cost of each system will vary from one year to the next over

useful life.

Productivity of a harvesting system is measured in time per

bin, therefore variable cost can be expressed in terms of cost per



unit of time. Total variable cost for a harvesting system is the

product of variable cost per unit of time and total Lime required to

pick an orchard. Variable cost per unit of time for a system for a

specific time period may be expressed as:

VCT = (OPVC + LVC) where

OPVC = operating cost per unit time, 1. e., fuel, oil, etc.;
24/LVC = labor cost per unit time,

A harvesting system may have a useful life extending beyond

one year, therefore a stream of variable cost will be incurred by

its operation throughout its useful life. Total variable cost for the

life of a system is given by the expression:

TVC = TVC1 + TVC2 +. . . + TVCT where

TVC. = (TIME.)(VCT.) and where
1 1 1

TIME. = total time to pick an orchard foreach year of

the useful life of a system, i1, . . . , T;

VCT. = variable cost per unit of time for each year of the

useful life of a system, i1, . . ., T.

The variable, TIME for a given year of the useful life of a

system depends upon the size of an orchard, productivity of the

system, and yields of trees in the orchard, and may be expressed:

24/ .The symbolism used in equations throughout this thesis
facilitates interpretation of the Fortran computer programs
in the Appendices.
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TIME. = TBIN + TBIN +. . . + TBIN where
1 2 N

TBIN. = the time it takes to harvest each bin for the j=1,
3

., N bins in an orchard.

The time necessary to pick each consecutive bin in a

harvest operation will vary with density of fruit. That is, it may

take more time to pick a bin from low density trees than it will to

pick from high density trees. Thus time per bin (TBIN) comes

from a relationship between a system's productivity measured in

time per bin, and fruit density of an orchard measured in trees

per bin. Figure 6 represents a conjectured functional relation-

ship between a system's productivity measured in time per bin

along the vertical axis and trees per bin along the horizontal axis.

Time per bin

Trees per bin

Figure 6. A conjectured functional relationship
between time per bin and trees per bin
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The relationship in Figure 6 indicates that as the number

of trees per bin increases (decreasing fruit densiLy) the time it

requires to harvest a bin of fruit increases. Given the number of

trees picked to fill each bin during a harvest operation, the time

to fill each of these bins can be determined from an estimated

relationship similar to that in Figure 6. Thus the total time to

pick an orchard in a given year (TIME) is the summation of all

the time per bin observations taken from the functional relationship.

Total cost (TC) of a harvesting system over its useful life

is the summation of total variable cost (TVC) and fixed cost of the

system (FC) less the allowable depreciation (TDEPR). That is:

TC = FC + TVC - TDEPR where

TVC is as defined above;

FC = fixed cost which is composed of the initial price of a

system (INV) less the downpayment on its purchase

(DNPAY) plus the finance cost of installment buying

(COSTF);

TDEPR = total accumulated straight-line depreciation

allowance.

Present Value of Total Cost

Total variable cost (TVC) is the summation of variable cost

for each year of useful life (TVC.). Fixed cost (FC) is distributed
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over an amortization period (M) of installment purchase. Total

25fdepreciation (TDEPR) is distrthuted over useful life of a system. -

Since these costs and depreciation allowances occur in dif-

ferent time periods throughout the useful life of a system, streams

of costs and depreciation for different harvesting systems may be

put on a comparable basis by calculating present values. Present

value of total cost for a harvesting system over its entire useful

life may be expressed:
YFIXC DEPR'\PVTC=(DNPAY+TVC1+ l+r l+i j +

(Tvc2
YFIXC2

+l+i (l+r)

(TVCM YFIXC
Ml+ M

\ (l+i) (l+r)

(TVCT -DEPR\
.T-1

(1+1) (l+i)

DEPR

(1 + i)2 J

DEPR
M' +

(l+i)
J

where

INV - DNPAY + COSTFyearly fixed cost is YFIXC =
M

M = amortization period of an installment purchase;

Total depreciation is usually taken to be the initial price of the
asset less the salvage value. A straight-line depreciation
schedule would allocate an equal amount of depreciation (DEPR)
for each year of the asset's useful life.
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T = expected useful life of a system, i=l, . . ., M, ., T;

and all other variables are as defined above.

In words, present value of total cost for the useful life of a

harvesting system is equal to the downpayment on its purchase, plus

the discounted variable cost for each year of system use at discount

rate i, plus the discounted annual fixed cost over an amortization

period at discount rate r, less the annual discounted depreciation

allowance at rate i over the useful life of a system.

The Decision Criterion

Given present values of total cost for two or more alternative

harvesting systems, the decision criterion for selectingone system

could be minimization of expected present value of total cost.

However, when the decision criterion is minimization oL disutility,

then expected values and variances of present value of total cost

must be found as was discussed in an earlier section of this chapter.

Since there is no straightforward way of determining expected values

and variances for the respective useful lives of alternative systems

for a particular orchard, a simulation procedure is suggested as a

The discount rate r represents the rate at which funds can be
borrowed, while the discount rate i represents the opportunity
rate at which funds can be invested.
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means to calculate present values of total cost. A computer

program is necessary to simulate operation of each alternative

system over its useful life on an orchard where the distribution

of states of nature is continuous and varies by age and variety-

rootsiock combination. Chapter IV presents the computer program

which calculates the distribution of present value of total cost for

the useful life of each alternative harvesting system from which

expected values and variances can be determined.
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III. SAMPLING TO DETECT AND ESTIMATE
A RELATIONSHIP BETWEEN SYSTEM

PRODUCTIVITY AND FRUIT
DENSITY

In Chapter II total variable cost for the useful life of a harvesting

system was shown to be the product of system operation time and

variable cost per unit of time. In addition, the operation time re-

quired to pick an apple orchard with a particular harvesting system

depends upon the size of an orchard, the productivity of the system

measured in time per bin, and upon fruit density of an orchard

measured in trees per bin. Figure 6 was advanced as a conjectured

functional relationship that describes a harvesting system's produc-

tivity in relation to an orchard's fruit density. It was concluded in

Chapter II that if a productivity-density relationship is known for

each of several alternative actions in the decision problem, present

value of total cost can be calculated for each action-state of nature

combination.

It is the objective of this chapter to present a sample size

formula and procedure for: (1) estimating from performance tests

the productivity-density relationships for two or more harvesting

systems, and (2) detecting whether or not alternative systems are

different in a statistical and economical sense. That is, a procedure

will be set forth for determining the number of time per bin and
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trees per bin observations to be collected in performance tests of

harvesting systems to estimate functional relationships.' This

will be done in a manner such that alternative actions will have a

large enough difference between their respective productivities to

be considered economically different actions. Also a sample size

formula will enable estimation of productivity-density relationships

and detection of statistically significant differences between the

relationships of two or more harvesting systems. The following

section prepares the groundwork for the estimation of productivity-

density relationships with a discussion of technical efficiency and

economic efficiency.

Technical Efficiency and Economic Efficiency

Technical efficiency is the measure of harvesting system

productivity and is defined as the time required to fill a bulk bin

with apples. It should be noted that this measure of system produc-

tivity embodies no accounting for monetary value of the input (time)

or the output (bins of fruit). Economic efficiency is the appropriate

.2J Performance tests are intended to obtain data on system
productivity. Other information showing variations between
systems due to system design and work method as well as
effects of system operation on fruit quality and worker
performance and attitude may also be collected.
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measure when monetary values are attached to inputs and outputs. To

illustrate the distinction betwe en technical efficiency and economic effi-

ciency as they applied in the study, several examples will be pre sented in

the following sections to clarify their roles in the decision problem.

Suppose the line labeled in Figure 7 describes the func-

tional relationship between the time per bin measure of technical

efficiency for a conventional ladder harvesting system SL and the

trees per bin measure of fruit density for an orchard. Further-

more, suppose this conventional ladder method's productivity-

density functional relationship is to be a standard against which all

other alternative harvesting methods are to be compared. The

line labeled in Figure 7 depicts the productivity-density rela-

tionship for an alternative harvesting system SA.

Time per bin

TPBL

TPBA

Trees per bin

Figure 7. Hypothetical functional relationships between
time per bin and trees per bin for systems
SL and SA
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Figure 7 indicates that at a fruit density of D, the conven-

tional ladder method SL requires TPBL time per bin to fill one bin,

and at the same fruit density the alternative harvesting method SA

requires TPBA time per bin to fill one bin. (TPBA< TPBL)

In addition, Figure 7 shows that as fruit density becomes greater to

the left of D, the difference between TPBL and TPBA becomes

progressively smaller as zero trees per bin is approached.

Similarly, as density becomes less to the right of D, the difference

between TPBL and TPBA becomes progressively larger. The

first conclusion one may draw from this comparison of technical

efficiencies is that is always the better harvesting method since

it always has a higher technical efficiency at all levels of fruit

density. However, the higher technical efficiency of SA does not

necessarily make it the most economically efficient system

because technical efficiency does not reflect relevant costs.

28 /
At the origin fruit density becomes infinitely great, i. e., an
infinitesimally small portion of a tree yields one bulk bin.
Also at this point of infinite fruit density, the time required
to fill one bin is infinitesimally small, Of course, in reality
this situation will never occur, thus the definitional problem of
zero fruit density and zero time per bin has no practical impact
on the discussions to follow, and does not invalidate the rela-
tionships depicted in Figure 7.



79

To illustrate, assume an apple producer receives the same value

for a unit of output for any harvesting system he employs, the

economic efficiency of SA can be less than that of SL if the cost

per unit of input for SA more than offsets its greater technical

efficiency. However, for the relationship depicted in Figure 7,

if the cost per unit of time is the same for both SL and SA, the

alternative system's economic efficiency can be greater than that

of the ladder system, and thereby agree with the conclusion reached

by comparing only technical efficiencies. Although technical effi-

ciency of a harvesting system is an important factor affecting the

selection of a system, it may or may not coincide with the more

important criterion of economic efficiency.

Technical efficiency can be made a preliminary basis for

identifying different systems. That is, given the productivity-

density relationship for SL as a comparative standard, a relation-

ship for SA can be generated such that the economic efficiency of

each system is the same. For example, suppose the conventional

ladder system has the linear productivity-density relationship

described in Figure 8 by the line labeled SL. Furthermore,

suppose variable cost per unit time (minutes) is a labor cost of

$0. 05 per minute. In addition, assume one bin of fruit is picked

by SL requiring 60 minutes to harvest from a group of trees with

fruit density of two trees per bin. A simple measure of technical



efficiency is 60 minutes per bin; $3. 00 per bin is a simple measure

of economic efficiency. The technical efficiency of the alternative

harvesting system SA is unknown, but in order for it to have the

same economic efficiency as SL, SA must exhibit: (1) the same

technical efficiency and variable cost per unit of time as SL, or

(2) a higher technical efficiency (TPBA < TPBL) with compensating

higher variable cost per unit of time, or (3) a lower technical effi-

ciency (TPBA > TPBL) with compensating lower variable cost

per unit of time.

