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Preface

With the publication of this book we are mindful of the ever-
changing technology available to agriculture, the oldest in-
dustry in the world. While acknowledging the amazing
improvements made possible by better hardware agricultural
tools we also look forward to the future and the range of
sophisticated software tools made possible by modern com-
puter technology. We have taught these concepts at several
universities, and our students have related how these tools
have been very useful and have kept them in the technological
lead in their professions. We believe that these concepts,
current and future, can continue to be the basis of improve-
ments in 21st century agriculture.

The emphasis of this book is on system management
tools that are helpful in solving problems. For example, se-
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lecting the best capacity for an unloading facility that has
a line of trucks waiting, scheduling a many-faceted project to
complete construction of a facility or a particular research pro-
ject, using crop growth models to determine the best amount
and timing for irrigation and/or fertilizer for various areas
of a Beld with a yield map showing diAerences, all involve
methods and tools that are the result of the latest computer
technology.

This book will be valuable to students in the general area
of management of agricultural systems, whether their curric-
ulum is speciBcally in agricultural systems management, agri-
cultural and biological engineering, or another agricultural
and food Beld. Modern technical managers in any Beld must
be familiar with the latest computer methods of solving busi-
ness problems. The widespread use of the Internet has rapidly
increased the need for technological expertise in management,
especially in agriculture. These techniques use up-to-date
weather data, simulation of crop yields, projected harvesting
dates, and market forecasting that give the user an edge in
crop management.

Many topics in this book will be valuable for particular
courses in agricultural engineering as well as agricultural
systems management. Field and crop system simulations will
be useful in power and machinery courses, showing the impor-
tance of Beld capacity in critical, time-sensitive operations.
Machinery selection decisions should be based on a balance
between timeliness and Bxed costs.

One chapter focuses on reliability, an important topic in
engineering design, and its value to managers as well as
engineers. The material on project scheduling has been used
in a senior design course for engineers to demonstrate the tim-
ing of the various steps in completing a design project. The
concepts of a Gannt chart, interactions between tasks, and in-
dependence of tasks are invaluable in many real-world jobs
for both engineers and agricultural systems managers. The
topic of precision management is of interest in power and ma-
chinery and in land drainage courses for engineers.
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The academic Beld of agriculture has become so complex,
with the need for great depth in subjects from plant pathology
to genetic engineering, that studying the system as a whole
may be omitted or de-emphasized. However, real problems in
agricultural production and processing require a systems view.
In cotton production, for example, many weather-related fac-
tors inCuence the Bnal yield. Soil nutrient level can be aAected
by rainfall, especially on sandy soils. Soilmoisture is inCuenced
byrainfall, irrigation, andevapotranspiration.Water costs con-
tinue to rise, and e E cient use of irrigation is more and more
important. Many insect and microorganism crop pests are
strongly inCuenced by weather conditions, relative humidity,
temperature, rainfall, and even the intensity and timing of
rainfall. Process-basedmodels of a crop, including the root zone
and pests, can help the manager time the application of pes-
ticides, irrigationwater, andnutrients for themost e E cient use
of resources.

Livestock operations use modern computer programs for
keeping track of animals, feed use, and weight gain. For breed-
ing stock, this information is especially important inmaintain-
ing a record of each animal and its ancestors.

Financial record-keeping is less of a problem when com-
puter programs are used to classify data according to various
enterprises that may be used in a large agricultural operation.
Income tax programs can be integrated with day-to-day opera-
tional data collection programs and are ideal for a system in
which data is entered only once.

Field operations are a big issue in crop-based agriculture,
and determining the size or capacity of equipment is an im-
portant decision. Themanagermust balance the need for time-
liness during planting, harvesting, and other operations with
concern about the Bxed cost of large equipment. Computer pro-
grams can be found on the CDaccompanying this book compar-
ing total costs, including Bxed costs of equipment and the cost of
yield losses.

The rapid introduction of precision farming demonstrates
another need for the systems approach. Yield monitors on
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harvesters show deBciencies that call for expertise in plant
nutrition, drainage, or irrigation, depending on the particular
problem. Computer-based methods such as precision farm-
ing raise new questions that only an integrated systems ap-
proach can solve. Problems such as these illustrate the need
for expertise from agricultural economics, agronomy, animal
sciences, soil science, entomology, plant pathology, and espe-
cially agricultural systems management to help integrate all
these areas.

The systems approach also applies to various profession-
als working with growers, suppliers, marketing groups, crop
consultants, and agricultural extension workers. These people
are all part of the agricultural industry and should be recog-
nized as an essential part of the overall production andmarket-
ing system.

The agricultural industry has many challenges in the
21st century to increase proBtability, make environmental
improvements, and choose from a wider range of marketing
options, among others. We believe this book will help agricul-
tural systems managers and the agricultural industry achieve
their goals.

Robert M. Peart
W. David Shoup
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1

Agricultural Systems: A Managerial
Overview

W. David Shoup

AGRICULTURAL SYSTEMS DEFINED

Many groups and individuals today use the term systems to
describe some group of operational functions. Yet it would be
di E cult to Bnd any deBnition of the word system, let alone an
operational deBnition of the term agricultural systems. Be-
cause so much rests on measuring the e E ciency or output of
an agricultural system, we really need to deBne and identify
components of agricultural systems.

The term system in the modern sense gained much popu-
larity during the beginning of the NASA era of the late 1950s.
Engineers at NASA needed to clearly de Bne space travel
components so they could establish the highest performance
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standards possible. Agricultural engineers began research in
agricultural systems at about the same time. The late 1950s
and early 1960s saw great advancements in technology on the
farm, in processing, and in agribusiness. Today those great
advancements continue at an even faster rate.

In our context, an agricultural system is a speciBed group
of components, operational functions, and processes that are
integrated to accomplish a well-deBned purpose. Agricultural
systems managers (ASMs) usually plan, evaluate, and adjust a
system or some group of components of a system. In a complex
agricultural system one can easily identify or envision systems
within systems. We might call those systems within systems
subsystems, but themain concern is that the systemperform to
the highest level we can achieve within the parameters or
resources at hand. The ASMmust learn quickly tomanage and
evaluate subsystems concurrently.

CHARACTERISTICS OF AGRICULTURAL SYSTEMS

Wealready stated that each agricultural systemhas somewell-
deBned purpose. The purpose might be stated simply, or more
often it might be stated as a group of objectives. And those
objectives might include some very deBnite speciBcations or
measures of performance. As an example let’s consider an agri-
cultural system that produces potato chips. The overall pur-
pose might be to produce six 1 2= -ounce bags of chips for the
consumer market. However, the well-deGned purpose for the
line technical mangers of the processing plant might be pro-
duction objectives of 1500bagsperhour, less than0.05%of bags
over 0.675 ounces, with less than 8.00% waste, less than 1%
under 0.6355 ounces, with less than 0.5 hours line downtime
per shift, less than 1 recorded human accident per 6months, at
a cost of less than $0.233 per bag, and meeting the 2002 EPA
guidelines regarding odor control in the community. In real
life this speciBcation list could be much longer, involving hours
of planning and discussionwithmanagers, engineers, account-
ants, labor unions, and lawyers.

Chapter 12



We could easily identify the same level of complexity in a
production farming operation. The overall purpose might sim-
ply be to grow hogs for meat processing. The well-deGned pur-
pose might be to produce 1000 barrows, with weight range
limited to 205–215 lb, loin eyes of not less than 4.14 sq in or
more than 5.01 sq in, average rates of gain of not less than 1.98
lb/day, at a cost of less than $0.21 per pound, utilizing non-
GMO feeds, and meeting all local and federal EPA require-
ments. And, once again, the real pork producers reading this
chapter know that an actual speciBcation list for this agricul-
tural system would be much longer. This discussion of the
‘‘well-deBned purpose’’ portion of the deBnition is well served
by the two examples.

Looking back at our potato chip processing plant example,
we know that in order to ful B ll the well-de Bned purpose
(speciBcations), numerous operational functions and processes
need to be performed. The operational functions and processes
are key parts of our de Bnition. Some of those operational
functions and processes involving our complete deBnition of
the potato chip agricultural system might be:

Purchasing of potatoes
Transportation
Unloading at the plant
Storage
Grading and inspection
Sorting
Chemical wash
Storage
Waste disposal
Purchasing of frying oils
Transportation of oils
Storage of oils
Least-cost formulation of ingredients
Cutting processes
Line movement of product
Frying
Salting

A Managerial Overview 3



Packaging/weighing
Boxing
Quality control
Pricing
Loading
Distribution and storage
Sales
Transport

In this agricultural system each operation or process might
require humans, machine components, or a chemical or biolog-
ical process. And each process will have management-deBned
parameters for successful operation. We could construct elab-
orate diagrams or computer programs to inspect or evaluate
each component or operational activity. But our mission is to
manage agricultural systems to achieve goals. To do that, we
have to fully understand how each component of a system
works and the interacting eAect its application might have on
other components and the outcome of the system. To predict
those impacts, we can rely onmathematicalmodels and tools to
forecast outcomes of decision alternatives.

EXPECTED OUTCOMES OR ‘‘DELIVERABLES’’ OF
AGRICULTURAL SYSTEMS

First, there is a real need for the system to deliverwell-deGned
products. Today’s consumer-oriented market demands truth
and performance. A system often must meet standards either
the consumer wants or governments might demand.

Let us consider the challenge a small organic fertilizer
bagging plant might have. Themanagermustmeet the desires
of the company for proBt, of the public for performance, and of
the government for truth in packaging. The manager and the
company must design a product that meets the speciBcations
that satisfy company upper management for proBt, establish
product features that entice a certain market share of buyers,
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and meets state and federal analysis on the package label.
Each fertilizer product becomes verywell deBned, and the agri-
cultural processing system must meet the goals. Many people
from many arenas give critical input.

It is expected that the products the production line deliv-
ers are proGtable. Agriculture is a business Every business
must in the end meet a proBt goal. In this small organic fer-
tilizer bagging business we must set production volume tar-
gets, estimate Bxed and variable costs, and establish costs per
bag, pricing, and target proBts. If this was all there was to
management of this line, it would be easy. However, agricul-
tural systems have to satisfy many other conditions. ProBt-
ability is not enough. The product must be safe for use. The
manufacturermust also guarantee the safety of the production
workers and perhaps meet union work conditions. If the prod-
uct were edible or a drug it would have to be safe for human
consumption Certain aspects of quality control would have to
be met and veriBed.

Our bagging plant would probably produce ‘‘secondary’’
compounds or wastes. They must be managed as well. Those
processes and costs become part of the total agricultural
system too. The plant is responsible in American society to
maintain or enhance the environment. Or at the very least, the
product must be produced at environmental costs that society
(and the law) deems acceptable. It is not unusual to expect that
the bagging plant system also contribute to the general com-
munity economic development and well-being.

THE PRIMARY GOALS OF AGRICULTURAL
SYSTEMS MANAGERS

An all-too-common mistake of technical management is a fail-
ure to identify performance criteria against which the system
must be evaluated. These criteria and their measures need to
be well established before we ‘‘f lip the switch’’ and a system
begins to operate. The goals, criteria for success, and perform-
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ance measurement assessment should be part and parcel of
every planning process and evaluation process. These perform-
ance criteria should be established up front and agreed upon by
allmanagement. It is not unusual to see thesemeasures as part
of monthly, quarterly, and annual reports.

Some primary goals agricultural systems managers must
attain are:

Optimization of economic costs, proBts, and beneBts
Production of de Bned levels of product quality and

quantity
Meeting timelines and schedules
Delivery of value-added products and product attributes
Attaining acceptable process reliability
Maximization of e E ciencies
Realization of environmental and regulatory guidelines
Optimization of human factors—safety, job satisfaction,

performance factors, and perhaps labor union issues

Let’s go back for a moment and consider our potato chip
processing agricultural system.Weknow that the primary goal
is to make chips. But what kind? How many? At what cost? In
real life the plant probably has three or four production lines
and four to eight products. The upper management has deter-
minedmany overall goals, so consider the plight of a single line
manager of the ‘‘ripple chip’’ processing line. What would his
goals be? And what would be some of the criteria of evaluation
needing assessment?

Criteria of Evaluation

Obviously, production costs per bag of chips would be a key
criterion to evaluate, ormaybe the total volume over a week, or
total production in bags over the year. So costs, volumes, and
pro G ts are key criteria. E J ciency of the processes can be
measured, equipment adjustments made, or replacement of
processes e Aected. Some of the processes included truck
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unloading, storage, belt movement, cutting, frying, salting,
sorting, weighing, bagging, and boxing. Product quality must
also be assessed. Yes, we all like a beautiful, unbroken chip!
The size, color, weight, etc can all be assessed. Storage life and
condition of the package itself can be evaluated and goals set
No one likes a wrinkled bag or a misprinted label. And who
wants a six-ounce bag of chips labeled as seven ounces?

If we forget that the whole system must have a very high
performance reliability, we cannot achieve any other goals. To
achieve this we must meet timelines and schedules and attain
serviceability and machine replacement goals. In a production
plant we are always scrutinizing resource utilization, waste
reduction, risk minimization, performance, stability, environ-
mental impacts, FDA guidelines, food safety guidelines, and
state and federal regulations. Today, food processes must meet
purity and process standards.

Then there is the human element. Is the plant meeting
union agreements? Some additional criteria for evaluation
would be meeting goals in plant safety, personnel satisfaction,
health, comfort, and plant security. The ASM must approach
the system management from a team perspective. Many have
input. Many must be informed and empowered.

It becomes quite clear that a good technical manager
manages far more than money. Managing means managing
all of the resources. The good technical manager must also
consider machine replacement, new products, new technolo-
gies, and training of personnel.

FACTORS AFFECTING THE AGRICULTURAL
SYSTEM AND THE ASM’S DECISION MAKING

Many factors can inCuence the outcome or performance of an
agricultural system. The ASM’s decisions can always have an
impact (hopefully a positive one) that inCuences the system
to perform to its potential. But the manager’s decisions are
not the only inCuencing factor. While it could be argued that
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there is an inBnite number of factors, the authors would sub-
mit that there are nine other signiBcant areas inCuencing
change in the agricultural system’s environment. These ten
areas should be constantly researched by the ASM as part of
the ongoing updating of the agricultural system. Togetherwith
the manager, these nine other areas of informational needs
are critical to the managerial success of agricultural systems.

Changes in Weather, Seasonality, or Biological
Intrusions

Perhaps the most signiBcant and unique factor in agricultural
systems management is dealing with the weather or season-
ality of commodity production. In our organic bagging plant
example, an unknown or unplanned warmweather span could
greatly spur biological activity of stored wood chips or manure.
Rising temperatures or microbe levels in the potato storage
sheds would cause the potato chip manger to have to adapt to
these conditions. Many processed products of agricultural sys-
tems are live biological entities requiring heating, cooling,
pasteurization, sterilization, fermentation, or even radiation.
Seasonal changes or unusual weather patterns can greatly
change schedules in Beld planting of corn or harvesting of
soybeans. A meat processor knows that biological processes
occur in known time frames. He or she must acknowledge and
respond to unusual temperatures. Processing changes must
occur, or product quality is lost—or the product itself could be
lost entirely. A Florida citrus grower must change processes if
an unusual cold snap jeopardizes the life of a young fruit tree
Or if a disease such as aCatoxin enters a corn Beld nearing
harvest, an immediate response by the ASM is required. In
production agriculture one must always be prepared to alter
decisions when plant or animal diseases enter or threaten. The
threat of SDS (sudden death syndrome) to a soybean crop
would require changes in variety selection, planting dates,
and harvest dates. Likewise, a dry year would certainly spur
the ASM of a grape vineyard to engage irrigation scheduling.
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The same dry year would spur the ASM of a winery to change
the formulation of his winemaking process, since the soluble
solids count of the grape juice would increase in a dry year. In a
wet year, the count may drop and the ASMmight actually add
sugar to fermentation processes.

Changes in Technology

Every so often dramatic changes in technology or innovations
impact the agricultural system so much that the ASM is
required to completely change the components, functions, or
processes of the systems. In other words, we completely change
the way we do things. One dramatic example of this is the im-
pact of biotechnology techniques and nanotechnology equip-
ment on the development of plant seeds. The new technology
completely changed how we exchange genetic information to
form new varieties. Processes were changed, new skills were
required, and old seed technology was rendered noncompeti-
tive. While this new technology changed forever how we
promulgate plants, it also changed how we grow them in the
Beld Genetically modiBed plants are now collegial in being re-
sistant to certain herbicides. Thus, we also have modiBed the
cultivation and pesticide application in the production Beld
systems of agriculture.

Changing a technological process is not the only impact of
changing technology. The development of a new product can
greatly change an agricultural system. The invention of the
large roundhaybaler is a good example. The introduction of the
machine completely revolutionized haymaking in theMidwest,
where labor costs are high. The old system of baling hay in
small rectangular bales was rendered economically noncompe-
titive, except in specialty markets. Likewise, another biotech-
nological breakthrough is allowing us to grow pharmaceutical
proteins and compounds in corn. Several billion dollars a year
is now generated by growing this new ‘‘Pharma’’ corn product,
but the system of growing and handling requires new and
unusual techniques in order to ensure biological security of
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plant growing regions ‘‘Pharming’’ requires many changes in
the agricultural system.

Sometimes the breakthroughs can come from other indus-
tries or other countries. Agricultural industries and systems
were greatly aAected when other manufacturing industries
began to adopt and develop diAerent sweeteners. Corn growers
bene Bted from high-fructose sweetener, while sugar cane
growers were forced to change production methods in order to
remain competitive. Better irrigation technology in Israel and
Brazil forced growers of citrus in Florida, Arizona, and Texas
to completely change irrigation technology to remain competi-
tive. Some examples of technology changes of great impact
would be:

Analog/digital interfacing with microcomputers
Global positioning systems (GPS)
Introduction of microcomputers for data handling and

controls
Spreadsheet software
New plastic extrusion methods
Ethanol processing from corn
Rotary threshing mechanisms in combines
Ergonomic engineering of tractor cabs
Soil conservation practices
The cotton gin
Evaporative cooling for greenhouses
Hydra cooling of fruits and vegetables
Irradiation of meats, fruits, and vegetables

The list is very long and continues to grow on a daily basis.
One of new technologies having the most impact is the use of
the Internet for marketing and purchasing—commonly called
e-commerce. E-commerce now allows an ASM to purchase and
market worldwide. Top ASMs will need information systems
that allow them to be educated rapidly regarding new devel-
opments. The Internet itself is a technological addition that
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has had perhaps the most dramatic eAect on 21st century
agriculture.

Legal/Political Factors

New laws and regulations can have great impacts on decisions
regarding Beld production, manufacturing and processing, and
technical marketing areas of agricultural systems. Even with-
out new laws, new rulings by regulatory agencies can have
consequences.

Changes in the tax structure can have signiBcant impacts
on management. Throughout the 1970s and early 1980s,
farmers enjoyed federal tax exclusions from an investment
credit deduction. Farmers could derive great beneBts that
encouraged buying capital equipment such as tractors, com-
bines, and portable buildings. Federal tax reform removed
these advantages, and equipment replacement planning
strategies changed greatly. Because many did not know their
income status until late in the year, there was a lot of last-
minuteDecember purchasing. This last-minute buying ceased.
This change aAected not only farmer purchasing but the way
money was spent. Manufacturing schedules, technical sales
programs and activities, and managerial decisions were
changed. Even tax accountants had to change their schedules
of activity.

Some of the most signiBcant laws now aAect the livestock
production industry. Some small rural cities now have ‘‘inCu-
ence’’ up to three miles from their city limits regarding odor
control. Many local agencies in counties now control animal
unit limits. Changes in fees for grazing on public lands in the
West are another example where ranchers are forced to man-
age diAerently under diAerent rate structures.

Laws aAecting migrant labor, labor camp conditions, and
wage rates greatly aAect the fruit and vegetable industries. The
trade-oA between labor and mechanization greatly changes.
Likewise, Occupational Safety and Health Administration
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(OSHA) regulations and labor laws impact management deci-
sions in processing plants.

On the technical marketing scene, the North American
Free Trade Agreement (NAFTA) has changed the playing Beld
considerably. Some industries have greatly beneBted, while
others have suAered.

Changes in EPA guidelines and standards nowhave great
managerial impact regarding the use of fertilizers and pesti-
cides. Nonpoint and point sources of watershed runo A are
now more controlled. The ASMmust keep abreast of key local,
national, and international issues. Some key governmental
agencies are:

Bureau of Land Management
EPA
State Departments of Agriculture
Water management districts
Farm Services
US Forest Service
Zoning commissions
Department of the Interior
Bureau of Indian AAairs
Agricultural Plant Health Inspection Service (APHIS)
Homeland Security

The Economy

Since the events of Sept. 11, 2001, we have learned how catas-
trophes can send an economy reeling formanymonths.Numer-
ous factors in the economy can aAect agricultural systems
decisions. Managers in the manufacturing and processing
areas certainly must be in tune with changes in the economy.
Some key factors of change include oscillating inventory levels
for supplies, available disposable income, new housing starts,
changes in gross domestic product (GDP), expansion/failures of
businesses, price levels, and changes in exports or imports.
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Today, agriculture faces many changes in marketing
channels for livestock, increasingmergers of seed and chemical
companies, and consolidation of equipment suppliers. Yet new
opportunities abound in the emergence of alternative fuel
processors and new crop initiatives.

Changing Societal Trends

Society’s attitudes are constantly changing and evolving. A
number of attitude changes have greatly impacted agricultural
systems. Perhaps the most important has been in the attitude
toward the environment. A growing spirit of conservation and
preservation of wildlife and habitat has spurred numerous
changes in agricultural systems management. In the early
1990s, support for the PaciBc Northwest’s spotted owl changed
many lives. The giant logging industry, through public opinion,
was forced to change its cultural and harvesting practices. The
industry continues, but not until after many systems changes
were implemented. Managers must look ahead and be consid-
erate of society’s attitudes or perhaps pay a larger price—being
forced out of existence. Society as a whole now focuses more
keenly on the aAects of production practices, including biotech-
nology,waste disposal, water quality, chemicalwaste, and odor
generation. Other attitude changes during the past decade
have included:

Change in attitude toward the use of electronics and
computing technologies

Change in attitude toward the use of credit
Change in attitude toward increased leisure time
Change in attitude toward the use of foreign products
Change in attitude toward health and Btness
Change in attitude toward cultural diversity
Change in attitude toward higher education
Change in attitude toward human and animal health
Increased desire for food safety
Increased desire for protection from terrorism
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Unfortunately, many of these attitude changes have brought
about increased regulation of a system manager’s activities.
In order for the technical manager to be successful in the long
run, he or she must not limit his or her continuing education
activities to technical updates alone. One must develop a good
‘‘crystal ball’’ by following and participating in many cross-
educational activities, including local, state, federal, and inter-
national politics.

Some of these changes in attitudes have encouragedwhole
‘‘new’’ industries. The desire for increased leisure and the
desire to enjoy the ‘‘good life’’ have generated the new area of
agritourism. Industries such as hunting preserves, Bshing
resorts, bed-and-breakfast inns, grape vineyards andwineries,
farmers markets, maple syrup festivals, and equine events
now abound.

The Competition

Someone else is always playing the same game. Decisions by
the competition sometimes a Aect the strategy of another
ASM’s planning and ultimately the outcome of those decisions.
Often, we may be aAecting one and the same system. Aware-
ness of what others are doing to that system is important.
Competitors’ decisions or actions can aAect the economic well-
being of other Brms or entities.

The entry of new competitors does not always mean
disaster for existing Brms, but it can—especially if manage-
ment does nothing to secure its position. A new competitormay
force expansion in order to get lower cost per unit beneBts. A
new competitor may force the changing of hours of operation,
additional investments, review of the product lines, expansion,
or closures. Competition may come from foreign markets, such
as lower-cost produced pork from Argentina or Brazil.

The competition’s addition of a new or improved product
often changes the business or management of a system. A seed
companymay add a new biotechnology-developed seed. A steel
building system might have improved life. The introduction of
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retort packaging or irradiated food could change marketing,
processing, or packaging systems.

Competition might introduce new selling or marketing
strategies. Promotion of Angus beef might encourage growers
to produce more Angus beef and less of other breeds of cattle.
New marketing strategies might change how one would pack-
age the product. Or sometimes the new package itself creates
the need for changes in processing.

Competition might obtain new customers, which gives
them either economies of scale or a new niche market. In the
late 1980s the Florida corporation Naples Tomato Growers
landed the account to supply all tomatoes used by McDonald’s
Corporation. The security of a contracted major account
aAorded them a number of new managerial options.

New markets are always being sought. Competitors who
might Bnd them Brst win the opportunity, at least brieCy, to
attain economies of scale. The adoption of NAFTA opened
many doors and opportunities for many agricultural indus-
tries. Clearly, irrigation sales, food equipment sales, and
aquaculture equipment sales to Mexico were some of those
new markets open for a short time. Perhaps one of the most
exciting new markets exists in China. Without a doubt China
can be America’s largest new market for corn, soybeans, and
other commodities.

The adoption of new, more e E cient processes or manage-
ment strategies can change cost structure rapidly as well. In
the 1970s Japan adopted new steel-making technologies that
forever changed the world industrial markets for steel. And in
the decade of 2000, the American technological expansion of
Internet and software technologies is greatly changing the face
of all systems management.

Changes in Clients Needs

The customer is always changing, and so are customers needs.
The ASMmust develop mechanisms that allow timely interac-
tionas clientsdevelopstrategicplans.Regrettably,manyASMs

A Managerial Overview 15



have become so engrossed in their own Brm’s plan that they
simply overlook the changingneeds of the customer.Andbefore
long another Brm is taking care of those changing needs.

Consumer needs change constantly. A good case study is
that of the consumer acceptance of genetically modiBed prod-
ucts (GMs), or products from genetically modiBed organisms
(GMOs). European consumers and those in the United King-
dom are keenly aware of food safety issues. Their perception
(right or wrong) is that GMO-developed food products may not
be safe. Hence, they do not want GMO products mixed with
non-GMO products. ASMs in the United States may have to
change many operations, functions, and equipment pieces in
order to have a food system that can deliver a 100% non-GMO
product.

And Americans have grown, literally. The average Amer-
ican is taller, larger, and overweight. Clothes makers have to
make those shirts bigger!

Changes in the ASM’s or Firm’s Purpose

The ASM and his or her Brm is an entity that also changes,
grows, adds and drops obligations, and responds to new oppor-
tunities and challenges. The agricultural system must change
in personnel, functions, purpose, activities, and goals. A self-
assessment process is a vital part of ongoing management of
the total system.

In summary, the performance of the system is greatly
inCuenced by the ASM’s decisions. Success is determined by
how well the ASM adjusts for changes in:

Weather
Seasonality
Biological intrusions
Technology
Legal and political regulation
The economy
Societal trends
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Competition
Customer or client needs

TOOLS FOR PLANNING, MANAGING, AND
EVALUATING

The bottom line as to whether management is good or not is
whether the system is meeting performance speciBcations or
improving. Validating that the system is on the upswing can be
very di E cult. Veri Bcation requires measuring and analysis
techniques. To do this, a process requires a six-step loop:

1. Sensing
2. Information storage
3. Information processing and analysis
4. Evaluation
5. Decision
6. Action or change
7. And back to sensing, etc

A manager might utilize this testing process to improve the
system on a weekly basis or even a daily basis. Imagine the po-
tato chip processing line manager we discussed earlier. The
chip process might be sampled and adjusted every fewminutes
or even seconds.

Improvement requires planning and management tools.
Mathematical models are often used for planning and evalua-
tion. Any agricultural system can be analyzed utilizing math-
ematical tools if it can be described logically. In most cases,
approximation, record-keeping, sensing devices, electronic
monitors, satellite imaging, or statistical sampling techniques
will yield enough accurate data for management to begin
planning and evaluation.

Quite a number of today’s best technical management
tools are mathematical models disguised as computer software
packages. Many of those packages will be explored in the
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upcoming chapters of this book. Good examples are spread-
sheets, linear programs, scheduling routines, and simulations.
One can begin to see that the skills required to be a success-
ful ASM have a wide range, based on the varied activities
this technical manager must oversee. Managerial skills are
needed in:

Accounting and Bnance
Organizational planning
Scheduling
Systems reliability planning
Personnel
Human factors and human safety
Environmental planning
Pricing and costing
Data information and management
Transportation analysis
Biological, chemical, and physical management
Decision systems
Systems integration
Promotion and sales planning
Legal and regulatory planning

Ideally, a strong ASM will have an academic preparation that
is strong in engineering technology, the sciences, and business.
The use of statistics and computer tools is paramount. Fortu-
nately, there are many good software packages today to assist
the ASMAnd the Internet can be an excellent source of current
information The upcoming chapters will tie some of today’s
common agricultural systems challenges to a problem-solving
framework utilizing some of the more popular mathematical
models and contemporary software packages available today.
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2

Reliability of Agricultural Systems

W. David Shoup

The goal of every agricultural systems manager (ASM) is to
develop a total system that functions without fail. We know
that this is an unobtainable goal, yet we strive to approach this
by setting a goal of some successful percentage, such as 97% of
the time the system operates as we need it. In order to obtain a
high reliability for a system we must set a reasonable goal and
plan for how to get there. The planning involves analysis of
each component and function of the system. Then we consider
what devices are replaced, which require backup, and how
muchwe can aAord to spend on ourway to attaining the system
reliability goal.

Measuring performance of a system can be done in a
number of ways, all depending on which of the criteria we wish
to evaluate. The technicalmanager spends a high proportion of
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time attempting to evaluate and improve performance–trying
to reach those goals that have been agreed upon. As agricul-
tural systems have become more complex, the need for under-
standing and quantifying a system’s performance reliability
has increased.

DEFINING RELIABILITY

Every agricultural system can be viewed as a group of pro-
cesses and components (including humans) that must perform
satisfactorily and in a timely fashion in order to achieve the
output we have speciBed. Within our context we shall consider
reliability to generally mean the probability that our system
performs successfully. And we as managers will predetermine
what ‘‘success’’ is.

Wewill nowexplore some of themanagement implications
of our working deBnition of reliability within the context of
agricultural systems. In production management reliability is
most often viewed as the probability that the system will
perform satisfactorily when called upon under speciBed con-
ditions. Thus, reliability of a system, a subsystem, a function,
or a component is measured in terms of probabilities. Quanti-
tatively, a component or system is expressed as .9999 or .94 or
some positive value less than 1.00. It should be noted that not
all of the system components necessarily have to performat the
same time, but each component must operate at the proper
time for a su E cient period of time to ensure that the system
accomplishes its purpose. Operation of the jet propulsion
engine on a space shuttle launch is a good example. The engine
has to perform for only a few critical minutes in the proper way
to be deemed successful.

A critical part of the deBnition of reliability is the ‘‘speci-
Bed conditions’’ underwhich a unit or component is to function.
Systems that would perform under all extremes of heat, dust,
humidity, poor Beld or manufacturing conditions, vibration,
and mismanagement and all possible conditions would be
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ideal—ideal but not very realistic. Systems must be evaluated
within the limits of their intended use. These conditions should
be explicitly stated or recognized before evaluating the per-
formance reliability of a system. For example, it would not be a
fair evaluation to state that the reliability was poor if a citrus
harvest system failed because the hydraulic lift truck for
moving pallets was stolen, or if a computer designed to operate
in an air conditioned working environment failed because it
was exposed to 125j temperatures in an incubation chamber. It
is the job of the technical or agricultural systems manager to
assist in planning and in setting needed, reasonable expect-
ations. Some critical processes may require component per-
formances of extremely high reliability (launching astronauts,
embryo incubation, refrigeration, evaporators, etc.).

The words perform satisfactorily also carry great signiB
cance in the deBnition and in understanding the performance
reliability concept. Tolerances must be speciBed so as to estab-
lish what acceptable reliability means. From the very begin-
ning of the existence of a system degradation begins. As each
componentwithin the systemages,wears, or depleteswith use,
the output or system performance begins to vary. For a sub-
stantial period the variance may be so minimal that it is not
worthy of notice. Eventually the system may continue to
function, but not at an acceptable level. A corn harvesting
system consisting of a combine, tractor,wagons, augers, bucket
elevators, grain drier, and storage bins is a good example. As
the combine ages, Beld losses of grain increase. As the augers
and bucket elevators wear, grain kernel damage increases and
system Cow rates decline. Drying rates may increase and fuel
costs rise. There eventually comes a time when the unaccept-
able level is reached and the system is deemed no longer
reliable. One day the value may be .91 and the next day it
can be deemed inoperable (zero). The manager can elect to
replace components, change the system, get backup units, or
even hire another system to perform the task.

Setting the acceptable levels of performance of various
components is not always easy. First, one must recognize what
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criteria are typical. The following criteria often need accept-
ability levels established in Beld production agriculture:

Speed of operation
Crop loss acceptability
Quality and condition of crop
Timeliness of completion date or times
Cost–proBtability trade-oAs
Field e E ciency
Capacity of each system needed

To dwell on this topic of acceptability for just a moment,
we might consider a farmer evaluating the levels of accept-
ability regarding capacity of his soybean harvest system. Due
to the limited days of good weather in his Midwest fall season,
he may know that his harvest system must maintain the
overall daily capacity of 55 acres per day. If harvest capacity
is less, he does not get all of the crops in before the snow arrives
and ends the season. Low reliability or high downtime, as he
may phrase it, would not be acceptable. Likewise, a corn
producer must view the quality of the harvested crop. It would
do no good to continue running a combine if the threshing unit
had become so worn that the machine produced a crop with
20% of kernels cracked. The crop would be evaluated poorly
when graded at the grain terminal and deemed a very low
market grade (sample grade would yield a very low price)!

In biological processing, packaging, or food processing,
added factors such as the following could be determinants:

Percent loss
Yield
Critical time durations met
Cost per unit
Food quality
Food safety
Contamination
Cost of rework
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Let’s suppose a pecan processor is making bagged,
crushed nuts for a candy manufacturer. The pecan processor
delivers several truckloads of nuts. It is found that the nuts
contain many pieces of shell. The candy manufacturer rejects
the product (they do not want lawsuits from customers who
break their teeth). If it is found that the screening devices are
no longer capable of use because they are too worn, then the
reliability of the processing line becomes zero.

HUMAN INTERACTIONS

Most agricultural systems consist of mechanical equipment
and humans. In some cases biological, chemical, or physical
processes are components as well. Humans are often required
for planning, initiation, maintenance, operation, vigilance,
ending operations, or any variety of tasks. They may provide
the ‘‘backup’’ to any number of potentially failed components.

If one considers only equipment or process factors in
systems planning, then one is assuming operator performance
to have the probability of r = 1.00. Obviously, the reliability of
humans is not perfect, or 1.00. Leaving out the valuation of
human elements would give grossly inCated systems reliabil-
ities, as often happens. However, the proper management of
human interaction can lead toward exceptionally high systems
reliability, as we will see later in this chapter.

Humans are much more complex than any machine or
process used in agricultural systems today. The challenge of
duplicating higher human functions such as perception, rec-
ognition, and decision making has just begun, through artiB-
cial intelligence algorithms and electronic circuitry. The Beld of
robotics is still expensive and in its infancy.

Human limitations are numerous. They are less stable
than machines and are inCuenced by and more responsive to
the work environment. Human performance is a Aected by
physiological conditions, fatigue, noise, incentives, rewards,
previous learning, and conditioning (good and bad). However,
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thanks to the study of human factors, or ergonomics, it is
possible to treat human operators mathematically, as one does
for other components and processes as we estimate reliability
of systems. In terms of inputs and outputs, a common descrip-
tive language exists from empirically derived research. This
permits a mathematical treatment that can be applied to man,
machine, or processes. We will return to this topic.

ESTIMATING THE SYSTEMS RELIABILITY
VALUES

There are many questions for which estimation of reliability
can assist in providing technical management answers.
Always remember: The system must work when you need it.
If it doesn’t, all other aspects of a system are irrelevant. Here
are just a few of the decisions that quantiBcation can help
answer:

What percent of the time does this system really work?
Which machine should be replaced to gain reliability?
Should a new machine (or person) be purchased, or can a

used machine be utilized?
If other machines are available for ‘‘backup,’’ how will

this aAect performance?
How many ‘‘backup’’ units are needed?
Which is more proBtable—renting, buying, or leasing?
Will the system work if a particular unit fails?
How does the human operator or manager in the system

aAect the probability of success? Do we need more
management or less?

How much will I gain in e E ciency and capacity by in-
creasing reliability or decreasing it and saving costs?

What level of reliability is economically acceptable?

Production managers, salespersons, service personnel,
and design engineers need to fully understand that system
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reliability is inherently the absolute bottom line in selecting
equipment, people, and resources. Granted, selections are
often made for other reasons (economic, safety, etc.), but
reliability must always be at an acceptable level.

Estimating System Reliabilities

Components in Series

Many agricultural systems are arranged in series. The suc-
cessful operation of a series system depends upon the success-
ful performance of each and every component in the system:
man; machine; or process [1]. Two conditions often exist: (1)
Failure of any given unit results in a complete system failure,
and (2) the component failures are independent of each other.
Gordon showed that in series systems the probability that a
system operates acceptably is the product of the reliabilities of
the individual units or components [2]. If, for example, there
are three components in a system, each with a reliability of
0.90, the reliability of the system would be a product of the
three, or 0.729. Lusser presented the original formula for
sequential events as:

Rsystem ¼ R1 *R2 *R3 *: : :*Rn ð2-1Þ

where R1, R2, R3, � � �, Rn are reliabilities of individual units
expressed as a probability (fraction) of successful functioning
based on history or estimates [3].

The inherentweakness ofmost agricultural systems is the
sequential nature, leading to overall low system performance
reliability [4]. Think of a simple wheat harvesting system
consisting of a tractor (0.90) to pull a wagon (0.90) that the
combine (0.85) unloads into a storage tank (Fig. 2-1). The
system reliability is only 0.6885. One unit fails and the whole
system stops.

As more units are added to an agricultural system, each
unit must be very close to unity (1.00) if the system is to re-
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main acceptable. There are three possibilities for improving a
system:

1. Replace components of lowest reliability with higher-
valued units.

2. Use only components of high reliability (new equip-
ment).

3. Use redundant components (provide dedicated ‘‘back-
up’’ units).

Components in Parallel

With parallel units, there are two or more that are performing
the same function or are available to perform the same function
at any particular time. This is referred to as either ‘‘backup’’ or
redundancy. NASA missile research showed that parallel
system reliability of like units can be estimated by combining
the probabilities of unit success (reliabilities) of the individual
units using the following formula [2]:

Rsystem ¼ ½1 � ð1 � rÞm�n ð2-2Þ
where

m ¼ number of components in parallel for each function

n ¼ number of functions the unit must perform

r ¼ unit reliability

In a completely parallel arranged system, identical com-
ponents would be used independently, either physical
machines or human operators, as the case may require. Sup-
pose one were baling hay and a tractor is needed to pull and

Figure 2-1 Three units in series: Rsystem = 0.90 * 0.90 * 0.85 =
0.6885.
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power the baler. The farmer needs only a single functioning
tractor at one time to pull the hay baler. However, if he had two
identical tractors, both available 100% of the time if needed
and, say, with unit reliabilities of 0.90, the joint probability of
having a tractor available to pull the baler would be (Fig. 2-2):

Rtractor fuction ¼ ½1� ð1� 0:9Þ2�1
¼ 0:99

Thus, even with relatively low component reliabilities
such as 0.70, a system with four units in parallel could achieve
a system reliability of 0.992. In some systems the components
could be very diAerent types, such as a human backing up a
machine unit, or vice versa.

Achieving redundancy, or ‘‘backup,’’ in a system can be
accomplished in several ways. Some common management
alternatives are:

Purchasing another machine
Borrowing a ‘‘backup’’ machine when needed
Using a unit from another operation
Leasing another unit
Renting another unit
Assured availability warranty from manufacturer

Equation (2-2) is very useful because it expresses the real
world of agricultural systems fairly well. The equation, how-

Figure 2-2 Parallel identical units: Rsys = [1 – (0.1)2]1 = 0.99.
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ever, applies only where the components in parallel for each of
the n functions is exactly the same and unit reliability of each
component is the same. Where these conditions do not apply,
the derivation becomes more complex. And in reality it is rare
to Bnd two components or processes that are identical. For
example, a new tractor may be in use with a reliability value of
0.95; but if the new tractor were to fail, the manager might
bring in the old tractor from the shed (0.78) to back the newer
unit up. This situation is very typical in Beld production
agriculture and processing. Complexity occurs in deriving a
set of equations, since the selection of the Brst unit is a
parameter open to management. An iterative technique is
essential.

Heterogeneous Units

Redundant units in parallel possessing diAerent reliability
values can be termed heterogeneous backup units. An iterative
technique would work as follows: For the components in
parallel, select the Brst. If the system only had that one, that
subsystem reliability, Rs, would be equal to that of the compo-
nent, R1. The reliability of the subsystem that included both
components 1 and 2 (call itRs(1,2)) would be the probability that
the Brst unit functions (R1) plus the probability that the Brst
unit fails (1 � R1) and the backup unit functions (R2). These
last two reliabilities are multiplied to get the reliability of the
backup system’s functioning. Therefore, the reliability of the
the subsystem with a heterogeneous backup unit is

Rsð1;2Þ ¼ R1 þ ð1� R1Þ*R2 ð2-3Þ

and for three parallel components is

Rsð1;2;3Þ ¼ Rsð1;2Þ þ ð1� Rsð1;2ÞÞ*R3 ð2-4Þ

Thus a general form would be

Rsð1;2;3; : : : ;nÞ ¼ Rsð1;2; : : : ;n�1Þ þ ð1�Rsð1;2; : : : ;n�1ÞÞRn ð2-5Þ
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Suppose two tractors are in parallel to form some sub-
system. Let’s say that tractor 1 has a unit reliability of 0.90 and
unit 2 is 0.78 (Fig. 2-3). Using Eq. (3), the reliability calculation
would be:

Rsð1;2Þ ¼ R1 þ ð1� R1ÞR2

Assuming Tractor 1 is selected Brst,

Rsð1;2Þ ¼ 0:9þ ð1� 0:9Þ*0:78 ¼ 0:978

A Production System Example

The dynamics of production agriculture systems can become
quite complex. Tractors may back up several subsystems,
performing several functions, or be unable to serve as backups
because of incompatibility of components or unmatched horse-
power requirements. Reliabilities seldom are identical. The
best approach is to calculate reliabilities for each subsystem
separately and then to combine the subsystem values to attain
the complete system reliability.

Suppose farmerAhad two enterprises: dairy and peanuts.
To some extent, the two separate agricultural systems must
share equipment, such as tractors. Farmer A must recognize

Figure 2-3 Heterogeneous parallel machines: R = 0.90 + 0.10 *
0.78 = 0.978.

Reliability of Agricultural Systems 29



the strengths and weaknesses of this arrangement. Let’s
analyze farmer A’s peanut harvesting operation, as shown in
the following table andFigure 2-4. Suppose it consists of a large
tractor pulling a peanut combine. A wagon attached to the
combine receives the peanuts. Another small tractor pulls the
wagon away, empties the load and returns just in time to
exchange wagons with the combine unit. The iterative process
assumes that the unit of highest reliability is always used Brst.
This is the usual management situation.

The calculations of each subsystem would be as follows:

Subsystem 1. From Eq. (2-3):

Rss1 ¼ 0:83þ 0:17*ð0:83Þ3
¼ 0:9272

Subsystem 2. From Eq. (2-3):

Rssð1;2Þ ¼ 0:85þ ð1� 0:85Þ*0:72
¼ 0:9580

Farmer A’s System

Subsystem Machinery available Reliabilities

1 1 100-hp tractor dedicated to pulling combine 0.83 each
1 100-hp tractor backs up pulling unit, small
tractor in subsystem 5, and tractor working
at the dairy operation

2 1 peanut combine and 0.85
1 backup combine 0.72

3 1 wagon behind combine 0.90
4 1 wagon behind tractor 0.90

1 extra wagon to back up either
subsystem 3 or 4 0.90

5 1 40-hp tractor to pull wagon cannot back up
100-hp tractor

0.85
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Subsystems 3 and 4. The added backup wagon is the same
as having three wagons that must perform two functions.
Thus, from Eq. (3):

Rssð3;4Þ ¼ 0:90þ 0:10ð0:90Þ2
¼ 0:9810

Subsystem 5. From Equation (3):

Rssð3;4Þ ¼ 0:83þ ð1� 0:83Þ*ð0:83Þ3
¼ 0:83þ 0:0972 ¼ 0:9272

Total System. From Eq. (1):

Rsystem ¼ 0:9272*0:958*0:9810*0:9272

¼ 0:8079

The iterative processes assume that the unit of highest
reliability is always used Brst. In fact, one can see that doing
otherwise might greatly diminish system reliability. The old
philosophies of ‘‘I’ll use the old ones Brst’’ and ‘‘I’ll use the old
ones ‘until they wear out’’ simply do not pay.

Figure 2-4 Peanut combine system with backups.
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Estimating Values of Individual Components

Just how does one attain the reliability values for machines,
components, and functions? Absolutely the best way is to keep
records on these units. Fortunately, computers and spread-
sheet softwaremake this taskmuch easier today. Line foremen
can record downtimes, as can mechanics or service managers.
In the case of agricultural Beld machines this is certainly
‘‘doable.’’One of the world’s largest Beld production sugarcane
growers actually tracks each Beld machine and keeps a life
record via computer database. A farmer could keep uptime and
downtime records on a spreadsheet.

In the case of processing plants, maintenance records of-
ten exist, and data estimates can be made by ‘‘recouping’’ the
past information on items such as blenders, mixers, conveyors,
bagging machines, and chemical processes. Where no life re-
cords exist, a good manager can collect sample data using good
statistical techniques. Data can sometimes be gathered from
other plants or the engineering Brms producing the devices.

The literature in processing journals does contain some
reliability data. And when all else fails, an ASM could inter-
view users of the machines and processes to backtrack in time
to Bnd failures and downtimes. The real bottom line is that
attaining accurate unit reliability data requires forward plan-
ning. However, the eAort to attain the data will yield great
rewards in system performance.

Estimating Human Component Values

Many situational factors aAect human performance. Operator
unit reliabilities can range from zero to 0.99999 reliability. It
becomes quite di E cult to develop generalized relationships.
The trade-oA considerations that can be applied are conse-
quently qualitative. Costs, hazards, state of the technology,
and other factors often inCuence the human role in an agricul-
tural system. It was also shown that the reliability in a space
system with a maintenance person available could be higher
than that of the same system with automated devices [1]. As
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monitor or ‘‘fail-safe’’ unit, humans can seldom be rivaled by
equipment. The following illustrates the trade-oAs that exist
with use of humans.

Human long-term unit values seldom exceed 0.78. This is
because there are so many time deductions one must make.
Ignoring time lost for weekends and hours beyond 40 per week,
the following lost time applies:

Sick time
Late time
Vacation time
Family leaves
Strike time
Break times
Other

Humans are also subject to errors from repetitive tasks. The
value assigned to human subjects varies greatly, depending on
how they are inserted into the system.With propermanagerial
planning and backups, the values can be very high.

Let’s take a closer look at the true value of a human in an
agricultural system. Suppose a woman operates a bagging
machine in a line operation that produces bags of gardenmulch
for the Super Dupermarket outlets. In a year, if she worked an
eight-hour day, Bve days aweek, shewould need to be available
2080 hours per year. But she is not likely to be able to deliver
this. Consider the following time losses:

Activity Hours lost

2 weeks of vacation 80
Holidays (11 days) 88
Family leave (5 days) 40
Break times (40 min/day) 143
Late/tardy (1 hr/wk) 50
Sick (7 days) 56

Total time lost 457 hours
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The Brst reaction would be that this is unacceptable. But,
this is just being human. It would be easy to develop a much
worse scenario for an employee. So howdoes the plantmanager
cope with labor on a line that might involve 20 or more employ-
ees?

First, let’s assume that the manager could back up this
employee with another available employee. The manager
might call in another qualiBed individual oA-shift. Or maybe
there is a pool of employees available. The calculation would be

Rbagger ¼ 0:7803þ 0:7803ð1� 0:7803Þ ¼ 0:9517

We can see that by having a backup available raises the
reliability of the human component to 95.17%.

In some cases humans might be replaced by machines
having higher reliability values. Or, in all fairness, maybe we
should replace some machines with humans. It could be
cheaper!

Managerial Implications

The use of parallel or redundant units becomes a very impor-
tant factor in productionmanagement decisions, such as decid-
ing what unit to replace and whether to buy new or used
equipment. Reliability and machinery labor costs are clearly
traded oA to attain some acceptable level of performance.

It becomes clear that the use of redundant subsystems is
often more economical than simply purchasing new units with
higher reliability. Comparisons between ownership and oper-
ating cost of newpurchases versus several older units and their
maintenance and repair operating cost are necessary. Leasing
and rental units must also be considered. Individuals or

Total time lost ð%Þ ¼ 457

2080
� 100 ¼ 21:97%

Approximate reliability ¼ 78:03%
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corporations ‘‘starting out’’ or with limited capital obviously
have some alternatives that may be quite viable.

The human operator can be used to great advantage. If
inserted properly into a system, reliability can be increased
several-fold to save capital outlay.

Weighing the Cost of Attaining System Reliability

One can come to the supposition very quickly that most
system’s must achieve a 0.95 total reliability or better to be
considered ‘‘successful.’’There are almost always alternatives.
And each alternative has its costs. The decision could be driven
by how to get an acceptable system reliability for the lowest
cost. Let’s consider a struggling college graduate, Bob, desiring
to farm.He owns an older combine of unit reliability of 0.88. He
knows this is not good enough. So what are his alternatives?
Suppose his dad is willing to allow Bob to use his new combine
of 0.96 reliability as a backup, but only when he is not combin-
ing himself. The calculation would be

Rcombining ¼ 0:88� ð1� 0:88Þ0:962 ¼ 0:9905

Now, if good old dad is generous and does not chargeBob, this is
a no brainer. Use dad’s combine as a backup! (See how much
smarter dad is now?) Each method of backup could have
another opportunity cost. Here are some other alternatives:

Alternative Depreciation cost

Buy a new combine $ 45,000
Purchase a used backup 15,000
Lease a new combine 35,000
Rent a backup ?
Hire a custom operator to harvest
and sell the old combine

?

Steal a new combine (maybe you
would not want to do this)

?
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In a processing situation some devicesmight be extremely
expensive, such as a reactor in an ethanol processing plant.
The backup alternativemay bemaintaining an extensive parts
inventory or even an emergency contract with an engineering
Brm to perform immediate services.

Another alternative is to introduce the concept of sched-
uled repair versus maintenance. Suppose the huge sugarcane
harvest system has hundreds of tractors. Based on past
records, themanagersmay knowwhat breaks down andwhen.
They might actually shut down the operation of units with
higher hours and rebuild the transmissions, hydraulics, and
engines before they break down. This might be expensive and
require a larger pool of tractors, but it might be cheaper than
buying new units or stocking even more backup units. This
concept is often used in situations where downtime is either
extremely expensive or critical (no one wants their army tank
to break down during battle)! Or the grain elevator operation
does not want the bucket elevator to break down during a key
harvest period. In any case, theASMneeds to be a true thinker!
This type of evaluation and trade-oA consideration should be
ongoing. Arguably, reliability planning could be the most
important agricultural systems decision—but the one most
often neglected.
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3

Data Management and Spreadsheet
Fundamentals

Robert M. Peart

INTRODUCTION

All applications of mathematical methods for agricultural
systems in this book require use of the computer, so you need
to be familiar with the modern personal computer. We use the
terminology of Microsoft WindowsR, but most of it also applies
to other types of hardware and other operating systems, such
as UnixR, LinuxR, and the AppleR Operating System. This
chapter reviews the software that will be used, beginning with
the basics of Ble systems on the computer and applications
versus data. Then the spreadsheet is covered for the reader not
experienced with its use, because over half of the agricultural
systemsmanagementmethods in this text use the spreadsheet.
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The widespread use of the Internet, the World Wide Web,
and e-mail is making a big impact upon the way computer
applications can aid the agricultural systems manager. One of
the most signiBcant parts of this truly worldwide system is the
availability of current data that are of value to the manager.
These include weather data, price information, and crop con-
dition reports. Weather data are especially valuable when crop
models and pest models are available tomake simulation runs.
With the grower’s own soil and crop information, these models
can help the manager make up-to-date decisions. Managers
need to know how to use these applications and where the
various Bles for data and for the computer programs are lo-
cated for use either online or in a stand-alone mode after cur-
rent data have been downloaded.

Between the writing of these words and your reading
of them, versions of operating systems software will have
changed, so our brief discussion of the computer will not get
into speciBcs that may have changed (and which you probably
already know). However, the concept of Gles that are kept
within folders somewhere (on your hard disk, a removable
disk, or a network server computer that has disk storage space
for you) is crucial. Beginners need to remember, when working
with Bles, to save them, even while they are being written, in a
logical way so that they may be organized; and remember the
three-character extension following the dot, which identiBes
the type of program that was used to produce the Ble. For
example, the name of a word processor Ble produced by Word-
PerfectRwill be followed by .wpd, while a spreadsheet Ble from
ExcelR will have the .xls extension. If you change this exten-
sion, the computer will not know that the Ble is for the original
program used to produce it.

The general concept of data is important.*

*An aside to students: Data is one of those words you need to use to remind
your friends back home that you have been to college. And one detail that
most people do not know is that the data is a plural noun, not singular.
Thus it is correct to say, ‘‘The data are correct.’’
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Your computer probably has a spreadsheet program, such
as ExcelR. That program consists of many diAerent Bles within
your computer, but the general view of the program as a sep-
arate thing is that it is an application. When you examine your
list of Bles with the ‘‘My Computer’’ or Windows Explorer’’
programs, the main operating B les for Excel will be listed
as ‘‘Applications.’’ The Ble that is generated when you type
numbers or words into Excel and save them is called a data
Gle. Once you have started to develop a speciBc spreadsheet
program and you save it, which you should do shortly after you
start, the Ble that you have created is a data Ble. If you are using
Excel and name the B le Problem1, the data B le is listed
as Problem1.xls. Also, if you obtain weather data from an on-
line weather service, that Ble is also considered data.

Downloading of data Bles or programs from the Internet is
becoming more useful as time goes on, and it is getting faster.
At this writing, the computer inmy home is downloading (with
a 56-Kb phone modem) a program at the rate of about 3000
bytes per second (3 Kb/sec), and it has taken over half an hour
(tieing up my phone), to receive the 7.42 megabytes of the Ble
that have been downloaded so far. With a cable modem or a
DSL fast phone modem, this would take only a few minutes,
perhaps 2 or 3. So with these faster access rates, we will be
making much more and faster use of the internet. This is
more costly, but it will make the World Wide Web even more
amazing. More and more programs, trial copies, shareware,
and full-Cedged commercial programs are being delivered this
way, rather than via mail on a compact disk (CD).

We will probably be running more programs that are not
on our own computerwith this faster system. In fact, we do that
now, but it is slow. Currently there are a few online weather
data providers whowill accept farmer/grower information over
the Internet, combine it with weather data from that grower’s
location, run the program, and return to the grower, online, a
recommendation, such as ‘‘wait a week before spraying the
fungicide.’’ So in this case, the user has sent in some data, and
the weather company has collected a weather data Ble from
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somewhere near the grower’s Beld and provided a simulation
program or knowledge-based program to obtain an answer (an-
other Ble) for the grower’s current concern.

A simpler example of running a program that is on a dif-
ferent computer somewhere on the Internet is ordering some-
thing from a company on the Internet. You go to their Web site
and click a fewbuttons indicating youwant to order something.
Then you Bll out a form, probably including your credit card
number. The computer program on their end of the line accepts
this information, probably checking that all the blanks have
been Blled in properly, and then replies that the order has been
accepted.

In this book, we will be using several types of applications
or programs—word processors, spreadsheets, graphics, pre-
sentation programs, and project management tools. However,
the emphasiswill be on the problemand themethod of solution,
not on the details of the computer application. For example, we
will be presenting the concepts of crop simulation utilizing a
spreadsheet such as ExcelR or QuattroProR. We will empha-
size the idea that each row represents a time period—a week,
for instance—and each column represents a process variable,
such as soil moisture content or total leaf area. The formulas
for calculating the new weekly values for each of these varia-
bles are presented, and the logic of the process (such as addi-
tions and deletions from the soil moisture) is presented.

With this book, you are provided aCDwithmany data Bles
for various programs you will use, including color graphics
Bles related to yieldmaps. Youwill also be able to update these
Bles on the Web site for this text.

THE ELECTRONIC SPREADSHEET

The development of the electronic spreadsheet represented a
powerful driving force in the rapidly increasing use of personal
computers, even before the Brst IBM PC was introduced. Sud-
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denly, small businesses and farmers had a tool they could use
to do bookkeeping more easily. The spreadsheet, or worksheet
(as the electronic version is called), is the basic document for
capturing business data. It is composed of rows and columns
upon which the data are entered. The paper version comes in
standard forms with 7, 13, and 25 columns. The spreadsheet
tabular format is a natural way to presentmany diAerent types
of business and scientiBc data. Just look at such diverse items
as accounting journals, ledgers, time sheets, order forms, in-
voices, Bnancial statements, tax tables, and even baseball and
football standings for examples of the widespread use of the
row/column format for data organization.

Both paper and electronic spreadsheets contain three
types of information: text entries (as labels for identiBcation),
numbers (to represent numeric data), and formulas. On paper,
the formulas are not written, but are implied. For instance, a
column of numbers is added to yield in the total entered at the
bottomof the column. In an electronic spreadsheet, the formula
iswritten in the cell designated for the total, but it is not shown,
and the number itself Blls the cell. Usually the columns of nu-
meric data are related. That is, one column of data is calculated
from a previous one on the basis of the formula that has been
entered into the cells in that column. The row/column layout
makes calculation and posting the intermediate and Bnal
results very convenient.

Think of the spreadsheet as composed of cells, with each
cell placed at the intersection of a column and a row. Tomake it
easy to talk about an individual cell (see Table 3-1), we give it
an addressmade up of the letter indicating the column and the
number indicating the row of the cell. So the cell in the 3rd
column from the left and the 4th row down is C4.

Just as on a paper spreadsheet, we can write numbers or
text, sometimes called labels, in a cell. However, the real power
of the electronic spreadsheet is its capability to have a formula
in a cell. This formula can contain numbers, but it can also
hold references to other cells. For example, we might write a
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formula in cell D2 to take 12% of the sum of the numbers that
have been entered into cells B2 and C2:

¼ 0:12*ðB2þ C2Þ
This is a very powerful tool, as you will be demonstrating.

With a little experience, you will be able to do a spreadsheet
like this in about 10 minutes with QuattroPro or Excel. With
this spreadsheet, you could Bll in row 5 with information about
other items in the inventory, and the spreadsheet wouldmulti-
ply the number you put in column C by the value of each item
youput in columnD, and itwould enter that in columnE, row5.
What follows is a brief outline about the spreadsheet, probably
themostwidely useful computer tool ever invented!Wewill try
to be speciBc about what you can enter in the cells and es-
pecially about QuattroPro, although Excel is very similar.

Column–Row Matrix Notation

On a spreadsheet, you might have on screen about 20 rows,
divided into some 9 columns, though this is variable. Each of
these parts of a row is called a cell; your cursor moves from cell

Table 3-1 Sample Spreadsheet, Cells A1 . . . F8, Inventory

Col. A B C D E F

Row 2 Name of Item No. Value Each Total Value Comments

3 IBM Computer 2 $1,600.00 $3,200.00 Could be
upgraded

4 HP Laser
Printer

2 $400.00 $800.00 3 yr old

5

6

7

8 Total $4,000.00
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to cell, instead of moving 1 space at a time, as in a word pro-
cessor. These cells are identiBed by their column–row, such as
B3 for the second column from the left and the third row down.
In Table 3-1, the words ‘‘IBM Computer’’ are in Cell B3.

Three Types of Cell Entries (see Table 3-1)

Numbers: Cell C3 contains the number 2.

Text, or labels: Cell F3 contains ‘‘Could be upgraded.’’
Formulas, or Functions: Cell E3 contains ‘‘+C3*D3,’’ but

it is hidden, and only the result, ‘‘$3,200.00,’’ ap-
pears in the cell. With the cursor on cell E3, I typed
in ‘‘+C3*D3.’’ That appeared only at the top part of
the screen, not in the cell. When I entered 2 in C3
and 1600 in D3, the spreadsheet entered $3,200.00 in
cell E3. That is not so great, but you can easily copy
that cell with the formula for as many rows as de-
sired (the spreadsheet itself automatically changes
C3 and D3 to C4 and D4 in the next row down when
you copy the formula), and the results automati-
cally appear whenever columns C and D are Blled in
with numbers. That is really powerful, when you
consider the variety of complex formulas that may be
used!

How Does the Computer Know?

The QuattroPro, Excel, and MSWorksR spreadsheets operate
by slightly diAerent rules. But usually, when the Brst charac-
ter entered in the cell is a number, the spreadsheet expects the
cell to contain a number. If you want a number but want it
treated as text (such as a product catalog number), enter an
apostrophe (’) or a space Brst.

An exception to this occurs when numbers are entered as
the Brst character in a formula, such as 7 � (B3+C3). Spread-
sheets accept dates written in the following formats: MM/DD/
YY andMM/YY (among others), so if nomath symbol (+,� , / or
=) precedes an expression beginning with a number, then the
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spreadsheet usually treats it as a date or text. Therefore, the
way to enter the given mathematical expression is with + or =
Brst:

þ7� ðB3þ C3Þ or ¼ 7� ðB3þ C3Þ
When the Brst character entered is alphabetic (or a space), the
spreadsheet knows it is text and will not try to compute any-
thing from it. When the Brst character is a math symbol, such
as +, �, or =, it knows you are entering a formula.

An important exception to all of the foregoing is the
Format menu, which allows you to set a cell or a group of cells
by treating the input to that cell as a date, as text with your
choice of type font, coloring, and shading of the cells, or as
currency with the dollar sign included.

What You Should Be Able to Do with
the Spreadsheet

Many of the features you learned for Windows are also appli-
cable inExcel,MSWorks, andQuattroPro.Nevertheless, there
are a number of new things you need to know, some of which
have already been mentioned and others of which are covered
by the spreadsheet ‘‘Coach’’ or tutor or online help. Here are
the topics with which you should become familiar.

Feature Coach topic

Entering data: Entering and editing data
Labels
Numbers
Formulas
Dates

Specifying blocks with the mouse Essentials
Copying: Modifying notebooks
Cell to cell
Cell to block

Adjusting individual column width Modifying notebooks
Formatting data Modifying notebooks
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Other Spreadsheets

ExcelR, the Microsoft spreadsheet, is part of the Microsoft
O E ceR so-called ‘‘suite’’ of commonly used o E ce software, in-
cluding word processing, spreadsheet presentations, e-mail,
and Internet browser. Corel has its own suite, WordPerfect
O E ceR, including QuattroPro as the spreadsheet and of course
WordPerfect as the word processor. More of our work in this
book will pertain to QuattroPro, but most of the same proce-
dures also work with Excel. O E ce ‘‘suites’’ of software are
available from LotusR (IBM), as well.

At one time, Lotus, an early spreadsheet software com-
pany, successfully sued companies that had developed spread-
sheets that looked like Lotus 1-2-3R. Borland, the original
maker of QuattroPro, lost such a suit and had to remove the
features they were infringing.

A Word About Ethics

The Lotus/Borland suit brings up the subject of ethics, and
we get down to the nitty-gritty in the academic atmosphere
when we discuss copying of software. If I copy Corel’s
QuattroProR onto my hard drive from disks a friend loans
me and then use it myself, I am stealing from Corel, just as if
I walked into a software store and stole the disks. Yet around
any university, there are plenty of people who see this as not
so bad.

In business, your employer will expect and assume honesty
and integrity from you on the job. Because you will be turning
in expense accounts, reporting factory production, lab test re-
sults, sales, and reports of all kinds, your employer must trust
that these are as accurate as you can make them. So my policy
was to uphold the high ethical standards that I felt sure most
students have had and tomake it clear that copying software is
unethical. OK, yes, I could actually borrow a copy of some
software and its documentation from a friend and try it over
the weekend to see if I wanted to buy it, just as I might borrow
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someone’s textbook, use it over the weekend, and return it.
Borland’s o E cial description of their software licensing was
just like that of the copyright on a book. You could borrow a
friend’s book, but you should not borrow it, copy it, and use the
copy. The operating system WindowsXPR has an electronic
identiBcation system that prevents the program from being
installed in another computer.

Another ‘‘fuzzier’’ ethical problem is the technically pos-
sible free downloading of music B les (MP3) that are copy-
righted. A system was programmed and made freely available
to computer users that wanted to set their machine up as a
‘‘server’’ for a Web site. With this program, they load any of
their own music CDs on their hard drive and announce its free
availability to others. These ideas border on the viewpoints of
extreme ‘‘hackers,’’ who Bght some enemy they imagine by
creating viruses. Free copying of copyrighted material obvi-
ously cheats the artists and the recording companies, and it is
illegal, but such a law is di E cult to enforce. You or I might
think that the artists and the recording companies are making
‘‘too much’’ money anyway, but this is another example of the
need for ethics. Who decides these questions?

We believe that the consideration of ethics implies some
basic standard, and for us this is the Bible, along with some
common sense in its interpretation.

SPREADSHEETS: LAB 1, PROFIT

Enterprise Analysis

In this Brst lab with the spreadsheet, you will start with a
partly Bnished spreadsheet Ble, PROFIT. It is on your disk,
.WB3 or .XLS, and shown in Table 3-2. The .XLS Ble will also
work on theMicrosoftWorksRunnamed spreadsheet aswell as
on Excel.

You will enter your full name, student number (as a label,
not a number), and today’s date (in date format) in the under-
lined cells. Make sure you adjust the appropriate column
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width so that all these entries Bt! Then enter the following
values:

There are 40 acres
Costs, in dollars per acre are:
Seed 22 (Don’t type in the $ sign.)
Fertilizer 66
Pesticides 77
Labor 44
Rent 160

The expected yield is 3,333 units per acre. The expected price is
$0.28 per unit.

When you Brst save the modiBed (Blled-in) spreadsheet
Ble to your disk, I recommend that you give it a new name, like
L2SALLY.WB3. This way you will always have the original to
return to, along with your updated Ble.

Table 3-2 The Sample Spreadsheet
PROFIT.XLS or .WB3

Name
Student No.
Date:
Enterprise Analysis
CROP $ or Amount
No. of Acres:
Seed Cost/acre:
Fert. Cost/acre:
Pesticide Cost/acre:
Labor Cost/acre:
Rent or Int. Cost/acre:
Total Cost/acre:
TOTAL COST:
Expect.Yld, units/acre:
Expect. Price, $/unit:
Total Return/acre:
TOTAL RETURN:
NET RETURN:
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Once those data are entered, begin to utilize them by
composing the formulas that will produce the correct informa-
tion in each of the shaded cells. For example, one of the for-
mulas is

@sumðB9::B13Þ or þ B9þ B10þ B11þ B12þ B13

which is the same thing. Where should that formula be en-
tered? These formulas should contain cell addresses, used as
youwoulduse variables in an equation.Remember,NetReturn
is Total Return minus Total Cost, so the cell with the space for
Net Return should contain +B19�B15. Use * for multiplica-
tion, + and � for addition and subtraction, and / for division.
The lab will be easier if you Bgure out the formulas beforehand,
using the spreadsheet on your screen, because the one on the
last page is not complete. Save the Ble every time you Bnish a
cell.

When you are satisBed with your numbers, format the cell
that calculates Net Return into currency format with two
decimal places, and the cells containing numbers of acres and
expected yield per acre into Bxed formatwith one decimal place.
Make sure the column is wide enough for all formatted entries.

Print Results

You will turn in two diAerent printouts: the spreadsheet as it
appears on the screen, and a list of the entries in each cell. The
following directions work for QuattroPro, but you can easily
Bgure out how to get the two printouts from any other spread-
sheet. To print your QuattroPro spreadsheet, select the ‘‘File’’
menu and then ‘‘Print.’’ Choose the ‘‘Print Preview’’ button
from the ‘‘Spreadsheet Print’’ dialog box.Now increase the size
of the spreadsheet as it will be printed, by selecting ‘‘Print
Scaling’’within the ‘‘Spreadsheet Page Setup’’ dialog box. Call
up this dialog box with the ‘‘Setup’’ button on the preview
screen. Increase scaling to 150%.Now call up the ‘‘Spreadsheet
Print Options’’ dialog box by clicking on the ‘‘Options’’ button,
next to the ‘‘X’’ on the preview screen. Select ‘‘Row/Column
borders’’ and then ‘‘OK.’’ Make sure the entire spreadsheet is
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included in what will be printed and that it is all contained on
one page (check upper left corner of preview screen). If it is not,
Brst make sure you are not printing too many columns or rows,
because you need only three columns at most. If you need to
change the block to be printed, exit the box by clicking on the
red ‘‘X,’’ and enter the correct block in the ‘‘Spreadsheet Print’’
dialog box. Now click on the ‘‘Print’’ button.

To print the list of cell contents, click on the ‘‘Options’’
button, select ‘‘Cell Formulas’’ and then click on ‘‘OK.’’ Can
you make this list print legibly on one page? Try adjusting the
margins or the print scaling.When you are happywith theway
it looks, choose the ‘‘Print’’ button. After printing, exit the
print preview screen (red ‘‘X’’) and ‘‘Close’’ the ‘‘Spreadsheet
Print’’ dialog box. Save the Ble to your disk, with your name,
such as L2Sally.wb3 (if your name is Sally), and exit.

SPREADSHEETS: LAB 2, PUMP TEST, PUMP.WB3
OR PUMP.XLS

Asmall centrifugal irrigation pump is being tested over a range
of pressures from 10 to 70 psi (pounds per square inch). To
measure Cow rate simply, we have timed the Blling of a 55-
gallon drum, in seconds. On the spreadsheet, we will convert
this 55 gallons per seconds to gallons perminute by the formula
given later. The e E ciency calculation includes converting gal/
min to cu ft/min andmultiplying this by pressure in lb/sq ft (psi
* 144 sq in/sq ft). This gives the ft-lb/min, or output power, for
the top part of the e E ciency equation. Below the line, we
convert the input power in watts to ft-lb/min, and the whole
equation is multiplied by 100 to convert it to percent.

Physics of Pump Efficiency Test

POWER ¼ energy per unit time ðFt� Lb=minÞ
Divide by 33;000 to get horsepower ðhpÞ:
Other power units are ½gal fuel=sec�; ½Btu=sec�;
and Kwhr=hr½KW�Þ:
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ENERGY

mechanical ¼ force through a distance; such as ft� lb

electrical energy ¼ volts * amps * time ¼ watt� hr

chemical energy or heat energy ¼ Btu or calories

EFFICIENCY ¼ OUTPUT=INPUT always < 1:0; or 100%

The pump was tested working against various pressures
by restricting the outCow to build up pressure. The higher the
pressure, the lower the Cow. Input power wasmeasured with a
wattmeter, showing electrical power input.

Output power was measured as a force (pounds in psi)
moving through a distance (ft-lb) per unit time (ft-lb/min). This
number was then converted to horsepower (hp) by dividing by
33,000 ft-lb/min/hp.

E E ciency, in percent, was 100 * output power/input
power. Typically, the pump did not have its highest e E ciency
at either the low pressure or the high pressure, but in between,
which the second graph will show.

The spreadsheet, which you can download, is named
PUMP and is shown in Tables 3-3 and 3-4.

After starting QuattroPro, open the B le PUMP.WB3.
Begin by Blling in your name and the date. Make sure the
date is entered in date format. Now save the Ble with a new
name.

Conversion units
7.481 gal/cu ft 746 watts/hp
33,000 ft-lb/min = 1 hp psi(lb/sq in.) * 144 = lb/sq ft

Functions for columns F, G, H
Column F: Time, sec = (end t - begin t)
Column G: gal/min = (55 gal/time, sec) * 60 sec/min
Column H: Eff, % = 100 * ((gal/min)/(7.481 gal/cu ft)) * (psi * 144)/
((watts/746) * 33,000)
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Unlike the last lab, here the data are all in place; all you
need to do is to enter the correct formulas. Also unlike Lab 1,
some of these formulas may use numeric constants together
with cell addresses. For example, the EA ., % formula is com-
posed as follows and entered into cell H8:

þ100 * ðCell address1=7:481Þ * ðCell address2 * 144Þ=
ððCell address3=746Þ * 33000Þ

Table 3-3 Pump Test Original File, Filename = Pump.xls (or
Pump.wb3)

Run Psi Beg. time End time Watts Time, sec Gal/min E A ., %

1 10 35.2 48.5 13.3
2 20 16.2 28.9
3 30 42.9 56.8
4 40 7.3 22.7
5 50 21.7 40
6 60 35.8 59.2
7 70 10.6 44

Table 3-4 Complete Solution, Pump Test

A B C D E F G H

Run psi Beg t End t watts Time, sec gal/min. E A ., %

1 10.0 35.2 48.5 3450 13.3 248.12 31.29

2 20.0 16.2 28.9 3970 12.7 259.84 56.96

3 30.0 42.9 56.8 4470 13.9 237.41 69.33

4 40.0 7.3 22.7 4670 15.4 214.29 79.87

5 50.0 21.7 40.0 5040 18.3 180.33 77.84

6 60.0 35.8 59.2 5430 23.4 141.03 67.81

7 70.0 10.6 44.0 5570 33.4 98.80 54.03
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Cell address1 is gal/min, G8; address2 is the psi cell, B8; and
address3 is watts, E8.

Create each formula only once, in F8,G8, andH8, and then
copy each into the rest of its own column, or copy all three at
once by blocking all three and copying down. Format columns
F, G, andH into a Bxed numeric format, with one digit after the
decimal point. Save the B le, and we are Bnished with the
spreadsheet itself. Save it!

Print out the spreadsheet as it appears on the screen,
shown without titles in Table 3-4. Include the row and column
borders, but not the grid lines. Also, do a one-page printout
listing the cell formulas (contents) for cells B4 andE4 and block
(F8..H14) only. If you need help on blocking of noncontiguous
cells, select ‘‘Help’’ and then ‘‘Search’’ from the main menu.
Type blocks: non, and choose the ‘‘Show Topics’’ button. Select
the topic ‘‘UsingNoncontinuous Blocks’’ and click the ‘‘Go To’’
button.

Producing a Chart from a Spreadsheet

QuattroPro and Excel allow for many kinds of graphs, which
can be created in a variety of ways. The instructions here will
be at best a brief introduction to QuattroPro, with a few sug-
gestions for Excel. You are encouraged to experiment further
on your own.

From numeric data on the spreadsheet, you will create a
graph that shows something about the pump’s e E ciency and
output volume. The graph will appear on the same screen with
the spreadsheet, it will plot two series (two lines), ‘‘e E ciency’’
and ‘‘gallons per minute,’’ on the Y-axis (vertical, and the
Value axis in Excel), with ‘‘pressure in psi’’ on the (horizontal)
X-axis (the Category axis in Excel). Although after a few
moments you will have a simple graph that is perfectly
adequate for ‘‘looking at the data,’’ you should still go through
the procedures to label theX-axis on the bottom and the two Y-
axes, with one title on one side (FlowRate, gpm) and one on the
other (EA ., %). Try to scale the two Y-axes so that both curves
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will be sized to use most of the vertical range. Put a title on or
near the graph and include your name, the date, and your
class.Make legends to identify which curve is which, andmake
a diAerent line type, such as dashed, for one curve. In selecting
the size of the fonts, consider that this chart should show up
well in a classroom with a projection screen. This will create a
graph, such as Figure 3-1 on the User CD, suitable for display
in presentations or publications, and you should become expert
at developing these.

Turn in the following. Make sure your name is on each
page.

1. The printed spreadsheet Ble, including the row and
column borders, and the graph

2. The printout listing the cell formulas

USING THE SPREADSHEET AS A DATABASE
PROGRAM

Database programs are one of the big-three programs for PCs
in use in business (word processor, spreadsheet, and database).
They make it possible to have a blank form on the screen; a
secretarial worker with little computer experience can Bll in
the blanks by entering data, such as names and addresses of
customers, and workers with experience with the database
program can then use the database program, for example, to
send ads for riding mowers to all customers that have yards
larger than 0.4 acres.

Spreadsheets can do some elementary database opera-
tions. QuattroPro can alphabetize a list or put the list in order
according to any column that can represent some category of
information about the members of the list.

The lingo of databases includes the record and the Gelds
within that record. Think of a record as one line of information
on the computer screen, although it could be much longer.
Then think of each piece of information on that line as a Geld.
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For example, here are two records, with the Beld names above
each Beld:

This database has Bve Belds in each record. Since last name
and Brst name are in diAerent Belds, you could alphabetize a list
according to last name as the primary category and then use
the Brstnameas the secondary category.Thus if the sortingwas
in ascending order, Amy Jones would be ahead of Mary Jones.

Lab Problem: Sorting a Database with a
Spreadsheet (QuattroProRRRR used)

1. Load Ble DBASE.WB3 into QuattroPro.
2. Note that it has LastName in 1 column, FirstName &

Middle Initial in another, SS No. in another as a text
item (not a number), and curriculum in another col-
umn, withMale or Female indicated in another. Enter
your name and date in the heading.

3. Sort the list alphabetically by last name, ascending,
and print out the sorted spreadsheet.

4. Now sort the list according to SS number, smallest
number Brst (ascending), and print the list again. But
before printing, check to see if the SS numbers are all
in order. One will be out of order, because it was not
enteredas text, butasanumber.Change itbackto text,
with the apostrophe (’) in the Brst space. Then resort,
and they should be OK. Then print the Ble. This would
also work if the SS numbers were entered as numbers.

5. Now sort the list with all females Brst, alphabetically
ascending, males next, also alphabetically ascending.
Print out and turn in all three printouts, making sure
your name is at the top.

Field

Record Last name First name Class Age Phone number

1 Jones Mary ASM4455 19 355-1234
2 Smith John ASM5315 21 392-1234
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4

Fixed and Variable Costs of
Machinery and Facilities

Richard C. Fluck**** and Robert M. Peart

In considering the purchase of new equipment and facilities,
costs should be estimated before the manager makes the de-
cision to go ahead. The question is not only whether to pur-
chase the new machine, but also what capacity should be
purchased. The term new machine as used here does not nec-
essarily mean a new, unused machine, but could include a
newer used machine that is purchased to replace the old one.
This chapter gives ways of estimating these costs.

Costs of agricultural machinery and facilities are grouped
into two categories: Gxed costs (also termed overhead or owner-
ship costs) and variable costs (also termed use or operating
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costs). These costs are very important in agriculture; for on-
farmoperations, the Bxed costs are especially important.One of
the major thrusts in this book is the study of the Beld crop pro-
blem of high Bxed costs, when machinery is larger than neces-
sary, and high yield losses, whenmachinery capacity is too low.

FIXED (OR OWNERSHIP) COSTS

Land

In any enterprises involving the use of land, land is a Bxed cost,
whether it is rented or has been purchased. It is immaterial
whether the land is rented or has been purchased and totally
paid for or has been mortgaged and payments are being made
each year ormonth. If the property value is $100,000 and it has
been totally paid for by the owner, it is still an annual Bxed cost
to the operation, because of the ‘‘opportunity cost’’ it repre-
sents. That is, if he stopped his operation and sold the land for
$100,000, he would have the opportunity to rent the land to
someone else or to invest the money in some other business or
in stocks and bonds. So the annual Bxed cost of the land is really
the return that is being given up by not doing something else
with it. However, land is not depreciated, so there is no other
Bxed cost for land.

Machinery

It is easy to remember the types of Bxed costs for machinery
with the acronym DIRTI 5. One item, repairs, does not match
up perfectly with the deBnition given later in the chapter of
repair as a variable cost rather than Bxed. However, as noted
there, it can be considered Bxed in some cases; in addition, the
R for repairs makes for an easy-to-remember acronym!

Depreciation: the diAerence in price between a new pickup
and a 1-year-old one

Interest: the average interest per year you pay on the loan
for your new pickup

Repairs: the average repair costs per year
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Taxes: such as license and, in some states, annual per-
sonal property tax

Insurance: such as auto insurance, Bre insurance on
machines

DEPRECIATION

Depreciation is a reduction in value of a capitalized asset over
time or with use due to:

Physical deterioration of the asset, such as wear and rust,
etc.

Obsolescence. Technological advances either result in a
better replacement or make the asset unwanted.

Changing requirements that the asset cannotmeet, either
as well as originally or not at all.

Depreciation is a cost of use if an asset’s value is reduced with
time or use, asmost are. Some assets, however—for instance, a
classic automobile—appreciate in value rather than depreciat-
ing as time passes.

There are several methods of calculating depreciation.
However, it should be recognized that the cost of depreciation
is included within capital recovery (returning or recovering
total cost in increments over time plus interest on the remain-
ing cost) or in a mortgage (paying increments of cost plus in-
terest on remaining cost).

There are several reasons that depreciation needs to be
determined:

To charge costs properly to enterprises.
For income tax purposes: the cost of most income-earning

assets with a useful life of more than one year cannot
be totally deducted in the year of purchase but must
instead be spread over a set number of years. Land,
however, is not depreciated.

To recover invested capital.
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Depreciation is a rather invisible cost and concept. Inter-
est costs can be shown as recorded dollars paid. Fuel can be
measured by the gallon or liter, and you can see it. You can only
view and evaluate depreciationwhen you try to trade in your 7-
year-old combine, for example, on a new one. However, most
of the time, depreciation is calculated and used as a cost to
determine your or your company’s net proBt or loss for income
tax purposes. So these methods are very useful. You must be
sure and check with your accountant or tax adviser, because
the methods acceptable for the IRS may change from what we
show here.

Here are the symbols used in the following methods of
computing depreciation:

P ¼ original cost of asset S ¼ salvage value of asset

W ¼ writeo A life of asset ðyearsÞ
Vt ¼ Book value of asset at end of year t

Dt ¼ depreciation in year t

d ¼ depreciation rate;% per year

The expected life of a depreciable asset aAects the annual
amount of depreciation. Life is measured in time (years, hours,
etc.), whether or not the asset is in operation, or in amount of
use (hours of operation, tons of product handled, etc.). Typical
lives (in years) of speciBc assets include:

Farm machinery 10–15 years
Buildings 20–40 years
Concrete structures 50 years

However, for accounting and income tax purposes (the
most common uses for these rules), the life of speciBc assets are
listed in the Internal Revenue Service rules, and they can
change over time. These are listed under the MACRS heading
in the following discussions of the various methods of calculat-
ing depreciation.
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Two formulas generally applicable to each of the following
depreciation methods are:

Vt ¼ P�
Xt

t¼1

Dt Dt ¼ Vt�1 � Vt

where

V ¼ value of machine at age t years

P ¼ original purchase cost of the machine

D ¼ depreciation for year t

Straight Line Depreciation

Book value (cost minus accumulated depreciation) decreases
linearly with time over the writeoA life of an asset, from cost to
salvage value. Annual depreciation remains the same each
year. This is called straight line because on a line graph of V,
the value at any time, vs. the age in years, the plot will be a
straight line sloping from the high original value, P, down to
the salvage value, S, at the end of its useful life, W.

D ¼ ðP� SÞ=W ¼ ðð1� S=PÞ=WÞ � P ¼ d � P

Vt ¼ P�D � t ¼ P� d � P � t ¼ Pð1� d � tÞ

Declining Balance Depreciation

Book value decreases nonlinearly and at a decreasing rate.
Depreciation decreases each sucessive year. No salvage value
can be assumed.

dr ¼ constant depreciation ratio or declining balance

rates 0 < dr < 1

Dt ¼ Vt�1dr ¼ Vt�1 � Vt; D1 ¼ P� dr

Vt�1 ¼ P� ð1� drÞt�1 or Vt ¼ P� ð1� drÞt

A special case of the declining balance method is the
double declining balance method. It allows the Brst year’s
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depreciation to be double that of corresponding straight line
depreciation:

dr ¼ K=W

where K = 2 (same as 200% declining balance method under
MACRS). For the conventional (nondouble) declining balance
depreciation, K < 2 and can be 1.5 (150%) in the MACRS rules
mentioned later. Published values for dr include 0.145 for self-
propelled combines and 0.29 for automobiles. Since book value
approaches zero asymptotically, salvage value can never reach
zero, unless another method (usually straight line) is used in-
stead near the end of the life of an asset.