Minutes per bin

57. 69

Trees per bin

Figure 8. Technical efficiencies at equivalent economic
efficiencies for systems SL and SA



In reference to the example, suppose system SA has the same

labor cost per unit of time as SL, 1. e., $0. 05 per minute, but an

additional cost for operating per minute of $0. 002. Variable cost

per unit of time for SA is $0. 052. In order for SA to have the same

economic efficiency as SL ($3. 00 per bin), the technical efficiency

SA must exhibit can be determined by the following expression:

TPBA =
(TPBL)(VCTL)

VCTA
where

TPBL = time (minutes) per bin for the conventional labor

system SL,

VCTL variable cost per unit of time (minutes) for the

conventional ladder system SL, and

VCTA = variable cost per unit of time (minutes) for the

alternative harvesting system SA.

The unknown in this expression is TPBA, time per bin for the

alternative harvesting system SA at a fruit density of two trees per

bin. Solution of the equation gives the time per bin that will equate

the economic efficiency of SA to that of SL in terms of variable cost:

(60. 0)($. 05) .

TPBA . 052
= 57.69 minutes per bin.

That is, system SA must pick one bin of fruit in 57. 69 minutes per

bin at fruit density of two trees per bin and variable cost per minute

of $0. 052 in order to have the same economic efficiency as SL in



terms of variable cost. In short, both systems now have the same

economic efficiency of $3. 00 per bin, but SA must pick at a rate of

at least 2.31 (60.0 - 57.69) minutes per bin faster than SL over

trees exhibiting a fruit density of two trees per bin in order to be

an economically viable alternative action to SL. Variable cost

per unit of time determines the minimum magnitude of technical

efficiency difference that must exist between two systems in order

to equate their economic efficiencies.

Determining a Minimum Technical Efficiency
Difference Between Two Alternative

Actions

In order to calculate the present value of total cost payoff

for each action-state of nature interaction, the functional relation-

ship between time per bin and trees per bin for each action must be

known. The conventional ladder system is the most common and

It is a minimum magnitude because fixed cost has not been
considered. That is, the magnitude of a difference between
technical efficiencies will have to be larger than a minimum
difference determined only with respect to variable cost.
However, in the calculation of a payoff for a particular action-
state of nature combination, fixed cost is accounted for. In
Chapter IV fixed cost will be included in the calculation of
present value of total cost for the useful life of each alternative
action in the decision problem.



traditional apple harvesting technique, and the logical comparative

standard for generating a value of technical efficiency an alternative

system must possess to be a viable alternative to the ladder

30/system.

In order to estimate productivity-density relationships for

apple harvesting systems, it is necessary: (1) to determine how

large a difference between productivity-density relationships is

important, and (2) to determine the number of observations needed

to provide statistical confidence that a specified difference can be

detected. Finally, after a sample size has been determined,

collected, and the relationships calculated, a test is needed to

determine if the productivity-density relationships are statistically

diffe rent.

The Difference Between the Slopes of Two
Productivity-Density Relationships

In the previous example it was shown that SA must pick at a

rate of no less than 2. 31 minutes per bin faster than SL to maintain

an equivalent economic efficiency in terms of variable cost.

Data adapted from the Berlage (1966) study allowed calculation
of a productivity-density relationship for a conventional ladder
harvesting system. This adapted data will allow the generation
of a productivity-density relationship for an alternative system
for illustrative purposes.



Figure 8 expresses this difference in terms of the relative slopes

of systems SL and SA. The slope of line SL is 30 minutes (per bin)

per tree (per bin). Given that the difference between the technical

efficiencies of SL and SA is 2. 31 minutes per bin at a fruit density

of two trees per bin and variable cost per unit of time is constant,

SA must have a slope of 28. 84 minutes (per bin) per tree (per bin)

to be an equivalent system to SL in terms of variable cost. The

difference between their respective slopes is 1. 16 minutes (per bin)

per tree (per bin) which shall be called d, or the specified differ-

ence to equate the two systems on an economic basis. Thus the size

of d can be interpreted as a difference against which any estimate

of the actual difference between two systems can be tested.

The actual or true difference is d = B - B where B is
o L A L

the actual or true slope of the productivity-density line for system

SL and BA is the actual or true slope for system SA.

The actual difference d is not known and must be estimated
0

by performance tests of the harvesting systems. That is, with data

from experimental tests of the harvesting systems, BL and BA

can be estimated and hence d . The estimated difference d
0 0

can be statistically tested against d to determine if d is equal

to or greater than d. If d is equal to d, the two systems are

equivalent provided their respective fixed costs are the same.

However, when comparing a conventional ladder system to a



mechanical harvesting system, the fixed cost of the ladder system

will be less than that of the mechanical system, and hence d must

be greater than d if the mechanical system is to be an economically

viable action. Thus the null hypothesis in experimental performance

tests of a conventional harvesting system and a mechanical system

is d < d. Should the null hypothesis be rejected, the alternative

hypothesis that d > d is accepted and the conclusion follows that

the mechanical harvesting system is possibly an economically viable

alternative to be considered in the decision problem.

The Sample Size Formula for Estimating Productivity-
Density Relationships and for Detecting a

Difference Between d and d
0 S

The question is: How many observations of time per bin

and trees per bin are needed to be statistically confident that a

significant difference between d and d exists? A formula for
0 S

calculating performance test sample size in numbers of bins for

each harvesting system has been developed.' The formula

assumes the null hypothesis d < d is not true. Thus the purpose

of the formula is to provide a large enough sample size to statis-

tically detect the alternative hypothesis ci> ci. The formula is:

31/ The formula was developed by Kenneth Burnham of the
the Department of Statistics, Oregon State University.
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N- 2 p
Ss

2

d -d
0 S

where

N = sample size in numbers of bins for each harvesting system;

= variance about a linear regression line, time per bin

f (trees per bin)-. In application an estimate of a2 is

used;

SS = average of the squares of the independent variable, trees

per bin. In application an estimate of SS is used;

P = Z + Z where Z is the normal deviate corresponding

to the significance level ct, and Z is the normal deviate

corresponding to the power of the test;

d = actual or true difference between the slopes of two linear

productivity-density functions;

d = specified difference between the slopes of two linear

productivity-density functions as calculated by equating

the economic efficiencies in terms of variable cost.

Example of Sample Size Determination

To demonstrate calculation of a sample size, data adapted

from previous performance tests and data from Table 11 will be
"2 2used (Berlage, etal., 1966). The value of p , an estimate of p

was found to be 103. 32 when a linear regression line was fitted to



pooled data from the four commercial rnan-positioner aids inves-

tigated by the Berlage (1966) study)-'

The value of SS was calculated to be 22. 11, that is,

ss
7.562 + 4 992

+ 2.932 + 3.692 + 2. 22. 11.
5

The values in the numerator correspond to the means of trees per

bin for Golden Delicious variety on Seedling rootstock for ages

5 through 9 as can be found in Table 11. The value in the denom-

inator is the number of terms in the numerator and provides the

average of the squares. A value of SS is specific to the apple orchard

on which harvesting systems are to be tested, and is estimated for

the specific composition of age and vari.ety-rootstock combinations

present. Thus for this example it is assumed that two hypothetical

systems are to be performance tested on an orchard composed of

apple trees of this particular age and variety-rootstock combination.

For any orchard the value of SS could be determined from data

similar to that given in Tables 10 and 11.

For this example, P = 1.645 + 1. 280 = 2. 925. The value of

1.645 corresponds to Z and is the upper 95 percent point of the

These mechanical harvesting systems were not performance
tested over a range of fruit density, but this2study provided the
only data from which an approximation of could be obtained.
Future performance tests following 9,ie guidelines of this thesis
should provide better estimates of



normal distribution with mean zero and variance equal to one.'
The value of 1. 280 corresponds to Z and is the upper 90 percent

point of the normal distribution with mean zero and variance equal

34/to one.,

The value of d used in this example was derived by calcu-

lating the slopes of the linear productivity-density functions of SL

and SA by the following formulas:

TPB TPBLL1

BL D1-D2

TPBA TPBA

D1-D2

and computing the difference BL BA = d.

The values of TPBL and TPBL used in this example were taken

from the linear regression of time per bin on trees per bin fitted

33/ . . . .The significant level c is the probability that the null hypothesis
d < d will be rejected when it is true. Tables values are given
.0-in Sneaecor and Cochran (1967) p. 548.

34/ The power of the test (l-) corresponds to Z and is the
probability of rejecting the null hypothesis d <d when the
alternative hypothesis d > d is true. Tabfed vaues are given
in Snedecor and Cochran°(l96 p. 548. A table of Z + Z
values for different powers and one-tailed significance levels
is given in Snedecor and Cochran (1967) p. 113.



to the data adapted from the Berlage (1966) study. The values of

TPBA and TPBA were calculated by the formula TPBA

(TPBL)(VCTL)

VCTA
as presented earlier. The values of and D2

are two density levels corresponding to respective time per bin

(TPB) measurements. The slope BL of system SL was 67. 29

minutes (per bin) per tree (per bin). Assuming variable cost per

unit of time VCTL for the ladder system SL equals $0. 0333 per

minute and variable cost per unit of time VCTA for the alternative

system SA equals $0. 0375 per minute, the time per bin TPBA for

system SA must be at least 59.81 minutes (per bin) per tree (per

bin). Therefore, d is equal to 7. 48 (67. 29 59. 81).

The value of d is the true difference between the slopes of
0

the SL and SA functions. The true difference will have to be larger

than the specified d by an amount which would be expected to cover

the average fixed cost per minute of operation of the alternative

system SA. The average fixed cost per minute is equal to the total

fixed cost divided by the total time (minutes) that the alternative

system is expected to operate throughout its useful life. For this

Labor cost for system SL was assumed $2. 00 per hour.
Labor cost for system SA was also assumed to be $2. 00 per
hour, but an additional operating cost of $0. 0042 per minute or
$0. 25 per hour was included. Values for variable cost per unit
of time were obtained from Burkner, etal. (1968-69).



example, it was assumed that average fixed cost was $0. 0006 per

minute for system SA. Converting this to time per bin implies

Fixed cost is comprised of the initial price of a system less
the downpayment on purchase, plus the cost of financing an
installment purchase. For performance testing, the engineer
will need to make an approximation of the expected number of
bins a specific system will be capable of harvesting in its
useful life, and an estimate of time per bin. The number of
bins expected to be harvested depends on the number of trees
in an orchard, yields of the trees, and useful life of the system.
For the example above, it was assumed the price of the alter-
native system SA is $3, 000, $1, 000 of which is attributed to
the harvest operation. The remaining $2, 000 allocated to
pruning and thinning operations. Furthermore, it was assumed
that the downpayment on purchase is $200, and the cost of
financing an installment purchase on $800 is $160 assuming a ten
percent interest rate for a two year amortization period. De-
preciation was assumed $200 per year for a five year useful life
and discounted at five percent. The present value of fixed cost
and depreciation allowances is equal to:

200 $480
+

$480 $200 $200 $200

(1.10) (1.05) (1.05) (1.05)

$200 = $167, 14.
(1. 05)

It was assumed system SA will harvest 4, 738 bins of apples in
its five year useful life. Therefore, the average fixed cost
per bin is $7 14 equals $0. 03528 per bin. It was further

4, 738
assumed for this example that SA can harvest at a rate of one
bin per 58.81 minutes, and hence average fixed cost per
minute is $0. 03528 equals $0. 0006.