Sum-of-Years Digits Depreciation

This method was authorized and created by the 1954 U.S. tax
law. Book value declines similarly to declining balance in the
early years of asset life, but more so in later years as book life
coincides with any predetermined salvage value, including
zero.

Dt ¼
�
ðW � tþ 1Þ=

X
t
�
� ðP� SÞ

where for t = 5 yrs

X
t ¼ 1þ 2þ 3þ 4þ 5 ¼ 15

Vt ¼ P�
Xt

t¼1

Dt

Accelerated Cost Recovery System (ACRS)

This was introduced in the United States by the 1981 tax act; it
was generally used to depreciate property placed into service
after 1980 and prior to 1987. For much property, ACRS pro-
vided for faster depreciation than any previously allowed
method and therefore encouraged investment. Now, however,
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the modiBed ACRS system, MACRS, is used. The rules in the
next section were taken from the U.S. Internal Revenue Ser-
vice publication for application in 2002, for tax year 2001 (Pub-
lication 946) [1].

Modified Accelerated Cost Recovery System (MACRS)

The 1986 tax bill made further changes in determining depre-
ciation for income tax purposes by requiring ‘‘modiBed’’ ACRS
depreciation for property placed in use in 1987 and later.
MACRS lengthened depreciation schedules by introducing
more classes of depreciable property and shifting some prop-
erty to diAerent classes. It allows only 50% of the annual de-
duction in the Brst year, regardless of the date the property
is placed in use, eAectively forcing the depreciation interval to
an additional year to completely depreciate the property.

Property is classiBed for MACRS as (agricultural catego-
ries):

3-year property: Personal property with a useful life of 4
years or less, including tractor units for over-the-road
use and certain tools.

5-year property: Includes most o E ce equipment and
computers, automobiles, light and medium trucks,
and trailers. Depreciation on automobiles for busi-
ness purposes is now limited in amount per auto,
which cuts down on the purchase of luxury automo-
biles for business purposes. Breeding cattle and dairy
cattle are included in this class.

7-year property: Includes agricultural machinery and
equipment and o E ce furniture and Bxtures.

10-year property: Includes single-purpose agricultural
and horticultural structures, any tree or vine bearing
fruits or nuts, and water transportation equipment.

15-year property: Includes certain improvements made
directly to land or added to it (such as shrubbery,
fences, roads, and bridges).
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20-year property: Includes farm buildings (other than
single-purpose agricultural and horticultural struc-
tures).

25-year property: Includes water utility property and any
municipal sewer.

Nonresidential real property: Depreciated over 39 years,
or 31.5 years if placed in service before May 13, 1993.

Residential real property: This class of mainly rental
property, includingmobile homes, is depreciated over
27.5 years.

For ‘‘farming business,’’ use 150% declining balance (or
straight line optionally) for all ages of property classes, with a
switch to straight line when it exceeds declining balance so
that the property can be depreciated to zero in the proper
interval. Also, only 50% of this depreciation can be used in the
Brst year. Nonresidential real property and residential rental
property is depreciated straight line. Optional percentage
tables are available and can be used to calculate MACRS
depreciation.

Example Problem. Depreciation of a Freightliner tractor
costing $45,000 and placed into service January 1, over 3 years,
assuming no salvage.

Straight line:

P� S ¼ $45;000

D ¼ ðP� SÞ=W ¼ $45;000=3 ¼ $15;000=yr

ðsame for each yearÞ
V1 ¼ P�Dt ¼ $45;000� $15;000=yr� 1 yr ¼ $30;000

V2 ¼ $45;000� $15;000=yr� 2 yr ¼ $15;000

V3 ¼ $45;000� $15;000=yr� 3 yr ¼ 0

Declining balance with K = 1.5 (150%):

dr ¼ 1:5=3 ¼ 0:5

D1 ¼ Pdr ¼ $45000� 0:5 ¼ $22;500

V1 ¼ Pð1� drÞt ¼ $45;000� ð1� 0:5Þ � 1 ¼ $22;500
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or

V1 ¼ P�D1 ¼ $45;000� $22;500 ¼ $22;500

D2 ¼ V1dr ¼ $22;500� 0:5 ¼ $11;250

V2 ¼ $45;000� ð1� 0:5Þ2 ¼ $11;250

D3 ¼ V2dr ¼ $11;250� 0:5 ¼ $5;625

V3 ¼ $45;000� ð1� 0:5Þ3 ¼ $5;625

Sum-of-years digits with W = 3 yr, P – S = $45,000:

D1 ¼ 3=6� $45;000 ¼ $22;500

V1 ¼ $45;000� $22;500 ¼ $22;500

D2 ¼ 2=6� $45;000 ¼ $15;000

V2 ¼ $45;000� ð$22;500þ $15;000Þ ¼ $7;500

D3 ¼ 1=6� $45;000 ¼ $7;500

V3 ¼ $45;000� ð$22;500þ $15;000þ $7;500Þ ¼ 0

ACRS:

D1 ¼ 0:25P ¼ 0:25� $45;000 ¼ $11;250

V1 ¼ P�D1 ¼ $45;000� $11;250 ¼ $33;750

D2 ¼ 0:38P ¼ 0:38� $45;000 ¼ $17;100

V2 ¼ P�Dt ¼ $45;000� $11;250� $17;100 ¼ $16;650

D3 ¼ 0:37P ¼ 0:37� $45;000 ¼ $16;650

V3 ¼ $45;000� $11;250� $17;100� $16;650 ¼ 0

MACRS:

dr ¼ 2=3

D1 ¼ 1=2� $45;000� 2=3 ¼ $15;000

ðhalf full� year depreciation for B rst yearÞ
V1 ¼ $45;000� $15;000 ¼ $30;000

D2 ¼ $30;000� 2=3 ¼ $20;000

V2 ¼ $30;000� $20;000 ¼ $10;000

D3 ¼ $10;000� 2=3 ¼ $6667:67
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This last switches to straight line because D3 is greater under
straight linemethod, and it also gives a Bnal value equal to zero
at time W. So:

D3 ¼ 1=1� $10;000 ¼ $10;000

ðstraight line over the one remaining yearÞ
V3 ¼ $10;000� $10;000 ¼ 0

Table 4-1 gives a comparison of book values using the
various methods, with an assumed 3-year life.

In general, the IRS gives the taxpayer some Cexibility in
choosing the method of calculating depreciation; but once a
method is selected, the same method must be followed for the
life of the equipment.

Interest

Interest is anothermajor Bxed cost. A purchased asset requires
capital that must be either borrowed or provided by the buyer.
To use borrowed capital, interest is paid. If the buyer provides
the capital, it could instead be earning interest or generating
proBts elsewhere, and therefore an interest rate comparable to
that obtained through alternative uses should be chosen. An
owned asset could presumably be sold and the proceeds
invested to earn interest.

For accounting purposes and if straight line depreciation
is chosen, the average annual cost of interest for capital
provided by the buyer may be calculated by

I ¼ i� ðPþ SÞ=2

Table 4-1 Remaining Value Each Year for the Example of the
$45,000 Truck.

Straight
line

Declining
balance

Sum-of-years
digits ACRS MACRS

V1 30,000 22,500 22,500 33,750 30,000
V2 15,000 11,250 7,500 16,650 10,000
V3 0 5,625 0 0 0
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where i is interest rate, P is initial cost, and S is salvage value
and which gives a constant annual interest cost I throughout
the life of the asset, based on the average investment.

Taxes

Taxes are of several types, which are treated in diAerent ways.
Sales taxes can most easily be handled by including them as
part of the original price. Income taxes, paid annually, will
normally be associated with an enterprise rather than a single
asset. Property taxes are paid annually, vary with the govern-
ing body, the assessed value, and the tax or millage rate, and
are paid annually on speciBc assets. Property taxes may in-
clude special assessments, for example, for such governmental
entities as awatermanagement district. Property taxes should
be computed at the applicable rate; but if this is unknown, they
may otherwise be estimated at 1%per year of asset life of either
the purchase price or the market value. Property taxes may in
some locales, however, range up to and beyond 4% of market
value.

Insurance

Insurance may be purchased by the owner, or the owner may
instead be ‘‘self-insured’’ (assume the risk without purchased
protection). Insurance may be purchased to cover losses due to
Bre, accidental destruction, theft, storm, etc. Cost of insurance
may be assumed to be 0.25% of the asset’s purchase price
annually unless otherwise known.

Shelter or Housing

Shelter is a cost that applies mainly to machinery and some
processing equipment. Shelter may easily repay its costs in
extended life and reduced repair and maintenance costs of
the equipment sheltered. Shelter costs may be estimated as
0.75% of P or less annually unless calculated or otherwise
known.
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Total annual Bxed costs are sometimes estimated as a per-
cent of P; for instance, for 10-year life, 10% salvage value, and
an interest rate of 16%, ‘‘FC Percent’’ calculates to be 0.198P;
Bxed costs are almost 20% of the original cost annually for this
example.

VARIABLE COSTS

Variable costs ‘‘vary’’ according to the amount of use of the
item. It is fairly obvious that a tractor will use more fuel plow-
ing 100 acres than 50 acres, so fuel is a variable cost. Also, for
any machine with an engine, lubrication is a variable cost be-
cause oil should be changed after a set number of hours of use.
Labor is naturally a variable cost, since the longer themachine
is used, the more the labor costs.

Labor costs are variable, in the sense that more hours
equals more cost. However, for Beld operations, when we con-
sider labor costs per acre, the calculation must take into ac-
count the capacity of the machine the laborer is using. For a
driver paid $20 per hour, the labor costs for a tractor plowing
at the rate of 2 acres per hour is $10 per acre. For a larger
tractor and plow with a capacity of 4 acres per hour, the labor
cost is $5 per acre. This shows one of the advantages of higher-
capacity equipment. But, of course, the Bxed costs of the larger
machines are higher. In other chapters,wewill be emphasizing
the importance of the Bxed costs of Beld machinery and also
the importance of machine capacity, in acres per hour.

For livestock operations, the feed is a major variable cost,
while the cost of buildings and equipment can be looked on as
either variable or Bxed. For example, a grower investing in
buildings and equipment to raise broilers can look on the cost
as variable, because it will cost almost twice asmuch for 20,000
broilers as for 10,000. However, if, in later years, she decides to
raise only 10,000 broilers in a house large enough for 20,000,
her Bxed housing and equipment is really a Bxed cost, because
the costs for anything from 1 to 20,000 birds has already been
set and is Bxed.
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Repairs and Maintenance

This category is one of the larger variable costs. It may be a
function of both time and use and, to the extent dependent
upon time only, may be considered a Bxed cost. However, by
convention, repairs and maintenance are generally considered
variable costs. Repairs are often necessitated by component
failures and therefore are unpredictable in the timing of their
occurrence. Maintenance may be in part deferrable and there-
fore is fairly predictable.

Repair costs for agricultural machinery may be estimated
by either of the following:

As a percentage of purchase price.
By using the formulas for accumulated repair and main-

tenance costs given in the ASAE Standards book [2].
These predict repair costs of older equipment to be
more than repair costs for newer equipment. The for-
mula given for accumulated repairs andmaintenance
of, for example, diesel tractors, is

CRM ¼ 0:01X2:0P

where X is the number of thousands of hours of accu-
mulated use and P is the initial cost of the tractor.

Total accumulated repair and maintenance costs over a
number of years may exceed the purchase price of some equip-
ment. Repair and maintenance costs for agricultural buildings
are commonly 1% to 4% of the purchase price annually.

Fuel (for Machinery Powered by Internal
Combustion Engines)

Estimates of fuel consumption may be made from experience,
from the Nebraska Tractor Test Data, or from ASAE formulas.

a. Bashford and Shelton [3] gave fuel consumption per
unit time and power output per unit fuel consumption
for Nebraska. Average fuel consumption at 75% load

Fixed and Variable Costs of Machinery and Facilities 67



for nine diesel tractors in the 100-hp range was 0.082
gal/hp hr.

b. A formula of the type (example for diesel)

F ¼ 0:52X þ 0:77� 0:04ð738X þ 173Þ0:5

where X is the ratio of equivalent PTO hp used to
maximum available and the result is given in gal/hp-
hr. With X = 0.75, diesel fuel consumption is cal-
culated to be 0.082 gal/hp-hr, coincidentally agreeing
with that in part (a).

c. A simpler, but likely less accurate, rule, that average
diesel F = 0.0438X (max. PTO hp), with F given in
gallons per hour. A 100-hp tractor is calculated to
consume 4.38 gal/hr, or 0.044 gal/hp-hr, under ‘‘av-
erage’’ conditions.

Lubrication (for Machinery)

The ASAE Standards book’s data suggest that 15% of fuel cost
is oil cost. A more speciBc formula (for diesels) gives oil con-
sumption, in gal/hr, as 0.00021P + 0.00573, where P is rated
engine horsepower. By this formula, oil consumption of a 100-
hp diesel would be 0.0267 gal/hr.

Utilities (Electric Power, Gas, Water, Sewerage)

One ormore of thesemaybe required for a particular structure,
piece of processing equipment, etc.

Supplies

Cost of packaging materials, twine for balers, etc, may be
estimated to include all product packaged plus a small allow-
ance for wastage.

Labor

Labor costs should be calculated at local and timely rates and
allow for nonproductive time. Fringe beneBts (health insur-
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ance, workers’ compensation, Social Security, unemployment
compensation, etc.) may increase hourly wages by 10–40%.

SUMMARY

Fixed and variable costs formachinery and facilities are a large
part of the costs in most agricultural systems, so they must be
managed for optimal results. These calculations should be used
while making a decision on the purchase of machinery and
facilities.When determiningwhat is optimal, thewhole system
must be included, so usually the minimum of the sum of Bxed
and variable costs for this equipment is not the optimal. This
is because of the eAects of machinery capacity, especially, on
yields and yield losses, as we explain further in the following
chapters.
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5

Machinery Selection and
Management Program
for Maize/Soybean

John C. Siemens**** and Robert M. Peart

IMPORTANCE OF MACHINERY SELECTION
TO CROP AGRICULTURE

Millions of acres of corn (maize) and soybeans are grown on
U.S. farms, and most of these farms plant both corn and
soybeans. The two crops are complementary in terms of the
timing of operations—soybeans may be planted later without
yield loss, and they are usually ready for harvest earlier than is
corn. In addition, alternating the two crops on the same land
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tends to reduce pests, such as nematodes. Machinery for the
culture of these two crops is almost the same, the main
diAerence being on the combine, where corn needs a ‘‘snapping
head’’ adjusted for the row width to take in the rows of corn
stalks, whereas soybeans require the cutter bar header, which
is also used for small grains, such as wheat, as discussed by
Black and Harsh [3], Rotz et al. [13], and Schwart [15].

Timing of operations is critical for both crops. Early
planting of corn has been shown to increase yields. For exam-
ple, in northern Indiana, a rule of thumb reported by Doster
[6], states that corn yield of 1/2 bu/acre/day is lost for each day
after May 10 that the crop is planted. On the other hand, if the
crop is planted too early, there is a danger that frost will kill or
stunt the crop. The need for early planting of corn is one reason
to do tillage in the fall, after harvest, in areaswherewintertime
erosion of the soil is not serious. Then the planting can begin
earlier in the spring, and tillage labor and equipment can be
shifted away from the critical spring planting time. The yield
loss due to late planting is a loss of potential yield, because the
crop does not receive enough total solar radiation, and the yield
is less than it could have been with an earlier start.

Harvesting is another operation where yield can be lost,
but this is actual grain lost in the Beld because corn ears
drop, stalks and stems break, and soybeans shatter from the
pods before the cutting head can reach them. All of these are
the result of late harvest. There are some losses if harvest is too
soon, but these are normally not as important as losses due to
late harvest.

These problems make selecting machine capacity an
important decision [4]. Relatively high-capacity machines will
help reduce yield losses due to late planting and/or late har-
vest. However, if the machinery is of larger capacity than
necessary, much higher Bxed costs result. Thus, proper selec-
tion of machine capacity is a problem of balancing high Bxed
costs against high yield losses.

Many researchers have studied this problem with models
[8,10]. Bender et al. [2] worked with a linear program with an
expert interpreter model to show more than just the optimum

Chapter 572



solution. Chen [5] developed a model for machinery selection,
crop budgeting, and scheduling. A somewhat similar applica-
tion by Schueller et al. [14] involved an expert system for
troubleshooting grain combine performance. Also, Kline et al.
[11] developed an intelligent decision support system for the
farm level. McKinion and Lemmon [12] helped develop a very
detailed model of cotton growth and development utilizing
artiBcial intelligence concepts that has been widely used by
cotton growers. Also, Hodges et al. [9] described themodel well.
Singh [18] and Wolak [19] developed early programs to simu-
late Beld operations and to select machinery.

Florida citrus harvest also has timing problems, but with
diAerent beneBts and management strategies. As with many
fruits, the market gives a Bnancial incentive for bringing fruit
to the market as early as possible. Very early Florida blue-
berries sell in Switzerland at Bve to ten times the price of mid-
season blueberries much later in the year, in the author’s
experience, and transportation cost is a small part of that
di Aerence. Early fresh grapefruit command a higher price,
but consumers recently have shown a preference for a sweeter
grapefruit, which requiresmore time on the tree for developing
a higher sugar content. Also, later harvesting of juice oranges
produces higher solids (sugar) content and thus a higher yield
of product per tree. On the other hand, later and later harvest
results in losses because fruit develops past maturity, thereby
drying and losing yield and Cavor. One more harvest timing
problem concerns labor availability for harvest, and this can
dominate the decision. Finally, fruit-killing frosts will deter-
mine the decision, because only a few days are available to
harvest the fruit for juice production before spoilage sets in.

These much more complex harvest-timing problems with
citrus have not had the study that the corn/soybean problem
has, so citrus growers and production managers use their
experience and judgment and combine all these factors along
with the particular type of citrus in making harvest decisions.
They are presented here to remind students of agricultural
systems management of the importance of horticultural and
agronomic factors when analyzing the timing of operations.
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S10, THE ILLINOIS MACHINERY SELECTION
PROGRAM

The purpose of this chapter is to present the major factors
involved in selecting an optimummachinery set and to use the
farm machinery selection and management program previ-
ously presented by Siemens et al. [16] and Siemens [17] to
demonstrate these factors. The program is written especially
for U.S. Midwest farms. For most Midwest farms the major
crops are corn and soybeans. However, the program is written
so that it can be used for several other crops and locations, and
the corn/soybean crop rotation is used outside the Midwest as
well.

Methodology

Optimummachinery size is deBned as that machinery set that
results in the minimum total cost, as shown in Figure 5-1. In
this chapter, optimum and least cost are used synonymously.

For corn-soybean farms andmany other farms,machinery
size can be varied by changing tractor sizes and matched
implements and/or combine harvester sizes and matched
attachments. This means that Figure 5-1 can be visualized as
three-dimensional, the dimensions being: tractor size, combine
size, and total cost. Total cost is the sum of the costs for
machinery, labor, and timeliness. The least-cost machinery
combination is determined by the low point on the three-
dimensional surface.

Machinery Costs

If a speciBc set of machinery is used to perform a set number of
Beld operations on a farm of a given size, the annual use of each
machine and the Bxed and variable costs can be estimated.
Several sizes of farm machinery sets could be used on this
farm. As the size of the machinery set increases, both produc-
tivity and initial price increase. The annual machinery costs,
Bxed and variable, would increase with increasing machinery
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size, as estimated by the lower line in Figure 5-1. Labor costs
decrease somewhat as machinery capacity increases, because
of higher productivity. Variable costs, excluding labor, tend to
remain constant, because fuel costs are about the sameper acre
for any size of machine.

Labor Costs

It is necessary to know the relation between productivity of
machinery and labor cost. For the owner-operator of a farm
producing Beld crops, the time used for operating machinery
need not be considered in selecting the optimum machinery
size, unless other enterprises compete for the time of the
owner-operator and a value can be placed on that time. Other
enterprisesmight include a hog or beef operation or a part-time

Figure 5-1 Components of total machinery costs as a Aected by
capacity.
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job. Then the owner-operator’s time is important and this cost
should be considered.

If hired labor is available and used, the cost may be on an
hourly or annual basis. On an hourly basis, total labor cost is
directly proportional to machine operating time and inversely
proportional tomachineproductivity.When labor ishiredonan
annual basis, total labor cost is independent of machine oper-
ating time and productivity. The question in either case is how
to proportion labor costs between Beld operations and other
farm tasks. If the only reason for hiring labor on a particular
farm is to operate machinery, then the entire annual cost of
hired labor should be assessed against the Beld operations.

Figure 5-1 assumes one man paid on an hourly basis only
when operating Beld machinery. Labor cost decreases as
machine capacity increases, because with higher-capacity
machines, more acres are covered in one hour, so labor cost
per acre is less.

Timeliness Costs

Timeliness is deBned here as the ability of available labor,
using a given set of machinery, to complete each Beld operation
within an optimum time period. The measure of timeliness is
the cost accrued because the operation was not completed in
the optimum time period. Some operations, such as planting,
may have a penalty assessed directly to them because of un-
timely completion. Other operations, such as primary tillage,
may have only an indirect inCuence on timeliness cost because
they may aAect the completion of following operations.

It has been well established that a yield decrease occurs if
corn is not planted before the middle of May in the U.S. Corn
Belt. The value (or cost) of the yield decrease is the timeliness
cost. The date at which this cost begins has also been reason-
ably well established in the literature of the various state
agricultural experiment stations. There is little, if any, inCu-
ence of factors other than the latitude of the location on this
date. And there is general agreement that the rate of yield loss
is approximately one bushel per acre per day.
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No such penalty has been established for soybean plant-
ing. Indeed, there seems to be general disagreement as to
whether one exists as long as time is available for the soybean
to reach maturity. A realistic timeliness penalty for soybean
planting and for planting of other crops is needed.

It is logical that harvesting also has a timeliness cost
associated with it, and it is actual grain that is lost in the Beld
because corn ears drop, stalks and stems break, and soybeans
shatter from the pods before the cutting head can reach them.
All of these increase with late harvest. There are some losses if
harvest is too soon, but these are normally not as important as
losses due to late harvest. Also, the timeliness cost for the
harvest of both corn and soybean depends on the variety, the
drying costs (later harvest usually means moisture content is
lower), the weather (wind and ice, for example), and other
factors. In this program, a timeliness cost for late harvesting is
an option that is commonly used. More detailed discussion of
these yield losses is covered in the next chapter.

A MACHINERY SELECTION PROGRAM

Stored Files

A primary goal in writing the program was to require as little
input as possible from the program user and yet allow for
changes. Therefore, several Bles of data contain default values
that can be changed by the program user.

Equipment File

The equipment Ble is a stored Ble that contains a list of tractors
with matched implements and combines with matched attach-
ments available within the program. The program has space
for nine tractor sizes, commonly varied in increments of 20
horsepower, from 60 to 220 hp and with four combine sizes of
125, 140, 180, and 240 hp. For each tractor and combine and
appropriate attachments, the Ble contains the size and name,
estimated productivity for each tractor/implement and com-
bine/attachment combination, and a list price. The essential
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methodology used to match the size of the implements to
tractor power and to calculate productivity is given in Farm
Machinery Management Data from ASAE [1] or based on user
experience. Table 5-1 lists an example of the Ble contents for
only the 180-hp combine with attachments and the 140- and
160-hp tractors with matched implements. The Ble is similar
for other combines and tractor sizes. The information in the Ble
(Table 1) may be changed by the program user and stored.

A list price of 0 means the implement is not purchased by
the farmer but is otherwise available. For example, fertilizer
spreaders are often made available by fertilizer dealers, and
the cost is included in the cost of the fertilizer. If a tractor does
not have su E cient power to pull an implement, the productiv-
ity is set to 0.0 in the Ble. For example, for the 60-horsepower
tractor the productivity for chisel plow is 0.0, which means the
programwill not allow the 60-horsepower tractor to be used for
chisel plowing.

Planter and Row Cultivator File

There are two parts of this Ble. The Brst part includes matched
pairs of planters and cultivators along with estimated produc-
tivity and the list price of each (Table 5-2). The second part
of the Ble is an array used to match the size of the tractors,
combine corn heads, and planters (Table 5-3). The array
provides a choice of (1) the same number of rows on the planter
as on the corn head, or (2) twice the number of rows on the
planter as on the corn head. A constraint imposed is that the
tractor, planter, and row cultivator sizes be compatible with
regard to available or required power.

The cultivator may seem out of date, with today’s empha-
sis on the use of expensive geneticallymodiBed seed designed to
resist particular herbicides, which eliminate the need for a
cultivator. However, the user of this program may wish to
compare the old system, especially for soybean, where culti-
vating is done, usuallywhen labor is easily available, andmuch
less expensive seed is used, with themore expensive particular
seed/herbicide combination.
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Table 5-1 Portion of Stored File of Combines with Matched Corn
Heads and Grain Platforms and Tractors with Matched Implements
and Corresponding Productivity Values and Assumed List Prices

Machine Productivity (acres/hr) List price ($)

180-hp combine 80,300
8-row corn head 4.50 23,700
22-ft grain platform 4.96 11,400
140-hp tractor 55,500
5 * 18 moldboard plow 3.48 8,700
11-ft chisel plow 6.08 6,955
22-ft disk 11.70 13,900
22-ft Beld cultivator 11.46 7,600
14-ft shredder 6.13 6,500
21-ft rotary hoe 20.36 4,300
9-knife applicator 10.22 0 (custom oper.)
40-ft fertilizer applicator 15.60 0 (custom oper.)
42-ft sprayer 18.32 3,500
21-ft drill 14.61 19,300
Subsoiler 3.33 6,900
Paraplow 4.12 8,500
Ro-till 4.12 10,500
19-ft combination tool 10.31 14,300
7-ft mower 3.60 4,300
11-ft wheel rake 4.80 2,900
9.25-ft mower-conditioner 4.04 10,000
Baler (pto) wire 5.43 15,200
160-hp tractor 63,000
6 * 18 moldboard plow 3.94 9,100
13-ft chisel plow 7.08 8,700
25-ft disk 13.30 15,100
25-ft Beld cultivator 13.34 8,800
14-ft shredder 6.13 6,500
21-ft rotary hoe 20.36 4,300
11-knife applicator 12.27 0 (custom oper.)
40-ft fertilizer applicator 15.60 0 (custom oper.)
42-ft sprayer 18.32 3,500
24-ft drill 16.26 21,200
Subsoiler 3.75 6,900
Paraplow 4.38 8,500
Ro-till 4.38 10,500
24-ft combination tool 13.16 17,200
7-ft mower 3.60 4,300
11-ft wheel rake 4.80 2,900
9.25-ft mower-conditioner 4.04 10,000
Baler (pto)a wire 5.43 15,200

a pto = Powered through power take-o A of tractor.

Machinery and Management for Maize/Soybean 79



Table 5-2 Stored File of Planters and Row Cultivators with
Productivity Values and Assumed Purchase Prices

Machine Productivity (Acres/hr) List price $

4-row planter 4.24 9,400
4-row cultivator 3.70 2,500
6-row planter 7.00 13,050
6-row cultivator 5.56 3,600
8-row planter 9.33 16,700
8-row cultivator 7.40 4,750
12-row planter 14.00 27,000
12-row cultivator 11.10 9,300
16-row planter 21.00 36,000
16-row cultivator 14.00 12,500
24-row planter 28.00 60,000
12-row cultivator 11.10 9,300

Table 5-3 Stored Array Used to Match Size of Tractors, Combine
Corn Heads, and Planters

Corn head (rows)
4 6 8 12 4 6 8 12

Planter sizes (rows)a

Tractor, hp 4 6 8 12 8 12 16 24

60 4 — — — — — — —
80 4 6 8 — 8 — — —

100 4 6 8 12 8 12 16 —
120 4 6 8 12 8 12 16 24
140 4 6 8 12 8 12 16 24
150 4 6 8 12 8 12 16 24
160 4 6 8 12 8 12 16 24
180 4 6 8 12 8 12 16 24
200 4 6 8 12 8 12 16 24
220 4 6 8 12 8 12 16 24

a Planters may have either the same number of rows as the combine corn head or
twice the number of rows.
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Machinery Cost Factors File

This B le contains the constants for the equations used to
estimate the Bxed and variable machinery costs (Table 5-4).
The constants and formulaswere obtained fromFarmMachin-
ery Management Data from ASAE [1]. The formulas for esti-
mating remaining farm value are:

Tractors: RFV = LP � 0.68 � (0.920) y

Combines: RFV = LP � 0.64 � (0.885) y

Table 5-4 Values of Repair Cost Constants RC1 and RC2 and Life

Machine RC1 RC2 Life, hr

Tractor 0.007 2.00 12,000
Moldboard plow 0.290 1.80 2,000
Chiselplow 0.280 1.40 2,000
Disk stalks 0.180 1.70 2,000
Field cultivator 0.270 1.40 2,000
Stalk chopper 0.440 2.00 1,200
Plant corn 0.320 2.10 1,500
Row cultivator 0.170 2.20 2,000
Rotary hoe 0.230 1.40 2,000
Anhydrous applicator 0.630 1.30 1,200
Fertilizer applicator 0.630 1.30 1,200
Sprayer 0.410 1.30 1,500
Drill 0.320 2.10 1,500
Subsoiler 0.280 1.40 2,000
Paraplow 0.280 1.40 2,000
Forage chopper 0.150 1.60 2,500
Combination tool 0.270 1.40 2,000
Mower 0.460 1.70 2,000
Hay rake 0.170 1.40 2,500
Mower and conditioner 0.180 1.60 2,500
Baler 0.230 1.80 2,000
Self-propelled combine 0.040 2.10 3,000
Corn head 0.040 2.10 3,000
Grain platform 0.040 2.10 3,000

Source: Ref 1.
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Balers, forage harvesters, self-propelled sprayers RFV: =
LP � 0.56 � (0.885) y

All other machines RFV = LP � 0.60 � (0.885) y

where

RFV ¼ remaining farm value at end of year y;

LP ¼ list price of machine;

Y ¼ age of machine; years

Depreciation is obtained by subtracting the remaining
farm value from the purchase price.

Housing, interest, and insurance costs are estimated by
multiplying the percentage entered by the program user for
these costs times the remaining farm value at the beginning of
the year.

Repair costs are estimated using the following formula:

TAR ¼ LP � RC1 � ðh=1000ÞRC2

where

TAR ¼ total accumulated repair cost;$

LP ¼ list price of machine; $

h ¼ total machineuse; hr

RC1;RC2 ¼ constants ðTable 5-4Þ
The life of each machine is used as a maximum limit for

the time of ownership.

Fuel and Lubrication Costs

Fuel consumption for tractors and combines is estimated using
the equation for fuel e E ciency in Agricultural Machinery
Management Data of ASAE [1]:

diesel fuel; gal=hp-hr ¼ 0:52Xþ 0:77

� 0:04ð738Xþ 173Þ0:5
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where X is the ratio of the equivalent pto (power take-oA) power
required to the maximum available from the pto.X is set in the
program at 0.85.

Fuel and lubrication costs are estimated from the fuel
consumption value, the price of fuel, and the assumption that
lubrication cost is 10% of the fuel cost.

Workday Probability File

In this Ble are the probabilities that a day is suitable for Beld
work. Data are included for northern, central, and southern
Illinois (Table 5-5). File space for other locations is provided.
The program user must provide and store the workday prob-

Table 5-5 Stored Workday Probability Data for Illinois

Week Northern Central Southern

1–13 0.00 0.00 0.00
14–15 0.12 0.14 0.07
16–17 0.36 0.26 0.17
18–19 0.44 0.36 0.30
20–21 0.39 0.28 0.30
22–23 0.59 0.46 0.43
24–25 0.46 0.46 0.50
26–27 0.61 0.51 0.57
27–28 0.61 0.51 0.57
29–31 0.64 0.60 0.62
32–35 0.64 0.70 0.62
36–37 0.66 0.70 0.68
38–39 0.47 0.51 0.59
40 0.47 0.56 0.54
41 0.48 0.56 0.54
42–43 0.63 0.71 0.58
44–45 0.46 0.51 0.54
46 0.56 0.58 0.40
47 0.56 0.50 0.40
48–49 0.42 0.26 0.11
50–52 0.00 0.00 0.00

Source: Ref. 15.
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ability data for his or her location and when running the
program must select the location to be used. The probabilities
for northern, central, and southern Illinois are from Schwart
[15] and represent the fraction of time during the year inwhich
Beldwork is feasible at least 5 of 6 years (83.3% of the time). The
workday probability data may be changed by the user.

User Input Files

User input Bles contain data that are likely to vary between
users or farm situations. After the data are entered, these Bles
may be stored for a speciBc farm.

Economic Data File

In addition to the list price of eachmachine and the Beld capac-
ity of each power unit/attachment combination, economic data
common to each machine are needed to estimate the Bxed and
variable costs of each machine. These data are entered in the
economic data Ble (Table 5-6). Data include the availability and

Table 5-6 Economic Data File with Default Values

Operators: Number: 2 Cost ($/hr): 7.50
Economic factors
Purchase price, % of list 90.0
Housing, interest, and insurance 12.0
Percent in Cation 3.5
Fuel Price ($/gal): 1.00

Crop prices, yields, and penalty dates

Crop
Prices
($/bu)

Yields
(bu/a)

Penalty dates

Planting
(mo/day)

Harvesting
(mo/day)

Corn 2.50 150 5/15 11/15
Soybean 7.50 40 5/31 10/15
Wheat 3.00 60 10/30 7/20
Oats 7.50 40 5/31 10/15
Sorghum 4.50 100 5/31 10/15
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cost of machinery operators; price of diesel fuel; a housing, in-
terest, and insurance charge as a percent of remaining farm
value; machinery purchase price as a percent of list price; and
percent inCation. The maximum number of machinery opera-
tors the program will utilize is six, and their cost may be en-
tered on an hourly basis. The program does not optimize the
number of machinery operators.

Also, entered in the economic factors B le are the crop
prices, crop yields, and penalty dates for planting and harvest-
ing (Table 5-6). These data are used to compute timeliness costs
when the Beld operations are scheduled. These data, including
the crops grown, may be changed by the program user. For
each crop the yield is assumed to equal the yield entered for a
speciBc crop if the planting and harvesting operations are com-
pleted on or before the penalty date entered. When a planting
or harvesting operation occurs after the penalty date, a yield
decrease is assumed and a timeliness penalty is calculated. The
timeliness penalty is calculated by multiplying the crop yield,
appropriate timeliness factor, acres delayed, and days of delay.
The timeliness cost is equal to the timeliness penalty times the
crop price. Here is example of the timeliness factors:

Timeliness penalties (% Yield Loss per Day of Delay)

Crop Planting Harvesting

Maize (corn) 1.0 0.5
Soybeans 1.0 1.0
Wheat 0.25 1.0
Oats 1.0 1.0
Sorghum 0.25 1.0

Desired Field Operations File

The most critical information input by the user for a speciBc
farm is the list of desired Beld operations to be performed and
the data related to these operations. The main objective of the
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program is to select the set of machinery required to complete
the desired operations in a timely fashion and at least cost. A
list of desired Beld operations for an example farm is shown in
Table 5-7. Code numbers (column 1 of Table 5-7) are used to
enter the Beld operations. The list of available code numbers
for the 30 diAerent Beld operations included in the program can
be viewed on screen. Other data to be entered for each oper-
ation include the earliest start date, latest Bnish date, acres to
be covered, available labor hours per day or the hours per day
the operation can be performed, whichever is least, and a land
area number. Entry of a latest Bnish date is optional and
needed only if an operation must be completed by the date
entered. The land area numbers are used to help ensure that
the operations are scheduled correctly, they are explained in
more detail below.

The Brst operation listed in Table 5-7 is ‘‘Combine soy-
bean,’’with an earliest start date of 9/15. This is interpreted to
mean that September 15 is the earliest date soybean is com-
monly ready for harvest. A latest Bnish date is not speciBed for
soybean harvest. The next entry is the acres for the operation

Table 5-7 User Input of Field Operations for an Example Farm

Code
no. Field operation

Start
date

(mo/day)

Finish
date

(mo/day)
Area
(acres)

Labor
(hr/day)

Land
area no.

2 Combine soybean 9/15 0/0 500 8.0 1
1 Combine corn 10/15 0/0 500 10.0 2
7 Chisel plow 10/15 0/0 500 10.0 2
8 Disk harrow 4/1 0/0 500 10.0 1
9 Field cultivate 4/25 0/0 500 10.0 1
21 Plant corn 4/25 0/0 500 10.0 1
8 Disk harrow 4/1 0/0 500 10.0 2
9 Field cultivate 5/1 0/0 500 10.0 2
22 Plant soybean 5/1 0/0 500 10.0 2
18 Row cultivate 6/1 0/0 500 10.0 1
18 Row cultivate 6/10 0/0 500 10.0 2
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and then the hours per day the operation can be performed.
The hours-per-day Bgure is assumed to be hours spent in the
Beld operating machinery. No allowance is made for time used
to adjust and service equipment or for traveling to the Belds.

The second operation listed for the example farm is
‘‘Combine corn,’’ with an earliest start date of October 15.
The third operation listed is ‘‘Chisel plow,’’ which is to be
performed on the same land from which corn is harvested.
Thus, the land area number is the same for both combine corn
and chisel plow operations. Land area numbers are used in
scheduling the Beld operations. For the example farm, the
chisel plow operationwill not get ahead of the combine soybean
operation when the operations are scheduled.

The desired spring operations for corn are ‘‘Disk harrow,’’
‘‘Field cultivate,’’ and ‘‘Plant corn.’’All of these operations are
to be performed in sequence on the land thatwas in soybean the
previous year; therefore, the land area number is 1 for each of
these operations. For soybean, the spring operations are disk
harrow, Beld cultivate, and plant soybean, and the land area
number is 2 for these operations. Both crops are to be cultivated
once.

A primary objective of the program is to determine the
optimum set of machinery and the machinery-related costs for
the list of desired Beld operations.

Matching of Implements to Tractors

For farms that can justify two or more tractors, and if the
tractors, are diAerent in size, a method is needed for determin-
ing which Beld operations the diAerent-size tractors will per-
form. For large farms with several tractors, the number of
alternatives is tremendous. Of course, a complete farm ma-
chinery selection program would include the solution for this
problem. The method used by Freesmeyer [7] is a possibility.
For the program described herein the user must assign the
implements needed to perform the Beld operations to either
large or small tractors, as shown for an example farm in
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upcoming Tables 5–9. The user must also specify whether the
number of rows on the planter is to be the same as or twice the
number of rows on the combine corn head.

The Search for an Optimal Machinery Set

Three options are available when running the program. The
Brst option is an attempt to allow the user to run the program
with a speciBed number and speciBed sizes of tractors and
combines. The machinery set speciBed might be the current
set of machinery on a farm or a set in which the user is in-
terested.Most farmers have a set of machinery currently being
used and may be interested in an estimate of the total cost,
including potential timeliness penalties and the work sched-
ule. Or they may want to evaluate the eAects of changing only
one or two machines, or they might like to know the eAects of
using the present machinery on expanding the farm. The Brst
option of the program may be used for these purposes. The
second and third options are programmed to determine the
optimum set of machinery for the desired Beld operations. For
the second option, the user speciBes the number of tractors,
combines, and laborers, and the program optimizes the sizes of
the tractors and combines. The third option is an attempt to
determine the optimum set of machinery, including number
and sizes of tractors and combines and number of laborers. The
search for the optimal machinery set will be explained using
the second option.

Assume the program user has entered the list of Beld
operations as shown in Table 5-7, speci Bed the number of
tractors and combines as shown in Table 5-8, and matched
tractors to implements as shown in Table 5-9. Then the goal of
option 2 is to Bnd the least-cost machinery set. To Bnd the least
cost machinery set, the program Brst sets the size of the large
tractors to 220 horsepower, the largest available in the pro-
gram, sets the small tractors to one tractor size increment less
than the largest tractor size, and sets the size of the combine at
260 horsepower, the largest in the program. With this set of
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Table 5-8 Specifying Number and Size of Tractors and Combines

Quantity Sizea Quantity Sizea

Tractors
(max = 6)

Combines
(max = 3)

1 2 (215 hp)

Large 1 5 (160 hp) Corn heads 1
Small 1 1 (80 hp) Grain

platforms
1

Available tractor sizes Available combine sizes

0 = 60 hp 5 = 160 hp 0 = 140 hp ( 4-row head)
1 = 80 hp 6 = 180 hp 1 = 180 hp ( 6-row head)
2 = 100 hp 7 = 200 hp 2 = 215 hp ( 8-row head)
3 = 120 hp 8 = 220 hp 3 = 260 hp (12-row head)
4 = 140 hp

a Needed to run without optimization.

Table 5-9 Match of Implements to Tractors, with Values for
Example Farm

Planter size? S (T or S) Large tractors (L): 1
(T): Twice the combine size Small tractors (S): 1
(S): Same as combine size Total: 2

Implement L S Implement L S

Moldboard plow 0 0 Spray pesticide 0 0
Chisel plow 1 0 Drill 0 0
Disk 1 0 Subsoiler 0 0
Field cultivate 1 0 Paraplow 0 0
Chop stalks 0 0 Chop forage 0 0
Plant 0 1 Combination tool 0 0
Row cultivate 0 1 Mow hay 0 0
Rotary hoe 0 0 Rake hay 0 0
Apply Anhydrous 0 0 Mow and condition 0 0
Apply fertilizer 0 0 Bale hay 0 0

Machinery and Management for Maize/Soybean 89



machinery, the input data, and the stored data Bles, the Beld
operations are scheduled and the costs for machinery, labor,
and timeliness calculated. These costs are summed to get the
total average annual machinery cost, $69.51 per acre in the
lower right-hand corner of Table 5-10.

Then both the size of the small tractors and the combines
are decreased, and again the work schedule and costs are
computed, $66.46. The sizes of the small tractors and combines
continue to be decreased, moving up in Table 5-10, until the
total annual cost increases due to increased timeliness costs or
until the reduced machinery sizes can no longer complete the
tasks. Thus, the least cost machinery set has been found with
the size of the large tractors Bxed at 220 horsepower: 80-hp
small tractor, 21hp combine, and a total cost of $60.23 per acre.
Table 5-10 shows the costs in dollars per acre for the diAerent
machinery sets evaluated for an example farm, with the large
tractor Bxed at 220 horsepower. The x’s on the screen indicate
that a machinery set not able to complete the operations with-
in a calendar year, a tractor is of insu E cient size to pull an
implement, or an operation could not be completed by the

Table 5-10 Initial Search for Optimal Machinery Set for Example
Farm (One Large Tractor, 220 hp)

Small
tractor (hp)

Combines (hp)

140 180 215 260

60 xxxx xxxx xxxx
80 $66.32 $60.23 xxxx
100 $68.79 $62.54 $64.88
120 $63.88
140 $64.66
160 $72.09 $65.50
180 $66.46
200 $69.51

xxxx = combinations not able to complete required operations.
Blank entries = combinations not tried during optimization.
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latest Bnish date listed in the input data. The optimization
procedure did not need to calculate the costs in the blank cells
in Table 5-10.

Next, the size of the large tractors is reduced by one size
increment, in this case to 200 horsepower, and the preceding
procedure is repeated. The size of the large tractors is reduced
until the least cost increases.

For the Bnal trials, the least cost is determined with all
tractors the same size. Thus, the total cost is determined for all
possible size combinations of two tractor sizes and combine
sizes that could result in the least cost. Thereby, the optimum,
or least-cost, machinery set is determined.

Low-Cost Machinery Sets

In searching for the optimal machinery set for a farm, it is
common for the program to determine the costs for over 40
combinations of tractor and combine sizes. For several of these
combinations the total annual cost varies by only a small
amount. For this and other reasons the user may be interested
in a machinery set other than the set that results in the least
cost. Therefore, when the optimal search is completed the
program presents the eight lowest-cost machinery sets found
during the search on the Brst screen shown when the optimi-
zation run is completed (Table 5-11). The Brst set presented is
the least cost machinery set found during the search for the
optimal machinery set. For each of the eight sets the presenta-
tion includes only the sizes of the large and small tractors and
the size of the combines, costs for machinery, labor, and time-
liness, and the total annual cost.

Output Information

The program user may obtain a presentation of the output
information for any of the eight lowest-cost machinery sets
found during the search by pressing the number of the set
shown on the screen. For the example farm, the output infor-
mation for the least-cost machinery set will be discussed.
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Machinery Set

The second output screen, after the list of eight solutions, is a
list of the optimal machinery set (number 1 in the set of eight),
including the assumed purchase price and the annual use of
each machine (Table 5-12). Also, the annual number of hours
each operator spends operating machinery is given.

Work Schedule

The computed work schedule is the most critical portion of the
program output (Table 5-13). Considerable eAort has been
devoted to making the computed work schedule realistic in
terms of utilizing operators and machinery.

The program schedules the Beld operations on a day-to-
day basis, giving priority to the order in which the operations
are listed in the input data. For the desired Beld operations
listed in Table 5-7, the Brst operations scheduled are the
harvesting operations. When only one machinery operator is
available for harvesting, it is assumed that the operator spends
50% of the time hauling and processing the grain. Thus, the
number of hours per day one operator actually spends operat-

Table 5-11 Screen List of Eight Lowest-Cost Machinery Sets, from S10

Rank

Large
tractors

Small
tractors Combines

Costs
($/acre)

No. Size No. Size No. Size Machinery Labor Timeliness Total

1 1 160 1 80 1 215 48.94 6.10 1.19 $56.23
2 1 180 1 80 1 215 50.56 5.93 0.00 $56.49
3 1 200 1 80 1 215 51.48 5.79 0.00 $57.27
4 1 160 1 100 1 215 51.20 6.10 1.19 $58.49
5 1 180 1 100 1 215 52.82 5.93 0.00 $58.75
6 1 140 1 80 1 215 48.18 6.37 4.64 $59.19
7 1 240 1 80 1 215 53.67 5.58 0.00 $59.26
8 1 200 1 100 1 215 53.73 5.79 0.00 $59.53

Type a number from 1 to 8 to see schedule, costs, etc.
Type 0 to return to Main Menu.
Type a number:
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Table 5-12 Optimum Machinery Set and Labor Use Determined
for Example Farm

Machine
Purchase price

($)
Annual use

(hours) Acres

215-hp combine 106,020 173
8-row corn head 25,200 91 500
22-ft grain platform 13,320 82 500

160-hp tractor 67,500 231
11-ft chisel plow 8,190 76 500
25-ft disk harrow 15,930 89 1,000
29-ft Beld cultivator 11,970 66 1,000

80-hp tractor 35,100 236
8-row planter 20,430 107 1,000
8-row cultivator 6,390 129 1,000

Number of machine operators = 2
Operator 1 would work 553 hr
Operator 2 would work 260 hr

Table 5-13 Work Schedule Using Optimum Machinery Set for
Example Farm

Field operation
Start
date

Finish
date

Calendar
days

Work
days Acres

Combine soybeans 9/15 10/8 24 10.3 500
Combine corn 10/15 10/31 17 9.1 500
Chisel plow 11/1 11/16 16 7.6 500
Disk harrow 4/1 4/24 24 4.5 500
Field cultivate 4/25 5/6 12 3.3 500
Plant corn 4/25 5/14 20 5.4 500
Disk harrow 4/24 5/22 29 4.5 500
Field cultivate 5/22 5/30 9 3.3 500
Plant soybeans 5/22 6/5a 15 5.4 500
Row cultivate 6/5 6/21 17 6.4 500
Row cultivate 6/21 7/5 15 6.4 500

a Indicates timeliness penalty applies.
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ing the combine is reduced. When two operators are available,
the combine operates the full number of hours per day listed in
the input data, and the operation requires use of the two
operators. It is realized that large variations exist in the time
spent in unloading, hauling, and processing grain during
harvest operations. Revisions of the computer program may
be needed to account for these variations.

Each Beld operation starts on the date listed in the input
data, unless an operator and machine to do the operation are
not available. Other operations could be underway utilizing all
operators or the machine required. The start date for such
operations is the Brst date that both an operator and amachine
are available. The acres completed on a given date equal the
productivity (acres per hour) for the machinery being used,
times the hours per day labor is available, times the probability
that that date is suitable for Beld work.

If an operation is not completed by the latest Bnish date
listed in the input data or if all operations are not completed
within one calendar year, the machinery set is regarded as
unacceptable.

For the example Beld operations listed in Table 5-7, the
operations are scheduled beginning with the fall operations,
and then the spring operations are scheduled. No timeliness
penalties occur in conjunction with combine soybean, combine
corn, or plant corn operations because these are completed
before the respective penalty dates speci Bed for these op-
erations. Soybean planting is not completed until after the
speciBed penalty date, (Table 5-6), and therefore a timeliness
penalty is calculated.

Cost for Each Field Operation

As the Beld operations are scheduled, the annual hours of use
are accumulated for eachmachine. The Bxed and variable costs
for eachmachine are calculated, as previously explained, using
the annual use, input data, and data from the stored Bles. The
Bxed and variable costs are summed and the result used to
calculate the cost per acre for each Beld operation (Table 5-14).
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Detailed Costs for Each Machine

If desired, the detailed costs for each machine are provided for
each year, up to a maximum of 10 years of ownership. For the
example farm, the costs of the combine and corn head are
presented in Tables 5-15 and 5-16. The program presents the
costs of other machines in a similar manner.

Total Machinery-Related Costs for the Example
Farm

Finally, the total machinery-related cost for the machinery set
is given for the farm (Table 5-17). The machinery Bxed cost
includes estimated depreciation, housing, interest, and insur-
ance. To the Bxed cost is added the estimated fuel and repair
costs, to get the totalmachinery cost. Labor cost is Bgured using
the labor rates entered. Timeliness cost is calculated for the
acres of any crop planted or harvested after the penalty dates
speciBed. From the work schedule explained previously for the
example farm, the plant soybeans operation was completed
late. Thus, a timeliness cost is calculated for the operation. The
costs for machinery, labor, and timeliness are summed to
provide an estimate of the total annual machinery-related cost
for the machinery set.

Table 5-14 Estimated Cost for Each Field Operation

Machine name
Years
of use

Annual
hours

Power and
machine cost

($/acre)

Machine
cost only
($/acre)

215-hp combine 9 173
8-row corn head 10 91 25.07 6.61
22-ft grain platform 10 82 20.29 3.53
160-hp tractor 10 231
11-ft chisel plow 10 76 9.40 2.44
25-ft disk harrow 10 89 6.40 2.30
29-ft Beld cultivator 10 66 4.75 1.70
80-hp tractor 10 236
8-row planter 7 107 6.31 3.81
8-row cultivator 8 129 4.10 1.10
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Table 5-16 Detailed Costs for 8-Row Corn Head

List price = $28,000, purchase price = $25,200, machine covers 500 acres/yr, fuel cost
= $1.97/acre, productivity = 5.51 acres/hr, annual use = 90.7 hr/yr

Year
Total

use (hr)
Percent
of life (%)

Accumulated
Average

cost
($/acre)

Depreciation
($)

HIIa

$
Repairs

($)

1 91 3 9,341 3,024 7 24.75
2 181 6 11,165 4,737 32 15.90
3 272 9 12,779 6,253 75 12.75
4 363 12 14,207 7,594 138 12.00
5 454 15 15,471 8,781 220 9.80
6 544 18 16,590 9,832 323 8.90
7 635 21 17,580 10,762 447 8.20
8 726 24 18,457 11,585 591 7.65
9 817 27 19,232 12,313 757 7.20
10 907 30 19,918 12,958 945 6.75

Total costs ($25.64/ac) = cost for combine ($104/hr)(hr/5.51 ac) + corn head ($6.75/ac)
a HII = housing + Interest + insurance.

Table 5-15 Detailed Costs for 215-hp Combine

List price = $117,800, purchase price = $106,020, fuel price = $1/gal, fuel use = 10.88
gal/hr, machine use = 173 hr/yr

Year
Total

use (hr)
Percent
of life (%)

Accumulated
Average

cost
($/acre)

Depreciation
($)

HIIa

$
Repairs

($)

1 173 6 39,298 12,722 118 312
2 346 12 46,971 19,928 522 167
4 692 23 59,771 31,950 2,250 147
5 866 29 65,090 36,944 3,597 133
6 1,039 35 69,797 41,365 5,278 123
7 1,212 40 73,963 45,277 7,297 115
8 1,385 46 77,649 48,739 9,660 109
9 1,558 52 80,912 51,803 12,371 104

a HII = housing + interest + insurance
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USING S10 TO DEMONSTRATE EFFECTS
OF FIXED COSTS AND TIMELINESS

The objective of the following projects is to show the principles
of selecting machinery for a balance between Bxed costs and
timeliness costs, using the S10 program.

Running the S10 Machinery Selection Program

S10 is a DOS program, so to run it under Windows, from the
Program List select Accessories and then Command Prompt.
(For Windows older than XP, select MS-DOS Prompt.) Make
sure you are in the directory that contains S10, probably the
CD drive, and then type S10. It is a DOS program, but it has
drop-down menus like Windows programs. However, it does
not respond correctly to the mouse, so use the cursor keys and
the Return key as you run the program.

Start with themenu on the left, SELECT (the down-arrow
shows the list), and select Central Illinois. Then hit the Return
key. Then you have to go down the list and select RETURN. All
the menus are like this—you have to go down to highlight
RETURN and then press the Return key.

Next, on the right is UPDATE. You can skip that for now
and go to INPUT. The screen will look like Figure 5-2, or per-
haps this Bgure is on your CD in color. Later, when changing

Table 5-17 Average Annual Machinery-
Related Costs

Cost item $/year $/acre

Machinery Bxed cost 40,867 40.87
Fuel cost 4,708 4.71
Repair cost 3,368 3.37
Total machinery cost 48,942 48.94

Labor cost 6,098 6.10
Timeliness cost 1,190 1.19
Total cost 56,230 56.23
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the inputs, you will use the UPDATE menu. Press Enter with
‘‘Input Stored Data File’’ selected; you will be asked to enter
the name of the data Ble to enter. Type in EXAMPLE, as on the
screen (input is case-sensitive). Later, when you are changing
the inputs, you will name the modiBed Ble, and that will show
up as an option on the next run. Now go down to RETURN, and
press the Return key.

Figure 5-2 Schematic of screen of S10 with Input menu selected.
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Move to the right to the Runmenu, and select the top item
under Run, Optimization. Figure 5-3 shows this screen, or it
may be available in color on the CD with this book. Do not use
the Print menu, and do not quit yet. Read the directions on the
screen under the table that appears, shown in Table 5-11, the
list of the eight least-cost combinations. To print any of the
tables, one at a time, press the PrintScrn key, and then go to
anyMicrosoft program, such asWord orMSPhotoEditorR, use
Edit, click on O E ce Clipboard, select the image, and it is ready
to print.

Figure 5-3 Schematic of S10 screen with Run menu selected.
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1. The Brst task is to print (as described earlier) the
various results for the standard run for Central Il-
linois with the default inputs. Tables 5-11–5-14, and
5-17 should match Bve of the six or seven screens that
S10 produces.

2. Then we will change the housing, interest, and in-
surance rate to be charged to Bxed costs from its de-
fault value of 12% to 10% to reCect a lower interest
rate. Also, increase the daily hours of operation allot-
ted for corn planting from the default value of 10 hr to
14 hr.

3. Check to see if these changes cause a diAerence in the
recommendedmachinery sizes selected (probably not).
Then note the diAerence in the planting time required
(because of working more hours per day), both in
actual workdays and in calendar days. Why is there a
diAerence between workdays and calendar days?

Also note the diAerence in the Bxed cost/acre due to the
change in interest rates. Over the past years, interest rates
have changed over a wide range, and they are still a major part
of the cost of machinery, whether or not the equipment is
purchased for cash or with borrowed money. Why? If the
equipment was purchased with cash, that cash could have
earned interest in some type of investment had it not been
used to buy the equipment. Economists call this opportunity
cost—you always have other opportunities for use of the cash,
such as savings account and purchase fertilizer, that will bring
returns.

S10 calculates a timeliness cost per acre. Since the revised
hours per day for planting have been increased, this timeliness
cost should decrease, right? Yes. For combination #1, 10 hr/day
labor, the timeliness cost is $1.19 per acre. For 14 hr/day, it is
zero.

The penalty for late corn planting in S10 is 1 bu/day after
May 15 (conBrm it shortly). There is also a late harvesting
penalty.
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Project 2: Test the Effect of the Late Planting
Penalty Rate

Report on the change in timeliness cost for 10 hr/day vs. 14 hr/
day for planting. Also, as a separate check, use the work
schedule to note the planting period, and estimate how many
acres were planted 1 day after May 10, 2 days after May 10,
etc., to the end of planting. Then use the 1 bu/acre/day rule and
calculate the number of lost bushels. Then, using $2.50/bu as a
price, average the total lost-bushel cost over the 500 acres. Do
this for both cases, and compare that diAerence to the diAerence
in timeliness cost per day calculated by the program.

Project 3: Calculate Acres Planted Based
on Probability of a Good Field Day

Using the original Central Illinois data, including 10 hr/day for
planting corn, show how the date for completing planting of
soybeans is calculated, using the weather probabilities, that is,
the probability of a good Beld day. Remember that the 500 acres
for soybeans must Brst be disk harrowed, then Beld cultivated.
Field cultivation can start at the same time as soybean plant-
ing, because it is a faster operation, the planter following the
cultivator (2 tractors and operators). Soybean planting starts
on 5/22 and ends on 6/6. Calculate the actual number of acres
planted each day, using the machine capacity and the weather
probability.When the probability of a good day is 0.40, working
10 hr/day, then

total acreage done ¼ prob:� hr=day�mach: cap:; acres=hr

¼ 4�mach: cap:

Print out the necessary tables to show the probabilities,
machine capacity, and earliest starting dates. Why is soybean
planting started on 5/22, when the earliest starting date is 5/1?

Write a report on this project, including the printouts of
the tables, and answer the questions in the preceding para-
graphs. Note any problems you had in operating the program
and any improvements you would suggest.
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Select ‘‘Input Stored Data File,’’ type in or select EXAM-
PLE, and then go to RETURN. Go to Run & Select OPTIMI-
ZATION, and it will go through some calculations trying out
diAerent combinations and then showing a table of the eight
best combinations.

Pick the best, 1, and a series of tables comes up. You
change to the next by hitting any key. Eventually, you get back
to the table of 8. To print any of these tables, press the
PrintScreen key. This puts the screen into memory. Transfer
to your word processing program, set the cursor where you
want it, and click on Edit and then on Paste, and you have the
table as a graphic box on your word processor.

Remember this program is for Illinois corn/soybean oper-
ations. The main point, which is true over many agricultural
areas and crops, is that yields are reduced for late planting and
late harvest. Bigger equipment will reduce those losses but
increase the equipment costs.

REFERENCES

1. ASAE. Agricultural Machinery Management Data. ASAE
Standards 1994. ASAE: St. Joseph, MI, 1994.

2. Bender, D.A.; McCarl, B.A.; Schueller, J.K.; Kline, D.E.; Simon,
S.H. Expert System Interpreter for a FarmManagement Linear
Program; Paper no. 85-5518. ASAE: St. Joseph, MI, 1985.

3. Black, J.R.; Harsh, S.B. Corn-Soybean-Wheat Farm Planning
Guide. Telplan 26, Cooperative Extension Service, Michigan
State University: East Lansing, MI, 1976.

4. Bowers, W. Machinery Management. John Deere Service
Training, Dept. F., John Deere Rd., Moline, IL, 1987.

5. Chen, L.H. A Machinery Selection, Crop Budgeting, and
Scheduling Model; Technical Bulletin 145. Miss. Agric. and
Forestry Exp. Station, Mississippi State University: Missis-
sippi Station, MS, 1987.

Chapter 5102



6. Doster, H. Top Crop Farmer Planning Model. Cooperative
Extension Service, Purdue University: West Lafayette, IN,
1981.

7. Freesmeyer, S.R. A time-constrained optimal farm machinery
selection program for microcomputers. M.S. thesis, University
of Illinois: Urbana, IL., 1985.

8. Hughes, H.A.; Holtman, J.B. Machinery complement selection
based on time constraints. Trans. ASAE. 1976, 19 (5), 812–814.

9. Hodges, H.F.; Whisler, F.D.; Bridges, S.M.; Reddy, K.R.;
McKinion, J.M. Simulation in crop management: GOSSYM/
COMAX. In: Agricultural Systems Modeling and Simulation;
Peart, R.M., Curry, R.B., Eds; Marcel Dekker: New York, 1998.

10. Hunt, D.R. A Fortran program for selecting farm equipment.
Agricultural Engineering 1967, 48 (6), 332–335.

11. Kline, D.E.; Bender, D.A.; McCarl, B.A. FINDS: Farm-Level
Intelligent Decision Support System. Appl. Engin. Agric. 1989,
5 (2), 273–280.

12. McKinion, J.M.; Lemmon, H.E. Symbolic Computers and AI
Tools for a Cotton Expert system. Paper No. 85-5520, ASAE: St.
Joseph, MI, 1985.

13. Rotz, C.A.; Muthar, H.A.; Black, J.R. A multiple-crop machi-
nery selection algorithm. Trans. ASAE 1983, 26 (6), 1644–1649.

14. Schueller, J.K.; Slusher, R.M.; Morgan, S.M. An expert system
with speech synthesis for troubleshooting grain combine
performance. Trans. ASAE 1986, 29, 342–344, 350.

15. Schwart, R.B. Farm Machinery Decisions, Worksheet No. 1,
What Size Machinery for Your Farm? Circular 1065; Illinois
Cooperative Extension Service, University of Illinois: Urbana,
ILL, 1981.

16. Siemens, J.C.; Hamburg, K.; Tyrrell, T. A farm machinery
selection and management program. J. Prod. Agric. 1990, 3,
212–219.

17. Siemens, John C. Field machinery selection using simulation
and optimization. In: Agricultural Systems Modeling and Simu-

Machinery and Management for Maize/Soybean 103



lation. Peart, R.M., Curry, R.B., Eds;MarcelDekker:NewYork,
1998.

18. Singh, D. Field machinery system modeling and requirements
for selected michigan cash crop production systems; Ph.D.
dissertation, Michigan State University: East Lansing, MI.,
1978.

19. Wolak, F.J. Development of a Beld machinery selection model;
Ph.D. dissertation, Michigan State University: East Lansing,
MI., 1981.

Chapter 5104



6

Simulation of Crop Growth and
Field Operations: CropPlan

Robert M. Peart and Robert Smith****

SIMULATING FIELD OPERATIONS AND CROP
GROWTH

The previous chapter, on machinery selection, ended with a
statement that over many agricultural areas and crops, yields
are reduced if planting and/or harvesting are late. We stated
that machinery with higher capacity can reduce these losses
but will increase the Bxed cost of the equipment. Therefore,
optimal selection of machinery requires a balancing of these
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two types of losses, yield losses and Bnancial loss due to higher
Bxed costs. The previous chapter introduced a program that
makes such an optimal selection, given much detailed data
about the cropping system and the available machinery sets.
That program runs under DOS and also with the ‘‘Command
Prompt’’ of the Windows XP operating system, and it was
written in FORTRAN. It runs with assumptions of typical
weather for central Illinois and has no other choices. The
program described in this chapter, CropPlan, does a similar
task, but it has choices about the type of weather data to be
used. On the other hand, CropPlan does no optimization, but it
does simulate the crop growth and yield as well as the weekly
Beld operations based on weather-inCuenced good Geld days
and the capacity of the equipment. The data on good Beld days
came from reports of crop observers in Indiana on the weekly
number of days when Beld conditions allowed machinery to
be used, and these data were available for each of the four
weather scenarios available in the spreadsheet Bles. It also has
changeable economic inputs, so that results are expressed in
dollars.

The program presented here is a simulation program, in
spreadsheet form, that can help in making decisions about the
capacity of equipment needed for an optimized balance be-
tween high Bxed costs of equipment with overcapacity and
high yield losses with undercapacity. CropPlan simulates the
weekly Beld operations, from tillage through to harvest, and
the crop development and yield; it also calculates Bxed and
variable costs of the whole enterprise. Being a spreadsheet
template, the program can be examined easily, because the
mathematical expressions are readable when the user high-
lights a particular cell to see the expression used to obtain the
result in the cell.

The spreadsheet runs on Corel QuattroProR; and the
template mentioned earlier is the set of data and formulae
that are in the Ble CropPlan.wb3, which is on the CD included
in this text. Unfortunately, the program does not run correctly
on Excel, apparently because of the diAerence in the ‘‘@MAX’’
command in QuattroPro and the ‘‘MAX’’ command in Excel.
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This is a very large spreadsheet, but we do not intend to
explain each of the many formulae. However, by using it in the
exercises, youwill get aworking knowledge of how the program
can evaluate machinery selection decisions, crop variety or
cultivar decisions, and cost problems.

In grain production there are two parts of the timeliness
cost, as mentioned in the last chapter. First, late planting can
cause loss of potential yield; and second, late harvest can re-
sult in loss of actual yield. CropPlan uses some sophisticated
rules to calculate losses, depending on the weather and the
machinery capacities. These rules show something about the
physiology of crop growth; they also show the importance of
operational factors such as weather, machine capacity, and
availability of labor.

GROWING DEGREE-DAYS

Corn that is planted late is harvested late, and there is
increased probability of bad weather delays in the fall and
increased harvesting losses. To be more speciBc about what
inCuences the date when the crop will mature, corn (maize)
varieties (or cultivars) are rated for the expectedmaturity time
according to a growing degree day (GDD) value for a particular
area. The GDD value is a value accumulated over time,
accounting for time and temperature, starting at the planting
date. For corn, the base temperature is 50jF. For a given day,
each degree in the average daily temperature above 50jF adds
1 GDD to this accumulated value. The average is calculated as
half of the sum of the maximum and minimum temperatures
for the day. Thus, with a Tmax of 80jF and a Tmin of 60jF, the
average temperature is 70jF, and the GDD value is (70 � 50),
or 20, GDDs for that one day:

GDDs per day ¼ ðTmax þ TminÞ=2� 50

A typical GDD rating for a so-called ‘‘full-season’’ (late-
maturing) variety in Peoria, IL, might be 2,800 GDD. A short-
season (or ‘‘early’’) varietymight be 2,400 GDDs. For the same
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planting date, obviously the accumulated 2,400 GDDs would
be reached before 2,800, so the short-season variety would
mature earlier than the full-season variety.

For temperatures measured in degrees C (Celcius), the
value for each day is Tave � 20, since 50jF = 20jC. The total
GDDvalue for the season is scaled down by a factor of 5/9. Thus
a total GDD value of 2,700 in jF would be 5/9 * 2700 = 1,500
GDDs (C).

CROP YIELDS AND LOSSES

Another important fact with corn (maize) is that, other factors
being the same, the larger the GDD rating, the higher the
yield. This makes sense, since the plant can be viewed as a
photosynthetic system that produces carbohydrates and pro-
tein, with inputs of water and nutrients from the soil, carbon
dioxide (and a little oxygen) from the air, and, very impor-
tantly, solar energy to power thewhole process. The longer that
the system produces, the more solar energy is received and the
more ‘‘product’’ it will deliver in yield. Also, plants that have
more leaf area during the long summer days near the summer
solstice of June 21, receive more energy from the sun than
plants that have less leaf area at that time.

The short-season varieties will shut down production
when maturity is reached (at a lower level of GDD), while a
full-season variety planted at the same time will continue in
production and produce more. If a frost kills the plant before
this GDD rating is reached, production stops and yield is less
than would be expected by the same variety able to continue
producing up to its GDD limit.

So the corn farmer has machinery selection problems and
crop cultivar selection decisions. To get the highest corn yields,
plantingmust beginearly (beforeMay10), butnot early enough
to have frost on the new corn as it sprouts from the ground. So
there is a window of time between the date of the last expected
frost in the spring until the May 1 or May 10 date, when
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potential yieldswill decline because of the reduced potential for
accumulating GDDs before the fall frost. The typical wet
weather in many areas during this spring planting period is
anadditionalproblem, since Beldsmaybe toowet formachinery
use. So farmerswant relatively big, high-capacity equipment to
get the corn planted within this planting window.

In cultivar (variety) selection, the full-season variety is
preferable because of the higher yield potential. For a given
planting date, the higher-yielding, full-season variety will
mature later than a mid-season or early-season variety, thus
delaying the start of harvesting. Ideally, the crop would all be
harvested on the day when it reaches physiological maturity
(end of adding carbohydrates to the grain). Each day after that
maturity date, Beld losses from broken stalks, ears dropping
from the stalk, etc., begin tomount. This is usuallyminor in the
Brst week or so after maturity, but it gets progressively worse
as the stalk dries and deteriorates. There is also a weather
problem in the fall, when wet weather may occur and prevent
the combines from harvesting.

Of course, during the time betweenmaturity and harvest,
the grain is drying; in the case of corn, this reduces the cost of
artiBcial drying, which is normally needed on all the shelled
corn harvested. This program, CropPlan, simulates grain dry-
ing in the Beld as a function of time after maturity, but the cost
saving for less artiBcial drying is not taken into account.

There are three factors that can lead to delayed harvest-
ing and accumulation of harvest losses:

Late planting.
Full-season variety delays maturity date (and increases

yield).
Low-capacity harvesting equipment delays harvesting

date.

In addition to the late-planting penalty already explained,
there is a late-harvesting rule that is not a simple linear
function, such as the ‘‘1/2 bu/acre’’ late-planting rule. After
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maturity or frost kill, the Beld losses and dry-down functions
are piecewise linear in the spreadsheet formulae. The rates of
loss and drying are changed as the fall season progresses, with
the Beld losses increasing and drying rate decreasing. This is
similar to the way it works in the Beld.

In summary, late-planting losses consist of yield potential
that did not materialize, and late-harvesting loss is yield that
was physically lost because the combine did not reach it or
dropped it to the ground:

timeliness cost ¼ late-planting lossesþ late-harvest losses

In soybean, the same types of losses apply, but the matu-
rity date is not as closely tied to GDD value as it is in maize.
Complicating the maturity calculations for soybean, diAerent
cultivars selected for northern vs. southern climate in the
United States reach the time for harvest for two diAerent
reasons. In the southern areas, a killing frost, if there is one
at all, may be very late in the calendar year. In these areas,
soybean seed cultivars are from the determinant types, mean-
ing that they are more dependent on day length and growing
degree days to reach maturity, and they will mature without
any frost or freeze. In the northern states,where frost dates are
an important factor, indeterminant cultivars are used, and
they will continue to grow and produce seed as long as they
have not been killed by low temperatures.

Soybean is diAerent from corn, because it starts producing
beans at the bottom of the stalk long before the entire plant
matures and drops its leaves. It continues to grow and produce
seeds higher up the stalk as the season progresses. If soybean is
planted very late in the season, some mature seeds may be
harvested because of this characteristic, whereas corn may
have no seed yield during the same period. Both these crops are
amazingly productive. As a source of biomass energy, corn
ranks very high, producing over 4 tons per acre of low-moisture
grain that is easily handled and storable over long periods.

In the previous chapter, some examples of harvesting
dilemmas with fresh fruit were given, where many other fac-
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tors than just Beld losses and machinery Bxed costs have an
eAect. Examples were given of earlier harvest dates resulting
in higher prices for the produce. However, with some prod-
ucts, the earlier-harvested ones are likely to be less mature
and perhaps less sweet and not as desirable to the customer. In
some cases, early harvest may result in lower yield, because
the crop is not yet mature. Other factors include the avail-
ability of harvesting labor for some produce, and the eAects of
the threat of frost and freezes on harvesting strategy. So the
Beld grain examples used in CropPlan present simpler prob-
lems than is the case with many fruit and vegetable crops.
There is room for proBtable research in this area, we believe.
CropPlan probably could be modiBed to work with other crops
and situations.

All these factors make selecting machine capacity an
important decision. Relatively high-capacity machines will
help reduce yield losses due to late planting and/or late har-
vest. However, if the machinery is of larger capacity than
necessary, much higher Bxed costs result. Thus, proper selec-
tion of machine capacity is a problem of balancing high Bxed
costs against high yield losses.

CROPPLAN, A CROP GROWTH AND FIELD
OPERATIONS SIMULATOR

The spreadsheet program CropPlan, by Smith [1], was devel-
oped to simulate the Beld operations and crop and yield devel-
opment for a typical corn/soybean farming situation in the
Midwest. It includes year-round operation, allowing tillage in
the fall after harvest, if enough good weather is available,
and Bnishing up the following spring, planting, applying fer-
tilizer, etc., and harvesting, after the crop has developed to
maturity according to the weather data and the crop cultivar
that is selected. The concept of growing degree days is used
for crop development. Also, temperature and moisture stress
factors are used to adjust the expected yields according to the
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weather. The weather data include the actual percentage of
days when Beld work can be done from Indiana weather and
Beld operation reports for the particular historical year se-
lected. Thus a rainy season combined with low-capacity ma-
chinery will result in late Beld operations and higher yield
losses. On the other hand, extra-high-capacity machinery will
result in timely operations and low yield losses but higher
Bxed costs for the large machinery. The program is described
in Smith et al. [2]; these next few pages are based on that
publication.

Two main uses for CropPlan are:

1. Comparative analysis during preseason planning,
often called strategic or long-range planning. Exam-
ples include determining the e Aects of changing
machinery capacities and costs; changes in the crop
varieties, acreage, or mix; changing the number of
hours per day to run the Beld equipment; changing
crop and supply prices; and interest rates.

2. Sequential updating of the projected outcome during a
particular season for short-range planning. Replacing
the expected weather conditions with actual values
and revising future values will update the expected
cropping results and allow the user to modify the dry-
ing and marketing techniques and prepare for future
operations on time.

Up to Bve crops, or Belds, of corn and Bve crops of soy-
beans can be entered into the spreadsheet. Each of these Bve
crops represents a given acreage that is planted in a few days
to the same cultivar. Each ‘‘crop’’ need not represent just one
speciBc Beld, but a speciBc number of acres that are treated the
same, although the entire crop need not be planted in the same
week.

The CropPlan spreadsheet lays out the entire yearly crop-
ping season, using columns to represent time steps, normally
one week each during the operational season. Rows are used
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to represent the many diAerent variables in this program,
including:

Number of acres planted with soybeans (during the week
of this column)

Number of growing degree days accumulated that week
Number of stress days that week (stress = high tempera-

ture + dry soil)
Yield accumulated to that point in time
Moisture content of the grain at that point in time

The CropPlan spreadsheet has a number of other sections
that contain data or calculations on costs, income, price per
bushel, hours of labor, machinery Bxed and variable costs, and,
Bnally, net proBt or loss for the year. CropPlan is very large, and
it is not simple to navigate through on-screen. However, many
of the main variables used are gathered together in an Input/
Output section, in the upper right-hand corner, for analysis
and for easily changing some of the major inputs.

CropPlan is designed to operate as a dynamic simulator of
both the biological processes, such as crop growth, maturation,
and drying, and operational processes, such as tillage, plant-
ing, and harvesting, with both processes inCuenced by weather
conditions. The relationships between cell functions and the
order of recalculation are used to direct the Cow of control of
calculations within the spreadsheet. This ensures that oper-
ations are performed in the correct order of priority; for in-
stance, planting must follow tillage in each Beld, but one Beld
may be planted before another one is tilled. Farming opera-
tions are interdependent, and the controlling, or rate-limiting,
operations or processes will change as a season progresses.

Because the spreadsheet does its calculations from left to
right and from the top down, control is passed from the Beld
operations to the crops after planting and then back to the Beld
operations when the crops are mature and ready for harvest.
The cycle back to planting is completed by the carryover of
land preparation from one season to the next. Machinery use
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is constrained by the number of units and their Beld capacities,
as current inputs, and by the availability of good Beld-working
days, contained in standard or user-deBned lookup tables. Crop
development is determined by variety, planting date, and
weather data on the growing degree days, stress degree days,
and water deBcits during the season.

The sequence of spring Beld operations is hierarchically
ordered during a particular week, with the land preparation
operations being done before planting and the corn crops
being planted before the soybean. The allowable Beld hours
are constrained by:

The availability of remaining Beld hours for that period
after the time used by higher-priority operations has
been subtracted from the total available.

The remaining time, based on good Beld days available,
after subtracting the sum of prior weekly hours done
from the initial total for that operation.

The number of units that can be used for that operation
and their Beld capacities.

The Beld hours may not be negative.

The crop planting is also constrained by the total number of
planter units, including units that can be converted to plant
corn or soybeans. Some of the speciBc spreadsheet functions
used in the models are detailed in Shutske et al. [3].

The fall operation sequence has corn and soybean har-
vesting preceding the tillage and land preparation operations
for the following year. Corn Belds are harvested after soybean
Belds if both are ready for harvest at the same time. Corn crops
may be harvested if they aremature and there are no soybeans
ready for harvest during that week. Harvesting of the corn and
soybean crops is constrained by:

The grain moisture being lower than the maximum value
input by the user

The availability of Beld-combine hours to use
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The availability of the second laborer and truck to aidwith
continuous combining

The sum of hours that have already been applied to that
Beld

Fall land preparation is constrained by:

The crop harvest area Bnished up to that time
The availability of Beld-unit hours to conduct the

operations
The availability of operators to drive the units

Crop development of the maize Belds is determined by the
accumulation of growing degree days, and the soybean devel-
opment is determined from the expected maturity date for a
particular variety and planting date. Expected grain yields are
calculated from the initial user input of expected ideal yields
after discounting for late planting and weather stress (low
moisture) during the season. These adjusted grain yields are
used as the potential yields for the crops at physiological
maturity. After maturity or frost kill, the Beld losses and dry-
down functions are piecewise linear. The rates of loss and
drying are changed as the fall season progresses, with the Beld
losses increasing and drying rate decreasing.

In addition to the Beld operations and crop growth out-
puts, CropPlan contains summaries of the expected economic
results for the current season being tested. User inputs include
variable costs for each crop/Beld, common and crop-speciBc
Bxed costs, and the interest and depreciation rates that apply to
diAerent categories of equipment. An example of a corn crop
variable cost is shown in Table 6-1. The preharvest items may
be entered and changed by the user; harvesting and drying
costs are determined from the Bnal harvest yield, based on
Peart andBarrett [4]. The variable costs are summarized for all
the corn Belds into an expected corn gross margin for two
processing alternatives: (1) selling directly at harvest time
for a lower price but with no Bxed cost for storage and drying
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equipment; (2) drying and storing on the farm for a higher price
expected the following spring.

The functions and models built into CropPlan are repre-
sentative of the expected outcomes for maize and soybean in
central Indiana. DiAerent weather–crop–yield relationships
should be applied in other cropping areas.

CROP GROWTH AND FIELD OPERATIONS
SIMULATOR—APPLICATIONS

In the remainder of this chapter, we present exercises that
can be used to show the interrelationships between machinery
capacity, timeliness, and other factors that aAect yields and
proBts in crop agriculture. Also, factors that have not been
discussed in this chapter, such as interest rates, labor hours
per day, and labor costs, can be evaluated easily using Crop-
Plan.

Our purpose is not to detail the rules and equations used
in the spreadsheet but to use it to show the eAects of various
management decisions in time-sensitive crop agriculture. The
spreadsheet is not a perfect representation of a real crop sys-

Table 6-1 Upper Right-Hand Input/Output Screen for CropPlan,
Typical Weather

Inputs Value Outputs Value

Interest Rate, % 5.0 Net, Sell Wet = $17,565
Labor, hr/day 10.0 Net, Dry-Store = $10,034
Weather TYPICAL Corn, tot.ac = 375
Corn, $/bu, sell wet $2.61 Corn, tot.bu = 41,932
Corn, $/bu, dry/store $3.09 Corn, bu/ac = 111.8
Soybean, $/bu, sell $6.81 Beans, tot.bu = 11,088
Soybean, $/bu, store $7.51 Beans, tot.ac = 375
Mach. Purch. Price = $271,200 Beans, bu/ac = 29.6
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tem, but it can be used to learnmore about how the real system
reacts to management decisions. In fact, it is a diAerent tool
than experimenting on a real farm, because individual factors,
such as diAerent machinery capacities, can be compared in
diAerent runs of the programwith no variation in other parts of
the system. In the real system, comparing results from two
di Aerent seasons—for instance, when we want to see how
some new equipment a Aected results—has the problem of
diAerent weather in each year, and it is hard to separate the
weather eAect. These projects will help show how the simu-
lation works, but they will also show the types of changes that
can bemade to the inputs and the eAect of these changes on the
results. The results are expressed as yields and also as Bnan-
cial returns, in the small table at the far upper right-hand
corner of the spreadsheet. This table also allows some input
changes to be made: interest rates and workday length. All
costs of production, including Bxed and variable costs and the
cost of land use, are included in the spreadsheet and may be
changed.

We will not try to explain all the functions built into this
complex spreadsheet, but we will present some exercises in
using the model to show how various management inputs
can inCuence the yields and Bnancial returns. The reason for
studying this model is to learn how a model can be used in
agricultural systems management, although this particular
one is not generally available, except with this book. Macros
are used in CropPlan tomake it easier to change lengthier data
sets, such as weather information, with just one command.

In addition to themacros for changing data sets easily, the
far upper right-hand corner of the spreadsheet has been added
since its Brst version, to put some of the important results in
one place along with some important input numbers that are
otherwise scattered throughout the large spreadsheet. We will
be mentioning some speciBc numbers in pointing out trends
and how the model works, but if your copy is not giving exactly
the same answers, it probably is not set for theweather datawe
were using, which is called ‘‘typical.’’
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Exploring CropPlan

First, a word about the general layout of this rather large
spreadsheet. Almost every column represents a time period,
usually one week, running from left to right, January to
December. Most of the groups of rows represent activities,
such as tillage, planting, and harvesting, going downward in
the order of the activities. Individual rows represent diAerent
Belds that are tilled, for example, in that week. In later col-
umns, that same row shows how much of that Beld is planted
or cultivated in the given week. So for a given crop, the pro-
cesses and calculations can be visualized as starting at the top
row for this Beld,with tillage occurring Brst,moving to the right
for each week, and moving down when another Beld or activity
is started.

In addition, many rows are weather data Bles, Good Field
Days, Growing Degree Days, Stress Days (based on high
temperature), and Water DeBcit Days. These data are used
in calculating yields andmaturity days. Some lookup tables are
in the spreadsheet to help with yield calculations based on
planting date, crop cultivar, heat stress days, and water deBcit
days.

Start CropPlan. Go to cell A1 and go down to themessages
on rows 174–190. Read the screens all theway across to column
Z. The main values we will be working with, such as Average
Yields, Interest Rate, and Labor Hrs/day, are set oA separately
on the far upper righthand corner of the sheet (see Table 6-1).
Many of the cells are ‘‘locked’’ so that they are not subject to
being accidentally changed. This is important for many of the
complex functions and data values that are programmed into
the cells. However, for our use, the cells on the upper far right,
representing inputs to the program, may be changed by the
user to make comparisons between runs. Then the commonly
used outputs, Yields, Returns, etc., are also placed in this far
right section to make them easier to Bnd. Note the values on
this upper right block of cells, Table 6-1 or on the screen, for
the standard run, which is using the Typical Weather (this
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word Typical must be entered by hand) and should be on the
screen when you open CropPlan.

Input Data

Macro commands allow selection of the weather data sets
named, Typical, Drought, High Yield, Late Plant, and Your
Values, the last one for the users who wish to put in their own
values. These macros (in QuattroPro) are visible on the far
right side of the spreadsheet under the Input/Output table. To
switch the weather data to a new set, select the cell right under
the title, Typical, Drought, High Yield, or Late Plant. It will be
a command, such as: {SelectBlock A:C68..AQ68}, which is the
Brst command of the High Yield macro. Then under the Tool
menu, click Macros, and then Play, and the address of this
macro will appear in the box. Click OK, and the data is almost
instantlymoved into the ‘‘Now’’ column. Youmay check this at
rows in the area of C67 for Good Field Day data, T141, for
Stress Degree Days, T149 for Water DeBcit Days, and F157 for
the Growing Degree Day data.