58. 81
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that the slope of the SA linear function must be 58. 81 minutes (per

bin) per tree (per bin). Therefore, d = 67. 29 - 58.81 8.48, that

is, d must exceed d by 1, 0 minute (per bin) per tree (per bin) to

be a true economic alternative action.

The sample size for this example is calculated using the

sample size formula presented above:

N
(2) (103. 32)

22. 11
2.925 2

8.48 7.48
=79.96 or

80 bins for each system to be tested. Sample sizes for various

values of the formula's components are tabled in Appendix C.

Procedures for Sampling and Testing
Hypotheses

The purpose of performance testing is to estimate the

productivity-density relationships for apple harvesting systems.

It was the objective of the study to provide a procedural guide for

the estimation of the productivitydensity relationships for alter-

native actions in the decision problem. In order to collect data to

estimate relationships with statistical confidence, it is necessary

to determine the number of bins to be harvested by each system in

a performance test, The sample size formula provides a means

for determining the number of bins to harvest to insure that the

experimenter can be statistically confident that he can detect the
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alternative hypothesis that d > d. It was shown that four

variables determine sample size, all of which depend on the exper

ience and expertise of the experimenter and his thorough under-

standing of the formulats limitations.

Both and SS must be estimated from expost performance

tests and/or expectations of the experimenter, and from yield data,

respectively. The specified difference d must be determined on

economic grounds in a manner similar to that used in the discussion

of technical efficiency and economic efficiency. The actual or true

difference d must be approximated by: (1) careful evaluation of

the variable and fixed costs, (2) preliminary estimation of system

productivity, and (3) estimation of output capacity for useful life.

Furthermore, the significance level a and the power of the test

(l-) must be specified by the experimenter in such a manner as

to represent his desire for statistical confidence in his results.

The degree to which a sample size will insure statistical validity

will depend upon the experimenterTs honest belief that the values

he specifies are the best he can provide, i. e., a sample size is

no better than the values used to calculate it.

Ultimately, use of a sample size calculated by the formula

for performance data collection will depend on the size of an

orchard test site, expected yield of the test site orchard, and the

cost of taking the sample. Reference to Appendix C will emphasize



93

the need for careful evaluation of the sample size formula's corn-

ponent variables. Extreme values may cause sample size to

become extremely large, thus a sample size would have to be one

that will not only satisfy statistical requirements, but one that can

be adequately satisfied by an orchard. That is, the expected total

yield of the test site orchard must be at least equal to the total

sample size. The cost of data collection and analysis may place

an upper bound on the sample size , quite possibly a sample size

smaller than that indicated by the formula. Thus there can be a

trade-off between statistical confidence and the need to stay within

the limits imposed by budgets, time, and effort. In practice, the

experimenter must decide whether the value of the information to

be obtained from collecting a sample is sufficient to warrant the

cost of collecting it.

Allocation of a Sample Size and Collection
of Observations

The physical conduct of performance tests of harvesting

systems must be preceded by detailed planning of every aspect

of the data collection technique. That is, procedures to secure

The sample size values given in the tables in Appendix C must
be interpreted with caution because of the limitation on data
available for the study.
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uniformity in conduct of performance tests from system to system

must be defined, control must be exercised over external influ

ences which may distort measurement of time per bin and trees

per bin observations, and systematic measuring techiiques must

be developed in order to prevent gross errors in the collection of

data.

The productivity-density relationship of an apple harvesting

system should show the technical efficiency of the system over a

range of fruit density indicative of that which may be encountered

by the system throughout its useful life as the apple orchard matures.

Thus the primary objective of the sample size formula is to deter-

mine the number of bins each system must harvest over a range of

fruit density to be statistically confident that a system's estimated

productivity-density relationship represents that which can be ex-

pected throughout the system's useful life.

In order to obtain observations of time per bin over a range

of fruit density, a sample size should be allocated among trees

which provide as full a range of fruit density as possible. That is,

the sample size must be allocated throughout the test orchard in

such a manner as to enable the collection of time per bin observa-

tions over the widest range of fruit density. However, the author

suggests no general scheme for the allocation of sample size in all

orchards. Each orchard is unique in its concentration and range
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of fruit density. It may be necessary for the experimenter to

determine for himself or rely on others with the ability to judge

expected yields of trees or groups of trees to determine where in

a particular orchard a sample size of bins should be allocated to

give a reasonable spread of time per bin observations over a range

of trees per bin.

The collection of data for the estimation of the productivity-.

density relationship for a harvesting system will necessitate careful

supervision. Careful supervision implies that not only must accurate

measure of the time required to fill each consecutive bin of the

sample size be taken, but high precision in the estimation of

fractions of trees per bin must be made. Furthermore, extreme

care must be taken not to interfere with the normal operation of a

harvesting system, if accurate measurement of productivity is to

be obtained, i. e., data collection should not interfere with the

normal performance of a harvesting system.

Analysis of Data

After collecting time per bin and trees per bin observations

for each harvesting system, a linear regression that describes

time per bin as a function of trees per bin should be fitted to the

data. It is suggested that regression equations be fitted without

intercepts in the preliminary data analysis. This is suggested



to facilitate the hypothesis test that the observed difference d is

or is not significantly different from the specified difference d

used in the sample size formula. That is, the simplest model

should be considered first, before further complications are

added.

Procedures for Testing Hypotheses

In testing the null hypothesis that the observed difference

d < d versus the alternative hypothesis that d > d , the0s 0 S

following test statistic is used:
A

d - d
0 S

"2

ss

d = BL BA = observed difference between slopes of

the linear regression equations of two

harvesting systems,

d = specified difference between slopes of the linear

regression equations of two harvesting

systems,

= pooled estimate of variance about the fitted regression

equations,

SS = average of the squares of the independent variable, trees

per bin from the sampled bins.
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If the value of t exceeds the critical value t with (flL+flA_Z)

degrees of freedom, the null hypothesis d< d is rejected at the

38/specified one-tailed significance level c. In the event the

conclusion is that there is a statistically significant difference of

an economic magnitude between two harvesting systems, the

alternative hypothesis d > d is accepted.

Goodness of Fit Tests

Two types of 'goodness of fit" tests on each linear regression

equation should be made: (1) to test whether the productivity-

density relationship for a system has a nonzero intercept and

(2) to test whether the relationship is nonlinear.

To test the null hypothesis that a linear regression goes

through the origin versus the alternative hypothesis that it has an

intercept, standard test procedures are outlined in Snedecor and

Cochran (1967) pages 166-167.

To test whether a productivity-density relation is nonlinear,

38/ 2.
Since a is estimated, the Student's t-distribution is used.
The critical value t corresponds to the upper (l-) percent
point of the Student's t-distribution. The values of n and

A correspond to the iumber of observations used in1he
computation of BL and BA, respectively.



an F-ratio of the mean square due to the reduction in sum of

squares from curvilinear regression over the mean square due

to deviations from the curvilinear regression is calculated. A

significant F-value indicates that the hypothesis of linear regres-

sion be rejected, and that there is a significant curvilinearity in

the regression (Snedecor and Cochran, 1967, p. 455).



IV. CALCULATION OF PAYOFFS IN THE
DECISION MODEL AND SELECTION OF

AN ACTION

In review, one of the purposes of this thesis is to present a

decision model to serve as a guide for apple producers in the

selection of an apple harvesting system. The decision problem is

one of choosing among two or more alternative apple harvesting

systems. The choice among alternative courses of action can be

made on the basis of either minimization of expected cost or mini-

mization of expected disutility for cost. Expected cost is present

value of total cost, i. e., present value of the fixed and total variable

costs throughout the useful life of a system. It has been shown that

total variable cost for a harvesting system depends on the particular

productivity-density relationship of the system. A productivity-

density relationship is characterized by an interaction of the tech-

nical productivity of a harvesting system and fruit density of an

orchard. In Chapter III procedures were outlined for estimation and

detection of productivity-density relationships which could be called

different on the basis of statistical and economic grounds, that is,

procedures were given for identifying economically viable alter-

natives. Technical productivity of a harvesting system was defined

as time per bin. The concept of fruit density as the states of nature

in the decision problem was discussed in detail in Chapter II. Fruit
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density was characterized as trees per bin. Fruit density cannot be

adequately described by discrete intervals, but is rather a con-

tinuous variable. Hence, states of nature for an apple producer's

decision problem must be viewed as a continuum of trees per bin

over age and variety-rootstock combinations in an orchard. The

payoff or outcome of a particular action-state of nature combination

depends upon the productivity-density relationship and the fixed and

variable costs associated with the action. Since a mechanical bar-

vesting system is expected to have a useful life extending beyond

one year, a stream of costs will be incurred throughout its useful

life. Hence, in order to make a selection among alternatives, the

expected present value of total cost must be calculated for each

alternative. Given present value of total cost for two or more

alternative systems, the decision criterion for selecting one system

could be either minimization of expected present value of total cost

or minimization of expected disutility for present value of total cost.

When the decision criterion is minimization of expected disutility,

then expected value and variance of present value of total cost must

be found for each alternative. To obtain expected value and

This assumes the utility function is of the second degree
(Halter and Dean, 1969).
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variance of the payoff for an alternative action, a computer simu-

lation was developed. The computer program to be described in

the next section, simulates the picking of an apple orchard by a

harvesting system to obtain estimates of picking time. The com-

puter program calculates expected value and variance of present

value of total cost for the useful life of each alternative system to

which a decision criterion can be applied.

Simulation of a Distribution of Present
Value of Total Cost

Figure 9 presents a flow diagram of the computer program

suggested by this thesis for simulating a distribution of present

value of total cost for an apple harvesting system. The simu-

lation begins by reading a series of data characterizing the particu-

lar age and variety-rootstock composition of a specific orchard.

These data are similar to those used in the computer program dis-

cussed in Chapter II to calculate mean and variance of trees per

bin, i. e., cumulative proportion intervals of yield in field boxes

per tree are used to describe a distribution of apple yields per tree.

However, this program reads a cumulative proportion interval for

each variety-rootstock combination in an orchard for each year of a

40/ . .The distribution of present value of total cost computer simu-
lation program and instructions for its operation are given in
in Appendix D.
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harvesting system's useful life. Furthermore, the program will

accept any number of age and variety-rootstock combinations, and

in addition, it will simulate the picking of any specified number of

trees for each age and variety-rootstock combination characterizing

an orchard.

For example, suppose an orchard in year one of a harvesting

system's useful life is composed of 50 trees of age three years

Red Delicious variety on Clark Dwarf rootstock, 30 trees of age

five Red Delicious variety on Clark Dwarf rootstock, and 50 trees

of age five Golden Delicious variety on Seedling rootstock.

Thus the orchard contains 130 trees of two variety-rootstock corn-

binations and two age groups. The computer program simulates

picking, in a random order, each tree of each age and variety-

rootstock combination until all 130 trees have been harvested.

The picking of each tree parallels the programming logic

of the trees per bin computer simulation program discussed in

Chapter II. That is, it simulates the encounter of apple trees with

different yields and the placement of each tree's yield in a 25

field box capacity bulk bin. It calculates the number of trees and

fractions of trees which are needed to fill each consecutive bin

until a specified total number of trees in an orchard are harvested.

With each filled bin, the computer program calculates from a

specified productivity-density relationship the time required to
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41/fill each bin, i.e., time per bin = f (trees per bin). Next, the

simulation calculates variable cost for each bin as the product of

time required to fill each bin and variable cost per unit of time.

This may be expressed as:

VCB = (TPB)(VCT) where

VCB = variable cost per bin,

TPB = time required to fill a bin,

VCT variable cost per unit of time for the specified

harvesting system.

Upon completing the harvest of each of the specified number

of trees in an orchard and after calculating variable cost for each

bin of fruit harvested from these trees, the program calculates total

variable cost for the completed harvest operation. That is, the

computer program sums all variable cost per bin for all bins har-

vested from trees in the orchard. Total variable cost for the

The computer program contains a random normal deviate
generator for calculation of an error term which may be added
to or subtracted frpm a calculated time per bin. A nonzero
standard deviation about regression must be read as input to the
program to activate calculation of error terms. Furthermore,
an initial random number must be read as input to initialize the
random number generator which draws normal deviates.

VCT = (OPVC + LVC) where
OPVC = operating cost per unit of time for the specified

harvesting system,
LVC = labor cost per unit of time.
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completed harvest operation in the first year of a system's useful

life may be expressed as:

N
TVC1 = VCB.

j=1

where the orchard yields j=l, . . ., N bins of fruit. Total

variable cost is the summation across all bins of variable cost

per bin for all age and variety-rootstock combinations specified in

an orchard. Thus an estimate of total variable cost for the first year

of a harvesting system's useful life is made. Should a harvesting

system's useful life exceed that of one year, the computer program

will calculate total variable cost for each year of useful life. That

is, the program will increment the age of each variety-rootstock

combination in an orchard by one year and begin again to simulate

harvest of the orchard, and calculate total variable cost for the

second year. For the example orchard, it will harvest for the

second year of useful life 50 trees of age four years Red Delicious

variety on Clark Dwarf rootstock, 30 trees of age six Red Delicious

variety on Clark Dwarf roots tock, and 50 trees of age six Golden

Delicious variety on Seedling rootstock. This iterative process will

continue until the orchard has been, in effect, harvested once for

each year of useful life.

Upon completing simulation of the harvest of an orchard for

each year and calculation of total variable cost for each year, the



106

computer program calculates present value of total cost for a

harvesting system for its entire useful life. Present value of total

cost for a system over its entire useful life may be expressed:

PVTC = (DNPAY + TVC + YFIXC "I2 YFIXC
1 1+r l+i +

2(1+r)

DEPR)
f

TVCM YFIXC DEPR' +.
(1+i)2

+ .{ M-1 +
M M'(l+i) (l+) (1+i)

J

ITVCT DEPR\
T-1 T

where
\(1+i) (l+i)

I

PVTC = present value of total cost;

DNPAY = portion of the downpayment on purchase of a system

allocated to the harvest operation;

DEPR = annual depreciation allowance;

TVC. = total variable cost for year i=1, . . ., M, . . . T;

T = expected useful life of a system;

i = opportunity rate at which funds can be invested;

r = rate at which funds can be borrowed.

YFIXC INV - DNPAY + COSTF where
M

INV = portion of the initial price of a system allocated to the

harvest operation,

COSTF = portion of the finance cost of an installment purchase of

a system allocated to the harvest operation,

M = amortization period of an installment purchase.
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At this point the cQmputer program has calculated one present

value of total cost observation for the useful life of a harvesting

system. The objective of the simulation is to generate a distribution

of present value of total cost for a system for its useful life on a

given orchard. Therefore, the program recycles the entire process

to generate a second observation of present value of total cost.

That is, it returns to the first year of a system's useful life and

harvests the same orchard composition as in the first observation,

but in a different random order than that of the first observa.tion, and

proceeds to make the calculation for a second observation of present

value of total cost. This recycling process continues until a pre-

determined number of present value of total cost observations have

been generated. Given a distribution, the program calculates a

mean, variance, and standard deviation of present value of total cost

for a particular system for its useful life in a specified orchard.

The following section presents some results of sensitivity tests

conducted with this simulation program for hypothetical situations.

Results of Sensitivity Tests

The purposes of the sensitivity tests were:

1) To ascertain the effects of assuming a linear productivity-density

relationship for a conventional ladder system SL versus an

alternative harvesting system SA;



2) To demonstrate the effect on variance of present value of total

cost of including a standard deviation about regression;

3) To ascertain the effects of assuming a curvilinear productivity-

density relationship for each of the two systems, SL and SA;

4) To derive information to demonstrate applications of decision

criteria.

A summary of results of sensitivity tests is given in Table 12.

Rows 1 and 2 show the results of assuming a linear productivity-

density relationship for an alternative harvesting system SA and a

conventional ladder system SL, respectively. The values of the

slopes (b) for SA and in rows 1 azd 2, respectively, are the

same as those used in Chapter III.for calculating a sample size.

Furthermore, the variable and fixed costs for the respective

systems used in the simulations for the results in Table 12 were

also given in Chapter III.

A value for standard deviation about linear regression was

not specified in the simulations for the results in rows 1 and 2,

therefore no variances of present value of total cost resulted.

However, row 3 shows the result of including a standard deviation

The slope for harvesting system SL was taken from a linear
regression fitted to data adapted from the Berlage (1966)
study.



Table 12. Summary of results from the sensitivity tests for hypothetical situations.

Har- Row Productivity-density Standard Number of Mean Variance Standard
vesting number function coefficients deviation bins present of present deviation of
system b/ about picked value of value present

a! regression c/ total of total value of
a b cost cost total cost

(n=50)

SA 1 0.0 58.81 0.0 100.88 $1,470.48 0.0 0.0

SL 2 0.0 67.29 0.0 100.88 1,324.23 0.0 0.0

SA 3 0. 0 58.81 10. 16 100. 88 1, 470.42 16. 37 4. 05

SL 4 59. 167 0.833 0.0 100.88 1, 305.63 49. 95 7. 07

5 55. 625 -0. 625 10. 16 100.88 1, 215.43 82. 56 9. 09

SL 6 59. 167 0.833 10. 16 100.88 1, 305.57 60.82 7.80

aJ Harvesting systems SA and S correspond respectively to a hypothetical mechanical harvesting
system and a conventional lacer system.

The productivity-density relationships for the harvesting systems in rows 1, 2, and 3 are des-
cribed by the general linear regression equation, times per bin = a+b (trees per bin) + error.
The productivity-density relationships for the harvesting systems in rows 4, 5, and 6 are des-
cribed b1 the general nonlinear regression equation, time per bin = a (trees per bin) + b (trees
per bin) + error.

Continued



Table 12. Summary of results from the sensitivity tests for hypothetical situations--Continued.

Use of the same initial random number for selection of trees from the specified orchard,
allows the trees to be picked in the same order for each simulation. This permits a
standardized comparison between systems, and hence each system in effect picks not
only the same number of trees, but the same total yield.
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about the linear productivity-density regression for SA. In this case

the mean present value of total cost is the same as in row 1, but the

variance of present value of total cost is nonzero.

Row 4, Table 12, shows the effects of assuming a quadratic

productivity-density function for harvesting system SL. The shape

of this relationship is shown in Figure 10. The standard deviation

about regression was assumed to be zero, but yet a variance of

present value of total cost resulted. This is in contrast to row 2

where the variance of present value of total cost was zero for the

Minutes per bin

1000

800

600

400

200

5 10 15 20 25
Trees per bin

Figure 10. Hypothetical productivity-density relationships for
harvesting systems SA and SL

The curve representing the productivity-density relationship for
system S can be expresses as time per bin = 55.625 (trees per
bin) - 0. (trees per bin) . The curve representing the
productivity-density relationship for system S can be expresses
as time per bin = 59. 167 (trees per bin) + 0.8 (trees per bin).
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linear function. This occurs for the linear function because the

total time required to pick a given number of trees is the same

regardless of the order in which the trees are picked, whereas

for the curvilinear function the total time to pick the same trees is

different depending upon the order in which the trees are encountered.

Table 13 clarifies this point.

In reference to Table 13, suppose a linear productivity-

density function has a slope of 67. 29. Furthermore, suppose this

system encounters four trees in a yield order of 10, 10, 5, and 25

field boxes of fruit per tree, i. e., tree order number 1 in Table 13.

This system encounters first a tree of 10 field box yield, another

10 field box yield for the second tree, 5 for the third tree, and 25

field boxes for the fourth tree. It will require all of the yields of

the first three trees to fill the first bulk bin with 25 field boxes, and

only one tree, the fourth, to completely fill the second bin. From

the productivity-density function, the time required to pick the first

three trees and to fill the first bin was 201.87 minutes, or an average

of 67. 29 minutes for each of the three trees needed to fill bin

number one. Similarly for the second bin requiring only the fourth

tree to completely fill it, the time per tree was 67. 29 minutes.

Now, for the same system to pick these same trees but in a differ-

ent order, the average time per tree to fill each of the two bins was

67. 29 minutes as is shown by tree order number 2 in Table 13.
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Table 13. Time per bin and average time per tree for different
tree picking orders assuming linear and quadratic
productivity-density functions.

Tree Tree Yield in Trees Time per Average time
order number field boxes per bin per tree
number per tree bin (mm.) (mm.)

a!

1 10
2

1
10

5 3 201.87 67.29
4 25 1 67. 29 67. 29

Total 269. 16

3 5

1
2

10
4 25 2.4 161.50 67.29
2 10 1.6 107.66 67.29

Total 269. 16

1 10
2 10
3 5 3 185.00 61.67
4 25 60.00 60.00

Total 245, 00

3 5

1 10
4 25 2.4 146.80 61.17
2 10 1.6 96.80 60.50

Total 243. 60

Tree order numbers 1 and 2 refer to the linear function time per
bin = 67. 29 (trees per bin). Numbers 3 and 4 refer to the
quadratic function time per bin = 59. 167 (trees per bin) + 0.833
(trees per bin)
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Thus, because the productivity-density function is assumed linear,

the total time to pick these trees is the same regardless of the

order in which they are encountered. Therefore, since variable

cost per unit of time was assumed constant and total variable cost

did not vary, and with a standard deviation about regression of

zero, the variance of present value of total cost was zero as can

be seen in row 2 of Table 12.

At first appearance it may seem completely reasonable to

suspect that the tot.l time required to harvest the same four trees

would certainly be the same despite the order in which they were

encountered. But on second thought this implies that over the

entire range of fruit density the average time required to pick an

additional tree per bin is always 67. 29 mint4es per tree. That is,

for example, it would require the same average time per tree to

pick one tree with a 25 field box yield as it would require to pick

25 trees of one field box yields each. It seems reasonable to con-

jecture that maneuvering a system from one tree to the next for

25 trees would increase the average time per tree, and thus in-

crease average time per bin considerably.