In rows 66–73 are listed the weekly Good Field Days
(GFD) values for several years in Indiana. They represent a
Typical year, a Late Planting year (1974), a High Yield year
(1982), and a Drought year (1983). Row 70 is for the users to
enter their own set of Good Field Days values. Row 72 gives the
Good Field Days from a Typical year used in a linear program
called B10, described by Doster [5]. The set, or row, of values to
be used in the next run are placed by the macro into row 73,
called the Now Value. If the macros don’t work with your
spreadsheet, simply copy the entire row of the year you have
selected and paste it into row 73. There are three other rows of
data to be moved into the Now row.

Starting in cell T140 is one of the two sets of weather data
used in crop yield calculations. They give speciBc year values
for Stress (Heat) and for MD, Moisture DeBcit, each of which
will reduce yields. If the macros don’t work, select the same
year as you used for the Good Field Days, and copy and paste
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each of those rows into the Now Value row for both Stress and
Moisture DeBcit. These values start in column T, July 5–11,
because stress andmoisture deBcits do not usually occur before
this date in Indiana.

The last set of yearly weather data to be entered starts in
row 157, col. F, the GDD (GrowingDegree Day) values for each
year. This value is accumulated throughout the season, and
CropPlan uses the planting date, as determined by the oper-
ation simulation, and then calculates when the crop has
reached maturity. If the macros don’t work on your spread-
sheet program, just copy the Weather row that matches the
year you have selected, and paste it into the Now Row.

The Typical year was chosen not as an average but to
typify what might be called a normal year (if there is such a
thing!). In fact, the use of weather data that have been aver-
aged over several years is not a good practice in simulation.
The averaging tends to take out the times of very low rainfall
and very high temperature (or very low temperature). The
average of the yields from the simulation of one dry year and
one wet year are usually lower than the yield from one run
using the average rainfall of the two years.

FIELD OPERATIONS

Now we look in detail at the programming of the calculations
for the Beld operations. We will be looking at Tables 6-2–6-5,
which are part of the CropPlan spreadsheet. We believe the
weather data used are the same as those on the full spread-
sheet on the CD that comes with this book. However, it is
possible that a diAerent data set was used on the CD, so in case
of confusion follow the sections of CropPlan that are tabulated
here. Machine capacities are listed in Table 6-5.

Observe cell D72 in Table 6-2. It shows only 0.5GoodField
Days (GFDa) during the periodMar. 1–21, and since 2 tractors
and operators are available at 10 hr/da, in a half-day 10 total
Trac Hr were available (D74). D78 shows that 5 Tractor Hr
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were used to apply fertilizer during this week, and 60 acres
were covered, D79. A79 shows that 100 acres are to be fer-
tilized in this Beld. D80 shows that 5 more Trac Hr, using the
other tractor, were used to Plow with the moldboard (MB)
plow, and 17.40 acres were Bnished. The total of 10 Trac Hr
could not be used for applying fertilizer, because that would
require both tractors, and only one fertilizer applicator is avail-
able. Also note that the operations are done in the natural
sequence of the spreadsheet calculations, which is top to bot-
tom, so listing the operations in their correct sequence pro-
grams the desired priorities. This gives the pattern for all of
the Beld operations. Notice that each row represents one Beld
and that the total acreage for any operation adds up to the
total acreage of that Beld, shown in the column to the left,
column A in Table 6-2.

Table 6-3 shows the same process for the discing and
herbicide application (D&H), the entire 375 acres for corn,

Table 6-2 Section of Field Operations on CropPlan

Column

Col. A operation: Row D E F G H

GFDa Avail. 72 0.5 1.0 1.0 1.0 2.0
Now Value 73 0.5 1.0 1.0 1.0 2.0
Tot Tr Hr Avail. 74 10.0 20.0 20.0 20.0 40.0
Spare HRS 75 0 0.0 0.0 0.0 0.0
Fert P+K 78 5.0 3.33 0.0 0.0 0.0
Acres, Fld 1 100 79 60.0 40.0 0.0 0.0 0.0
Plow MB 80 5.0 9.37 0.0 0.0 0.0
Acres, Fld 1 50 81 17.40 32.6 0.0 0.0 0.0
Plow CH 82 0.0 7.3 1.79 0.0 0.0
Acres, Fld 1 50 83 0.0 40.14 9.86 0.0 0.0
PrepDisc 84 0.0 0.0 10.00 10.00 20.0
Acres, 1–5 750 85 0.0 0.0 87.0 87.0 174.0
Fert NH3 86 0.0 0.0 8.21 10.0 20.0
Acres 375 87 0.0 0.0 41.04 50.0 100.0

Col. D = Mar. 1–21, E = Mar. 22–28, F = Mar. 29–Apr. 4, G = Apr. 5–11, H = Apr. 12–
18.
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and thenplanting Belds 1 through 5with the second tractor and
worker. The Tractor Hours Remaining, row 90, comes from
rows above, where the Good Field Days and machine capacity
determine the total Tractor hours for that time period (col-
umn). In Table 6-3, column J, other operations above J90 have
used all the Tractor Hours but 5.21. The program then splits
these in two, 2.60 hours for each tractor, and they are used for
Disc and applyHerbicide to 21.09 acres,with the second tractor
planting 16.93 acres in Field 1.

In the next week, Col K, Table 6-3, the Tractor Hours
Remaining totals 37.79, and again it is divided between the two
tractors. One tractor is used for the Disc and Apply Herbicide
operation, Row 93, and completes 153.06 acres. The second
tractor is used for Planting in Field 1 and uses 12.78 hours to
complete 83.07 acres, Bnishing the 100 acres. It then uses the
remaining 6.12 hours to plant 39.75 acres in Field 2. Notice
that the acres completed in each row total across columns to the

Table 6-3 Portion of CropPlan Showing Priorities of Operations

Column

Row Operation Field size J K L M N

89 42.00 42.00 54.00 54.00 66.00
90 Tr Hr Rem 5.21 37.79 54.00 54.00 66.00
91 Trac Hr, each 2.60 18.90 27.0 27.0 33.0
92 Tr 1 D&H, hr 2.60 18.90 24.80 0.00 0.00
93 Tr 1 D&H, acres 375 ac 21.09 153.06 200.85 0.00 0.00
94 Tr 2 Plnt 1, hr 2.60 18.90 0.00 0.00 0.00
95 Tr 2 Plnt 1, ac 100 ac 16.93 83.07 0.00 0.00 0.00
96 Tr 2 Plnt 2, hr 0.00 6.12 9.27 0.00 0.00
97 Tr 2 Plnt 2, ac 100 ac 0.00 39.75 60.25 0.00 0.00
98 Tr 2 Plnt 3, hr 0.00 0.00 11.54 0.00 0.00
99 Tr 2 Plnt 3, ac 75 ac 0.00 0.00 75.00 0/00 0.00

100 Tr 2 Plnt 4, hr 0.00 0.00 6.19 1.50 0.00
101 Tr 2 Plnt 4, ac 50 ac 0.00 0.00 40.25 9.75 0.00
102 Tr 2 Plnt 5, hr 0.00 0.00 7.69 0.00
103 Tr 2 Plnt 5, ac 50 ac 0.00 0.00 50.00 0.00
104 9 10 11 12 13
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Table 6-4 Part of CropPlan, Showing Corn and Bean Harvesting

Column

Row No. AF AG AH AI

89 Harvest 9/27 10/4 10/11 10/18
90 Tr Hr Rem 70.00 70.00 70.00 70.00
91 CORN
92 Disc + Herb 25.9 12.3 0.0 33.6
93 375 107.0 51.0 0.0 72.0
94 C-Plant 1 24.15 0.00 0.00 0.00
95 100.00 100.0 0.00 0.00 0.00
96 C-Plant 2 1.75 12.27 0.00 10.13
97 100.00 7.26 50.81 0.00 41.93
98 C-Plant 3 0.00 0.00 0.00 0.00
99 75.00 0.00 0.00 0.00 0.00

100 C-Plant 4 0.00 0.00 0.00 0.00
101 50.00 0.00 0.00 0.00 0.00
102 C-Plant 5 0.00 0.00 0.00 7.27
103 50.00 0.00 0.00 0.00 30.10
104 Harvest 31 32 33 34
105 ********** ********** ********** **********
106 Harvest 70.00 70.00 70.00 70.00
107 Tr Hr Rem 70.00 70.00 70.00 70.00
108 BEANS
109 Disc + Herb 5.0 35.0 35.0 35.0
110 375 50 125 193 8
111 B-Plant 1 0.00 0.00 18.18 0.00
112 100.00 0.00 0.00 100.00 0.00
113 B-Plant 2 0.00 0.00 16.82 1.36
114 100.00 0.00 0.00 92.50 7.50
115 B-Plant 3 0.00 13.64 0.00 0.00
116 75.00 0.00 75.00 0.00 0.00
117 B-Plant 4 0.00 9.09 0.00 0.00
118 50.00 0.00 50.00 0.00 0.00
119 B-Plant 5 9.09 0.00 0.00 0.00
120 50.00 50.00 0.00 0.00 0.00
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total listed in column A. Also, the Tractors Hours Remaining
for each column are used up as the hours are listed for each row
or operation. For example, cell K91 shows 18.9 Tractor Hours
Remaining for each tractor. The Brst tractor uses the 18.9
hours for the Disc + Herb operation. The second tractor uses
its 18.90 hours by planting for 12.78 hours in Field 1, Bnishing
that Beld and then planting for 6.12 hours in Field 2, totaling
18.90 hours in the two Belds. All other Beld operations are
programmed in this way, to move down in the weekly column,
completing one Beld after another, and then continuing on
down to other operations but moving to the right each week
and completing Belds and operations.

Changing to a harvesting operation, note Table 6-4. In
AF90 we see that 24.15 hours of combine harvester time were
available and 100 acres of corn were harvested, completing
Field 1 and leaving 1.75 hours remaining. So 7.26 acres were
harvested from Field 2 during the week beginning Sept. 27.
Note that during the week of Oct. 11 (column AH), no corn was
harvested. Why? Look down to rows below 108 and note that
beans were being harvested during this week (Table 6-4).

YIELDS AND RETURNS

Now for corn growth and yield, go to Z22 on the computer
screen. Here the three rows for each Beld give the accumulated
Growing Degree Days (Z22), and below that the accumulated
yield of the grain (Z23), and below that the grain moisture
content (Z24). Note that the yield accumulates to a maximum,
in this case, 134.17 bu/ac, in week 29, and then slowly de-
creases due to increasing Beld losses. Move across to column
AQ and you have the Actual Yield for each Beld, according to
when it was harvested, 132.17 bu/ac for Field 1, harvested in
weeks 31 and 32, Row 95. This example shows very low Beld
loss, as we would expect in this Brst Beld to be harvested.
Undersized equipment and/or bad weather can delay the har-
vest and allow larger Beld losses to reduce these yields.
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Now obtain the following results on this spreadsheet for
the Typical weather, looking for Corn Yield in Field 1 at AQ23.
Get the details of howmany acres were harvested eachweek in
each Beld, possibly by blocking oA this area of the spreadsheet,
printing it, and then circling the amount harvested for each
week and each Beld, and include the average yield for each Beld
from columns Y12 for corn and AE12 for beans. Also check the
total proBts from the Input/Output table for the ‘‘Sell Wet’’
option and the ‘‘Dry and Store’’ option. You could either write
this on the table you have already printed or print out the
Input/Output table.

After getting those values from the spreadsheet, which
should agree with Table 6-1 (it is possible that the data on the
CDmay be for a diAerent year), make another run by selecting
the 1974 weather data (Late Plant macro). Remember that
once you have made a change in the data, the results are
immediately available in the Input/Output; there is no waiting
for the run to be made, as in the old days of slower computers!

Then compute values for the di Aerent weather, which
caused later maturing of the corn. Get the details of howmany
acres of corn were harvested each week in each Beld by going
back to about row 94 and then searching the columns for the
Brst corn to be harvested in Field 1. Also make note of or print
out the Input/Output table to show diAerences in yields and
proBts between the Typical year and the Late Plant year.

With the Late Plant data, make one more comparison:
Change the interest rates from 5% to 10%, and check the new
Net ProBts in the Input/Output table.

CropPlan Application 2: Crop Growth and Field
Operations Simulator, Using the S10 Machinery
Selection Program for Updating Machinery Costs
and Capacities

The overall goals of this project are to:

a. Compare income results for diAerent weather years.
b. Compare income results for diAerent interest rates.
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c. Compare results with more labor hours per day
against higher-capacity equipment.

d. Compare income results from diAerent sets of machin-
ery.

To do this project, we will need to modify CropPlan some-
what. First, we will use machinery costs and capacities from
S10, where more recent data are available than in the older
CropPlan. Where data are not available on S10, use the
original data in CropPlan. From the table at AF174, cut out
the costs of the MB (moldboard) plow and the Forage Har-
vester, and get the Value (Cost) from S-10 for the Chisel (CH)
Plow, Disc Harrow, Planter C+B, Tractors (2), Combine, C+B
Heads (Corn and Bean Headers, summed), leaving the others
the same. Equipment Capacities are at AL4 in CropPlan, so
change them based on the capacities found in S10.

Second, we will follow through and see how the original
CropPlan was modiBed to provide a formula for average Bxed
cost per year that allows us to change Interest rates separately
and that includes Depreciation, Insurance, Repairs, Housing,
and Taxes. We did this by using Straight Line Depreciation:

Depr=yr ¼ ðCost� SalvageÞ=Life; yr:
For Interest, Taxes, Repairs, Insurance, and Housing, we

used a percentage of the Average Value, the average depreci-
ated value of the machine over its whole life. Interest can be
entered into CropPlan cell AP161, Interest Rate, Machinery
Fixed Costs, and we will use 1.5% of the Average Value for
Taxes, Repairs, Insurance, and Housing.

Ave: value ¼ ðCostþ SalvageÞ=2
But CropPlan allows us to enter only the Cost (First Cost) of
each machine, not the Salvage Value, so we will assume a
percentage value of the Cost as the Salvage Value, depending
on the Life you assume. For example, if you assume a Life of 10
years, a Salvage Value of 10% of the Cost would be reasonable.
However, if you wanted to trade in the equipment more often,
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say, every 5 years, then Salvage Value might be 30% of the
Cost.

We assumed a salvage value of 10% and a 10-year life. The
formulas we developed for the average annual Bxed cost went
into cells AP164–166 in CropPlan. They calculate the average
percentage to be multiplied by the Cost to get total annual
Bxed costs in the spreadsheet, which are in cells AQ184–186.

Using Life = 10 yr and Salvage = 10%,

Depr=yr ¼ ðCost� 0:1* CostÞ=10 ¼ 0:09 * Cost

so for the Depreciation in AP164–166, we would use 0.09. Also,

Average Value ¼ ðCostþ 0:10 * CostÞ=2 ¼ 0:55 * Cost

The Ave. Annual Interest, Taxes, Repairs, Housing, and
Insurance are based on this Average Value. So in AP164–166,
the 0.015 for Taxes, Repairs, and Insurance should be (0.015 *
0.55) because this number will be multiplied by the Cost (the
First Cost) in CropPlan (AQ184–186). Last, the Interest rate
from Cells AP160 and 161 should also be multiplied by 0.55 to
adjust the Cost (AQ184–186) to an Average Value over the life
of the equipment. So a typical cell function for AP164 should
have these three terms to account for (1) Depreciation, (2)
Interest, and (3) Repairs, Taxes, and Insurance:

þð0:09þ ð0:55 * AP160Þ þ ð0:55 * 0:015ÞÞ
These functions made an improvement in CropPlan,

because they calculate more accurately the Average Annual
Fixed Costs and still allow for changing the Interest Rates.
Now look in cells AQ184–186 for the functions to calculate
Fixed Costs (F.C.) for the three groups of equipment and
machinery. Note that they follow the earlier form. Now when
the interest rate is changed in the Input/Output table, it
applies to all these equations and accounts correctly for the
new interest rate.

Goal a. Replace the CropPlan machinery and equip-
ment costs with S10 costs for equipment of about the same

Chapter 6128



capacity. Use 5% Interest and the Typical Weather. This will
be the Standard Run.

Make this run and record the Net Income for both the Sell
Wet and Dry Store options. You could Bnd a free spot on the
spreadsheet to enter these results. Make three more runs with
the Late Plant, Drought, and High Yield weather data, record-
ing the same Net Income results.

Goal b. Now change the Interest Rate from 5% to 10%,
and record those results for the Typical Weather.

Goals c. and d. Nowwe compare the original equipment
set with the original hours per day with a lower-cost, lower-
capacity set of equipment with the original hours per day and
with a higher daily labor input to see if we can substitute labor
for equipment. We will use the results of (a) with Interest at
5%, so reset those values. Then use S10 data and select another
set of equipment with approximately 65% to 75% of the capa-
city of the standard set and run both Late Plant Weather and
TypicalWeather. List your equipment setswithCapacities and
Costs. Then run all four Weather data sets with the lower-
capacity equipment, Brst with the original hours per day and
then with an increase in the labor available per day from 10 to
12, in the Input/Output table. That’s eight runs in total.

CONCLUSIONS

Farmers the world over are plagued by weather problems: too
much rain at one time, too little at another time, freezing
temperatures when new crops or buds on fruit or berry plants
are tender. Some of the delays caused by weather can be
partially overcome if the capacity to complete Beld work is
increased and if seed cultivars are selected carefully. The
spreadsheet tool discussed and demonstrated in this chapter,
CropPlan, can simulate Beld operations, crop development and
yield, and crop maturity dates. With this software tool, agri-
cultural systems managers and others can ‘‘test’’ the eAects
of changes in machinery capacity, crop cultivars (varieties),
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length ofworking days, number ofworkers, and planting dates.
While this spreadsheet is not perfect, it is a very useful tool, not
only for studying the eAects of the variables mentioned but for
making decisions based on its results.

REFERENCES

1. Smith, Robert D. Biomass storage, decision support systems and
expert systems in crop production and processing; Ph.D. dis-
sertation, Purdue University: West Lafayette, IN.

2. Smith, R.D., Peart, R.M., Barrett, J.R. Agricultural Production
Management with Decision Support Systems, ASAE Paper No.
85-3076, St. Joseph, MI: ASAE, 1985.

3. Shutske, J.M., Peart, R.M., Smith, R.D., Lambert, J.R. Simu-
lation with Spreadsheets, ASAE Technical Paper 85-5001, St. Jo-
seph, MI: ASAE, 1985.

4. Peart, R.M.; Barrett, J.R. Energy use in maize harvest and dry-
ing. In: R.M. Peart R.C. Brook eds. Analysis of Agricultural
Energy Systems. Elsevier: Amsterdam, 1992, 157–177.

5. Doster H. Top Crop Farmer Planning Model. Cooperative Exten-
sion Service, Purdue University: West Lafayette, IN, 1981.

Chapter 6130



7

Crop Simulation

Robert M. Peart

One of the areas of biological engineering that is being actively
researched and developed for use in agriculture is crop simu-
lation. In this work, crops such as wheat, soybean, and cotton
are viewed as a system of processes that go on continuously,
from germination of the seed in the soil to the full development
of the grain (or forage) yield. Agricultural scientists and
engineers have developed computer programs that calculate,
on a day-by-day basis, crop growth and, eventually, yield,
based on soil, weather, seed variety, and management, and
these programs may be used to manage crops with regard to
current environmental conditions [1]. Irrigation, timing of
pesticide application, and fertilizer levels may be determined
‘‘on the go’’ throughout the season. These models have been
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developed through years of research in Beld plots, growth
chambers, and computer labs [2].

Crop growth simulation will be an important tool in the
technical agricultural systems management of the future. It is
already used on hundreds of cotton farms [3] and by soybean
producers [4].

CLIMATE CHANGE AND CROP MODELING

Accurate measurements of carbon dioxide levels in the atmo-
sphere have been made for many years, and there is no
question that they are steadily on the rise. Increased carbon
dioxide increases the photosynthesis in plants, and some
greenhouse crops are ‘‘fertilized’’ by adding carbon dioxide
to the building. In experimental research at the University of
Florida [5] and other research institutions, a 50% increase in
carbon dioxide (forecast for the the year 2030, depending on
eAorts to reduce the rate of increase) would increase the yield
of grasses such as maize (corn) by about 10% and of legumes
such as soybean by about 30%, assuming other factors such as
temperature, solar radiation, and rainfall did not change.
Further interesting research has suggested that forecasts of
the El Niño and La Niña weather shifts, along with climate
changes due to increased carbon dioxide, may allow better
management by using crop models. This is reported by Royce
et al. [6]. We will work with this artiBcial model to study
some eAects of possible future climate change that are being
predicted.

A signiBcant Bnding ofwork on using cropmodels to assess
the climate change eAects on crops in the U.S. Southeast was
the increasing value of irrigation. Peart et al. [7] found that in
many locations, the reduced rainfall forecast for climate
change reduced simulated yields more than the increase
caused by higher carbon dioxide. This meant that irrigated
soybean under climate change had an increased advantage
over the nonirrigated crop.
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THE ARTIFICIAL CROP MODEL ON A
SPREADSHEET, CROPTOY

The spreadsheet crop model CropToy demonstrates some of
the concepts of a dynamic, process-based, physiological crop
growth model, but the relationships in this spreadsheet are
very simple and are not accurately based on the actual pro-
cesses, such as photosynthesis and evapotranspiration. In
other words, this spreadsheet is developed to mimic crop
simulation in a simple, understandable way.

The word dynamic means that the process is not static in
time but is a continuous process that can change minute by
minute. Actually, the plant senses and responds to such quick
changes as a cloud covering the sun momentarily. Process-
based means the simulation is written as a series of processes
that go on in the soil–plant–atmosphere environment, some
independently, some dependent on other factors, and some in
parallel with time. These processes are based on the physiology
of the crop, the eAects that environmental variables have on
physiological processes, such as the all-important and amazing
process of photosynthesis, bywhich food ismade from sunlight,
carbon dioxide, water, and a few inorganic chemicals.

This spreadsheet demonstrates that the process of crop
production by the plant is one that has a number of interactions
between the parts of the plant, the processes, and the inputs.
For example, leaf area index (LAI), a measure of the total leaf
area of the plant, has an eAect on evapotranspiration (ET), the
total moisture evaporated from the soil and from the leaves of
the crop, and this aAects the soil moisture content. But soil
moisture content aAects the nutrients in the soil (excess water
will leach out nutrients), which in turn aAect growth and the
LAI. Check this out by following through the equations in the
upcoming section on DeBnition of Variables for F (evapotran-
spiration), G (soil moisture content), J (soil nutrients), M (pho-
tosynthesis), and N (leaf area index).

Another important concept of crop growth simulation is
integration. The plant itself is an accurate integrator of all the
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various factors, in that it is continually accumulating nutri-
ents and leaf area, so the results of an early week of drought
will have an aAect all the way through the growing season.
On the computer, we do this integration approximately as
numerical integration, which is adding the results of each
time step—an hour, a day, or a week—to the total accumulated
previously.

Crop growth simulation programs require much of the
information about the crop in the Beld: seed variety, planting
date, soil water-holding characteristics, soil nutrients, daily
max-min temperatures, rainfall, solar radiation. With these
data, andwith each underlying crop physiological function, the
simulation program grinds out calculations for each day;
results such as leaf area and root density aAect the next day’s
calculations. For example, as the leaves grow, they can absorb
more solar energy, producing more photosynthate, which
makes the leaves grow even more the next day. Rules are
included to decide when the plant sends energy into seed
growth instead of leaf growth; each favorable day adds to the
eventual yield. Some models are even more detailed, calculat-
ing hourly changes in the physiological processes as the tem-
perature and solar radiation change throughout the day. These
programs are often called process-based models, because they
simulate the physiological processes as they actually work in
the plant. These processes have been discovered through years
and years of research by plant physiologists and other scien-
tists. The major processes are (1) photosynthesis, (2) transpi-
ration, (3) evaporation, (4) phenology, (5) vegetative growth, (6)
reproductive growth (seeds), and (7) maturation. These are
brieCy discussed later.

These models can be used in management, for strategic
planning of the next year’s crop, or for tactical day-to-day
management of irrigation and fertilization. Managers have
used models such as these to determine new machinery needs
for the future, based on yields, maturity dates, and Beld losses.

Even with themost complex crop models, the actual crop–
soil–atmosphere system is more complex. EAects thought to be
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caused by enzymes generally are not modeled, nor are the
minute-by-minute changes that occur when a cloud covers the
sun.

The spreadsheet model presented here, CropToy, is much
less complex, less accurate, and less realistic than the real crop
models. It is a ‘‘model of a model,’’ designed strictly for
teaching some of the major causes and eAects in crop growth,
the feedback processes, and a simpli Bed concept of how a
process-based crop model works. This spreadsheet model illus-
trates how amodel can be used for crop management. It makes
calculations weekly, instead of daily, to save space on the
screen. It illustrates interactions between variables. For exam-
ple, the soil nutrient level (Nutr) depends on leaf area (LAI)
and soil moisture (Mcorr). But leaf area (LAI) in cell N30
depends on last week’s soil nutrient level in cell J29. The units
of the variables are shown in the descriptions that follow, but
some of them are ‘‘relative’’ and undeBned, since this is a
hypothetical model.

In the spreadsheet cell references, each row is a new time
step, one week, and each column is one of the variables, some
inputs and some calculated outputs. We have used row 30
arbitrarily as the currentweek forwhich calculations are being
made, so a cell designated row 29 is the value of a state variable
in the previous week. Most of the processes are calculated as
the sum of last week’s value plus a function involving other
calculated variables and/or weather and management inputs
for this week.

DEFINITION OF VARIABLE

Column Value or function

A: Wk, Week No., Week 1 = Planting Week
Data input

B: Tav, Ave. Temperature for the week, F
Data input
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C: CGDD, Cumulative Growing Degree Days
= Last CGDD + (Tave � 50) * 7da/wk
= C30 = C29 + (B30 � 50) * 7

Cumulative GDD, gives a measure of the ‘‘physiological age’’ of many
crops, especially corn (maize). This very important measure in plant phys-
iology indicates when certain important changes, such as blooming and
maturity, occur. These changes in plants that happen at fairly speci Bc
times during the life of the plant are called the phenology of the plant. Corn,
for example, reaches maturity at a Bxed number of growing degree days
from the planting date. The GDD value for one day is the di Aerence be-
tween 50jF and the average daily temperature. Insect growth stages may
also be tied to GDD. Some plants and insects use a standard di Aerent from
50jF (10jC). Here, (Last CGDD) means the CGDD from last week, so the
function for C30 is

C30 ¼ C29þ ðB30� 50Þ * 7

D: Sol, Solar Radiation, Relative
units

Data input

E: Rn, Rainfall, inches this week Data input

F: ET, Evapotranspiration
= (Tave + Solar)/320 + 0.12 * LAI
= (B30 + D30)/320 + 0.12 * N30

Evapotranspiration is the movement of moisture from the soil surface by
evaporation plus the movement of moisture from the crop leaves by
transpiration. It is higher for higher temperature and solar radiation and
will also be higher for more leaf surface area. The constants used in all
these functions, 320 and 0.12 in this function, are purely arbitrary and were
selected to give answers in a reasonable range.

G: MC, Soil Moisture content, inches
= Last MC � ET + Rain + Irrig, (MC <= 2.0)
= @IF((G29 � F30 + E30 + I30) > 2.0, 2.0, (G29 � F30 + E30 + I30))

The soil moisture content at any point in time is the sum of the moisture
content at the last time period (G29) minus that lost by evapotranspiration
this week (F30), that added by rainfall this week (E30), and that added by
irrigation during the past time period (I30). The spreadsheet @IF function
has the general form @IF ((a), (b), (c)); meaning IF (a) is TRUE, then (b) is
the cell value, but IF (a) is NOT TRUE, (c) is the cell value.
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H: Mcorr, Corrected Soil Moist. to
prevent MC < 0

@IF(G30 > 0, G30, 0)

Here we correct the soil moisture to make sure it does not go below zero,
since these equations are rather crude, and negative moisture content could
occur in the computation.

I: Irr, Irrig. applied this week,
inches

Data input

J: Nutr., Soil Nutrients, relative units
= Data input for Week 1, and for following weeks:
= Last Nutr. � ((Last LAI * 2.8) + (Last Mcorr * 3.9)) + (Last +Ntr)
= J29 � ((N29 * 2.8) + (H29 * 3.9)) + K29

Soil nutrients can be calculated somewhat like soil moisture, by deleting
from the past nutrient level the amount of uptake by the plants, which
should be a function of the last week’s leaf area index (the bigger the plant,
the more nutrients it withdraws). Also, high soil moisture content last week
would indicate that there may be more leaching of nutrients down through
the soil layers and beyond the reach of the roots. Lastly, we must add in any
nutrients (fertilizer) added to the soil during the time period (last week).
The constants 2.8 and 3.9 in this equation were determined arbitrarily to
give a somewhat reasonable response for this function.

K: +Ntr., Added nutrients (fertil.),
relative units

Data input

L: Stg, Relative Crop Growth Stage Data input

One of the more complex processes within a whole plant (especially annuals)
is the switching of the plant nutrients from producing more leaves, stems,
and roots to that of putting all the nutrients into seed production. In
determinant plants, the process is rather abrupt; in corn (maize), for
example, the state variable, cumulative growing degree days, is a rather
accurate measure of when this switch from vegetative to seed production
occurs. In determinant soybean, a combination of day length and cumulative
growing degree days is the predictor. However, there are indeterminant
soybeans, more common in the northern United States, where cool
temperatures provide the mechanism to shut down the vegetative growth.
The causes of the timing for this change are not well known for many other
plants. In this simple spreadsheet, column L is a data entry column; if
the number is 5 or greater, seed growth is carried on and LAI increase is
stopped. For growth stages less than 5, we simply left the column L cells
blank or zero. The functions in column N, LAI, are a Aected by this variable,
Stg, with an @IF function, explained under that de Bnition.
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M: PSyn, Photosynthesis this week
= (Tave + Solar)/48 * LAI * Mcorr/2
= ((B30 + D30)/48 * N30 * H30/2)

Photosynthesis is a magni Bcent process, in my opinion. Humans and all
other animals and other nonphotosynthesizing organisms on the earth,
through respiration processes, use oxygen, O2, and produce carbon dioxide,
CO2. Without photosynthesis, our oxygen supply would be decreasing.
Green plants, with their chlorophyl, absorb solar radiation, nutrients, CO2,
and H2O and produce carbohydrates, COHOH, and give O2 back to the
atmosphere, thus providing us with both food and oxygen, for which I am
personally very grateful!

The current concerns about climate change are that CO2 is increasing
in the atmosphere due to burning of fossil fuels. Increased CO2 generally
increases the photosynthetic rate of plants, but the concern is that
increased CO2 will trap more heat and a Aect our climate.

Photosynthesis is directly proportional to solar radiation for most
crops and within a certain range of solar radiation. The same is true for
temperature. But at temperatures over about 86jF (30jC) photosynthesis
levels o A and then decreases. Leaf area a Aects photosynthesis until the LAI
gets above a certain point, then it levels o A too. Moisture is also important,
because with lower moisture in the plant, photosynthesis is reduced. All
four of these factors are shown as strictly linear in this function, so it is
reasonably representative only for a limited range of inputs. In your second
lab, you will have a chance to change one of these linear functions to a more
accurate nonlinear function.

N: LAI, Leaf Area Index
= (Last LAI) + CGDD * (Last Nutr.)/62,400 (no growth when Stg V 5)
= @IF(L30 < 5,(N29 + C30 * J29/62,400), N29)

Leaf growth is, of course, a Aected positively by the amount of nutrients
available in the soil. Also, the cumulative GDD since planting will have an
e Aect because the more mature plants, with more roots, stems, and leaves,
can grow leaf area faster.

O: SdWt, Total Seed Weight (Yield)
= Last SdWt + ((PSyn * 48) + (Nutr � 40) * 1.2) (if 300 > Nutr > 50) or
= (Last SdWt + 1%) (if 300 < Nutr <= 50)
= @IF (J30 > 50 #and# J30 < 300, (O29 + (M30 * 48) + (J30 � 40) * 1.2),
O29 * 1.01)

Total weight of the seeds is the yield we are after in grain crops. For so-
called forage crops, harvested for hay or silage or as pasture, the LAI would
be the desired yield. In this function, we have incorporated the idea of a
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DISCLAIMER

This model is only for teaching the principles of simulation of
crop growth and does not represent a particular crop, nor does
it necessarily follow plant physiological principles accurately.

APPLICATION EXERCISES WITH CROPTOY

Next we present some projects to demonstrate practical appli-
cations of a crop model, although we continue to emphasize
that CropToy is not a real crop model. However, it is an easy
tool to use in learning about dynamic crop models. The Brst
project shows how the model reacts to the addition of fertilizer
and to the addition of irrigation. The amount of yield will, of
course, increase asmore fertilizer is added, up to a limit, butwe
do not demonstrate that, although it is easy to do. In addition to
the amount, the timing of added fertilizer is important to the
crop, and that is part of the exercise, trying the addition of
Nutrients, or fertilizer, for diAerent weeks, with only one week
at a time having the extra nutrients.

Before starting these tests with CropToy, save a second
copy, the original, so you can go back to it after you have
changed a number of the original input values, perhaps calling
the original CropToy1.

limiting factor, the level of nutrients in the soil, Nutr. If this is less than 50
units, we simply increase the yield by a low 1%. Also, if the nutrient level,
Nutr, is greater than 300, determined to be detrimental to the crop, the
yield is increased by only 1%. This discourages the user from simulating
fertilizer levels that are too high but that would otherwise show a very high
simulated yield. Otherwise, if the nutrient level is between 50 and 300, the
added yield for each week is directly proportional to the photosynthesis for
this week and the nutrition in the soil, Nutr, above 40 units. Some indirect
causes, such as temperature and solar radiation, rainfall, and LAI, show
their e Aects through the process for photosynthesis and nutrition. The e Aect
of growth stage, Stg, is simulated here by manually entering a blank or zero
in the SdWt column, O, for rows where the Stg is less than 5.
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If the soilmoisture is low, irrigationwill improve the yield.
However, the soil moisture changes from week to week, so the
eAectiveness of irrigation will depend on the week it is added.
That can easily be determined by noting theweekwhen the soil
moisture is lowest and adding irrigation then. Or do you add
the irrigation the week before the soil moisture is lowest?
Check this out by experimentation and also by noting that:

a. SeedWt (Yield) is a function of Photosynthesis and
Nutrients.

b. Photosynthesis is a function of Mccorr (moisture
content). And it is a positive linear function: The
greater the Moisture Content, the higher the Photo-
synthesis and, thus the higher the yield.

c. Both these functions depend on the moisture content
and photosynthesis for that same week, not the week
before.

Project 2 is a contemporary one dealing with global
warming and its possible eAect on crop yields, and Project 3
introduces non-linearity.

Project 1: Managing Timing of Fertilization
and Irrigation

Your Brst goal is to get the highest possible yield in week 20,
column O. You have three cases, and you will use trial and
error to arrive at the best times. First note the original Bnal
yield, and then add 50 units (or pounds) of nutrients in a
particular week, noting the new Bnal yield. Then set the
nutrient back to zero and add it in a diAerent week, continuing
until you Bnd the best week. Second, leaving the fertilizer as in
your bestweek, and Bnd the bestweek to add 1 unit (say, 1 inch)
of irrigation. Third, still with fertilizer added, Bnd the best two
weeks to add 1 inch of water each time.

1. Note the de Bnitions of column headings, given
previously.
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2. Move the cursor to various columns to see how the
formulas agree with the deBnitions.

3. Note interactions between variables, as illustrated in
Figure 7-1.

Project 2: Climate Change and Effects on Crop
Growth

1. Use the spreadsheet Ble CropToy to plot the eAect of
temperatures for one week (Week 18) from 50jF
through 90jF, in steps of 5j, on Evapotranspiration
(column F), setting the Solar constant at 62 units and
the LAI at 5.02. (LAI of 5.02 means the leaf area of the
crop is 5.02 times the soil surface area that the crop
occupies.) Note the ET value for Week 18 for each
Temperature (50, 55, 60, . . . , 90); then put these

Figure 7-1 Information and material Cow diagram for CropToy,
arti Bcial simulation model.
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values along with the temperature values into a
simple spreadsheet so you can plot ET vs. Temper-
ature. Give the plot a Title, label both X- and Y-axes,
and make it a line graph.

2. Similarly, plot the eAect of Solar Radiation for one
week (Week 18) from 20 to 70 units, in steps of 10
units, on Photosynthetic Rate (columnM), settingTave

constant at 79jF, Mcorr at 1.4 inches, and LAI at 5.02
units. As with temperature, enter the diAerent values
of Solar Radiation into Week 18, and note the Photo-
synthesis value. Then start another spreadsheet
using the values of Solar Radiation vs. Photosyn-
thesis. Turn in the line graph of Photosynthesis vs.
Solar Radiation. This may give a clue about one pos-
sible eAect of global warming, changes in the amount
of solar radiation, although this eAect has not been
seen as a major factor in global warming.

Are these straight-line relationships, according
to the spreadsheet? Should they be straight-line
relationships according to crop physiology?

3. To get an indication of a possible climate change eAect,
note the Bnal yield on the spreadsheet with the
original inputs that are given. Then go down the Tave

column and increase each temperature by 3jF, a
predicted climate change eAect. What is the eAect on
the yield? Based on the formulae in the spreadsheet,
why does this temperature increase reduce yields?

4. Keeping the increased temperature input, next go
down the Rain column (E) and add 0.2 inches to each
value. Note the new yield and the combined eAect of
increased temperature and rainfall. (In our research
in climate change, the rainfall with climate change is
not aAected uniformly; Onemonth’s rainmay be above
the normal climate average, and the nextmonth’s rain
with climate changemaybe lower, so the eAects arenot
as simple as the spreadsheet shows.)

5. One factor that is not included in this simple model is
the eAect of carbon dioxide, which is probably themost
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important greenhouse gas and which is deBnitely
increasing over time. Accurate measurements of
carbon dioxide level in the atmosphere have been
made formany years, and there is no question that it is
steadily on the rise. This model does not include the
carbon dioxide eAects, but we can try some possibil-
ities by using some approximations of research re-
sults, as given next.

Increased carbon dioxide does increase the photo-
synthesis in plants, and some greenhouse crops are
‘‘fertilized’’ by adding carbon dioxide to the building.
We mentioned earlier that a 50% increase in carbon
dioxide (forecast for the the year 2030, depending on
eAorts to reduce the rate of increase) would increase
the yield of grasses such as maize (corn) by about 10%
and of legumes such as soybean by about 30%,
assuming other factors such as temperature, solar
radiation, and rainfall did not change.

We could experiment by increasing the yield of
CropToy by 30%, pretending that this crop is soybean,
and reducing the rainfall by 15%,which is in the range
of climate modeling results for an increase of 50% in
the carbon dioxide level. Add a column on the right
side of CropToy, call it Yld + 30%, and insert the
formula + O11 * 1.30 in the new column P. Note that
the O after the + is the letter O, not the number 0. The
formula says, ‘‘Multiply the yield in column O in this
row by 1.30.’’ Start this in the row of your version of
CropToywhere SdWt starts to be above zero, shown as
row 12 in Table 7-1. Compare the yield without cli-
mate change to the yield in column P, which includes
the 30% increase for more carbon dioxide and the 15%
reduction in rainfall.

Project 3: Linear vs. Nonlinear Biological Functions

In this relatively simple spreadsheet model, all the functions
are linear, whereas the real functions are mostly nonlinear.
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Your task in this lab is to make Photosynthesis a nonlinear
function of (Tave + Solar), rising linearly at Brst, and then
slowing its rate of increase as the temperature and solar
radiation increase. This type of function is more realistic. Try
to make PSyn match the following values with Bxed values of
LAI = 5.0 andMcorr = 2.0, and the following values of Tave and
Solar. Use the small table on the right-hand side of the spread-
sheet CropToy.

Function in the Model, Linear: PSyn = (Tave + Solar)/
48 * LAI * Mcorr/2

Form of the Nonlinear Model: Let T + Solar = TS

PSyn ¼ ðTSÞ=48 *LAI *Mcorr * 0:7� 3:5� ða * TSÞ^2
� ðb * TSÞ^3� ðc * TSÞ^4

or

PSyn ¼ ðTSÞ=48ð * LAI *Mcorr * 0:7Þ � 3:5� ða * TSÞ2

� ðb * TSÞ3 � ðc * TSÞ4

(Try a, b, and c in the range of 0.002 – 0.01, with a < b < c.)
The objective is to produce values for PSyn that are close

to the values in the Table 7-2, which are the desired (goal)
values, by adjusting the values for a, b, and c.

Table 7-2 Data for the Nonlinear Function Project

Tave Solar T + Solar
Desired nonlinear
photosynthesis

70 60 130 13.50
70 70 140 14.58
80 70 150 15.30
80 80 160 15.80
90 80 170 16.10
90 90 180 16.30
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Hard copy to be turned in for Lab 3: graph and results. The
spreadsheet is set up with a graph of TS vs.

1. The desired value of PSyn from Table 7-2.
2. Your new nonlinear function in the form shown ear-

lier, butwith better values fora, b, and c. Print out this

Figure 7-2 Plot of the desired nonlinear function (diamonds) and
the nonlinear function developed (squares).
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graphwhenyouhavevalues fora,b, and c that approx-
imate the nonlinear goal values. Also, list the values
for a, b, and c. It should look like Figure 7-2, except the
values of a, b and c are not the best in this Bgure.

CONCLUSIONS

The simple spreadsheet presented in this chapter is meant to
give the basic fundamentals of crop simulation in a simple,
easily usable form. The concept of interactions between various
parts of the soil/plant/atmosphere system is important, and
these eAects show up in the Cow diagram.

The concept of a dynamic, ever-changing system is
shown by the use of rows in the spreadsheet, each represent-
ing a diAerent week. Even though changes occur much more
rapidly than once a week in the real world, the model shows
that each time step depends partly on the previous one and
partly on the inputs in the current time step. This dynamic
eAect can be shown easily with this tool, for example, by
changing the time of application of water or fertilizer. The
eAect can be quite diAerent depending on the timing of the
application.