However, for mechanical harvesting systems one would
hypothesize that if the systems were fast at maneuvering,
average time per tree would be less as density decreased.
Thus performance testing may show that the productivity-
density relationship increases at a diminishing rate, rather
than at a constant rate as represented by a linear relationship.
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To continue with the discussion of Table 13, suppose a

curvilinear productivity-density function is assumed, i. e., time

per bin = 59. 167 (trees per bin) + 0.833 (trees per bin)2. In

addition, suppose the two sets of tree orders, as used for the

linear function, are again used to calculate total and average times.

The last two sections of Table 13 show that not only are the average

time per bin different for each tree order, but total time needed to

pick each tree order is also different. Furthermore, tree order

number 3 for the curvilinear productivity-density function implies

that as density decreases (trees per bin increases), the time re-

quired to fill a bin increases. That is, picking from three trees

with yields of 10, 10, and 5 field box yields, respectively, requires

an average of 61.67 minutes pe tree or 1.67 minutes (61.67 - 60. 00)

per tree more than the 60 minutes required to harvest one tree with

a 25 field box yield. Thus, with variable cost per unit of time as-

sumed constant, the curvilinear function yields a variance of present

value of total cost, as indicated in row 4 of Table 12, even though a

standard deviation about regression is assumed zero.

A possible conclusion from this comparison of linear productivity-

density relationships to curvilinear relationships is that an assump-

tion of linearity does not account for the affect of yield variability

between trees on the productivity of a harvesting system. It is an

empirical question whether or not a productivity-density relationship
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is linear or nonlinear. The sensitivity tests as conducted with the

simulation program served to make this question explicit, and to

emphasize the need for more extensive empirical investigation

of the nature of the relationship. The sampling formula and pro-

cedures were developed using the assumption of a linear relation-

ship. This was done due to lack of evidence of any other, and be-

cause linearity was the simpler assumption upon which to base the

theoretical deviation of the sample size formula. However, these

considerations emphasize the importance of making observations

on a system's productivity over a range of fruit density.

In Table 12, rows 5 and 6 show the results for hypothetical

quadratic productivity-density functions for an alternative harvesting

system SA and a conventional ladder system SL. These hypo-

thetical curvilinear productivity-density relationships for SA and

SL are shown in Figure 10. In Figure 10, the slope of SA implies

that this system becomes increasingly more technically efficient

at lower fruit density, whereas the ladder system SL becomes

increasingly less technically efficient at lower fruit density.

Using these quadratic functional relationships as input to the corn-

puter program, the mean and variance of present value of total

cost were calculatd on the basis of 50 observations of present

value of total cost for both SA and SL. Given the means and

variances of present value of tptal cost for actions SA and SL, an
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Figure 11. Hypothetical indifference curves and actions
SA and SL

apple producer could make a selection based upon his decision

criterion of either minimization of present value of total cost or

minimization of expected disutility for present value of total cost.

As discussed in Chapter II, a decision maker would choose

that action which has the smallest mean present value of total cost

if his decision criterion were minimization of cost, i. e., he would

choose harvesting system SA with its mean of $1. 215. 43. However
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if his decision criterion is minimization of expected disutility,

the E-V analysis discussed in Chapter II is applied. In Figure 11

mean presenL value of total cost is measured along the horizontal

axis and variance of present value of total cost along the vertical

axis. The specific mean and variance values for SA and SL are

plotted in Figure 11 from rows 5 and 6 of Table 12. Levels of

utility are shown by indifference curves joining combinations of

mean and variance of present value of total cost to which a hypo-

thetical decision maker is indifferent. Because Figure 11 illustrates

levels of disutility for cost, the indifference curves are labeled

from left to right in order of increasing disutility
1 < Iz). With

this set of indifference curves the criterion of mjnimization of

disutility results in the choice of the conventional ladder system SL

over that chosen by the criterion of minimization of present value

45/of total cost, Thus the choice of an apple harvesting system

depends ultimately on the individual producer's attitude toward risk.

The theoretical and empirical derivation o indifference curves
under conditions of uncertainty were beyond the scope of the
study. However, for the interested reader, see Halter and
Dean (1969).
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V. SUMMARY AND CONCLUSIONS

The objective of the study was to formulate a procedural guide

for the conduct of performance tests of mechanical and nonmechani-

cal apple harvesting systems consistent with economic and statis-

tical characteristics of decision making under uncertainty. The

purpose of this thesis was to present a decision model for choosing

among two or more alternative apple harvesting systems, and to

show the role of performance tests in deriving an important com-

ponent of the model.

A review of literature indicated that many analytical aids in

current use for measuring performance and economic efficiency of

alternative harvesting systems fail in one or more ways to give

reasonable consideration to the natural yield variability among apple

trees. In addition, they uniformly fail to conscientiously apply

economic principles to a serious degree in their evaluations.

Therefore, before a procedural guide for performance testing could

be developed, a decision model was formulated which gave adequate

recognition to (1) the natural condition of yield variability among

apple trees, (2) the variability due to harvesting system productivity,

and (3) the importance of utilizing economic criteria. These factors

were introduced as key components in an apple producer's decision

problem of choosing among alternative harvesting systems. The
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decision model was formulated in a format consistent with

modern decision theory.

Alternative harvesting systems were identified as the action

components in the decision theory framework. System economic

useful life and productivity were specified as important character-

istics for designating viable alternative decision making actions.

Useful life was shown to be a characteristic important in making a

choice among alternative actions since the decision model had to

account for the fixed cost associated with each alternative. Pro-

ductive capacity or the productivity of a system was defined in

terms of time per bin. The use of this measurement for system

productivity was justified on the grounds that standardized bulk

bins are in industry-wide use, and thus facilitate a uniform mea sure-

ment of productivity. Furthermore, it was pointed out that the most

important variable affecting productivity of a harvesting system may

be fruit density in an orchard. The popular assumption that system

productivity is constant over time and under a variety of orchard

yield conditions was dismissed as an unnecessary simplification of

reality.

The states of nature in the decision theory framework were

explained to be those conditions which affect the final outcome of

a decision, and are conditions not known with complete certainty

by a decision maker. Variability of yields among apple trees
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characterized the states of nature in the decision model. The

concept of fruit density was defined as trees per bin, that is, the

number of apple trees which a harvesting system must pick to

fill a bulk bin. Sources of yield differences and variability, and

hence of fruit density in a given orchard were attributed to the

following: (1) variety and rootstock combinations, (2) ages of the

trees, and (3) the nature of individual trees. Data collected on

apple yields per tree by ages and variety-rootstock combinations

substantiated the conjecture that yield is not constant among

variety-rootstoqk combinations, over time, or between individual

trees. A computer simulation program was developed to estimate

mean and variance values for the trees per bin measure of fruit

density. Using this computer program and data on yields per tree

by ages and variety-rootstock combinations, information was oh-

tamed which indicated a possible range of fruit density to be ex-

pected in an apple orchard.

A payoff to a decision maker was explained to be the result

of the interaction of an action-state of nature combination. The

payoff component for the decision model in the study was specified

as present value of total cost. Variable cost, an important con-

stituent of total cost, was discussed as a function of the amount

of time a harvesting system is operated. The operation time

required each year and hence variable cost for each year of a
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system's useful life depended on the size of the orchard, the

productivity of the harvesting system, and the yields of the trees.

It was shown how from a conjectured functional relationship be-

tween a system's productivity measured in time per bin and an

orchard's fruit density measured in trees per bin, the time re-

quired to pick a given orchard in a given year for a given system

could be derived. The summation of the stream of variable cost

incurred by operation of a system throughout its useful life was

expressed as total variable cost. The present value of total cost

measure of payoff was explipitly defined as the downpayment on the

purchase price of a system, plus the discounted variable cost for

each year of a system's use, plus the discounted annual fixed cost

over the amortization period of an installment purchase, less the

annual discounted depreciation allowance over the useful life of a

sys tern.

Given payoffs for two or more alternative actions, the deci-

sion criterion could be either minimization of disutility for cost

or minimization of expected present value of total cost. These

criteria were examined, and implementation of each illustrated.

Following the formulation of the decision model and definitions

of its component parts, the procedural guide for performance testing

was developed. The purpose of performance tests was specified to

be estimation of productivity-density relationships for alternative
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harvesting systems which are required before payoffs can be

calculated or decision criteria implemented.

To make the decision model operative, a sample size formula

and a procedure were developed for: (1) estimating the productivity-

density relationships for two or more harvesting systems, and (2)

detecting whether or not systems are different in a statistical and

economical sense.

By example it was illustrated that system technical efficiency

is an important measurement influencing final selection of a har-

vesting system. However, it was pointed out that technical effi-

ciency may or may not coincide with the more important criterion

of economic efficiency. Nevertheless, it was demonstrated that

technical efficiency can be made a basis for determining econ-

omically viable alternatives. Using the conventional ladder system

as a standard of comparison, the procedure was set forth which

determines the minimum magnitude of difference between the

technical efficiencies of two systems which must exist in order that

they exhibit the same economic efficiency. How large a difference

between the productivity-density relationships of the systems an

experimenter considers important was found to be a prerequisite

to employment of the sample size formula.

A sample size formula was developed which indicates to an

experimenter the number of observations to collect in order to
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estimate productivity-density relationships and to detect statis-

tically significant differences between systems. Suggestions for

allocating sample size and collecting observations, and the need

for caution in the use of the sample size formula were discussed.

In addition, procedures for testing hypotheses were outlined.

Finally, a computer program was written to calculate mean

and variance of present value of total cost for the useful life for

each system operating in a given orchard. Operation of the program

was explained as beginning with the input of a series of data des-

criptive of the age and variety-rootstock composition of an apple

orchard. The program simulates picking of any number of trees

for each age and variety-rootstock combination specified in the

orchard. From a specified productivity-density function, the

program calculates: (1) time required to fill each bin, and (2)

variable cost per bin. In addition, total variable cost is calculated

for the entire harvest operation. Should the harvesting system in

question have a useful life exceeding one year, the program gen-

erates a total variable cost for each year of the specified useful

life.

Upon completing a simulation of the harvest operation for

each year of useful life and a calculation of a total variable cost

for each year, the computer reads fixed cost input and calculates

present value of total cost for the useful life of the specified



125

harvesting system. Since the objective of the program was to

generate a distribution of present value of total cost for a system

operating for its useful ],ife in a given orchard, the program is

reinitialized and simulates another present value of total cost

observation as though the system had encountered a new set of

conditions. This procedure continues until a preassigned number

of present value of total cost observations are generated.

Sensitivity tests were performed on some of the relationships

and parameters specified in the simulation program. Results of

these sensitivity tests indicated that: (1) specifying a standard

deviation about a linear productivity-density relationship versus

a specification of a zero standard deviation results in the same mean

present value of total cost for each, but a nonzero variance for the

former; and (2) assuming either a zero or nonzero standard devia-

tion about regression for a nonlinear relationship results in a non-

zero variance in both cases. On the basis of the sensitivity tests,

the conjecture was advanced that an assumption of a linear rela-

tionship between productivity and fruit density does not account for

t he affect of yield variability between trees on the productivity of a

harvesting system.

Using hypothetical data and the simulation program, distribu-

tions of present value of total cost were generated for two alternative

actions, and implementation of the decision criterion of
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minimization of expected present value of total cost and the

criterion of minimization of expected disutility were demonstrated.

Conclusions

The objective of the study, upon which this thesis is based,

was to formulate a procedural guide for the coiiduct of performance

tests of mechanical and nonmechanical apple harvesting systems.

Thus it was the purpose of this thesis first, to present a decision

model for more rational choice of harvesting system, and second,

to provide a guide for more reliable performance testing of systems.

The prescriptive character of this thesis, therefore precludes

findings of a conclusive nature. In fact, the degree to which the

objective of the study is fulfilled will have to await implementation

and trial of the suggested procedures.

The sensitivity tests conducted on the computer program for

simulating distributions of present value of total cost for alternative

systems were the closest approximations of reality that could be

approached in the study. However, the findings derived from these

simulations are only conjectures. They must be tempered with the

understanding that they are only as valid as the relationships used

to formulate the program, and the data input used to generate

values.

Since each apple production enterprise is conducted under its
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own unique conditions, it will be a mistake to extrapolate results

obtained from application of these suggested procedures and guides

to au circumstances. However, it is hoped that through their use

more reliable information can be gathered which will facilitate an

understanding of the factors influencing apple harvester performance,

and hence aid the decision making process of producers.
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APPENDIX A

The Trees Per Bin Computer Simulation
Program

As discussed in detail in Chapter II, this program calculates

trees per bin mean and standard deviation on the basis of 100 bins

(25 field boxes per bin) for any frequency distribution of field

boxes (35 pounds of apples per field box) per tree for as many as

21 class intervals of field boxes per tree.

Input and Card Deck Setup

For batch operation of this program, the card deck should be

in the following order:

(1) Program Trees
(2) End of File Card
(3) Header Card
(4) Midpoint Card
(5) Interval Card A
(6) Interval Card B

The Header Card is composed of:

Columns 1 -7 An initial random number
(IRAND < 8388607).

Columns 8-9 The number of cumulative proportion intervals.
(NI < 21) in the field boxes per tree frequency
distribution.

Columns 10-12 The number of bins (NBIN=100) to be filled,
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The Midpoint Card is composed of:

Columns 1 -2 The midpoint field box yield per tree
(0 < YPTFB < 99) of the class inerval for
the first cumulative proportion interval.

Columns 41 -42 The midpoint field box yield per tree
(0 < YPTFB <99) of the class interval for
the twenty-first cumulative proportion
interval.

The Interval Card A is composed of:

Columns 1-6 The upper limit (0< RLIMIT < 1) of the first
cumulative proportion interval.

Columns 73-78 The upper limit (0< RLIMIT < 1) of the
thirteenth cumulative proportion interval.

The Interval Card B is composed of:

Columns 1 -6 The upper limit (0 < RLIMIT < 1) of the
fourteenth cumulative proportion interval.

Columns 43-48 The upper limit of the twenty-first cumulative
proportion interval. (RLIMIT must equal
1. 0000 at the twenty-first cumulative pro-
portion interval, unless fewer intervals will
describe the frequency distribution.)

Output Format

Three groups of information are obtained from this program.

(1) Six columns of information are produced which show:
the segment (J) of the computer program in which each trees per
bin observation was calculated; the random number (RNUM) gen-
erated by the subroutine to select each tree yield; the field box
yield (YPTFB) selected by each random number; the index number
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(I) of the cumulative proportion interval into which the random
number fell; the cumulative total of trees per bin (TNIJM) picked
to fill a given bin; and the number of the bin (K) by which any
spe'ific one of the above variables can be associated,

(2) The computer program computes and lists a table of
trees per bin for each of 100 bins.

(3) The mean trees per bin and standard deviation on the
basis of 100 bins are computed and printed.

The Fortran Program

Following are the Fortran statements of the trees per bin
computer simulation program, Program Trees.
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PROGRAM TREES
1P1ENSICN RLMyI(2j),YPTFR(21 ,TNUM(101)sTNUMS(101)
PEAO(60,1004) IRAND,NI.NB!N

1004 FORMAI(17,12,13)
0 PEAD(60,1006)YPTFB

NEOF(6O))GC IC 80
1006 rCRMAT(21F2.0)

READ (60' 1008)RLIM!T
1008 FCRMAT(13F6,4)

IN=25.0

15 IF(K.GE.NBIN)GC 10 2
KK.1
T4tJMS (1)zO.0

9 R4UM=UNIFORM(IRAN0
jzO
DC 10 11,Nj
IF(RNUM.LE.RL1MTT(IGO IC U

10 NTINUE
ii RINRDBINRYPTFR(I)

IFCBINRD.LE.0.0)GO TO 12
TNUM(K) aTNUMS(K) +1,0
J= 1

WRITE(61,1009)J,RNUM,YPTFR(1),1,1NUM(K),K
'r'gUMS (K)ZTNUM(K)
RINR=BINRD
GO 10 9

12 T4UM(I<)1TNUMS(K).BINR/VPTFB(I)
j z2

RITE(61,1OO9)J,RNUM,yPTFR(!) ,!,INUM(),K
RIrRy=YPTFBU)_RINR
IF(BINRY.LE.25.0)GC +0 13

P4UM(K)TNUM(1) .25.P/VPrFB(I)
j=3
1RITE(61 ,1009)J,RNUM,YPIFR(I),!,TNUM(K) .K
RNRTYPTF8 (!)RINR5,O
tF(BINRT.LE,25.0 GO 10 16

.25.t/YP7FB(I)
J=4
JRITE(61.1009)J,RNUM,YPTFRU),I,INUM(K),K
PTNRXYPTFB (!)RINR.5O.0
1NR=25.Q- (VPTFR (1 )-RINR.5O.0)

TJUMS (K.1 ) =BINRX/VPTFB (I)
GO IC 15

16 RINR=25.Q-(VPTFB(1)INR,.?5.0)
T.JUMS (K.I ) ZBXNRT/YPIFR (I)
GO 10 15

13 T4UMS(K.1)1.0-BINR/YPTF(I)
RTNR25.0 (YPTFP (I )RINR)
e,C TO 15

10o9 FRMAT(15,F10.8,F5.0,I5,FR.4,T5
20 CONTINUE

STNUM0.0
bc 30 11,1O0
STWUMSTNUM.TNUM (I)

30 CONTINUE
TJUMMSTNUM,1 00.ô
STNUMSO.0
00 "0 i1,L00
STNUMSSTNUMS. ( (INUM !t TNUMM) 2)

40 CONTINUE
11UMVSTNUMS/99.O
JMU4SD3SQRI (TNUMV)
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RITE(61,1005) (TNUM(k),K1.100)
1005 FRMAT(1H-,1O(F8.4,2X))

!TE (61 .1007) TNUMM,TNUMSf
1007 FRMAT(2X,MEAN=,F1Ô.5,*5TANnARD DEVIATICN.,rlO,S)

G3 TO 50
0 STOP

FUNCTION UN!FOPM(IRAMD)
jpANDAND(AN0(4o99*IpANO,37777777R) ,1220519,37777777B
j'JI FCRM= I RAND,#8388607.
RT URN
E ND
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APPENDIX B

Frequency Distributions of Yield in Field
Boxes Per Tree al

Appendix Table 1. Golden Delicious Variety on Seedling Rootstock.

Yield 9 10 11
Age

12 13 14 15 16 17

1 60 0 1 5 6 5 6 5 5
3 43 6 9 7 10 4 1 1 0
5 43 2 16 8 20 3 4 1 0
7 21 1 18 5 24 7 5 13 3
9 15 8 33 18 25 8 5 5 8

11 11 16 27 8 20 9 7 8 5
13 3 11 29 12 30 11 15 18 9
15 0 15 22 23 17 15 19 12 22
17 1 15 9 23 17 13 19 9 19
19 0 21 17 21 20 22 18 19 21
21 0 27 10 21 4 8 18 8 20
23 0 21 3 17 2 18 26 20 23
25 0 15 3 11 1 24 19 14 21
27 0 16 0 10 1 15 13 18 14
29 0 12 0 3 0 13 7 19 11
31 0 6 0 4 0 8 R 7 6
33 0 3 0 1 0 9 5 8 8
35 0 0 0 0 0 3 2 3 0
37 0 1 0 0 0 2 0 7 0
39 0 0 0 0 0 0 0 1 1

41> 0 1 0 0 0 0 0 1 1

Total 197 197 197 197 197 197 197 197 197

Yield is measured in terms of field boxes, 35 pounds of
apples per field box. Age is measured in years.
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A
ppendix

T
able

2. W
inesap

V
ariety

on

Seedling

R
ootstock.

A
ge

Y
ield

9 10 11 12 13 14 15

16 17

1 22 4 1 2 3 3 8 1 0

3 40 6 0 3 4 3 11 1 4

5 32 10 2 4 12 1 11 1 4

7 21 11 0 8 6 1 19 4 2

9 31 15 4 7 17 7 13 0 5

11 9 15 8 12 15 12

16 6 6

13 14 27

12 20

26 18 12 4 11

15 5 19 17 22 33 17 19 8 10

17 5 15 27 24 20 33 7 14 15

19 1 15

36 24 7 38 22 17 18

21 0 20

26 15 17 20 14

26 32

23 1 11 27

13 9 11 10 24 17

25 0 9 13 14 6 11 8 25 12

27 0 3 4 7 4 3 2 23 13

29 0 1 3 3 2 1 1 18 12

31 0 0 1 2 0 1 1 6 8

33 0 0 0 1 0 1 6 1 5

35 0 0 0 0 0 0 0 2 5

37 0 0 0 0 0 0 0 0 2

39 0 0 0 0 0 0 1 0 0

41>

0 0 0 0 0 0 0 0 0

T
otal

181

181

181

181

181

181

181

181

181



Appendix Table 3. Red Delicious Variety on
Mailing I Roots tock.

Age

Yield 3 4 5 6 7 8 9

1 109 49 55 54 17 28 4
3 1 0 21 29 25 14 26
5 0 0 9 8 28 18 21
7 0 0 6 7 14 12 15

9 0 0 3 7 14 7 19
11 0 0 3 4 4 4 11
13 0 0 0 1 8 5 7
15 0 0 0 0 0 2 4
17 0 0 0 0 0 2 1

19 0 0 0 0 0 1 1

21 0 0 0 0 0 2 1

23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0

41> 0 0 0 0 0 0 0

Total 110 49 97 110 110 95 110

Appendix Table 4. Golden Delicious Variety
on Mailing I Rootstock.

Age

Yield 3 4 5 6 7 8 9

1 39 7 20 17 3 12 2

3 1 0 6 8 4 8 2

5 0 0 2 7 6 6 9

7 0 0 3 3 6 4 8

9 0 0 2 3 4 1 7

11 0 0 0 1 7 1 5

13 0 0 0 1 4 1 5

15 0 0 0 0 0 1 0

17 0 0 0 0 0 1 1

19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0

27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0

31 0 0 0 0 0 0 0

33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0

37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 40 7 33 40 3435 39
00



Appendix Table 5. Red Delicious Variety
on Mailing VII Rootstock.