This study also shows how a crop model can be used in
management for planning ahead (strategic planning) aswell as
for making changes during the growing season (tactical plan-
ning). The agricultural systems manager may make decisions
before the start of the season, such as selecting crop types and
planting dates or purchasing diAerent equipment. Other man-
agement decisions may bemade during the season, such as the
timing and amount of irrigation and the timing of pesticide
applications.We believe the agricultural systemsmanagerwill
be using crop models increasingly in the 21st century.
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8

Optimizing the Use of Resources:
Linear Programming

Robert M. Peart and Fred Royce****

Linear programming is a powerful tool used extensively in
many agricultural, feed, and food operations. A classic type of
problem it solves is to select the amount of ingredients to put in
amixture tomeet certain criteria, or constraints, such as ‘‘Pro-
tein content must be at least 15%,’’ and ‘‘Select the lowest-
cost combination of these ingredients.’’ Often there is an
almost inBnite number of combinations of types and amounts
of ingredients that will meet the criteria, but themanufacturer
obviously wants to minimize the cost of the mixture.

Linear programming problems use the terms activities
and resources, which we will also be using in connection with
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project scheduling problems in Chapter 10. In general terms,
the resources are used to complete the activities. For instance,
in the feed-mixing problem, the activity could be fulBlling the
required amount or percentage of a certain nutrient, such as
protein, needed in the feedmixture. A resource would be one of
the feed ingredients that may be used to provide protein in the
mixture. Typically, in a real feed-mixing problem, a dozen or
more ingredients are available, such aswheat, brewer’s grains,
bran, and cottonseedmeal, that might be a part of the mixture.
The activities, or requirements, are theminimum ormaximum
percentage of nutrients guaranteed by the manufacturer to be
contained in themixture. Aminimum level of protein is usually
speciBed, for example, and the mixture may contain protein
from many diAerent ingredients that are contained in the Bnal
mixture.

Much more information and further examples are given
by Hillier and Lieberman [2] and by Sowell and Ward [3].
Several requirements must be met for a problem to be solvable
by linear programming.

REQUIREMENTS OF THE LINEAR PROGRAMMING
MODEL

1. The constraints must be linear. This means theymust
be in a form such as

0:40 * X þ 0:08 * Y <¼ 15

where

X ¼ pounds of soybean meal per 100 pounds of

feed

Y ¼ pounds of corn per 100 pounds of feed

This is a linear equation because the coe E cients (0.40,
0.08) are constants and the variables (X andY) are not
raised to a power. The equation can be plotted as a
straight line, so it is a linear equation.
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2. The equation deBning the total cost (or return) is also
linear. For example, the cost of the feedwould be some
constant cost per pound for each ingredient, multi-
plied by the number of pounds of each ingredient. The
only practical problemhere is that a small amount of a
particular ingredient might cost more per pound than
a large amount. Usually a feed mill buys quantities
large enough that the cost of each ingredient is es-
sentially the same per pound; but in other cases, this
linearity requirement could cause a problem with the
accuracy of a solution.

3. Another important requirement is that the variables,
such as X and Y earlier, be continuous, not integer.
That is, the solution for the number of pounds of
ingredient may be any number such as 0, 22.34 or
2000.5. This is no problem for pounds of feed, but it is a
problem if we want to solve for the number of 120-hp
tractors in some other situation and we want an
answer of either 0 or 1 or 2. Ordinary linear pro-
grammingmight recommend 0.67 tractors of this size!
Muchresearchhasbeendoneonhowtogetaround this
problem with linear programming, but it is actually a
mathematical problem (which we will not study).

USING QUATTROPRORRRR TO SOLVE LINEAR
PROGRAMS: HOG/CATTLE OPTIMIZATION

Learning how to solve practical problems with linear program-
ming is easier if we use and solve small but realistic examples.
This Brst one is very simple. Youmight think the answer could
be found by hand calculations or by intuition, and it probably
could. After you have set up the numbers in the spreadsheet,
you may want to try Bnding the solution without the linear
programming algorithm.

The program we will use, QuattroPro, uses a variety of
diAerent algorithms, or programmed rules, to solve the prob-
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lem. In general, it tries many diAerent feasible combinations of
amounts of ingredients, as long as each new try is closer to the
‘‘optimal,’’ or best, solution than the last one. Thus, when no
lower-cost combination can be found, the optimal solution has
been found. The optimal solution desired may be either a min-
imum or a maximum, for example, a minimum cost or a max-
imum proBt. Microsoft ExcelR, the other major spreadsheet,
will also solve linear programming problems through its Tools
menu and selecting Solver, but we do not include a description
of this procedure.

This lab assignment involves doing a very simple linear
programming example using QuattroPro Optimizer. Opti-
mizer, as the name suggests, Bnds minimum, maximum, or
exact solutions to problems involving sets of linear (or non-
linear) equations and inequalities. Although Optimizer can
handle problems involving rather complex, nonlinear equa-
tions and constraints, the concepts are the same as those re-
quired for a simple linear programming problem, such as the
following.

A man has 300 acres of land on which he wants to go into
animal production instead of raising crops. He has the follow-
ing facts for the management systems for hogs and cattle he
has decided to use.

a. Hogs require half a year and 0.6 acres of land per head,
and cattle require one year and 1.0 acre per head.
Since two hogs can be produced on the 0.6 acres in one
year, the annual land requirement for hogs is 0.3 acres
per year. A total of 300 acres is available. It is
important to recognize these time diAerences for a
problem such as this and to understand how to view
the problem. In this case, the problem may be viewed
as a one-year time span, with two batches of hogs and
one batch of cattle raised during the period under
consideration.

b. Hogs require about 0.4 hours of labor per week per
head; cattle require about 0.1 hours of labor per week
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per head. Since two hogs per year can be raised with
this 0.4 hours, the requirement for labor is 0.2 hours
per week per head on an annual basis.

c. There are 60 hours of labor available per week to sa-
tisfy these labor requirements.

d. Cattle require no housing, but hogs require 20 sq ft
each, and a 2000-sq ft building is available. Thus, a
maximum of 100 hogs can be handled at a time, or 200
hogs per year. Since two groups of hogs can be pro-
duced per year, the housing requirement is 10 sq ft per
hog on an annual basis.

e. To simplify the problem, the costs for land, labor, and
housing are not considered, because they are available
but have no alternative use. These could easily be
included in the problem, but it would make this Brst
example problem larger, so we simplify it this way.

f. Hogs return $10 net proBt per head and cattle $15 per
head, for the year, taking into account feed costs but
not land, labor, labor, or housing, for simplicity, as
already explained.

The question is what the best combination of hogs and/or
cattle is that he can he raise to maximize his proBt within the
limits of these resources. He also wants to knowwhat his proBt
would be. In addition, he wants to know whether he should try
to obtain more than 60 hours of labor per week, even though
that would cost more money. In other words, how much could
he aAord to pay for extra labor? And similarly, he would like to
know howmuch he could aAord to pay to rent extra land or add
more housing in order to make more proBt. All these questions
may be answered with linear programming. This information,
in addition to just the amount of each ingredient to be used in
the mixture, can be very valuable. For instance, a ‘‘near-
optimal’’ solution could be more favorable if there is a small
cost diAerence and the alternative solutionmakes for a simpler
manufacturing process. The optimal solution data also show
the increased cost of certain ‘‘near-optimal’’ solutions.
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Any linear programhas constraints; these are described in
linear expressions, or formulas. These are made up of con-
stants and variables that each de Bne an unknown in the
problem. In an ordinary algebraic equation or set of equations,
there must be as many equations as unknowns to Bnd the one
solution for each of the variables. Linear programming is
similar, but it will usually have more equations than un-
knowns, so many di Aerent solutions will satisfy the set of
constraint equations. The diAerence is that with linear pro-
gramming, there is an additional expression to de Bne the
objective. This is also an equation with constants multiplied
by unknowns and added together, but instead of being equal to
some other constant, the sum is to bemaximized orminimized.
This requirement guarantees that there will be only one
unique set of solutions for the variables.

In this problem the following facts deBne the set of linear
constraints:

1. There are only 300 acres of land, and each hog takes
0.3 acres (2 hogs per year on 0.6 acres) and each cow
takes 1.0 acres. This is linear because each animal
requires the same acreage per head, no matter how
many. If you graphed hogs vs. acres required, it would
be a straight line, i.e., linear.

2. Similarly, there is a constraint on unsalaried labor, 60
hr per week, and the hours per animal are constant,
meaning there is a linear relationship between labor
and number of animals. Hogs use 0.4 hr/week each,
and cattle require 0.1 hr/week each. Since two batches
of hogs can be raised per year, the labor requirement
for hogs is 0.2 hr/week throughout the year, and a
maximum of 300 hogs could be raised per year using
all the labor for hogs.

3. There is a housing constraint of 2000 sq ft, and each
hog requires 20 sq ft. However, since hogs require only
6 months, 2 hogs can use the 20 sq ft during the year,
so the housing requirement is 10 sq ft/hog each week
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throughout the year, and the maximum number of
hogs per year is 200. It is important to recognize these
time diAerences. In this case, the problem may be
viewed as a one-year time span, with two batches of
hogs and one batch of cattle raised during the period
under consideration.

The second ‘‘linear’’ requirement about an LP problem is
that the objective function (describing proBt or costs) also be
linear, as it is in this case, because each hog returns a net proBt
of $10 each and each head of cattle $15, regardless of the total
number of animals. In QuattroPro, Optimizer refers to the
objective function as the formula you want to maximize (or
minimize). This formula is entered into a spreadsheet cell,
which is called the solution cell. In this problem, the objective
function is to be maximized. These proBts are returns for one
year based on returns, minus the cost of feed only, since the
land, labor, and housing costs are considered to be available at
no extra cost.

Here is how Optimizer wants to have the LP problem
formulated, so follow these instructions to enter the numbers
and names. In keeping with linear programming conventions,
you will be naming the rows as constraints and the columns as
activities, as follows.

Bring up QuattroPro; the blank spreadsheet represents a
matrix, as shown in Table 8-1. Include row names (constraints:
LAND, LABOR, HOUSING) and column names (activities:
HOGS and CATTLE). In addition to constraints, a row should
be added for the objective function, PROFIT, which we put
above the constraints. Then two additional columns are used to
the right of HOGS and CATTLE. The Brst of these two columns
is there to allow space for inequality symbols; the second,
farthest to the right, is labeled RHS (right-hand side). Your
empty matrix should look like Table 8-1.

Now that the rows and columns are labeled, what is
entered into the body of thematrix? In the cellswhere activities
(HOGS, etc.) meet constraints (LAND, etc.), enter the amount
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of the constraint required per unit of activity (e.g., land per
hog). Although the proBt is not really a constraint, the amount
of pro Bt per unit of activity is entered in the same way
(remember, always enter only amounts, no units).

TheRHS (right-hand side) column contains the constraint
amounts, for example, the total land available. In this case,
there are three constraint numbers. Theunnamed columnnext
to RHS allows for the placement of inequality or equality
symbols that correspond to each constraint. The symbol used
depends on whether the constraint represent the maximum or
the minimum amount that can be used. If the constraint is the
maximum available, the amount used by the activities must be
‘‘less than or equal to’’ that constraint number, so you type in
‘‘<=’’. Now Bll in the numbers as shown in Table 8-2, and
remember their meaning (0.3 means number of acres of LAND
per unit of HOGS).

Think about the information you need to solve this prob-
lem.Youwant three pieces of information, or solutions: optimal
number of hogs, optimal number of cattle, and the proBt per
year. A cell for each of these Bgures must be selected, and here
we will deviate somewhat from usual linear programming
conventions. Below the matrix, label three cells, as shown in
rows 8, 9, and 10, starting in column A; the then empty cells in

Table 8-1 Labels for Resources, PROFIT through HOUSING, and
Activities, HOGS and CATTLE

A B C D E F

1

2 HOGS CATTLE RHS

3 PROFIT

4 LAND

5 LABOR

6 HOUSING
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column C (C8, C9, and C10) will be used for the Bnal solution
numbers, see Table 8-2.

Objective Function

The two cells labeled for the numbers of hogs and cattle are
what Optimizer refers to as variable cells, C8 and C9. (You
should be familiar with naming each cell by its column/row
designation.) The Total ProBt cell is called the solution cell, C9.
In the solution cell, you must enter the mathematical expres-
sion (formula) that is to be maximized or minimized. In linear
programming terminology, this is known as the objective
function, which is the equation describing what our objective
is, in this case to make as much proBt as possible .

We can calculate the total proBt for any particular num-
bers of hogs, X1, and cattle, X2, in this way:

10 * X1þ 15 * X2 ¼ total proBt ðto be maximizedÞ

Table 8-2 Complete LP Matrix with Coe E cients, Inequalities, and
Right-Hand-Side Values (see HogLP.wb3 or HogLP.xls on CD)

A B C D E F

1

2 HOGS CATTLE RHS

3 PROFIT 10.00 15.00

4 LAND 0.3 1.0 <= 300

5 LABOR 0.2 0.1 <= 60

6 HOUSING 10.0 0 <= 2000

7

8 Number of hogs = Variable cell

9 Number of cattle = Variable cell

10 Total profit = Solution cell
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These coe E cients, 10 for hogs and 15 for cattle, are best entered
as cell addresses and multiplied by other cell addresses that
contain the numbers of hogs and cattle.Where are these found?
Remember the variable cells. Although your speciBc addresses
may vary, the form of the entry into the solution cell, C10, will
be as shown next; it is the same as the earlier equation, but it
uses cell addresses:

þ C3 * C8 þ D3 * C9

Constraint Equations

Now only one detail remains to Bnish the spreadsheet entries.
Expressions must be entered for each constraint that describe
the amount of that constraint used by each activity. For
example, the concept for the amount of land used is:

LAND: ð0:3 acres per hog * no: of hogsÞ
þ ð1 acre per cow * no: of cowsÞ
¼ C4 * C8 þ D4 * C9

whereas that of housing is just

HOUSING ðremember; no housing is required for cattleÞ:
10 sq ft per hog * no: of hogs ¼ þ C6 * C8

These concepts must be converted into mathematical ex-
pressions, or formulas, as we are showing here, one for each
constraint,andentered intoonecell onthespreadsheet.Exactly
where they are entered doesn’tmatter, sinceOptimizerwill ask
you for the cell address later. For the sake of simplicity, the
cell in columnA immediately to the left of each constraint name
is a good place. The form of the cell entry for LABOR will be

LABOR ðentered into cell A5Þ: þ C5 * C8 þ D5 * C9

Similar entries must be made for LAND, cell A4, and
HOUSING, cell A6. Make entries very carefully, and review
each expression when Bnished. Incorrect cell addresses at this
point are a common error.
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Concept of the Mathematical Model

What we have here in a simple form is amodel of the problem.
The three constraint equations (actually inequalities, since <=
is used, not =) tell us the rules of the problem. Also part of the
model is the objective function, which tells us what we wish to
optimize and how much each hog and each head of cattle con-
tribute to that objective.

Before going ahead with the solution, it is interesting to
‘‘try out’’ the model just as it is on the spreadsheet. Do this by
entering 20 in cell C8 for number of hogs and 10 in Cell C9 for
number of cattle. Note that immediately the proBt is shown to
be $350, 16 acres of land are used, 5 hours of labor, and 200 sq ft
of housing. These are correct according to the rules we entered
in the formulas. Our model of the hog/cattle problem works!
You could experiment with various numbers for hogs and
cattle; in this simple problem, you could eventually come up
with the optimum solution. But the spreadsheet Optimizer is
faster!

Optimizer Dialog Box

Now that your spreadsheet entries are completed and the
model works, it is time to call up the Optimizer dialog box.
This dialog box must be used because the program does not
actually read the numbers and the inequality symbols we have
put there; it reads the equations we have entered into the cells.
Now we have to tell it where these expressions are, where the
RHS values are, andwhat the inequality symbol is between the
expression and the RHS. These instructions apply only to
QuattroPro.

From the menu at the top of the screen, choose ‘‘Tools,’’
then ‘‘Numeric Tools’’ and then ‘‘Optimizer.’’ First, provide
the address of the solution cell, C10, andmake sure the setting
is on ‘‘Max.’’ Then enter the addresses of the two variable cells
(in our example: C8..C9) by clicking the arrow on the right-
hand end of the space, blocking C8 and C9 together on the
spreadsheet, and then clicking the open box on the right-hand
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end of the blue bar that appears in the upper right part of the
screen.

To enter the constraint formulas and constants, select
‘‘add’’ from the dialog box, enter the cell address of a constraint
formula (we just entered those into A4, A5, and A6), select the
proper inequality symbol, and then enter an address for the
constraint constant (RHS). An example from our illustration
would be

A6 <¼ F6

which, after returning to the Optimizer dialog box, would ap-
pear as

A:A6::A6 <¼ A:F6::F6

Select ‘‘Add Another Constraint’’ to enter another con-
straint formula and constant. When all three are entered, se-
lect ‘‘OK,’’ which returns you to the main Optimizer dialog
box. Now comes the moment of truth! Select ‘‘Solve,’’ and then
‘‘Close.’’Hopefully, you have an answer. If an error message of
some sort appears, check each constraint and solution cell
expression for correct form and addresses. Also, did you re-
member to enter the constant values in the RHS column?

Noninteger Solutions

You will notice that the optimal numbers of hogs and cattle
include fractional numbers, a practical impossibility. As men-
tioned earlier, this would be a problem if the situation involved
numbers of machines, such as tractors or combines. You could
have a problem where you wanted the program to select the
size of the tractor, so you might be looking for one 180-hp
tractor or two 120-hp tractors. The answermight well come out
to be 1.76 tractors of 180 hp. As mentioned earlier, this is a
classic di E cult problem for linear programming, and some
complex methods of solution have been found. However, for
our hog/cattle problem, we can just round oA the numbers to
whole numbers and have a practical optimal solution.
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Optimizer Reports

Further information on the problem can be obtained from the
Optimizer Report. To obtain a report, return to the Optimizer
dialog box, and select ‘‘Options’’ and then ‘‘Reporting.’’ Enter
the address where you’d like the upper left-hand corner of the
‘‘Answer Report Block’’ to begin (A12, for example); then select
another empty cell for the upper left-hand corner of the
Detailed Report. Then click ‘‘OK,’’ and then ‘‘OK’’ once again
in the ‘‘Optimizer Options’’ dialog box. Finally, again choose
‘‘Solve’’ and then ‘‘Close’’ from the Optimizer dialog box. You
will see two detailed tables of results.

Wewill examine only one aspect of theOptimizerDetailed
Report: the constraint dual values. These values indicate the
amount by which the solution would change if the correspond-
ing constraint were changed by one unit. In our case, Bnd the
dual value corresponding to the labor constraint. Recall which
cell contains the labor constraint formula, and Bnd a row with-
in the answer report that corresponds to that cell. In a column
for ‘‘Restraining ?’’ the answer is ‘‘Yes.’’This dual value shows
how much more proBt could be made if one more hour of labor
were available. Looking at the dual value, would it make sense
for themanager to pay aworker $15 to performan extra hour of
labor perweek for the entire year? Probably yes, but theworker
is not going to want to get paid a total of $15 to work an extra
hour per week for a whole year!

Results

You will turn in two diAerent printouts: the spreadsheet, in-
cluding answer report, and a list of the entries in each cell. To
print your spreadsheet, select the ‘‘File’’ menu and then
‘‘Print.’’ Select ‘‘Print Preview’’ from the ‘‘Spreadsheet Print’’
dialog box. Make sure the report results are included in what
will be printed. If they are not, exit the box by clicking on the
red X, and enter the correct block to be printed in the ‘‘Spread-
sheet Print’’ dialog box.When you are sure you have the entire
matrix and report included, call up the ‘‘Spreadsheet Print
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Options’’ dialog box by clicking on the Options button, next to
the red X on the preview screen. Select ‘‘Row/Column borders’’
and then ‘‘OK.’’Now click on the Print button. To print the list
of cell contents, click on the Options button, select ‘‘Cell
Formulas,’’ click on ‘‘OK,’’ and click on the Print button.When
printing is complete, exit the print preview screen (red X), and
‘‘Close’’ the ‘‘Spreadsheet Print’’ dialog box. Save the Ble to
your disk, and exit the program. Put your name on each page.
In the Optimizer Answer Report, circle four items: the number
of hogs and the number of cattle to be produced, the total proBt,
and the dual value that indicateswhether an additional hour of
labor per week at $15 dollars per hour per week for the whole
year is a good deal. On the page itself, write what that dual
value indicates, in 25 words or less.

USING QUATTROPRORRRR TO SOLVE LINEAR
PROGRAMS: OPTIMAL FEED MIX

Activities

In this simplication of a real-world problem, you are to set up
and solve the problem of determining the amount of each type
of feed ingredient to use to make a ton (2000 pounds) of mixed
feed with certain speciBcations. If you don’t believe this is a
simpliBcation, just look at the feed ingredients and the feed
speciBcations on a bag of pet food in the grocery store (Table 8-5
and Figure 8-1)! Here are the speciBcations or activities:

The amount of digestible protein in the feed must be
greater than or equal to 16%, or 320 lb/ton (2000 lb)

Total digestible nutrientsmust be greater than or equal to
90%, or 1800 lb/ton

Fat content must be less than or equal to 8%, or 160 lb/ton
Fiber contentmust be less than or equal to 4%, or 80 lb/ton

The Brst two of these criteria, protein and total digestible
nutrients (TDN), are desirable, and the feed purchaser will be
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looking for theseminimumpercentages for the type of livestock
and the stage of development of the animal (very young, grow-
ing, fattening, etc.). Depending on the use of the feed, the fat
may need to be kept below a certain maximum percentage (8%
in this problem), or the user may want it to be kept above a
certain minimum. In this problem, the fat and the Bber should
be kept below a given maximum, 8% for fat and 4% for Bber.
Fiber in most mixed feed is a low-cost ingredient and does not
do much for the animal, except for ruminants (cattle, sheep, or
goats). Therefore, for hog and poultry rations, the feeder
usually wants Bber percentage kept low.

Resources

Many diAerent types of feed ingredients are available to the
feed manufacturer, and each of them has various amounts of
the constituents, protein, TDN, fat, and Bber. Each of these
ingredients has a price, and that price may vary from week to
week. Since the objective here is to minimize the cost of a ton of
feed while still meeting the criteria or constraints, the solution
could vary as the prices change. Manufacturers using linear
programming will usually run the program every week or two
when prices are changing.

The data on the various ingredients are given in Table 8-3.
These speciBcations may not be accurate, but they are in the
ball park and Bne for an example problem.

Table 8-3 Specification of Ingredients and Their Nutritional
Constituents and Prices

Ingredient (Abbrev.)
Protein,

%
TDN,
%

Fat,
%

Fiber,
% Price/lb

Corn 8 97 4 3 $0.05
Corn miller’s feed (CMF) 10 85 0 8 $0.04
Cottonseed meal (CotMeal) 43 93 0.5. 4 $0.12
Soybean oil meal (Sbom) 48 95 0.5 3 $0.13
Wheat millings (Wmill) 12 90 5 6 $0.07
Wet miller’s grain (Wet) 14 85 0.5. 7 $0.10
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Constraints

The speciBcations or limits on the protein, fat, etc. are called
constraints in linear programming, because they constrain
what the solution can be. The constraints are entered as shown
in Table 8-4. The number in each cell is the constant that is to
bemultiplied by the column variable. For example, the number
0.08 in cell C4 is to bemultiplied by the variable for the number
of pounds of corn. It means that corn contains 8% protein, so
each pound of corn used contributes 0.08 pounds of protein to
the mixture. The names for the constraints, such as Protein in
Column B, have been entered for you, as well as the column
headings to describe the ingredients in Row 3, starting with
Corn in Column C. Also, some of the numbers from Table 8-3
have been entered. Finish entering these numbers into the
spreadsheet in rows 4 through 7. Use Table 8-4 for help.

Another important constraint must be entered (in row 8)
to make sure the program produces 2000 pounds of feed.
Otherwise, it will produce 0 lb of feed at a minimal cost of $0!

Total feed: Cornþ CMFþ CotMealþ SbomþWmill

þWet >¼ 2000

This is done in row 8 by entering the value 1 in each of the six
columns for Corn, CMF, CotMeal, Sbom, Wmill, and Wet. It
simply adds the weights of all ingredients to make sure the
total is at least 2000 pounds.

The sign > = is used instead of = only, because this makes
the problem less restrictive, yet linear programming will not
produce more than 2000 lb, since any more would cost more.

The next six rows of the table, or matrix, make sure that
Optimizer does not try to use negative values for the ingre-
dients in order to mathematically reduce the cost. Since this is
a problem of minimizing, the linear programming procedures
try to reduce the cost, even to a negative value. Mathemati-
cally, with the constraints we have so far, negative values for
the ingredients would give a large negative value for the ob-
jective function, thereby satisfying the objective of lowering
costs. In real life, of course, costs do not usually go negative, so
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Table 8-4 Complete Matrix for the Feed Mixing Problem, FeedLP.wb3

Column
A B C D E F G H I J

Row Corn CMF CotMeal Sbom Wmill Wet Sign RHS

4 Protein 0.08 0.10 0.43 0.48 0.12 0.14 >= 320

5 TDN 0.97 0.85 0.93 0.95 0.90 0.85 >= 1800

6 Fat 0.04 0 0.005 0.005 0.05 0.005 <= 160

7 Fiber 0.03 0.08 0.04 0.03 0.06 0.07 <= 80

8 Tot. Feed 1 1 1 1 1 1 >= 2000

9 Prices: .05 .04 .12 .13 .07 .10

10 nnCorn 1 >= 0

11 nnCMF 1 >= 0

12 nnCotMeal 1 >= 0

13 nnSbom 1 >= 0

14 nnWmill 1 >= 0

15 nnWet 1 >= 0

16

17 Corn Variable

18 CMF Cells

19 CotMeal B17

20 Sbom Through

21 Wmill B22

22 Wet

23 TotCost= Solution
Cell

24
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we need the following expressions to prevent having a negative
value for pounds of any ingredient in themixture. By putting a
1 in the columnunder each ingredient, each in its own row, and
setting it as >= 0, you are specifying that we cannot have
negative values for any feed ingredient. For example, for Corn,
1 * X 1 >= 0 is in row 10, and the label is nnCorn, meaning
nonnegative.

When you have the spreadsheet Blled in to this point, print
a copy of it; it will help you in Blling in the other cells needed to
do linear programming with Optimize. Print it with column
and row headings.

Constraint Cells and Solution Cells

Column J, RHS, meaning right-hand side, is for the total
amount of the constraints, such as Protein, which is 320 lb,
as listed. In the Sign column, I, wehave entered the sign of each
constraint, >= in the case of Protein. This row means the
following constraint on Protein: 0.08 (8%) multiplied by the
pounds of corn plus 0.10 times the pounds of CMF, etc. must be
greater than or equal to 320 pounds. We show it in equation
form Brst and then in the second line using cell addresses.

Protein ¼ 0:08 * Cornþ :10 * CMFþ :43 * CotMeal

þ :48 * Sbomþ :12 * Wmillþ :14 * Wet >¼ 320

This expression, using cell addresses, must be entered
into cell A4 to the left of Protein. Check the cell before typing,
because some of these expressions have been entered for you.
Be sure to start the expression with the + or the = sign, to show
the program that this is an expression to be calculated.

þ C4 * A17þD4 * A18þ E4 * A19þ F4 * A20

þ G4 * A21þH4 * A22

The other constraints, TDN, Fat, andFiber, are entered in
the same way. Be sure to use cell addresses instead of the
abbreviations. These cells, A4 through A15, are called the
constraint cells.
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As you did in the hog/cattle problem, you must now Bll in
labels in column A below the main matrix for ingredients Corn
through Wet (we have already Blled these in). Also, see Table
8-4 and spreadsheet Ble FeedLP.wb3 on the CD with this book.
This takes six rows, cells A17 through A22; column B, to the
right of these labels, holds the cells that will contain the
amount of each of these ingredients in the Bnal solution. These
cells are called the Variable Cells by Optimizer, as shown in
Table 8-4.

Next, in A23, is the label Total Cost. The cell in column B
to the right of this will be the cell for the cost equation, or
objective function; it is called the Solution Cell.

Objective Function

In a problem like this, there are many diAerent mixes that
will meet the constraints, but the objective of linear program-
ming is to either maximize or minimize some objective func-
tion. In this case, we wish to minimize the cost of the feed
mix. So we calculate that by multiplying the pounds of each
feed used in the 2000 pounds by the price per pound from
the table. It looks like this and goes in the cell to the right
of the Total Cost label, cell B23, called the Solution Cell by
Optimizer (use cell labels, as shown in the second line). Check
the spreadsheet, because this expression may already be
entered.

¼ :05 * Cornþ :04 * CMFþ :12 * CotMeal

þ :13 * Sbomþ :07 * Wmillþ :10 * Wet

¼ C9 * B17þD9 * B18þ E9 * B19þ F9 * B20

þG9 * B21þH9 * B22

At this point, you should have gone through the same
procedures as with the Hog-Cattle problem.

a. Type in the constraint equations using cell numbers
(C4, etc.) in column A to the left of each row name,
starting with Protein.

Linear Programming: Optimizing Resource Use 167



b. Type in column A the names of the variables: Corn,
CMF, CotMeal, Sbom, Wmill, and Wet; below that
type ‘‘Total Cost =’’.

c. Type in the objective function in the Solution Cell in
column C to the right of the ‘‘Total Cost =’’ cell.

Check the Model

As with the hog/cattle example, now is a good time to check the
model by entering numbers into the variable cells in column B,
rows 17 through 22. For example, entering the number 100 in
cell B17 means you are trying 100 pounds of corn as a solution.
Notice that numbers now appear in cells A4–A8 that show how
much of the requirements are being met by the 100 pounds of
corn. For example, cell A8, for total pounds of feed, will show
100. If these numbers do not look reasonable, check the ex-
pressions you have entered, to correct them. Make sure you
know how the numbers are calculated in the constraint cells in
column A.

Solve Using the Optimizer

Now go to Tools, Numeric, Optimizer; enter the constraints,
Close, and Solve. Further information on the problem can be
obtained from the Optimizer Report. To obtain a report, return
to the Optimizer dialog box, and select ‘‘Options’’ and then
‘‘Reporting.’’Enter the addresswhere you’d like the upper left-
hand corner of the ‘‘Answer Report Block’’ to begin (below your
matrix), select ‘‘OK,’’ and then ‘‘OK’’ again on the ‘‘Optimizer
Options’’ dialog box. Finally choose ‘‘Solve’’ and then ‘‘Close’’
from the ‘‘Optimizer’’ dialog box.

We will examine only one aspect of the Optimizer Answer
Report: the constraint dual values, in the right-hand column of
the Detail Report. These values indicate the amount by which
the solutionwould change if the corresponding constraint were
changed by one unit. In our case, Bnd the dual value corre-
sponding to the constraint that requires 320 pound of protein
per ton of feed. The report notes in one of the columns a Yes or
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No answer. This is the answer to the question ‘‘Is this con-
straint binding?’’ If the constraint is binding, then the solution
has used all of that resource that is constrained by the problem.
In the case of the 320 pounds of protein, it means that the cost
of the 2000 pounds of feed could have been less by this amount,
if we had not required this much protein in the mixture.

Look at the dual value for this row. This value, in dollars,
is the amount that could be saved per ton if 1 less pound of
protein were required (319 lb = 15.95% protein). What is that
value?

Further down the column of dual values is a negative 28
cents (0.28). Since this constraint, 80.0<=80.0, is a <= con-
straint, the 28 cents is the change (a reduction) in the total
cost of feed if the 80.0 constraint could be raised by 1 pound
of Bber.

RESULTS

As in the hog cattle problem, you will have two di Aerent
reports: the spreadsheet, including the answer report, and a
list of the entries in each cell. To get the spreadsheet all on one
page, in portrait setting, Brst format the various columns of
numbers with an appropriate number of decimal points, no
more than three. Then block the entire spreadsheet and set the
font to 10 pt. to save space. Adjust the column widths to be no
larger than necessary, and when you go to Print Preview, it
should all come out on one page, including the Report area.
When you are sure you have the entire matrix and report in-
cluded, call up the ‘‘Spreadsheet Print Options’’ dialog box by
clicking on the yellow icon 2nd left from the black X on the
preview screen. Select ‘‘Row/Columnborders’’ and then ‘‘OK.’’
Now click on the Print button.

To print the list of cell contents, Brst select the block with
just the spreadsheet, not the Report area, to cut the size of this
printout. In Print Preview, click on the yellow icon (Set Print
Options) again, select ‘‘Cell Formulas,’’ click on ‘‘OK,’’ and
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click on thePrint button.When throughprinting, exit thePrint
Preview screen (blackX), and ‘‘Close’’ the ‘‘Spreadsheet Print’’
dialog box. Save the Ble to your disk, and exit QuattroPro. In
the Optimizer Answer Report, circle six items: the number of
pounds of each ingredient, Corn through Wet, to be used, the
total proBt, and the dual value that indicates whether more
proBt could be made if a constraint could be changed.

Table 8-5 Requirements (Constraints) for a Typical Cat Food

Guaranteed Analysis

Crude protein Min. 31.0% Zinc Min.75.0 mg/kg

Crude fat Min. 10.0% Iodine Min. 0.35 mg/kg

Crude fiber Max. 4.5% Selenium Min. 0.1 mg/kg

Moisture Max. 10.0% Vitamin A Min. 9,000 IU/kg

Linoleic acid Min. 0.5% Vitamin D-3 Min. 750 IU/kg

Arachidonic acid Min. 0.02% Vitamin E Min. 750 IU/kg

Calcium Min. 1.2% Thiamine Min. 5.0 mg/kg

Phosphorus Min. 1.0% Riboflavin Min. 4.0 mg/kg

Potassium Min. 0.6% Pantothenic
acid

Min. 5.0 mg/kg

Sodium Min. 0.2% Niacin Min. 60.0 mg/kg

Chloride Min. 0.3% Pyridoxine Min. 4.0 mg/kg

Magnesium Min. 0.08% Folic acid Min. 0.8 mg/kg

Iron Min. 80.0 mg/kg Biotin Min. 0.07 mg/kg

Copper Min. 15.0 mg/kg Vitamin B-12 Min. 0.02 mg/kg

Manganese Min. 7.5 mg/kg Choline Min. 2400 mg/kg
Tourine Min. 0.1%

Source: Ref.1.
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To show that complex feed-mixing problems are solved
this way, note Table 8-5 and Figure 8-1, a list of feed require-
ments (constraints) and the list of ingredients, respectively,
used in a popular cat food from a local grocery store.

USING QUATTROPRO TO SOLVE LINEAR
PROGRAMS: A POULTRY PRODUCTS
MARKETING PROBLEM

This problem is the result of a Beld trip by a class of agricultural
systems management students with the second author of this
text. The visit was to a poultry processing plant, where live
chickens are processed into packages of whole chickens or var-
ious parts of the chicken. Naturally, the various parts have a
diAerent price. The company wanted to decide howmany of the
various products they should make in order to satisfy their
customers and optimize (in this case, maximize) their return.
There are several restrictions about the number of the diAerent

Figure 8-1 List of ingredients for the cat food of Table 8-5.
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products they can sell, so it seemed to be an ideal problem for
linear programming.

Defining and Modeling the Problem

In this simpliBcation of a real-world problem, you are to set up
and solve the problem of determining how to market 5000
processed chickens per day from a poultry processing plant.
(By the way, the company did apply the solution, with good re-
sults.) Table 8-6 shows the various packaged products from the
broiler chickens and details, including Bctitious wholesale
prices. Breasts are not deBned here as what might be called a
‘‘full’’ breast, two halves, as seen in the grocery store, but as
one breast on each side of the carcass, two breasts per bird.

One problem this example illustrates is the need to be
able to Bgure out all of the constraints or rules that the
processor must include to make the equations represent the
system accurately. This is reallymathematical modeling, that
is, representing how the system works by expressing it in
equations.

One constraint is that the company has promised its
biggest customer to sell it at least 1000 whole birds per day.
This means that the number of wholes must be greater than or
equal to 1000. So cell C9 in Table 8-7 contains a 1, and cell I9, in
the Sign column, has >= entered. The RHS for cell J9 is 1000.

Table 8-6 Specifications for Activities (Products) in the Poultry
Marketing Problem

Column Part No. per bird Weight, lb Price/lb Price/Part

C Whole birds 1 2.0 $0.60 $1.20
D Half birds 2 1.0 $0.65 $0.65
E Breasts 2 .30 $1.16 $0.35
F Legs 2 .40 $0.60 $0.24
G Wings 2 .20 $0.40 $0.08
H Backs 1 .20 $0.25 $0.05
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Another problem is that the plant is limited on the pack-
aging capacity for some parts; for example, the breasts must be
limited to no more than 2000 per day, so in row 10, labeled
MaxBr, we have a 1 in the Breasts column, the sign <= in cell
I10, and 2000 in cell J10. Also, halves are limited to 3000, so in
row 11,MaxHalf, in columnD,Halves, 1 is entered, in column I

Table 8-7 Incomplete Spreadsheet for Chicken Marketing Problem (See
ChickenLP.wb3 or .xls)

A B C D E F G H I J

3 Wholes Halves Breasts Legs Wings Backs RHS

4 Variable: X1 X2 X3 X4 X5 X6

5 BrLimit 2 1 1 <= 10000

6 LegLimit 2 1 1 10000

7 WingLimit 2 1 1 10000

8 BackLimit 1 0.5 1 5000

9 MinWhole 1 >= 1000

10 MaxBr 1 <= 2000

11 MaxHalf

12 MaxLeg

13 nnHalf

14 nnBr

15 nnLeg

16 nnWing

17 nnBack

18 Prices: 1.20 0.65
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the sign is <=, and cell J11 is 3000. Legs are limited to 2500, so
cell C12 in theMaxLeg row has the number 1, column I has <=,
and cell J12 is 2500.

The other constraints have to be derived to keep the
linear programming solution from selling more chicken parts
than there are in 5000 whole birds, yet allowing it to sell all of
the parts in whatever combination is most proBtable. This can
be a little tricky, so this problem experience is unique and,
hopefully, valuable, because this is not the usual ‘‘typical’’
example linear programming problem, such as the feed-mix-
ing problem. If we are not careful, it is possible to overly
restrict the problem so that some of the possible combinations
of products are not allowed. Yet the constraints need to
prevent the linear programming procedure from Bnding some
odd combination of products that will allow an optimal math-
ematical solution but one that is not practical in the real-world
system.

Here are the rules:

One whole bird = 1 whole bird, OR
One whole bird = 2 half birds, OR
One whole bird = 2 breasts + 2 legs + 2 wings + 1 back, at

most

There are many other combinations of products that
might be optimal, and these must not be excluded by the
constraints. For example, 2 whole birds could be packaged as

1 whole bird
1 half bird
1 breast
1 leg
1 wing
1-1/2 backs

The constraints here should make it possible that some
products are not produced, but usually the optimization rules

Chapter 8174



will make sure that all of the actual chicken parts are sold. The
Halves, for example, might not be produced, but all the chick-
ens could be sold in other forms. However, if any of the ‘‘double
parts’’: breast, wing, or leg, are produced, the others will also
come into the optimal solution in equal amounts, because the
process will not let them be ‘‘wasted,’’ when they have a price
that will increase the total return, so long as the constraints
are not violated.

Setting Up the Matrix

Start your matrix (see Table 8-7, and on the CD the B le
ChickenLP.wb3) by putting in column headings, starting in
column C, labeled Wholes, Halves, Breasts, Legs, Wings, and
Backs. (This and other parts of this spreadsheet have been
Blled in on the included Ble.) Then leave one column for the <=
and >= signs, and label the next column RHS, as you did with
the hog cattle problem. Then in column B, name the rows
BrLimit, LegLimit, WingLimit, BackLimit, MinWhole,
MaxBr, MaxHalf, MaxLeg, nnHalf, nnBr, nnLeg, nnWing,
and nnBack. These are shown in Table 8-7 and on the CD Ble
ChickenLP.wb3.

In the row labeled BrLimit, put a constraint that says that
twice the number of whole birds sold plus the number of halves
plus the breasts must not exceed 10,000 breasts (two per bird).
These three products are the only ones in this expression, be-
cause each product contains breasts. This makes sure that the
number of breasts in the three products that contain breasts
cannot exceed 10,000. In these expressions, we will use the
variable namesWholes, Halves, and Breasts to mean the num-
ber of each part named. Remember there are two halves,
breasts, legs, and wings per whole bird. The expression, or con-
straint equation, that says we have only 10,000 breasts avail-
able is

2 * Wholesþ 1 * Halvesþ 1 * Breasts <¼ 10; 000
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On the spreadsheet, enter just the coe E cients 2, 1, and 1 under
the column for that product, the <= sign in the column I, and
the number 10000 (without the comma) in column J.

For the row labeled LegLimit, the constraint says the
number of Legs in the Whole, Half, and Leg products must be
less than or equal to 10,000:

2 * Wholesþ 1 * Halves þ 1 * Legs <¼ 10;000

The position of 1 * Legs is shifted to the right to show that it will
be in the column to the right of Breasts. Since this constraint
does not contain Breasts, it means that the number of Breasts
does not have any eAect on this limit for Legs. Similarly, the
next two constraints limit the total number of Wings and the
number of Backs:

WingLimit : 2 * Wholesþ 1 * Halves þ 1 * Wings

<¼ 10;000

BackLimit : 1 * Wholesþ 0:5 * Halves þ 1 * Backs

<¼ 5;000

There is only 1 back per bird, so the coe E cient for the number of
Halves is 0.5, because the Half chicken product uses one half of
a Back. The number in the RHS column is 5000, since there are
only 5000 backs. It is important to remember the deBnition of
each variable and tomake sure the units are consistent in each
of the constraint expressions. The number 5000 in the RHS of
this expression means there are a total of 5000 actual backs
that can be used in these products. These constraints will allow
sale of any combination of parts without requiring birds with
more than two legs each!

Next, following down in the rows of Table 8-7, we have
discussed adding in constraints that deBne the rules about the
minimum number of Whole birds and the limits on the ability
to produce Breasts, Halves, and Legs. Here we repeat those
constraints.

In the row labeledMinWhole, put the constraint on selling
at least 1000 whole birds per day, because of the deal with one
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customer, and notice that the >= must be used instead of<=, as
was done before.