Age

Yield 3 4 5 6 7 8 9

1 250 113 147 117 49 79 42
3 1 1 42 97 97 49 81
5 0 0 21 22 64 47 55
7 0 0 8 9 22 19 44

9 0 0 3 6 13 9 20
11 0 0 0 0 6 4 6

13 0 0 0 0 0 3 2

15 0 0 0 0 0 3 0
17 0 0 0 0 0 1 1
19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 251 114 221 251 251 214 251

Appendix Table 6. Golden Delicious Variety
on Maliing VII Roots tack.

Age

Yield 3 4 5 6 7 8 9

1 76 10 27 43 8 34 8
3 2 0 30 21 17 21 21
5 0 0 7 8 17 4 17
7 0 0 3 4 12 3 16
9 0 0 0 2 12 3 5

11 0 0 0 0 2 0 5

13 0 0 0 0 0 0 0
15 0 0 0 0 0 1 1

17 0 0 0 0 0 0 0
19 0 0 0 0 1 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 78 10 67 78 69 66 73

LA)



Appendix Table 7. Red Delicious Variety on
Malling XVI Rootstock.

Age

Yield 3 4 5 6 7 8 9

1 73 33 52 38 11 14 8
3 0 0 14 25 31 22 17
5 0 0 4 13 19 8 7
7 0 0 1 3 8 9 17
9 0 0 0 1 7 7 9

11 0 0 0 0 3 6 9
13 0 0 0 0 1 0 4
15 0 0 0 0 0 0 2
17 0 0 0 0 0 2 2

19 0 0 0 0 0 1 4
21 0 0 0 0 0 1 0
23 0 0 0 0 0 0 1

25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 73 33 71 80 80 70 80

Appendix Table 8. Golden Delicious Variety
on Malling XVI Rootstock.

Age

Yield 3 4 5 6 7 8 9

1 26 2 13 13 2 5 1

3 0 0 6 6 3 8 2

5 0 0 0 7 5 3 5

7 0 0 2 1 3 5 3

9 0 0 0 0 3 0 6

11 0 0 1 0 6 2 3

13 0 0 0 0 1 0 2

15 0 0 0 0 1 0 1

17 0 0 0 0 0 0 2

19 0 0 0 0 0 0 1

21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 26 2 22 27 24 23 26

0



Appendix Table 9. Red Delicious Variety on
Mailing II Rootstock.

Age

Yield 3 4 5 6 7 8 9

1 105 44 58 36 13 25 14
3 0 0 16 44 22 19 24
5 0 0 7 10 32 23 18
7 0 0 4 7 13 10 16
9 0 0 4 7 12 4 15

11 0 0 0 0 10 1 12
13 0 0 0 0 2 8 3
15 0 0 0 0 0 2 1

17 0 0 0 0 0 3 1

19 0 0 0 0 0 1 0
21 0 0 0 0 0 1 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 105 44 89 104 104 97 104

Appendix Table 10. Golden Delicious Variety
on Mailing II Roots tock.

Age

Yield 3 4 5 6 7 8 9

1 33 6 17 11 3 11 4
3 0 0 6 8 4 5 4
5 0 0 2 9 7 2 1

7 0 0 3 3 8 2 9
9 0 0 1 2 2 2 11

11 0 0 0 0 2 5 3
13 0 0 0 0 0 1 0
15 0 0 0 0 0 1 1

17 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 33 6 29 33 26 29 33 :



Appendix Table 11. Red Delicious Variety on
Seedling Rootstock.

Age
Yield 3 4 5 6 7 8 9

1 45 19 28 22 8 8 9
3 0 0 7 20 14 15 14
5 0 0 2 1 9 5 4
7 0 0 1 3 8 8 7
9 0 0 2 0 5 1 2

11 0 0 0 1 0 1 3
13 0 0 0 0 2 1 4
15 0 0 0 0 0 0 2
17 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 45 19 40 47 46 39

Appendix Table 12. Golden Delicious Variety
on Seedling Rootstock.

Age
Yield 3 4 5 6 7 8 9

1 17 3 9 1 1 3 1

3 0 0 4 6 1 3 1

5 0 0 1 5 1 0 1

7 0 0 0 3 2 2 3

9 0 0 1 1 3 2 2
11 0 0 2 1 4 3 5
13 0 0 0 0 1 1 0
15 0 0 0 0 1 0 3

17 0 0 0 0 0 1 1

19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 17 3 17 17 14 15 17



Appendix Table 13. Red Delicious Variety Appendix Table 14. Golden Delicious Variety
on Clark Dwarf Rootstock. on Clark Dwarf Rootstock.

Age Age
Yield 3 4 5 6 7 8 9 Yield 3 4 5 6 7 8 9

1 11 3 7 6 3 2 1

3 0 0 2 4 3 3 8
5 0 0 0 0 3 3 0
7 0 0 0 1 2 0 1

9 0 0 0 0 0 1 1

11 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0

39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 11 3 9 11 11 9 11

1 17 3 12 11 3 6 7

3 2 0 4 3 7 5 2

5 0 0 1 5 1 3 6
7 0 0 1 0 1 0 1

9 0 0 1 0 1 1 2

11 0 0 0 0 2 0 0
13 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0
19 0 0 0 0 0 1 0
21 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0

29 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0
41> 0 0 0 0 0 0 0

Total 19 3 19 19 15 16 18 Z
(J
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APPENDIX C

This appendix presents tables showing various bin sample

sizes calculated from the sample size formula given in Chapter III.

These tables are constructed in such a way that for each table two of

the formula's four component variables are held constant while the

others take on different values. For illustrative purposes the fol-

lowing values were assigned to the components of the sample size

formula:

Variable is described by the values 51.66 and 103.32.
"2The value a =103. 32 is an estimate of variance about the regression

time per bin = f(trees per bin) calculated from data pooled from the

Berlage (1966) study. The value a2=51.66 represents one-half of

the variance 103. 32, and is used to illustrate the effect of reduced

variance about regression on sample size.

The formula component P=Z + Z assumes values of 2. 485

and 2. 925. The value P=2. 485 is the sum of Z = 1.645; the one-a

tailed probability that the null hypothesis will be rejected only five

percent of the time when it is true, and Z = 0. 84; the one-tailed

probability of rejecting the null hypothesis 80 percent of the time

when the alternative hypothesis is true. The value P=2. 925 and its

interpretation was discussed in Chapter III.
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Values for the difference between d - d cover a range
0 S

from a low of 0. 10 minute (per bin) per tree (per bin) to a high of

2. 50 minutes (per bin) per tree (per bin). It is emphasized once

again that these values were chosen for illustrative purposes, and

must be viewed with caution due to the limitation on data available

for the study.

Component SS is represented by values 109. 70, 22.11, 2.44,

and 1.88 which characterize four possible averages of the squares

for the independent variable, trees per bin. Each SS value was

calculated from five mean values of fruit density. The SS values

used in the following tables were calculated from means of trees

per bin chosen from Tables 10 and 11. Those means chosen were:

(1) the highest observed means of trees per bin for ages five through

nine years, (2) the lowest observed means of trees per bin for ages

five through nine years, (3) the highest observed means of trees

per bin for ages 13 through 17 years, and (4) the lowest observed

means of trees per bin for ages 13 through 17 years. Appendix

Table 15 summarizes these means chosen from Tables 10 and 11,

and shows the age and variety-rootstock combination for each

mean.

A



Appendix Table 15. Means of trees per bin for age and variety-rootstock combinations used in
calculating values of SS.

Age Highest mean of Variety-rootstock Lowest mean of trees Variety-rootstock
(years) trees per bin combination per bin combination

5 17.09 Red Delicious on 7.56 Golden Delicious
Clark Dwarf on Seedling

6 11. 19 Red Delicious on 4.99 Golden Delicious
Clark Dwarf on Seedling

7 6. 59 Red Delicious on 2. 93 Golden Delicious
Clark Dwarf on Seedling

8 6. 36 Red Delicious on 3. 69 Golden Delicious
Clark Dwarf on Seedling

9 6.88 Red Delicious on 2.51 Golden Delicious
Clark Dwarf on Seedling

SS 109.70 22.11

13 2. 13 Golden Delicious 1. 74 Winesap on
on Seedling Seedling

14 1. 39 Winesap on Seedling 1. 31 Golden Delicious
on Seedling

15 1.72 Winesap on Seedling 1.45 Golden Delicious
on Seedling

16 1.13 Golden Delicious 1. 11 Winesap on
on Seedling Seedling

Continued :
C'



Appendix Table 15. Means of trees per bin for age and variety-rootstock combinations useu in
calculating values of SS - -Continued.

Age Highest mean of Variety-rootstock Lowest mean of trees Variety-rootstock
trees per bin combination per bin combination

17 1.23 Golden Delicious 1.16 Winesap on
on Seedling Seedling

SS 2.44 1.88

-J



Appendix Table 16. Sample sizes given d-d and variable with Z + Z and SS constant.

d -d
0 S

0. 10 0. 50 1.00 1.50 2.00 2. 50

51.66 806
103.32 1612

+ Z = 2.925
SS = 109.70

32 8
64 16

4 2 1

7 4 3

Appendix Table 17. Sample sizes given d - d and Zcx + Z variable with SS and 2 constant.

d-dz +z
0.10 0.50 1.00 1.50 2.00 2.50

2.485 1163 47 12 5 3 2
2.925 1612 64 16 7 4 3

SS = 109.70

a = 103.32

I-



Appendix Table 18. Sample sizes given SS and Z + Z variable with and d-d constant.

z +z

2. 485
2. 925

= 103.32
d -d = 1.00
0 S

SS

109.70 22.11 2.44 1.88

12
16

58
80

523
725

679
940

Appendix Table 19. Sample sizes given SS and variable with Z + Z and d-d constant.

SS

109.70 22.11 2.44 1.88

51 .66 8 40 362 470
103.32 16 80 725 940

z + z = 2.925a
d -d = 1.00
0 5



Appendix Table 20. Sample sizes given d-d and SS variable with Z + Z and constant.

SS
d -d
0 S

0.10 0.50 1.00 1.50 2.00 2.50

109.70 1,612 64 16 7 4 3
22. 11 7, 996 320 80 36 20 13
2.44 72,456 2,898 725 322 181 116
1.88 94,039 3,762 940 418 235 150

Z + Z = 2.925

= 103.32

Appendix Table 21. Sample sizes given Z + and variable with d-d and SS constant.

z+z
0.

2.485 2.925

51.66 6 8
103.32 12 16

d -d = 1.00
o s

SS = 109.70

Ui
0
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APPENDIX D

The Distribution of Present Value of Total Cost
Qoputer Simulation Program

A distribution of present value of total cost is generated by

simulating operation of an apple harvesting system over its useful

life on an orchard. Chapter IV discussed in detail the logic of the

program, and the significance of this distribution.

Input and Card Deck Setup

For batch operation of this program, the card deck should be

in the following order:

(1) Program Decide
(2) End of File Card
(3) Header Card A
(4) Header Card B
(5) Table Card
(6) Cell Card
(7) Number Card
(8) Midpoint Card
(9) Interval Card A

(10) Interval Card B
(11) Header Card C

The Header Card A is composed of:

Columns 1-10 The variable cost per minute (VCB) for the
harvesting system.