MinWhole: 1 * Wholes >=1000
MaxBr: 1 * Breasts <=2000
MaxHalf: 1 * Halves <=3000
MaxLeg: 1 * Legs <=2500

Due to the peculiar nature of this problem, both<= and >=
constraints, and the fact that QuattroPro Optimizern does not
automatically forbid negative solutions, as true linear pro-
gramming algorithms do, we have to add Bve more rows to
make sure the numbers of Halves, Breasts, Legs, Wings, and
Backs are not negative. Wholes, the number of whole birds, is
already limited by the constraint MinWhole. So add rows
nnHalf, nnBr, nnLeg, nnWing, and nnBack (nn=non-nega-
tive). Put in these Bve rows the coe E cients (the number 1) for:

1 * Halves >¼ 0; 1 * Breasts >¼ 0; 1 * Legs >¼ 0;

1 * Wings >¼ 0 and 1 * Backs >¼ 0

Now enter the price coe E cients in row 18, and make sure you
enter the price per piece, not the price per pound.

When you have the spreadsheet Blled in to this point,
print a copy of it, it will help you in Blling in the other cells
needed to do linear programming with Optimize. It should
look like Table 8-7, which has the coe E cients Blled in for rows
5-10.

Go through the same procedures as with the hog cattle
problem. Some of these headings are already entered in the Ble
ChickenLP.wb3 on the CD with this book.

a. Type in column A below the row name Prices the
names of the variables: No. of Wholes, No. of Halves,
. . . , No. of Backs, and below that ‘‘Total ProBt =.’’

b. Type in the constraint equations using cell numbers
(C5, etc.) in the A column to the left of each row name,
starting with A5 in row ‘‘BrLimit.’’
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c. Type in the objective function in column B to the
right of the ‘‘ProBt =’’ cell.

Checking the Model

At this point, the ‘‘model’’ of the problem is set up, and it is a
good check and interesting to enter some trial values in the
cells to the right of the labels for each product in the bottom of
the spreadsheet. For instance, by entering 1 for the number of
wholes, the total return should show$1.20, and constraint cells
in column A should all show 1 whole being counted in all the
limits from BrLimit down through MinWhole. If not, recheck
your constraint equations as entered into the cells.

Optimizer Report

Now go to Tools, Numeric, and Optimizer; enter the con-
straints, close, and solve. Further information on the problem
can be obtained from the Optimizer Report. To obtain a report,
return to the Optimizer dialog box, and select ‘‘Options’’ and
then ‘‘Reporting.’’ Enter the address where you’d like the up-
per left-had corner of the ‘‘Answer Report Block’’ to begin (be-
low or to the right of yourmatrix), select ‘‘OK,’’ and then ‘‘OK’’

once again on the ‘‘Optimizer Options’’ dialog box. Finally
choose ‘‘Solve’’ and then ‘‘Close’’ from the ‘‘Optimizer’’ dialog
box (Table 8-8).

We will examine only one aspect of the Optimizer Answer
Report: the constraint dual values. These values indicate the
amount by which the solution would change if the correspond-
ing constraint were changed by one unit. In our case, Bnd the
dual value corresponding to the constraint that requires that at
least 1000 whole birds be sold. Recall which cell contains this
constraint formula, and Bnd a row within the Answer Report
that corresponds to that cell. Would it make sense to try to get
out of the agreement to sell 1000 whole birds at this price?

Results

As in the hog cattle problem, you will turn in two diAerent
printouts: the spreadsheet, including answer report, and a list
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of the entries in each cell. To print your spreadsheet, select
from ‘‘File’’ menu and then ‘‘Print.’’ Select ‘‘Print Preview’’

from the ‘‘Spreadsheet Print’’ dialog box.Make sure the report
results are included inwhatwill be printed. If they are not, exit
the box by clicking on the red X, and enter the correct block to
be printed in the ‘‘Spreadsheet Print’’ dialog box. When you
are sure youhave the entirematrix and report included, call up
the ‘‘Spreadsheet Print Options’’ dialog box by clicking on the
Options button, next to the red X on the preview screen. Select
‘‘Row/Column borders’’ and then ‘‘OK.’’Now click on the Print
button.

To print the list of cell contents, Brst select the block with
just the spreadsheet, not the Report area, to cut the size of this
printout. Click on the Options button, select ‘‘Cell Formulas,’’
click on ‘‘OK,’’ and click on the Print button. When through
printing, exit the Print Preview screen (red X), and close the
‘‘Spreadsheet Print’’ dialog box. Save the Ble to your disk, and
exit QuattroPro. Put your name on each page; in the Optimizer
Answer Report, circle six items: the number ofWholes, Halves,
. . . , Backs to be marketed, the total proBt, and the dual value
that indicates whether more proBt could be made if less than
1000 whole birds could be sold. On the printout, write what
that dual value indicates, in 25 words or less.

Conclusions

We have demonstrated how to model linear problems to Bnd a
unique solution that meets a condition, minimizing or max-
imizing, a linear objective function. Constraint equations have
been formed to deBne the ‘‘rules’’ of the problem, and the
spreadsheet Optimizer allows trial values to be entered in
the variable cells, giving solutions to the constraint equations.
This has been done without using the objective function,
thereby demonstrating themodeling of the problem. For exam-
ple, in the feed-mixing problem, if 100 is entered for Corn, 100
appears in the constraint cell for Total Feed.

A very common application is in the feed-mixing industry,
using models larger than our example but based on the same
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principles. Many agricultural research applications have been
made with linear programming determining, for example,
what mix of crops will be most proBtable on a given land base,
often with limitations (constraints) on the amount of labor, the
capacity of machines, and the amount of capital available.
Many of these applications are available in the agricultural
economics literature.

Linear programming is sort of an unseen wonder as a
management tool. It is not widely publicized, but it is used
weekly by many large companies. Probably not many agricul-
tural systemsmanagers will need to be able to set up and run a
large agricultural application for linear programming, but
many will beneBt from knowing what types of problems the
technique can solve.

REFERENCES

1. Anonymous. Guaranteed Analysis and Ingredients from Fri-
skiesR Ocean Fish Flavor, Nestle Purina Petcare Co., St. Louis,
MO 63164, 2003.

2. Hillier, F.S.; Lieberman, G.J. Operations Research: Principles and
Practice. Wiley: New York, 1974.

3. Sowell, Robert S.; Ward, R.C. Modeling processes and oper-
ations with linear programming. Agricultural Systems Modeling
and Simulation. Peart, R.M., Curry, R. Bruce, Eds.; Marcel
Dekker: New York, 1998; 113–156.

Chapter 8182



9

Queueing Theory and Waiting
Line Applications

Robert M. Peart

INTRODUCTION

In many agricultural systems, waiting lines occur, and they
can be a problem. Trucks waiting to unload fresh fruit or
vegetables at a processing plant, grain trucks unloading at
an elevator, and customers waiting in line for service of some
sort are examples. The costs of waiting lines may be a deBnite,
measurable item, such as payment for trucks and drivers while
they are being nonproductive in a waiting line, or they may be
more di E cult to measure, such as when customers decide to go
to another place of business because lines are too long.

For many such real-world systems, some high-level math
has been applied that makes for some very simple and usable
equations. We will deal with only the simplest cases involving
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one waiting line with one service station (unloading dock,
cashier, etc.), but more complicated cases with more than one
service station and priorities can also be handled.

This type of analysis has been named queueing theory,
based on the British use of the word queue for what we would
call a waiting line and on their spelling of theword. TheBritish
began the application of many of the mathematics used in this
book under the overall term operations research, described by
Gi E n [1]. The well-known beginning of this work was inWorld
War II, when they were trying to Bnd the most e E cient way to
use airplanes to Bnd submarines on the surface.

DISCRETE AND CONTINUOUS PROBABILITIES

Wewill beusing some simple probability ideas and terminology
here. The most basic is the idea of a probability distribution.
Most books on probability start with coin tossing and the
probability of the occurrence of a head or a tail, or the event
that the head of the coin was up. This is a discrete probability,
because there are only two possible events, heads and tails.
Likewise, in queueing theory we are interested in events such
as 34 trucks arriving at an unloading site in one hour, not 34.35
trucks, since this is impossible. The arrival of 33 trucks, the
arrival of 34 trucks, and the arrival of 35 trucks in one hour are
each separate events, that is, discrete events, and the integers
33, 34 and 35 are used, not fractions.

A separate way to measure the arrivals of these trucks is
to measure the time from the arrival of one truck to the arrival
of the next one— the time between arrivals. This numbermust
be a continuous number, not discrete, because two trucks
might arrive, say, 14.6 seconds apart, and the third truck could
arrive 13 minutes and 44.35 seconds later! The theory of
numbers tells us that there is an inBnite number of numbers
between 44.35 seconds and 44.36, so the numbers are contin-
uous, even though we cannot measure down to the nearest
0.00000001 microsecond.
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For a given waiting line system, then, we have a proba-
bility of a discrete number of arrivals in one time period, and for
12 arrivals we use the notation P(12 arrivals/hr). Here is the
diAerence between a discrete probability and a continuous pro-
bability: Thinking about the time between arrivals (a contin-
uous number), we can have only a probability that this time is
in a certain range, say, between 3.50 and 5.00 minutes. The
probability that this time is exactly 3.50000000 minutes is
essentially zero. This is signiBcant only for the derivation of the
important and useful equations for the average number of cus-
tomers in the line and the average waiting time for each one.

You have heard of the normal distribution, the bell-
shaped curve showing the probability of having results in a
certain range, with values near the average being more likely.
Queueing theory is based on the assumption that thenumber of
arrivals per time unit follows the Poisson distribution, a dis-
crete distribution that gives the probability of a certain number
of arrivals in a Bxed time period. This is a discrete probability
distribution because there can be a probability of, say, 3 ar-
rivals in one particular hour, but not 3.35 arrivals. This means
that for any one time period, only a discrete (or integer) number
of arrivals can occur, for example, 3 or 4 or 25, but never a
fractional (or continuous) number.

The average number of arrivals over many time periods is
a continuous variable, such as 3.35, but the actual number for
any one time period is discrete. Thus the probability of 3
arrivals per hour, P(3), may be 0.28, or 28%, and P(4) may be
0.32, or 32%, but P(3.35) = 0.0.

Imagine that you are doing research on this and are
stationed at a grain elevator where trucks are arriving to be
unloaded. You are counting the number of trucks arriving
every hour. You may have 20 in the Brst hour, 24 in the second
hour, 18 in the third hour, etc. You may collect data like these
for several days and many hours. You can then average the
number of arrivals per hour over the entire time you took data,
and it may be a number such as 21.35, a continuous number.
The original data in arrivals per hour were discrete, all whole
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numbers, obviously, since you cannot have a fraction of a truck
arrival. Also, you can average the time between these arrivals,
and it will be 60 minutes per 21.35 arrivals, averaging 2.81
minutes between arrivals, another continuous number. These
numbers describe what the mathematicians call the probabil-
ity distribution of the data. It has been found that arrival data
of this sort usually Bt what is called the poisson distribution for
the number of arrivals per time unit.

Table 9-1, from a probability text, shows in the second
column, for a Poisson distribution with an average arrival rate
of 2 per time period, the probabilities of having zero arrivals, 1
arrival, 2 arrivals, or 3 arrivals in the time period. The third
column is called the cumulative distribution because it gives
the probability of having 0 or1 arrivals (0.406) and 0 or 1 or 2
arrivals (0.677), etc. Of course, the top row shows the same
probability because the cumulative probablility for 0 is the
same as the probability for 0. It is interesting that P(2) is the
same as P(3).

P(3 arrivals in 1 hr), of course, depends on the average
number of arrivals per hour over a long time period. If this
average number of arrivals is 30.25/hr, then P(3) will be very
low and P(30) will be much higher.

Table 9-1 Arrivals/Time, X vs. P(X
arrivals in one time period), discrete,
and P(X or less arrivals in one time
period), for Xave = 2.00

X
P(X1 = X )
(for Xave = 2)

P(X1 <= X )
(cumulative)

0 0.135 0.135
1 0.271 0.406
2 0.271 0.677
3 0.180 0.857
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Derivation of the Steady-State Waiting Line
Equations

Mathematicians have shown that if the distribution of the
number of arrivals per time unit (discrete) is a Poisson distri-
bution, as many waiting lines are, then the time between
arrivals will follow the exponential probability density func-
tion. Here is how they do that, based on Ref. 1:

1. ThePoisson distribution is the probability ofn arrivals
during a time interval of t time units:

PnðtÞ ¼ ðk * tÞ * *nð Þ * ðe * * �k * tÞð Þ=n!
or

PnðtÞ ¼ ðktÞne�kt=n! ð9-1Þ
where

k ¼ average number of arrivals per time unit

n! ¼ 1*2*3*: : :*n

0! ¼ 1 by deBnition
2. The probability of one or more arrivals in a time

interval t, a cumulative probability, is indicated by the
letter F rather than P:

Fð1 or more arrivals in tÞ
¼ Fð0 or more arrivals in tÞ

� Fð0 arrivals in tÞ
Since F(0 or more arrivals in t) = 1.0 (there is no other
alternative, that is, no negative arrivals),

Fð1 or more arrivals in tÞ
¼ 1:0� Fð0 arrivals in tÞ
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For n = 0 in Eq. (9-1):

Fð0 arrivals in tÞ ¼ e�kt

Thus:

Fð1 or more arrivals in tÞ ¼ 1� e�kt ð9-2Þ
Equation (9-2) is a cumulative distribution for the
probability of 1 or more arrivals in a certain time, t.
The derivative of any cumulative distribution such as
this, [Eq. (9-2)], gives the density function,

f ðtÞ ¼ ke�kt ð9-3Þ
which is the density function of the exponential
distribution. Thus, the Poisson distribution for the
number of arrivals per hour implies an exponential
distribution of the time between these arrivals.

This is much more than an interesting mathematical
relationship; it allowed the development of the following
steady-state equations. They are called steady state because
they are the average values to which a system settles down
after operating for a long period of time. For instance, in the
Brst fewhours of operation, a systemmight have a higher-than-
average number of customers and thewaiting linemay become
rather long. The opposite might also occur. However, over a
longer period of operation, such as 1000 hours, the average
number in the line (calculated over the 1000 hours) will settle
down to a value close to that given by these equations. The
actual number can still vary up and down over time, but the
running average will settle in to a steady state.

STEADY-STATE EQUATIONS

Let

A ¼ arrival rate;number=time unit ðlambda;kÞ
S ¼ service rate;number=time unitðmu;lÞ
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Then

Ave: number in system ¼ A=ðS� AÞ ð9-4Þ
Ave: number in queue ¼ ðA=SÞ * A=ðS� AÞ ð9-5Þ
Ave: time in system ¼ 1=ðS� AÞ ð9-6Þ
Ave: time in service ¼ 1=S ð9-7Þ
Ave: time in queue ¼ 1=ðS� AÞ � 1=S ð9-8Þ
Notice the distinction in these equations between

the system, which includes the queue and the server,
the server,whichmayhave one or zerounits included,

and
the queue, which has one less than the system, except

when the server is also empty.

See Figure 9-1 for graphic representation of these terms in the
queueing system.

FOOD PROCESSING PLANT APPLICATION
OF THE QUEUEING EQUATIONS

A food processing plant hires its own trucks and drivers to haul
product from the growers’ Belds to the plant to be unloaded.
During the season for sweet corn (4 months) the length of the

Figure 9-1 Representation of a queueing, or Waiting line, system
with 4 units in the system, 3 units in the queue, or line, and 1 unit
in the server.

Queueing Theory and Waiting Line Applications 189



waiting line for unloading seems to be a problem. The plant
operates 24 hours a day during the 120-day season, the average
rate of truck arrivals at the plant is 20 trucks per hour, and the
average service rate is 24 trucks per hour. In other words, the
plant has the capacity to unload 24 trucks per hour, but be-
cause sometimes no trucks are available for unloading, waiting
lines will develop, even though the average rate of arrivals is
only 20 trucks per hour.

Setting Up the Problem

The plant operations manager is putting together Bgures to
justify increasing the capacity of the unloading facility. He
wants to try various unloading capacities to see the eAect. The
hourly cost of a truck and driver is $20. Use the earlier
equations to set up a spreadsheet as shown in Table 9-2. This
format is set up on your disk as Ble QUE, but you need to enter
the correct formulas. Column A is for Arrivals/hr, A in the
earlier equations; it is 20 for all rows (all trials). ColumnB is for
Services/hr, S in the equations, and the Brst row is the present
situation. Each of the rows below that is a trial of a remodeled
system for higher service rates, from 26 to 40 trucks per hour,
each with a diAerent Investment Cost as shown in Column I.
The equations for columns C through G are the steady-state
equations, but they use thematrix cell designation rather than
S and A. For example, the Brst cell in column C, Ave. # in
System assuming row 7, is

¼ A7=ðB7� A7Þ
Be sure to enter the = sign or the + sign so that the

spreadsheet knows this is a function. Do each equation in the
Brst row. Then copy them all down to all the other rows,
dragging the mouse over the Brst row to highlight it, clicking
on Copy under the Edit menu, dragging themouse to highlight
all the rows C8..G15, and then pressing Enter.

To calculate the Gross Savings, columnH, you do not need
to know howmany total trucks are in use in the system. Think
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of the total truck-hours and man-hours accumulated (wasted)
in the line over the entire season.

The gross Savings from the new systemwill depend on the
diAerence in the average number of trucks in the queue be-
tween the old system (C7) and the new system (C8, C9, .., etc.),
and this must be multiplied by the cost per hour for 1 truck
($20) and by the number of hours in the total season (120 days *
24 hr/day).

The net Savings (column J) will be (Gross Savings�Total
Investment Cost). Add column K (not shown here) labeled
‘‘Days to BrkEven,’’ deBned as the number of days until Gross
Savings (column H/120 * no. of days) equals Total Investment
Cost, column I. The formula is: column I/(column H/120):

column H=120 ¼ Net Savings=day

Plot a graph to show the eAect of increasing the capacity of
the system. Set theX-axis, or Category axis (as Excel calls it) as
the Service Rate, Units/Hr, column B. Show the Net 1-year
Savings on the Primary Axis, Y1 from column J. and Invest-
ment Cost, column C, on the Secondary Axis, Y2. Remember
the Properties Box for Y2 if using QuattroPro.

Analysis of Results

Which change in service rate cut waiting line costs more—(a)
raising the service rate from 26 to 28, or (b) raising it from 28 to
30? You will notice that the increase in service rate, from 26 to
28, had a much larger gain in the Brst year and that the gains
peaked then and Bnally dropped into the negative area. This is
an example ofdiminishing returns that economists see inmany
systems, the most common example being the amount of
increase in yield brought on by ever-increasing fertilizer rates.

Does the negative Net Savings (Gross Savings�Invest-
nvestment Cost) mean that the decision is not economically
feasible for these cases? No, because our comparison for only
one year of service is somewhat unfair—the improvement will
be much greater next year, when the investment in new equip-
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ment has been totally paid for. For example, for a new service
rate of 30 units per hour, the investment of $140,000 is paid oA
in the Brst year, with an additional savings of over $20,000, so
in the second year, with the investment paid, the new oper-
ation should save about $160,000! As for the negative net
savings, even the increase to 40 units per hour with an invest-
ment of $240,000 had a loss of about $30,000 in the Brst year
but would pay oA the $30,000 next year and then gain about
$21,000 in savings that second year.

Remember that the break-even point for each case in this
problem is the point in time when the investment equals the
total savings (breaks even), or the investment has been paid for
by the savings.

What is the theoretical length of thewaiting line when the
service rate exactly matches the arrival rate? This is a very
interesting question; the quick answer, without a knowledge of
queueing theory, would be that everything would work per-
fectly, and the service rate would keep thewaiting line small or
perhaps zero. However, our steady-state equations tell us that
the average length of the waiting line will be some number
divided by zero, or a very long line. A little thought shows that
at some time in the start-up period, there will be no one in the
line and none in service. Thus the service facility develops an
actual average service rate less than its rating because it is
empty for part of the time. After that, it can never catch upwith
the arrival rate.

Print the spreadsheet Ble with your results Blled in; your
table should be similar to the one shown in Table 9-2, except
with all columns Blled. Print the graph as described earlier.
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10

Project Scheduling

Robert M. Peart

INTRODUCTION

As a systems or operationsmanager, youwill at some time be in
charge of the completion of some project that requires cooper-
ation and coordination among several people in charge of
several diAerent parts of the project. One example is the con-
struction or assembly of a new food processing line within a
food processing plant. Plans must be drawn, equipment must
be ordered, new water and electric lines must be installed,
concrete foundations for the equipment must be poured, pre-
liminary trials of the system must be run, etc. Many of these
activities (or tasks) must be done in a priority, or dependency,
order; for example, the equipment cannot be installed until the
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utility lines are in place. However, some activities may be done
at any time after somepoint in the project, andno other activity
will depend on having these activities Bnished. Other combi-
nations are possible, such as start taskB at any timewhile task
A is being done, or start task B and task A at the same time.

During the project, changes will be made, some activities
will be delayed, and some may be Bnished early; the project
manager needs a method to see easily how these changes aAect
the project completion date and other dates for scheduled
activities. Costs are an important part of any such project,
and these can change as work progresses if extra time is
required or certain tasks are Bnished early. Many diAerent
people will be involved, inside and outside your own organiza-
tion. Contractors, subcontractors for electrical, plumbing,
framing, etc, inspectors, sales representatives, and many
others need to be up to date on your project’s progress. Various
forms of reports of progress need to be made to keep everyone
up to date, and a method of quickly and easily getting these
reports out to the right people by e-mail is needed. A comput-
erized method of planning and keeping track of projects can
be very helpful to the manager and to everyone involved in
the project.

TERMINOLOGY OF PROJECT SCHEDULING
AND MS PROJECTRRRRRRR

Software packages are available that help keep track of such
important and dynamic (changing) information. Microsoft
Project 2002R is such a package. Its cost is low for the value
it can oAer any company involved in project management.
(There is a ‘‘Standard’’ and a ‘‘Professional’’ version of MS
Project 2002, but the ‘‘Standard’’ version contains everything
wewill be covering andmore). Farm operations also can beneBt
fromusing scheduling software, although the eAects ofweather
will mean that lots of updating will be required.

In fact, the use of MS Project with a Beld crop operation,
including some of the concepts of CropPlan from Chapter 6,
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would be a very interesting research project. A similar software
project has been under development for several years in
Florida under a project named Decision Information Systems
for Citrus (DISC).

In the following paragraphs, important terms are in
italics. It is helpful to remember these words, because they
are the words used on screen by the software. For instance, if
you are looking for something about a ‘‘job,’’ you will not Bnd it
inMS Project—youmust use the term task. Also, we have used
the word activities in this book, but this term is not used inMS
Project either.

The project example introduces methods of entering the
data about each task, the duration (how long it requires), what
resources are needed, including people and equipment, and
how it Bts into the priorities. This priority is shown by naming
in the task data any predecessor activities, or dependencies,
where one task, the predecessor, must be Bnished before the
dependent task may be started. Resources are entered into a
list, and costs are assigned to each of these on an hourly, daily,
weekly, or monthly basis. One tip: In listing the tasks and
resources, such as a ‘‘concrete truck,’’ and later selecting that
resource, avoid typing in ‘‘concrete truck’’ again, because
misspelling can easily occur, confusing the program. MS Proj-
ect has handy ways of selecting these resources by pointing to
the name, in a dropdown menu or with up/down arrows on the
screen, so don’t type it a second time.

Here we list several more important terms about project
scheduling in general; they are all mentioned in MS Project,
with the exception of the PERT chart, which is called the
Network Diagram, under the Reports box. Then we go into a
fairly simple example application to bring out the features of
this project-scheduling software and to show how to use it.

Gantt Chart

A Gantt chart has horizontal bars on a time scale showing the
time period when each task will be carried out, with the length
of the bar showing the beginning time and ending time for the
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task. Also the dependencies are shown by an arrow from the
end time of task A to the beginning point of task B, if task B is
dependent on task A. In the older terminology, task A is the
predecessor of task B.

AGantt chart view is one of the views available in Project.
It includes a column listing the tasks, generally in the order of
their execution, with a timeline extending to the right; the bar
for that task is shown on the timeline. Special note: Project
provides a very long timeline, stretching out more than a year
into the future, as it should for a big project.When you open the
Ble for the example project, you may not Bnd the Gantt chart,
simply because the timeline is not set to your date. So you may
need to scan forward several months to Bnd the bars of the
Gantt chart.

Critical Path

Microsoft Project shows you the critical path, the list of tasks
thatmust follow each other and thatwill dictate the completion
date. It is important to know this critical path, because any
delay in tasks in this path will delay the whole project. On the
other hand, if any task in the critical path can be done more
quickly, the whole project will be Bnished sooner. This method
also helps recognize tasks that are not in the critical path and
therefore can be done with more Cexibility in timing. Along the
path, you can decide to addmore resources (such as laborers or
electricians or tractors and operators) in order to speed the
process.

Critical Path Method (CPM)

The initials CPM are generally used in project scheduling,
referring to the method used to determine exactly which tasks
are in the critical path. In projects larger and more detailed
than the example here, determining the critical path is not
straightforward, and computer programs have been developed
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to do that. This methodology has been incorporated into Proj-
ect to show the critical path as a colored line in several of the
views available.

Program Evaluation and Review Technique (PERT)

The Program Evaluation and Review Technique is a method,
similar to CPM, for evaluating projects where tasks must be
carried out on a certain schedule with dependencies between
tasks to complete a total operation. A PERT chart, called a
network diagram, is one of the screens available inMS Project.
It shows the network of tasks and how they relate to each other
on a time basis, that is which tasks must precede others and
which can be carried out independently. From the View menu,

Figure 10-1 Schematic of MS Project screen: View menu.
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Figure 10-1, select ‘‘Network Diagram’’ to see this view. It
shows a red line for the critical path and gives complete infor-
mation about every task within the box for that task.

PROJECT EXAMPLE: CONSTRUCTION
OF A FARMERS’ MARKET BUILDING

The project has been started for you, in the BleBldgASM.MPP.
The extension .MPP identiBes a Microsoft Project Ble. This
example is a construction project for a small farmers’ market,
where some stages (called Tasks in Project) must follow others
(digging a trench for footings must precede pouring the con-
crete footings), but othersmay be independent (selling space in
the completed building can be done any time before the build-
ing is Bnished).

The best way to learn MS Project is to Bll in the forms and
note how changes can be made to improve the planning. There
is usually more than one way to accomplish changes in the
program, so you can experiment on your own if you wish. Proj-
ect data are listed here in two tables, and this information will
need to be entered into tables on the screen, but not necessarily
in the exact order shown in these tables.

Our example is a construction job, from clearing the land
to painting the building; that also includes obtaining a building
permit aswell as sales of rental space in the completed building
and planning of an open house.Most of the tasks are dependent
upon another one as to the priority of the completion.

Start MS Project, click on Help, then on Getting Started,
and open and study the Tutorial. Notice how youwork through
the steps to list Tasks, set time relationships between Tasks,
list Resources, assign Resources to Tasks, Track, and Report;
see the schematic of theMSProjectmain screen in Figure 10-2.
There are many features of MS Project that we will not cover.
Many of the newer capabilities have to do with sharing infor-
mation between diAerent locations and people involved with
the project by e-mail and the Web. We are just going to set up

Chapter 10200



the plans for the project to learn how the program helps visu-
alize the project and how changes can be made in the plans to
shorten the duration of the entire project.

The instructions here are written for MS Project 2002.
Beginning with the 2002 version, many directions are given
in the left-hand pane that appears when you click Tasks, Re-
sources, Track, or Report. These will more or less ‘‘walk the
user through the process.’’ The second source of directions is
reached from the Help menu and then Getting Started and
then Tutorial.Wewill have youmix these two sources, because
it seems necessary, especially to get the correct number of re-
sources, as shown in Table 10-1, for each task.

Figure 10-2 Schematic MS Project window. Note Tasks, Re-
sources, Track, Reports.
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Entering Task Data

Start the program, and open the Ble BldgASM.MPP from your
CD. Some of the data for this project have already been Blled in
for this example. To Bll in the rest of the data, click on the Task
box. Then on the left of the screen you have a list in blue color of
speciBc operations to be done to Bll in the information. Here is
the ‘‘blue list’’:

DeBne the project
DeBne general working times

Table 10-1 Tasks and Resources in Building Project

ID Task name Duration Resources Predecessor

1 Obtain permits 4/days 1 Manager, 20% None
2 Grade and clear 4/days 2 Laborers 1

2 Tractors
2 Tractor drivers

3 Dig footers 2/days 2 Laborers 2
1 Tractor
1 Tractor Driver

4 Pour footers 2/days 2 Laborers 3
1 Concrete Bnisher
1 Concrete truck

5 Build fence 2/days 2 Laborers 1
6 Remove forms 2/days 2 Laborers 4
7 Framing 2/days 2 Carpenters 6

1 Laborer
1 Foreman

8 Roo Bng and Siding 5/days 2 Carpenters 7
3 Roofers

9 Plumbing 6/days 2 Plumbers 7
10 Electrical 7/days 2 Electricians 7
11 Heating and

air conditioning
12/days 2 HVAC installers 7

12 Apply wallboard 10/days 2 Carpenters 8, 9, 10
13 Painting 10/days 2 Painters 11
14 Sell space 10/days 1 Manager, 80% 1
15 Plan open house 5/days 1 Manager, 50% 13
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List the tasks in the project
Schedule tasks
Link to or attach more task information
Add columns of custom information
Set deadlines and constrain tasks
Add documents to the project
Publish project information to the Web

Click the Brst one, ‘‘DeBne the project,’’ and follow the
instructions. First you can set the starting date for the whole
project. Go through the ‘‘Save and go to next step’’ instructions
until you get back to the blue list again. ‘‘DeBne the general
working times,’’ by going through the next few steps,where the
program is set for the usual 8–5 working times, an hour for
lunch, andM–F. Then choose the third item, ‘‘List the tasks in
the project,’’ and Bll in only theNameandDuration, in days (d),
hours (h), or weeks (w). The rest of the form will be Blled in
automatically as you enter Resources and the Number of
Resources later on the Resource form.

Priorities, Dependencies, and Predecessors

When the form is Blled out, you can change the entire schedule
by clicking on the starting date of the Brst task, and change it
with the up and down arrows. This shifts all the starting and
Bnish dates to match up with the new starting date. MS Project
sets its date as the current day from your computer; you can
move the Start date as you wish. Notice that the table for
listing the tasks is like a spreadsheet, in that you canmake the
columns more or less wide, and you can move the right-hand
edge back and forth to read more of the information.

Upon completing the Task list and Duration data, select
the fourth item in the blue list, ‘‘Schedule tasks.’’Here we will
identify which tasks are predecessors and which tasks are
dependent on them. The most common condition is called
‘‘Bnish to start,’’ meaning that the Brst task you select must
Bnish before the second task you select may start. To show this,
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after selecting the predecessor task and then the dependent
one, click on the blue box to the left for ‘‘Bnish to start,’’ under
the heading ‘‘Link dependent tasks.’’ You must select the
predecessor Brst and then the dependent task. When you have
done this, look at the Gantt chart to the right. Notice that a
line with an arrow has been drawn from this predecessor to
the dependent task, and the bars are positioned to show this.
As you add tasks in priority order in the list, Project assumes
they are in the usual ‘‘Bnish to start’’ order and places the bars
that way.

Another choice is ‘‘start to start,’’ meaning both tasks
must start together. You select that in the sameway. The third
choice is ‘‘Bnish to Bnish,’’ meaning the dependent task may
not Bnish until the predecessor does. A fourth choice is to break
a link you have already entered by mistake. Check the Gantt
chart at this point and notice how the arrows from one task bar
to the next indicate these dependencies. When you have
completed making all these choices, check the Gantt chart as
well as the column labeled ‘‘Pred.’’ to see that the predecessors
for each task are as desired in Table 10-1. You may have to
stretch the table of tasks to the right to see the ‘‘Pred.’’ column.
At the bottom of the blue list for tasks is a blue prompt to lead
you on to resources.

Resource Data

Enter the resources by themethod based on the Tutorial. Click
on View, on the top row, and select Resource Sheet. Then click
View again, select Table:Entry and then Entry, and the Re-
source Sheet is available withName, Type (Work), Max. Units,
Std. Rate, and Overtime Rate. We will not be using the Mate-
rial Label or Group columns. In the Type column, type ‘‘work’’
for each Resource. We could enter ‘‘material’’ if we were keep-
ing track of material in addition to the work. Maximum Units
refers to the maximum number of each of these resources that
could be available at any one time. It is entered here just as a
check, so you don’t overcommit any resource. For instance, if
only one tractor is available, Project will not let you schedule
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the tractor for two diAerent tasks at the same time. Now from
Table 10-2, enter Name, Type (enter ‘‘work’’), Max. Units, Std.
and Overtime Rates (multiply standard rate by 1.50). The $
sign will be Blled in for you, so you don’t have to type it. Use per
hour, day, week or month as: /h, /d, /w, /mo. For the overtime
pay, multiply the regular pay by 1.5. Machine costs are usually
listed on a per-hour or per-day basis, assuming that your com-
pany can rent the necessary equipment.

At this point, we have not been able to enter the number of
each resource, speciBed in Table 10-1, to go with each task in
order to complete the task according to the duration we set. We
have set the maximum number of each resource that is avail-
able at one time, but not the number listed in Table 10-1. Later,
we will be working with changing the number of the various
resources in order to shorten the overall time to complete the
project. To do both of these things, you will need to get to
the important, but hidden, Task Form, under the blue list of
the Resources menu, Assign People to Tasks. We will do this
next.

Table 10-2 Resources Needed for the Building Project

ID Resource name Type
Maximum

units
Standard

rate
Overtime

rate

1 Managers Work 1 $200/day $300/day
2 Laborers Work 8 $12/hr $18/hr
3 Tractors Work 1 $100/day $150/day
4 Tractor drivers Work 1 $15/hr $22.50/hr
5 Concrete Bnishers Work 2 $20/hr $30.00/hr
6 Concrete

truck/drivers
Work 2 $200/day $300/day

7 Carpenters Work 6 $120/day $180/day
8 Roofers Work 6 $120/day $180/day
9 Plumbers Work 4 $20/hr $30/hr
10 Electricians Work 4 $22/hr $33/hr
11 Wallboard appliers Work 4 $130/day $195/day
12 Painters Work 5 $12/hr $18/hr
13 Foreman Work 2 $150/day $225/day
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Another way to enter the resource data, which we have
just done from the View menu, is to click on the Resource box;
another blue list appears. The choices are:

Specify people and equipment for the project
DeBne working times for resources
Assign people and equipment to tasks

and three others we will not use: Link, Add, and Publish.
First, ‘‘Specify people and equipment for the project.’’You

could enter the resources, but they are already there if you did
it from the View menu earlier, except there is no ‘‘Max Units’’
column.Nowwewill get to the TaskForm,where you canmake
sure each task has the number of resources listed in Table 10-1.

Assigning Resources to Tasks

Next, from the same blue list, click ‘‘DeBne working times for
resources,’’ and go through a few screens, which are preset for
an 8-to-5 day with a 1-hour lunch, Mon. through Fri. You could
put holidays in if you wish.

Then click on the Brst task and then the blue ‘‘Assign peo-
ple and equipment to task.’’Follow through on these directions
to get the right resources with each task, using Table 10-1, but
do not worry yet about how many laborers, for example, are
needed for each task. Click on each of the resources needed for
this task. For showing more than one resource, hold down the
Ctrl key while selecting the resources needed.

A special note is in order here about assigning resources.
Whenever youwant to usemore than one of the resources, such
as laborers or trucks or drivers, special care is required. This
is true when less than 100% of the resource time is needed for
the task. For example, we have themanager scheduled for only
50% of his time during the task of obtaining the building per-
mit. For these reasons, it is important to access the Task Form
screen, under Editing Resources, that allows you to specify the
number of these resources.
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After entering a resource, such as themanager for Task 1,
obtaining building permit, scan down the left-hand columnand
see the summary of the task and the resources assigned to it,
including a percentage of time each resource is working. This
may be over 100%or under 100%, as in the case for Task 1.Now
scroll down to the very bottom of the left-hand instruction
column. This is where we can access what I call the ‘‘secret
table,’’ the Task Form that comes up under the Gantt chart.
When you click on the blue ‘‘Edit Task or Assignment Infor-
mation,’’ the Task Form appears. This has three useful cells
that can be calculated byProject (and/or you can Bll in your own
values): Units, Work, and Duration.

The Brst task, obtaining permits, requires 10 days, with
themanager working 50%, or half-days, on this task. Wemean
that this task probably cannot be rushed, with various o E ces
being contacted and some waiting time between visits. We still
have not entered this information (except for the duration) into
Project, but we can now do so on the Task Form, by getting
05 Units, 40 h of Work, and 10 d as the Duration. These three
cells interact with each other, so when you enter 40 h for the
Work, it may assume 100% time for the manager and change
the duration to 5 days. Keep trying until you get what you
want. Good Luck! Actually, the Task Form is not a total secret,
because it may be found by clicking View, which has a menu
of the main views but also includes a choice ‘‘More View,’’ as
shown in Figure 10-3. This reveals a longer menu of views that
may be scrolled down to ‘‘Task Details Form.’’

Take the Building Fence task as another example. If you
originally B lled in a duration of 3 days and then assigned
‘‘Laborer’’ to that task, theTaskFormshows 24hours required
and assumes just one laborer is needed. However, we meant
that 2 laborers would require 3 days to build the fence; you can
make that change in theTaskForm.Our 2 laborers for 3 days of
8 hours each means 48 hours of work, so you should enter that
in theWork column of the Task Form. As you click on that cell,
you can see tiny arrows to let you select the number, or you can
type it in. I recommend using the arrows. After entering 48 in
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the Work column, click OK in the upper right-hand corner of
the Task Form, and watch the Units column show 2 for the
number of laborers, the duration should stay at 3 days.

To summarize what may seem rather complex, remember
that the three cells on the Task Form—Units,Work, andDura-
tion—can be changed by the user to get the proper information
into the program. In the second part of this example, we will
use the Task Form again to increase the number of resources
on some tasks in order to cut the duration and the time needed
for completion.

Now go ahead and Bnish entering the resources for each
task. Go to the Task Form to make sure the correct amount of

Figure 10-3 Schematic of MS Project window: More Views.
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work is entered, according to the number of each resource and
the duration given in Table 10-1. Be sure not to use the Maxi-
mum Units in Table 10-2, for the actual number of the resour-
ces listed in Table 10-1, which is what we want in the Task
Form. Now that data entry is Bnished, the reports may be
studied, and then optimization for shortening the durationwill
be explored.

Reports and Consulting Services

Once all the resources are assigned to the tasks in the correct
number, you can explore the various reports that Project has
available for reviewandprintout.TheGantt chart, theNetwork
Diagram, and some of the cost reports are the main ones, but
note also the Calendar view, which makes a more convenient
way to visualize the process. The cost and other general reports
are found under ‘‘Report,’’Getting Views and Reports. Put the
dot on ‘‘Print a project report’’ and then select the blue Display
Reports. Five types of cost reports are available, and they may
be edited to provide a customized report with your name and
project name as a heading. Even though you have checked
Print, you can see the output on screen before you print it.

Many other report forms are available. From the ‘‘Views
and Reports’’menu just mentioned, there are slightly diAerent
reports available on the Display menu and the Print menu.
Also, any screen that you want to print can be blocked with the
usual spreadsheet technique. Then click the usual Windows
File and Print Preview items to see these tables or diagrams on
screen for printing.

These reports are very important for every user but es-
pecially for the professional who will use these reports as a
main part of the ‘‘deliverables’’ to the client. A good variety of
useful specialized reports, such as these from MS Project, is
very important to both the consultant and the client, because it
gives the client several ways to study the results, and it gives
the consultant a very nice tool for ‘‘adding value’’ to the work.
We encourage liberal use of the reports.
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Optimization by Changing Resource Assignments

Next youwill do some informal optimization to see how you can
Bnish the project earlier by adding available resources and
reducing the duration time of some of the tasks. The tasks to be
speeded up are the ones in the critical path, otherwise the total
project time will not be reduced. The main idea is that an
activity that takes 10 days using 2 laborers would have a 5-day
duration if 4 laborers were used.

Of course all resources needed for the task being short-
ened must be changed, including any equipment needs. If you
change only part of the resources, such as laborers, but not
carpenters, Project will calculate the duration of the task
according to the resource in shortest supply. However, you
can’t specify part of a tractor unless you are renting it and could
complete the task without having the tractor there the whole
time. If you schedule more than the maximumnumber of units
available, Project will show this in the Resource Graph and the
Resource Usage Reports with red bars and numbers. It is also
shown by red print in the Resource Sheet. This maximum
number of units can be thought of as the maximum number of
resources (people ormachines) that are reasonably available at
any one time.

The principle is that each task requires a Bxed number of
resource-time units. For example, 2 laborers for 10 days
means 20 laborer-days, which could be met with 1 laborer
for 20 days or 10 laborers for 2 days, as shown by the following
equation:

number of Resource1 * time1

¼ number of Resource2 * time2

where

number of resource ¼ a whole number ðintegerÞ value

Of course in the real world the systems manager must
knowwhether 1 laborer can get thework donewithout a second
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one, and also if 20 Laborers for 1 day would be too crowded so
that the job could not be Bnished in 1 day.

Fractional machine requirements could come up, for
example, if a task required one concrete truck and 3 workers
for 5 days (15 worker-days and 5 truck-days). If the maximum
units for workers is only 5 andwewant to shorten this task, we
could use 5 workers for 3 days, but the calculation for trucks
would be

5 truck�days=3 days ¼ 1:67 concrete trucks

Assuming that the concrete trucks are required full time for
the 3 days, youmust use 2 trucks for 3 days. Of course, it might
be possible that 1 mixer could keep up with the 5 workers, but
we cannot assume that.

Try this by changing at least two of the tasks in the critical
path to reduce the overall duration of the project. Make sure
you increase all resources for the task in proportion to the
reduced duration (rounding up fractional units as needed). If
you specify more of one resource than is required to Bnish the
work in the correct duration time, Project will not warn you. It
will charge you for the extra time that you have speciBed.

Try exceeding themaximumunits for one of the resources
that are listed. Project should warn you, but it does not, until
you go to Reports, and choose Resource Graph or Resource
Usage reports to Bnd the excess utilization showing up as red
above the maximum number of units speciBed.