Columns 11-20 The constant (a) of the Y-intercept of the
time per bin-trees per bin regression.
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Columns 21-30 The slope (b) of the time per bin-trees per
bin regression.

Columns 31-37 An initial random number (IR< 8388607).

Columns 38-47 The standard deviation (STDEV > 0) about
the time per bin-trees per bin regression.

The Header Card B is composed of:

Columns 1-3 The expected useful life (MLIFE) of the
harvesting system.

Columns 4-6 The number of present value of total cost
(NPVTC) observations to be generated for
the distribution.

Columns 7-13 An initial randum number (IRAND < 8388607).

The Table Card is composed of:

Columns 1-2 The range of tree ages (IA) in the orchard,
i.e., if the orchard has only three and five-
year old trees, then IA=3.

Columns 3-4 The number of variety-rootstock combinations
(JV) in the orchard.

The Table Card describes in effect a particular orchard composition

to the computer through a table with the range of tree ages across

the top and the variety-rootstock combinations listed down the side

of the table. Each cell of the table therefore indicates a specific

age and variety-rootstock combination, even though some of the

table's cells will represent age and variety-rootstock combinations

that do not exist in the given orchard.

A Cell Card is composed of:
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Columns 1-5 The number of trees (0 < ITN < 99999) in the
orchard of a particular age and variety-
roots tock combination, i, e., the number of
trees in a cell of the table described by (IA, JV),
There are (IA times JV) number of Cell Cards
in order from left to right across and down the
age and variety- roots tock table.

A Number Card is composed of:

Columns 1-2 The number of cumulative proportion intervals
(NI < 21) in the field boxes per tree frequency
distribution of an age and variety-roots tock
combination cell in the table defined by (IA, JV),
and with an ITN> 0.

A Midpoint Card is composed of:

Columns 1 -2 The midpoint field box yield per tree
(0 <YPTFB <99) of the class interval for the
first cumulative proportion interval.

Columns 41 -42 The midpoint field box yield per tree
(0 < YPTFB < 99) of the class interval for the
twenty-first cumulative proportion interval.

An Interval Card A is composed of:

Columns 1-6 The upper limit (0< RLIMIT < 1) of the first
cumulative proportion interval.

Columns 73-78 The upper limit (0 < RLIMIT < 1) of the
thirteenth cumulative proportion interval.

An Interval Card B is composed of:

Columns 1-6 The upper limit (0< RLIMIT < 1) of the
fourteenth cumulative proportion interval.
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Columns 43-48 The upper limit of the twenty-first cumulative
proportion interval. (RLLMIT must equal
1. 0000, unless fewer intervals will describe
the frequency distribution.)

Repeat Number Card through Interval Card B for each nonzero ITN
in the table defined by (IA, JV). Begin with the first nonzero ITN,
and proceed from left to right across and down the table.

The Header Card C is composed of:

Columns 1-10 The annual straight-line depreciation (DEPR)
for the harvesting system.

Columns 11-20 The initial price (SINV) of the system.

Columns 21-30 The downpayment (DNPAY)on the purchase
of the system.

Columns 31-40 The finance cost (COSTF) of installment pur-
chase of the system.

Columns 41-42 The amortization period (AMPER) of the
installment purchase.

Columns 43-46 The interest rate (DINTR) at which funds
can be borrowed.

Columns 47-5 0 The opportunity interest rate (DROPC) at
which funds can be invested.

Output Format

A great deal of information incidental to mean and variance

of present value of total cost is available from this program. The

output will appear in the following generalized form:



155

3=6 YTVC(NP) YBINS(NP) NP

31=7 TYTVC(M, NP) M NP

31=8 YFIXC PVTC(NP) NP

MEAN VARIANCE STANDARD where
DEVIATION

J6 is a section of the Fortran program;

NP = a specific observation in the frequency distribution

of present value of total cost the simulation is cycling,

NP1, . ., NPVTC;

M = a specific year of the useful life of the harvesting system

the simulating is cycling, M=l, ., MLIFE;

YTVC(NP) = yearly total variable cost for observation NP;

YBINS(NP) = total number of bins filled for observation NP;

31=7 is a section of the Fortran program;

TYTVC(M, NP) = cumulative total yearly total variable cost

for the systems year of useful life M and observation NP

of the distribution;

31=8 is a section of the Fortran program;

YFIXC = yearly fixed cost;

PVTC(NP = present value of total cost for observation NP;
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MEAN = mean of present value of total cost;

VARIANCE = variance of present value of total cost;

STANDARD DEVIATiON = standard deviation of present

value of total cost.

The Fortran Program

Following are the Fortran statements of the distribution of

present value of total cost computer simulation program, Program

Decide.



CGRAM DECIOE
oIPENSIN RLIMTT(21) ,yPTF(?1).TTN(5,5),YTVC(1t)n)
PINENSICN vc(10o),TyTvc(c,1On).SvTvc(c,10O),PvTC(100)

FAP (O,101?)VCB,A,P,IP,STDEv
DrAD (60,1003)MLIFE,NPVTC,TRANr)

1003 CP1AT(2j3,I7)
1001 FT(2I2)

F4D(60,100l)IA,JV
tkD(60,1002)((TTN(I.J),Ial,IA),Jl,JV)

1002 FRMAT(I5)
4AIN PRCGPAM
)C 2 M=1,MLIFE
r 21 NP=1,NpVTC

21 TYTVC(M,NP)=o.0
20 J1,Jv

D 20 I1,IA
!F(ITN(T,J).GT.0) GO TO 15
O TO 20

15 Ar'(60,1007)N!
F4D (60,1006) YPTFB

1007 cM&T(I2)
1006 rRMAT(21F2,0)

PAD (60, 1008)RLIM!T
IOOR FPiAT(13F6,4)
1012 FOcMAT(3F10.5,I7,P10.5)

TP4AVITN(I,J)
CALL PICK (RLIMIT,YPTFB,N1,IRAND,ITNAV,NPVTC,VCR,4,P,YTVC,IR,STOEV)

?o NP1,NpVTC
SVTVC (M,NP) =TYTVC (M,NP) .YTVC(P)
TYTVC (M,MP) SYTVC (M'P)

=7

!TE (61,1013) JI ,TyTC (M,N) ,NP
1013 rAT(I5,F1o.S,2I5)

2C rONTINUE
AF (60,1014)DEPP,S1NV,DNPAY,COSTF,AAP!R,D1NTR.0ROPC

1014 FRM4T (4F10.?,F?.C,2F4.2)
00 3o NP1,NpVTC
P V =0 NP A Y

0 3o M=1,MLIFE

!F(M,LE.MPER)GO TO 31
yF1XC0.0
O 10 3?

31 yFIXCz(SIMV-0NPAY.COSTF)/AMPR
32PVTC(NP)=PV=PVeTYTvC(M,NP)/(1.0.DpOPC)**(M1)_(r)EPR/(1.r,.0RCPC)**M

1).(YFIXC/(1.0.OINTP)**M)
JI =A

J1r61,101c)J),YFIxC,PVTC(Np),NP
)1 F4iAT(I5,F1o.5,F15.5,15)
30 CONTINUE

5PVTC=0.0
35 NP=j,NPV1c

S? VT C SP VIC .P V IC C NP

35 COT1NUE
I P NP V T C

APVTCSPVIC/TNP
SSPVTC=0.0
oo 36 NPI,NPVTC
SSPVTC=SSPVTC+ C (PVTC(NP)APVTC)**2)

16 MTINt)E

VVTC=SSPVTC/ (1NP-1 .0)
PVICSDSQRT C VP VIC)
WPITE (bl,10)6)APVTC,VPVTC,PVTCSD

1016 FPMAT (2X,MEAN ,F10.5,VARIANCF ,F10.5,#STANOARD OEV.*,F1o.5)
NI)
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SLRCIJTINE P1Cc (pLIMIT,YPTFH,WI,jR4ND,ITN4V,NPVTC,VC3,4,9,YTVC,IR,
'srEv
nTMENSICN RLTMIT(21),YPIFR(21),YTvC(100),RVC(100),YAINS(100)
rC 30 NP1,NpVTC
B I NR :25 0

RAV:0.0
TJJSr0.0
r)C 50 NF1s1,10O

co VC(NB1):0.o
r 20 IT:1,11N4V

UM:IJNIFCRM(1RAND)
1:0
OC 10 I=1,NI
TF(RNUM.L.RL1MTT(I))G3 T 11

10 CCNTINUE
ii RINTYPTFB(!)/25.0

A#iBAV BINT
BINPO:I3IMRYPTFR (I)
IF(BINRD.LE.0.0)C,C T 12
TNUP1:TNUMS+l .0
I 4Ift45: I N(JM

1NR:BINRD
Jr I

IC 20
2 T\1IM=TMJMS.BINR/yPTfB(I)

IP3A*TNUM.H* (INUM**7) .EPRCR'STOFV
qvC (NB) :TPA*VCR

tP'JPYYPTFBU)RINR

IF tE3INPY.LE.25.cr,GC IC 13
1NB.1
TtJ125.O/YPTFR (I)
rp=RNCR C IR)
TRA*TNU4, TNUM**7 .ERpCR'sTrv
4VC (N) TPF3*VCR
Q1NP1YPTFB(1)R1NR.?.0
IF1NRT.L.25.0GC IC 16
N?:49.1
TN'#M:?5.0/YPTFB (I)
rPR=RNCR(IR)
TPA*TJIJM,B (TNJM** .ERRCR'STDFV
FVC(NF):TPk*VCB
qNRX:YPTFB c1 -B1NR-0.0
qTNR=25.0(YPTFP CI)-RINRc0.0,
T1UP1SBINRX/YPTFA(I)
;C TC 20

16 INP=2S.ocvrTFR(I)RINR?5.o)
TIlMc:F3INRT/yPIFq (I)

IC 20
13 TI1Ms=1.0BINP/YPTFBCfl

PINR:25.0- (YPTFB( I )RINR)
t4C TO 20

20 COI4TTNUE
IF(J.EQ.1)GC TO 45

45 FrOR=RNCP(IR)
TPf4((25.0RINR)/25,O)*(A*INUM5.R*(25,0/(?5.ORTNQ),*(TiJL)MS.e2).

1ERP5TDEV)
RVC(NB):TPB*VCB
w1N
YIVCS'0.0
DC 40 NRN=1,NB!N

40 YTVCS:YTVCS.BVC(NBN)
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vTVC (PIP) =YTvCS
YBINS (NP) RAV
J=
wRITE (61,1011) j,'TvC (NP) ,YRINS(NP) ,NP

1011 FORMAT(I5,2F10.S,15)
30 CONTINUE

RETURN
NO

FUNCTION UNIFORN(1RAND
yRANDxAND(AND(4099'1PAND,3lTT7T77 ,1220519,3777h77Thj

RETURN
END
FUNCTION RNCR(IP)

ro 100 I1,12
IcAND (AND (4O99*IR,377777778).120519,377777ulB)

100 P'OR=RNOR+IR,83R86O7.
RETURN
END