At this point, you should be able to do the ‘‘keyboard
work’’ of entering data into MS Project and visualizing the
results in diagrams, graphs, and tables. Many important fea-
tures are available in the program for both strategic (longer-
term) planning as well as tactical shorter-term, operational, or
‘‘this week’’ planning. For example, in this problem, howmuch
timewas saved by increasing resources to shorten the duration
of the project? How might this relate to contracting jobs where
contracts are based on penalties for missed deadlines or on
bonuses for Bnishing ahead of the deadline?Did the total cost of
the project change? If it did change, why?
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We have not talked about tracking, entering milestones,
use of overtime work, and other features of MS Project. These
are areas youwill want to investigate if you become involved in
a larger project. Tracking the project, that is, making changes
due to weather changes or equipment failure problems, is a
very important feature of many agricultural systems. Chapter
2 in this book, on reliability, has much to say about the equip-
ment failure problem. Tracking of crop Beld operations, for
example, using MS Project could be very useful. Delays due to
current weather conditions could be entered to dynamically
recalculate the new expected date for planting. This could be
very useful in connection with CropPlan, which we used in
Chapter 6, for projecting expected dates for harvesting crops.
We encourage you in eAorts to more fully adapt software tools
for practical agricultural systems problems such as these.
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Artificial Intelligence and Decision
Support Systems

Robert M. Peart

INTRODUCTION

In the 1990s, manymanagerial leaders believed that one of the
major sources of productivity, creation of jobs, and the gener-
ation of new wealth would be in the general area of ‘‘turning
information into knowledge,’’ and theywere right. Information
is available in amazing breadth and depth. Stock market
quotes, weather data at thousands of locations, commodity
prices and futures and option prices on these commodities, in-
cluding grain, orange juice, cotton, live cattle, and hogs, make
up a part of the mass of new data that are generated each day
and hour in the United States. And now data such as these are
becoming available fromaround theworld aswe become part of
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a global economy. In addition, less volatile data, such as pesti-
cide recommendations, cropvariety selections,machineryspec-
i Bcations, soil types, and fertilizer recommendations, are
available, and some of these are diAerent depending upon lo-
cation. So a bewildering amount of information is available.

Making use of this information in a way that will improve
productivity, reduce the losses of nutrients, cut costs, improve
proBts, and meet regulatory requirements is a challenge for
agriculture today. We hope this material will make a start in
explaining a relatively new technique for turning information
into knowledge using the concepts of artiBcial intelligence.
These concepts have led to the development of what were
called expert systems and now are more accurately covered un-
der the more inclusive term decision support systems, accord-
ing to Barrett and Jones [1].

The concept of expert systems, arti Bcial intelligence,
‘‘fuzzy logic,’’ and knowledge-based decision support systems
(information systems) was accepted rapidly in business and
industry. Production control systems in factories have included
these concepts so that operating problems, such as bad welds,
can be either prevented or Bxedmuchmore quickly than under
simpler control systems.

A quick example of such a system in agriculture is a rel-
atively simple program that includes the recommendations of
the citrus disease expert and asks questions of the user so the
user can decide when a fungicide application is needed. The
particular fungus causes small, very young citrus fruit to drop
oA the tree shortly after the bloom stage; it is called postbloom
fruit drop. Blooms become discolered, indicating that they are
aAected by the fungus. The recommendation is to count the
number of bad blooms per tree, note the calendar time within
the season, remember if there was a similar problem in the
same location last year, and note the weather. The weather
data come into the program through theWorld WideWeb. The
user enters the other data and gets a recommendation that
may be to wait and continue observations, to apply fungicide
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now, or not apply fungicide because the conditions are such
that the fungus threat is gone for the season.

Developing a decision support system is quite diAerent
from writing a conventional program in FORTRAN, C++, or
any other procedural language. However, it is easy to get
started with the concepts of what is called a ‘‘rule-based’’ pro-
gram, and knowledge of a procedural language is not needed.
We will introduce these concepts with ordinary English-lan-
guage statements and then show how these can be turned into
Web (WWW) pages.

If you are not already familiar with the Beld of artiBcial
intelligence, it would be helpful to know some of the special
vocabulary that rapidly developed. The Beld did expand rap-
idly, and many of these terms overlap in meaning. We will try
to clarify these meanings, because there can be important dis-
tinctions between, for example, an expert system and a knowl-
edge-based decision support system. Whereas expert system is
probably the most used term for work in this area, it does not
accurately cover much of the more recent work, especially in
agriculture, where integration of databases and simulations
makes these systems so powerful.

In the mid-1980s, this whole subject area was developing
rapidly, and technical articles about these terms were popular.
Special programming languages were developed for artiBcial
intelligence applications, and new computers were designed
just for these applications and languages. Since then, this pub-
licity has faded, but the concepts are important and have been
incorporated into many special operating programs using con-
ventional computers and have saved a lot ofmoney in industry.

ARTIFICIAL INTELLIGENCE

This Beld is very broad. Herewe deBne and describe some of the
types of research and development that have been and are
being done. Even broader than the following terms, the concept
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of artiBcial intelligence was exciting to the general public and
even inspired imaginative Bction about future computers that
would approach, or even surpass, the intelligence of human
beings. For many years, the informal test of this idea has been
development of computer programs to play chess against a hu-
man.People haveworked on this for years, and computers have
had a phenomenal growth in speed of processing and size of
memory available. The latest heard about the chess game was
that a computer and one of the top chess champions of the
world came to a draw! Probably one of the advantages the com-
puter has in such a task is its huge memory for storing a very
large number of strategies and its ability to search them ra-
pidly and compare themwith past games and current tactics of
the opponent.

If the reader will allow a little philosophy here, I will in-
troduce two strong concepts that the arti Bcial intelligence
scientiBc community has come to realize. An early one was sort
of a marketing slogan for the concept of utilizing artiBcial
intelligence to solve problems.

Knowledge Is Power

This is certainly true in many aspects of business and life
in general. We spoke earlier about the need to handle vast
amounts of information and convert it into knowledge that is
useful for the agricultural systems manager and his or her
client. This has been recognized for a very long time. From the
Old Testament of the Bible, Proverbs 24: v. 5: ‘‘A wise man is
mightier than a strong man and a man of knowledge than he
who has strength.’’ The second principle was recognized after
the failure of earlier ideas that a supercomputer with vast
reasoning powers and utilizing arti Bcial intelligence could
‘‘reason’’ by itself and then go on to learn new knowledge that,
perhaps, mankind had not learned! Researchers later realized
that for the development of useful applications with artiBcial
intelligence, the system needed, in addition to the ability to
reason, a set of rules about the problem and that these rules
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must include ‘‘knowledge’’ that humans, usually experts,
could provide. This second principle was also known to the
writer of Proverbs 18, v. 15: ‘‘An intelligent mind acquires
knowledge, and the ear of the wise seeks knowledge.’’ (Both
quotes from the Revised Standard Version). So although we
are aiming in this chapter to deBne and encourage the develop-
ment of decision support systems, it is interesting to view the
whole area and a little of the history of the relatively new Beld
of artiBcial intelligence.

Robotics

Robotics has been considered a part of the overall Beld of ar-
tiBcial intelligence by many authors. A robot is not just an
automaticweldingmachine on a car body production line, but a
machine that can be programmed to do a variety of tasks and
that can interact with its environment. A robot may need to
make a decision about whether an object that it must select is a
nut or a bolt, a green tomato or a ripe, red tomato. Thus robots
need to ‘‘see,’’ recognize objects, and make decisions, so they
need intelligence—‘‘artiBcial’’ intelligence.

Natural Language

For easier and greater application of the computer in our
working world, we need better and more natural ways for hu-
mans to communicate with the computer. The computer needs
to be shown more about how we communicate so that we can
spend less time learning how the computer communicates. We
want to be able to ask the computer, ‘‘What did the Dow Jones
do today?’’ or ‘‘What are the soybean futures for next July?’’ or
‘‘What are the probabilities for a freeze tonight?’’ This kind of
language is (naturally!) called natural language, and the com-
puter needs a natural language program tomake this possible.

This is a di E cult Beld, but progress is being made. The
programs that can process natural language sentences must
determine which words are the noun, the verb, and the object,
for example. One of the big problems is that humans can pose a
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question in many diAerent ways. In addition, voice recognition
by the computer is a part of this, because we often do not want
to or are unable to type our input, but should speak to the com-
puter. The development of programs that understand human
natural language is a vital part of the whole artiBcial intelli-
gence investigation, because this requires intelligence. We are
going no further into this area.

Fuzzy Logic

To simulate human intelligence, artiBcial intelligence must be
able to handle more than just numbers, yet the heart of any
computer is just a very fast processor of data in binary form,
zeros and ones. Our programming languages, such as FOR-
TRAN, C++, and Java, have allowed us to program computers
with English words and mathematical symbols, yet most pro-
grams are very precise and objective in their results. They
usually produce a table of numbers, and they can rank these
results numerically, even with huge numbers of possibilities.

But humans oftenmustmake decisions inwhich the input
data and the resulting output are not in neat mathematical or
completely logical form. For example, a computer using a lin-
ear programming algorithm can select the one best combina-
tion of several ingredients that will result in the lowest-cost
feed mixture that meets the speciBcations in terms of protein,
fat, Bber, and total digestible nutrients from among an almost
inBnite number of possible combinations. However, until artiB-
cial intelligence, the computer could not solve less precise
problems, such as determining themost proBtable combination
of crops to plant for the coming year,with prices and costs being
uncertain. And managers often want a recommendation in
terms somewhat like a weather forecast, such as, ‘‘If you do
not spray, chances are about 1 in 5 that the disease will cause
more damage than the spraying cost.’’

These less well-deBned problems are solvable by human
experts, but they are di E cult for the computer becausemany of
the ‘‘facts’’ are not known with certainty, and they are repre-
sented by humans with terms such as more, less, low, very
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severe, and other nonnumeric words or symbols. In artiBcial
intelligence, this concept was termed symbolic computing, be-
cause symbolswere handled.When ‘‘facts’’ are not knownwith
precision, the problem seems fuzzy, and thus the term fuzzy
logic was coined, in fact, it was trademarked by a camera com-
pany to describe its automatic camera focus control system.

Expert Systems

An expert system simulates a human expert in a narrow sub-
ject matter domain. For example, to develop an expert system
program to give soybean growers advice about insect problems
like a consulting entomologistmight give, the programneeds to
do the following:

1. Ask the grower some general questions to Bnd out
what the problem is.

2. Find out the farm’s location, variety of soybeans, stage
of growth, identiBcation, or description of the bugs.

3. Finally, give the best estimate the system can on the
type of insect, whether or not treatment is needed at
this time, and when and what type of insecticide is
recommended if treatment is needed.

Programs such as these probably will not replace the con-
sultant, but they will be used by the consultant to give better
advice and probably to produce good printed reports for the
client. Many agricultural expert systems are diagnostic in na-
ture, such as the example just given. In addition, expert sys-
tems may be (and a few have been) developed for making
technical management decisions, such as purchase of new
equipment, deciding on a crop rotation, making a marketing
plan for grain, or culling livestock from a breeding herd.

Knowledge-Based Decision Support Systems

The term knowledge-based decision support systems (or deci-
sion support systems) includes expert systems but covers a
broader range of program types. Often, it would be advanta-
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geous for an expert system to have available the latest data
from the commodity futures market or cash markets or to be
able to run a simulation programwith current weather data to
get crop yield estimates in order to give the user the best up-to-
date expert advice. When an expert system uses a database, a
spreadsheet, or some other external program, such as a simu-
lation program, the whole integrated system is referred to as a
decision support system. An expert system is also a knowledge-
based decision system or decision support system, because it
contains the knowledge of the expert and it helps, or supports,
the user in making a decision.

The word support emphasizes the important idea that the
computer is not controlling the decision. It is not the decision
maker. It helps (supports) the human decision maker by keep-
ing track of many factors, whereas the decision maker is also
likely taking into account other factors, especially more sub-
jective ones. A citrus production manager in Florida makes a
very sound point about the use of computers in management:
‘‘Use the computer for what it can do best, calculating and
remembering lots of data, and use the human for what the
person can do best, integrating the output of the decision sup-
port system and other factors, including the human’s experi-
ence, and come to a decision based on all these things.’’

More recently, a broader common term has come to in-
clude decision support systems: information systems; the Beld
has become known as information technology (IT).

Decision Support System Applications

Potential applications are innumerable, but many of themwill
Bt under one of the following types.

Diagnostics—Experts can tell what is wrong with a car
when it doesn’t run right, why a lawn doesn’t look so
good, or whether the cotton farmer should spray for
insects now or later. Expert systems on a personal
computer will be very valuable for problems such as
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these. An auto manufacturer developed such an ex-
pert system for mechanics.

Marketing—Stock and commodity futures traders have
programs to guide their buying and selling, and
farmers and grain buyers can use the rules of an ex-
pert in determining when to buy and sell to reduce
risk and maximize returns. One such program has
been developed by Thieme et al. [2]. The Beld of
commodity marketing lends itself well to a decision
support system, because experts commonly use spe-
ciBc rules and decision trees, which are relatively
easy to program for the computer.

Systems operations management—Decision support sys-
tems are being developed to help engineers design the
layout and type of machine tools in a factory to get a
good balance and e E ciency of use for a variety of jobs
that will be run through the factory. Growers of food
crops need decision support systems to determine the
optimal time to plant and harvest crops and to con-
trol pests. Khuri et al. [3,4] and Lal et al. [5,6] have
developed experimental systems for citrus manage-
ment and Beld operations simulation.

Automatic control—Many control systems have been
improved greatly by adding rules such as ‘‘Set the
air conditioning controller to a higher temperature if
today is a holiday with no one in the building.’’ Con-
trolling peak electrical demand by turning oA water
heaters during peak periods is another excellent ap-
plication.

Strategic planning—Planning on a longer-term basis,
such as annually, can be aided with well-designed
decision support systems. Also, models to make pro-
jections about the future would be helpful to answer
some of the expert questions that must be asked in
strategic planning. A decision support system can
integrate these functions and can then answer ques-
tions such as ‘‘Were July electrical costs higher this
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year because of the weather, because of controlling
high-peak use, or because of diAerent rates?’’

Static and Dynamic Decision Support Systems

Especially for agricultural systems, the idea of dynamic vs.
static decision support systems is important for the develop-
ment and operation of these systems. Static systems are those
that are used, usually, at a single point in time; and each use is
a new one, keeping no information from the last time it was
used or ‘‘run.’’Adiagnostic system telling the userwith a poor-
looking crop what the problem is—disease, some nutrient
lacking, drought, etc.—is a typical static system. An early ex-
ample of such a system was used to identify soybean insect
problems and recommend treatment, Beck [7].

However, many agricultural problems may be used
throughout a growing season. Once the user enters data about
the crop to assess the threat of an early-season disease, for
example, the usermaywant to do it aweek later to check on the
same disease or on a question such as irrigation needs. These
subsequent uses can take advantage of the earlier data entered
to give decision support based on the history of the crop up to
that point. These programs are called dynamic decision sup-
port systems, and they must keep earlier data from one use to
the next.

DEVELOPMENT OF DECISION SUPPORT
SYSTEMS FOR AGRICULTURAL SYSTEMS
MANAGEMENT

Currently, one of the best ways to understand how a decision
support system can be developed involves the concept of a
series of Web (WWW) pages. Most people are now familiar
with a typical Web application, where you look up the site and
then click on various available options to lead you to the in-
formation youwant. A decision support systemworks the same
way, with various options available on each screen to go to the
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next screen in search of the knowledge you need. This concept
makes the idea of a decision support system easier to under-
stand than many of the older methods that referred to the
knowledge base, backward-chaining, forward-chaining, ob-
jects, source code, and other programming jargon.

We will not go very far into the software programming
aspects of this development. But it is important to understand
the general idea of how such software works and speciBcally
how you, as an agricultural systems manager, can help a pro-
grammer make the program relate well with the potential
user. Also, this concept of development of a decision support
system will be valuable to you as you advise your client or
employer in the use of such systems that are available to them
and/or for your use for them. Many available systems would
provide you, as a consultant or system manager, reports that
may be printed for the owner on a periodic basis, enhancing the
value of your service.

Importance of the User

Decision support systems are typically developed by at least
three people: the domain expert, the knowledge engineer, and
the computer programmer. And it is very important that they
know and consult with a fourth person, the user, very well.

The domain expert is the specialist or consultant whose
expertise will be simulated.

The knowledge engineer has the overall concept of the
expert system structure and oversees writing of the
program. An important job of the knowledge engi-
neer is to accurately elicit from the domain expert
the rules, generalizations, exceptions to the general
rules, the things he needs to know about the problem
before he can give advice, etc. This knowledge en-
gineer could very likely be an agricultural systems
manager, because this person, having agricultural
training, will understand and be able to communi-
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cate very well with the domain expert, who will usu-
ally be a specialist in a particular problem area. The
ag systemsmanager, having the overall systems con-
cepts of an agricultural operation and the particular
jargon and specialized terms will be very helpful in
communicating with the programmer on how the
user will want to interact with the program.

The programmer will most likely be an expert in Web
design, because most of the newer programs will op-
erate online through a Web page. Design of a Web
page (World Wide Web) is a di E cult task, currently
poorly done in some cases because it incorporates the
need for excellent programming skills, an artistic
ability with shapes and colors, and an understanding
of how an unskilled computer user can more easily
use the system and recover from errors. One of the
advantages of the Web page approach is that it has
the built-in capability to ‘‘backup’’when the user has
gone in the wrong direction.

The user is, of course, the whole reason for development
of the program. The agricultural systems manager
must have a very clear idea of the range of individuals
who will be users of the system. Their knowledge of
the problem, the jargon, and the units ofmeasure and
their experience level with computers in general are
all important and must be considered in designing
the decision support system.

Planning Development of a User-Friendly Decision
Support System

Sometimes, it has been incorrectly assumed that the farmer or
grower himself or herself will be the primary user of the sys-
tem. In many cases, the consultant for the grower is the more
likely person. For example, in citrus production, production
managers are used to direct when various sprays are needed,
when and how much fertilizer is applied, when picking crews
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are scheduled, and various other necessary processes. All over
the country, the crop consultant is becoming a major part of
agriculture; there is even a professional society for crop con-
sultants.

In designing a decision support system, the agricultural
systems manager must think somewhat like a medical doctor
trying to diagnose a patients problems, but without talking
directly to them or seeing them. The doctor can ask questions
but has to give the patient just two or more possible answers,
and the patient cannot say anything more.

Barrett and Castore [8] have said, ‘‘The program devel-
opers’ dilemma is to develop a program thatmakes sense to the
end users, whomever they may be.’’

The good knowledge engineer never forgets the users.
Users are coming to the expert system for help, and this com-
puterized help is probably new to them. The users are intelli-
gent managers and probably know the problem area better
than the computer experts do. The users would prefer to talk
one-on-one to the domain expert, but they cannot; the expert
system will help many users have simulated discussions with
the domain expert. The overall goal of the knowledge engineer
is to make this simulated discussion nearly as easy and
enjoyable and helpful as a live, personal discussion between
user and expert. One of the simple but important rules is to
make every eAort to use the particular terminology and jargon
that is familiar and meaningful to the user. For example, in
Florida a Beld full of fruit trees (citrus) is called a grove,
whereas inMichigan a Beld full of fruit trees (perhaps cherries)
is called an orchard. The wrong term in the wrong place gives
the user less conBdence in the system.

A very recent excellent publication admits that some
decision support systems in agriculture have not been widely
accepted [9]. The editors include nine technical articles about
experiences with decision support systems in agriculture,
including enterprises such as cotton, wheat, soybean, and
grazing. These experiences come from Australia and the
United States, so the interest is widespread, and research in
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this Beld is major. The interesting title of the publication is
Probing the Enigma of the Decision Support System for Farm-
ers: Learning from Experience and from Theory.

Our emphasis is on expert systems based on rules. If we
want to simulate an expert who can diagnose crop disorders,
for example,we usually think of the rules the expert employs in
order to eliminate the possibilities that are less likely and focus
in on the most likely diagnosis and then also the cure.

In its simplest form, the main parts of the expert system
are (1) the rules and (2) the recommendations, answers, or
goals. Each rule will result in a recommendation.

Decision Tree

The decision tree is an excellent tool for designing the decision
support system and showing the programmer how you want
the system to work. Typically, the decision tree may be laid out
starting at the beginning on the left, with the possible decisions
to be made in each box shown by an arrow leading to the next
decision point. Each box also indicates a computer screen. Each
screen can contain information and instructions to help the
user make the next decision.

Each rule is described by one complete path through the
tree leading to one particular recommendation or answer. The
following decision tree and decision table, or matrix, present
methods of putting on paper the logic you want to show in
the decision support system, regardless of the programming
method. A good programmer can take these diagrams and
make the system appear on the screen as desired using his or
her favorite programming language.Wewill be recommending
that the program be set up as a World Wide Web page, WWW,
so the userwillmainly be using the ‘‘point and click’’method to
answer questions and work through the rules to the Bnal
recommendation.

Auto Air Conditioning Example

A simple automobile air conditioning problem is developed
here as a model of the process of developing an expert system,
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or a decision support system. This problem is visualized as a
one-time use, or a static expert system—no follow-up on the
same problem later, and no database or simulation to be in-
cluded. Just like a doctor making a diagnosis, we have to ask
some questions about the symptoms in order to Bnd out how to
treat the problem.

We visualize the problem of trouble with the air condition-
ing in our car. We assume that the fan is OK and that air is
circulating but that it is not cool or not cool enough. This keeps
the problem simple. First we think about the symptoms of the
problem and how we are going to ask the user about them. We
could do this in several ways, but in this example we ask Brst
about the belt that drives the air conditioning compressor
under the hood, next to the car engine. This answer about
whether or not the compressor itself is turning will help us
separate the possible problems.

Now think about the user, maybe not very knowledgeable
about air conditioning mechanics, looking under the hood to
see if the compressor is turning. It is easy to see if the belt is
running, but this does not mean the compressor is turning,
because there is a clutch that engages or disengages the belt to
the compressor. So some instructions are needed about how to
tell if the pulley wheel itself is turning the compressor. As an
aside, you can see that on the computer you could have a
picture of a typical compressor with an arrow indicating the
drive wheel to be checked. Also, what we are trying to empha-
size here is that you, as a systems manager, need to ‘‘see the
whole picture’’ as you help develop an expert system. Part of
that is being conscious of diAerent types of users for whom the
system is being designed.

On the decision tree, this Brst question about the com-
pressor turning leads us to the Brst decision point on the de-
cision tree; see Figure 11-1. You can see from the complete
decision tree that if the compressor is turning, we are next
going to ask about the temperature of the air from the air
conditioner; and if it is not turning, we will ask about the con-
dition of the belt driving the compressor. Assume now that the
user responds that the compressor is turning.
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Then we ask the user about the temperature of the air
coming out of the unit (we could also ask the user to get a
thermometer and measure it). But at this point, a rather
fundamental question needs to be raised. Many programmers
writing an example like this would just ask the user: What is
the temperature of the air coming out of the unit? However, in
the case of a unit doing no cooling at all, the user can be sure,
without a thermometer, that the temperature is above, say,
70jF. Also, the user should be reminded to let the unit run for a
couple of minutes, to give it a chance to cool oA the system, be-
fore checking the temperature of the exhaust air. Then, after
giving the user advice about these situations, we could ask if
the temperature is obviously too high or if the unit is partially
cooling. We could ask for a temperature reading to see if it is
above or below 70jF. Try to put yourself in the user’s place as
you design these questions. We ask the temperature question
to Bnd out if the unit has totally failed, if it might still be
partially working, or if it really is working OK but the user
thinks it should be doing better.

Figure 11-1 Decision tree for air conditioner expert system.
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Our point here is that all of these possibilities should be
covered for the user at this decision point. We will just go
ahead and ask the question about whether the temperature is
above or below 70jF. In a real system, however, these explan-
ations could be presented at this decision point screen, and
then more than two questions could be asked (making the
decision tree larger). In addition, a ‘‘dead-end’’ branch of the
decision tree could be designed for the user that wants to dig
further into the workings of the air conditioning system. This
type of addition is fairly easy to do with the Web model of the
expert system.

Back to our example: With the compressor turning, we
recommend repairing the system if the temperature is above
70jF; if the temperature is below this point, we say the unit is
actually running OK.

Next, if the compressor is not turning, wewill ask the user
to check the belt to see if it is tight enough and not showing lots
of wear. If it seems OK, then we recommend having the con-
trols checked, because the clutch connecting the belt to the
compressormust not beworking. If the belt is loose or worn, we
recommend tightening or replacement.

The decision tree is an excellent tool for planning the
expert or decision support system, and it also is an excellent
way to communicate with the programmerwhowill implement
the system as a Web program. Normally, this Web program
would be part of a largerWeb site that relates to the particular
decision support system. For example, an agricultural fertil-
izer company could use such a program to help a grower or crop
consultant decide what amounts and timing to use for various
fertilizers. At the fertilizer company’sWeb site, they could have
information and perhaps prices of their products and other
marketing features. The availability of a decision support sys-
tem on this site could be a good marketing tool, inducing cus-
tomers to use this free program to select the type and amount of
fertilizer they need. In the other form, the Web program could
be put on a separate disk that a user could buy and run o D ine
without any connection to the Internet.
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Decision Table or Matrix

A second way of representing the Cow of questions and infor-
mation in a decision support system is to set up a table (or
matrix), with each cell in the table representing a particular
solution to the problemand the rows and columns representing
‘‘states of the system’’ or answers to the questions, such as
‘‘The temperature is below 70jF.’’ Our air conditioning deci-
sion support system has three questions, with two possible
answers to each. To set up the problem in a decision matrix, let
us set up the Brst question, about the compressor turning, as
two columns of thematrix, one for turning and the other for not
turning. See Table 11-1. Then we will set up the questions
about the temperature and the belt, in rows.We need four rows
to show this so that every possible combination of the answers
is possible. This is a very important aid in planning the pro-
gram, because it ensures that we have not forgotten some pos-
sible combination.

There are eight cells in our matrix, each one for a unique
state of the system and one recommendation or answer from
our expert system. Yet looking at the decision tree of Figure
11-1, we see only four diAerent answers! Nothing is really
wrong, but the matrix method guarantees that every possible
combination of answers to the question is represented by one
of the cells. Our decision tree happened to avoid some of the

Table 11-1 Decision Matrix for Air Conditioning Decision Support

Compressor turning Compressor not turning

Temperature > 70jF (3) Repair and
add refrigerant

(1) Fix controls Belt OK

Temperature < 70jF (5) Unlikely state (6) Unlikely
state

Belt not
OK

Temperature > 70jF (7) Unlikely state?
No, should be
(2) Fix belt

(2) Fix belt Belt not
OK

Temperature < 70jF (4) No problem (8) Unlikely
state

Belt OK
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missing combinations, because we were ‘‘expert’’ enough to
know that some of the combinations were not likely to hap-
pen. In the decision tree, we Brst asked about the compressor
turning, and that seemed to divide the problem into just two
more questions, each with two answers, or a total of four an-
swers: (1) Fix controls, (2) Fix belt, (3) Repair and add refrig-
erant, and (4) No problem.

The decisionmatrix, Table 11-7, however, shows there are
eight theoretical answers, since there is a total of eight diAer-
ent combinations of the three two-answer questions. Let us Bnd
the least likely (in real life) combinations of these conditions.
The correct answers are Blled in on the table. The Brst row of
cells with unrealistic combinations of conditions is the row
labeled ‘‘Temperature <70jFandBelt notOK.’’These two cells
represent the two conditions of the compressor turning and not
turning, and these combinations do not seem likely when the
temperature is less than 70jF, indicating that the system
is working OK. These two cells are numbered (5) and (6) as
unlikely states. The cell numbered (7) has a question mark,
because this could happen: Temperature high, Compressor
turning, and Belt not OK. The belt may be just slipping, and
the compressor is turning, but too slowly to cool the air enough.
The answer for this condition should be the same as answer (2),
Fix belt. We go into all this to show that the decision matrix,
very similar to a logic table, is a good way to make sure you are
considering all the possibilities.

The disadvantage of the decision matrix is that for larger
problems, with many more combinations, the matrix becomes
large and unwieldy. We have shown only examples with two
decisions at each decision point, but of course more decisions
than two can be choices at any decision point.

Programming Web Pages for Delivery of
a Decision Support System

The advantage of usingWeb pages for this method of program-
ming is that theWeb page already gives the user the capability
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to click the Back button to step back in the process. The user
then has the choice of the links or the Back button on each
screen. These links are part of the decision points in the sys-
tem. They are just like the blue-colored phrase you see in a
normal Web page; the arrow turns to a hand when you point to
it, and clicking on that spot takes you to the next screen.

The decision support system program, whether a Web
page or not, may be programmed in other languages, or may
involve special programs for making development of Web
pages quicker and more e E cient. Our reason for emphasizing
this method is that it is easy for us to show the decision process
we want and then to show the rather simple HTML Bles that
are written to produce the Web pages. HTML stands for ‘‘Hy-
pertext Markup Language.’’ The Bles can be written with only
a text processor, such as MS NotebookR, which is a part of all
Microsoft operating systems. Then the B lename is simply
changed from *.TXT to *.HTM. When the *.HTM Bles are ac-
tivated under either MS Internet ExplorerR or another Web
browser, the screens appear with the decision questions in
blue. Regular programs for developingWeb pagesmake it easy
to show buttons on the screen, for example, to direct the user
where to click.

Citrus Freeze Decision Support System Example

This simple decision support system was developed to demon-
strate the process of using linked Web pages as the program-
ming method for delivering a system to users. Such a system
could be set up on a Web site so that the user could use it
online, or it could be delivered on a disk for individual o D ine
operation by the user. The advantage of the online system is
that the system can gather current data from other Web sites,
especially weather data. Then these data can go into the
decision support system to be used in models to give the latest
advice on questions such as ‘‘Should I spray for mites at this
time?’’ This sort of dynamic decision support can be very help-
ful for the grower.

Chapter 11232



However, users are sometimes not conBdent about enter-
ing private data from their operation to an online program,
where the concern may be just how private the data may be. In
cases such as this, programs on a separate disk staying in the
users’ hands may be more acceptable. Dynamic data, such as
weather data, can be accessed and selected separately on the
Web by the user; the user can then go oA the network to enter
data onto his or her own private disk to use in the decision
support system.

The designed sample decision system is shown in Figure
11-2. It was designed to stress not the choices about the
technical problem so much as the Cexibility of the Web system.
Notice in Figure 11-2 that all of the arrows go in both direc-
tions, because the ‘‘Back’’ feature of theWeb screenmakes this
possible. This Cexibility allows theuser to study several aspects
of the problem, browsing forward and perhaps back, to Bnd the
particular knowledge needed to make the decision. Expert
input was not used in this example, so the screens just refer
to the type of expertise that would be put into a real Web
decision support system such as this.

Figure 11-2 Decision tree for freeze protection decision support
system.
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Some users will want to go straight through all the
decision points to get to the Bnal answer of what type of system
to choose and what operating decisions should be made when a
freeze is forecast. Others will want to Bnd information about
designing a whole new grove but may also want to back up and
choose to study the information about the E1 Niño southern
oscillation, because recent research is available. This Cexibility
of the Web system is an advantage in making the computer
operation of the program user-friendly. Most users are already
Web surfers, so no lengthy directions for use of the system are
needed.

HTML Files for Each Web Page

The *.htm Bles that make up the example system are described
by the decision tree. Note that to move from one screen to the
next, the user is switching from one of these *.htm Bles to
another.

The Ble listings for the screens used for this simple ex-
ample are given inFigures 11-3 to 11-9; they are listed as *.htm
Bles. They can be edited with the text editor MS Windows
NotebookR and saved as either *.txt or *.htm Bles. These Bles
are included on the CD with this text, so you can try them out.
Simply look up these Bles on the CD, grouped under the folder
named ‘‘FreezeDemo,’’ and click on theWelcome Ble,welcome.
htm. It will be read by your MS Internet ExplorerR browser,
and then you can search forward and backward through each of
the screens. The graphic Ble 25yrENSOwF.gif must be in the
same directory as the *.htm Bles so that it can be called onto the
screen when needed.

It is interesting to use Notebook to modify one or more of
these Bles and then quickly see how it turns out under Internet
Explorer. You may have to change the extension from *.htm to
*.txt to get Notebook to accept it, but then when Bnished, just
put the .htm extension on when saving it, instead of the .txt.

The general objective for this example decision support
system is to show how a decision support system can do more
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than simply lead the user through a series of diagnostic ques-
tions as was done with the auto air conditioning problem. Of
course, both systems are so small that they may not seem
realistic, but we feel they are better from an educational
standpoint than more complex systems.

The Citrus Freeze program shows how the developer can
present relevant information, such as the El Niño eAect on
freezes in Florida, that may help the user in making his or her
decision. But this material is presented without making it
directly a part of the decision process. In fact, this example is

Figure 11-3 HTML B le: welcome.htm.
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Figure 11-4 HTML B le: sprinklers.htm.
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Figure 11-5 HTML B le: elnino.htm.
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so short that it does not even give a recommendation to the
user. This is pointing to what could be a trend in decision
support systems. In more complex systems, such as real-life
agricultural systems, usersmaynot need orwant a system that
leads them to a ‘‘hard-and-fast’’ single recommendation.
Rather, perhaps the decision support system should be looked
upon as an educational program that leads the user through
the signiBcant areas of consideration and makes it easy to
obtain the relevant and current information needed, such as
prices and weather data. Then the system may give some

Figure 11-6 HTML B le: newgrove.htm.
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weighted guidance to the user to support him or her in making
the decision.

Growers’ experience of freezes in citrus in Florida are
important in trying to develop a system to give support in the
process of deciding what to do. A series of disastrous freezes
occurred in the 1980s that greatly reduced the citrus-growing
area north of Orlando. So today a great deal of the citrus area is
located in southern areas and is not so susceptible to a damag-
ing freeze. Also, about the only practical protection method is
sprinkling from the irrigation system. This groundwater is

Figure 11-7 HTML B le: watercosts.htm.
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relatively much warmer than freezing, so it warms the trees
and also provides a convective force moving air from the
ground up through the tree branches, warming them. Environ-
mental pollution and need for lots of labor on the spur of the
moment have practically ruled out the old method of burning
fuel oil in simple furnaces spread throughout the grove. There

Figure 11-8 HTML B le: summary.htm.
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are many factors that can be enumerated on the screen and
make for interesting reading, but some users may not want to
go into that much depth. The Web page design can allow such
‘‘oAshoots’’ from the main line of reasoning so that they can
easily be bypassed by the user if desired.

New developments, such as the discovery of the apparent
inCuence of the ENSO (El Niño Southern Oscillation), can be
included readily into such a Web-based decision support sys-
tem. That branch happens to be shown right in the middle of
the decision tree, but it can also be bypassed.

The third alternative from the Welcome screen is the one
about planning for a new grove. Here many choices are avail-
able that are not available in the management of a current

Figure 11-9 HTML B le: goodbye.htm.
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grove. Geographical location of the grove, slope of the land,
and variety of root stock and bud stock are among the impor-
tant decisions that can bemadewhen planning a new grove. So
it makes sense to have a separate option for new groves. You
can visualize quite a number of decision points that would be
involved in a real decision support system for planning new
groves.

The decision point on saving water is an important one,
and looking at the decision tree, Figure 11-1, it could have been
put between the Sprinklers screen and the Summary screen.
By looking at theHTML Bles, you can see how the choices could
be rearranged to accomplish this. At the Blename sprinkler.
htm, the only choice given the user would be to go ahead and
look at the Water cost screen and after that the Summary
screen. This is mentioned as another example of the Cexibility
of usingWeb page design to develop a decision support system.

DECISION SUPPORT SYSTEMS, CROP MODELS,
AND PRECISION AGRICULTURE

The last chapter of this text is on precision management, an
important new technology that is being used to show crop yield
diAerences in Belds. Once these yield diAerences are noted, the
next question is ‘‘What is the problem, and how can we Bx it?’’
Some solutions are fairly easy to identify, such as the low-
yielding area being poorly drained or a diAerent soil type. But
many diAerences are not as easy to diagnose.

A crop model, as shown in simple form in Chapter 7, can
calculate, on a time basis, the development of the yield in a
Beld, depending on rainfall, temperature, fertility, and other
factors. Could a crop model, given the weather, fertility, soil,
and other agronomic inputs, help in determining the cause(s)
of these measured yield diAerences in farmers’ Belds? In work-
ing toward that goal, researchers will be using the principles of
decision support systems to help the grower or crop consultant
identify the problem and prescribe a solution.
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12

Precision Technologies for
Precision Management

W. David Shoup, Wonsuk ‘‘Daniel’’ Lee,
and Tony Harrison

If we were to take a historical review of agriculture in America,
it would be easy to cite certain signiBcant technologies that
catapulted production to new levels. Some of these technolo-
gies would include the advent of petroleum-fueled tractors,
fertilizers, hybrid seeds, chemical pesticides and herbicides,
alternative tillage practices, and biotechnologies. Without a
doubt the total future impact of adopting precision technolo-
gies will be far-reaching and of great economic signiBcance.
Certainly the ability to increase crop yields and reduce input
costs exists. But adopting precision technology in agriculture
oAers us far more than just making money. These technologies
can improve water quality, reduce environmental impact,
reduce risk of crop loss, reduce need for Beld chemical inputs,

245



optimize wildlife populations, and greatly improve farming
and natural resource planning.

There are two unique impacts regarding precision tech-
nologies. First, the use of these new and exciting technologies
gives the agricultural systems manager (ASM) greater mana-
gerial control of processes. These technologies are heavily data
driven and very close to ‘‘real-time’’ decision making. Numer-
ous alternatives can be explored quickly, e E ciently, and accu-
rately. And thanks tomathematicalmodels such as simulation,
the ASM can project outcomes of various alternatives and
management proposals. Computer hardware and software
technologies supporting these precision tools are getting faster
and more economical as each month passes. Second, the pre-
cision technology tools are so broad and powerful that ASMs
can now explore environmental and natural resource outcomes
aswell as economic outcomes of agricultural systems decisions.
Thus, the marriage of agricultural sciences and natural re-
source management is now very real. The use of powerful pre-
cision tools helps relieve the tensions of economic trade-oA
versus environmental impact of our natural resource base.
Precision technologies allow us to integrate many ‘‘layers’’ of
data and analyze decision alternatives. These technologies
tend to be very ‘‘visual’’ in nature.

The color Ggures for this chapter are included as a Power-
PointR; Gle on the CD that accompanies the book. You are
encouraged to study the Ggures as you progress through the
chapter.

WHAT IS PRECISION AGRICULTURE,
OR PRECISION MANAGEMENT?

Precision management is the use of high-technology equip-
ment and software for assessing Beld conditions and micro-
managing the elements or resources of small land areas or
large land areas to obtain optimum beneBts. The word opti-
mum is paramount in this statement. It is the recognition that

Chapter 12246



the ASM can rarely go for maximum output in any manage-
ment criterionwithout greatly sacriBcing some other goalman-
agement wants to attain. Thus, management must carefully
analyze potential impacts and utilize tools to obtain optimum-
bene G t packages. In Beld production agriculture the ASM
manages each crop production input (fertilizer, lime, pesticide,
herbicide, seed, etc.) on a site-speciBc basis to reduce wastes,
increase proBts, and maintain the quality of the environment.
However, precisionmanagement in agricultural systems is not
limited to Beld production agriculture. Precision technologies
are also used every day in food and Bber processing as well.

The goals of precision management are actually quite
clear. And although the goals of the farmer, the government,
the natural resource manager, and the process manager diAer
somewhat, the high-technology tools are available to each.

Agriculturists have several goals. The Brst and foremost
goal of most farmers is searching for higher yields and/or
higher proBts. The ‘‘bottom line’’ necessarily drives farmers.
Income provides for family needs, enhances the community,
and keeps the farming operation viable. Being able to compete
in selling products internationally is critical. Reducing the risk
of farming is also a goal. Satellite weather information would
certainly be used wisely to protect crops. Emergency cold-pro-
tectionmethodsmightwell saveablueberry crop if the informa-
tion is fast, timely, and accurate. And a satellite image showing
growth and movement of a disease within a crop might allow a
farmer to selectively spray areas to save a valuable crop yet
reduce the amount of pesticide so as to protect the environ-
ment. Reducing inputs normally results in lower input costs
and lower impacts on air, land, and water. Reduction of impact
on the environment is an overriding goal imposed by today’s
society. Closely tied to these goals is the goal of reducing legal
liability. Through the use of selected precision technologies, a
‘‘trail’’ of input use can be provided. A good example might be
the electronic Cight log of an aerial crop duster. Data regarding
the Cight application are recorded and can be played back on
the computer screen. An ASM can tell application rates, when
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it was applied, how much was applied, Cight factors, weather
factors, and various drift conditions. The Cights can even be
replayed via graphics on the computer screen. On several oc-
casions these C ight logs have provided courts with critical
information regarding pesticide drift litigation. But just as im-
portantly, the ASMhas a permanent log of information regard-
ing the crop and the Beld-critical information for future Beld
management decisions.

The natural resource manager has several goals. Society
expects farmers to be natural resource managers and good
stewards of the environment. Foresters, professional conser-
vationists, environmental groups, and governmental agencies
have additional responsibilities for carrying out the mission of
attaining society’s goals of good stewardship. A central goal is
to maintain and enhance species of animals and plants. A com-
puter-driven geographical information system (GIS) canmain-
tain key data regarding geographical position, species identity,
habitats, food supplies, and many other relevant factors main-
taining species. Special electronic devices may even be
employed to identify and track movements of individual ani-
mals or herds. Another goal is to minimize the environmental
impact on natural species of plants, animals, and the landscape
that supports them. Remote sensing devices can carefully
gather key data to monitor air, water, and support supplies.
And careful data analysis utilizing GIS can monitor and assist
in wildlife planning.

The lands and natural resources provide a support base
for animals and plants. These same lands provide humanswith
environmental education and recreation. Nowhere is thismore
apparent than in the semiarid lands of the American west. The
land provides for agriculture, natural species stabilization,
homes for humans, and recreation for many. Use of precision
technologies enables the stewards to manage the land to serve
the needs of many. Precision technologies such as GIS, global
positioning systems (GPS), photogrammetry from airplanes,
satellite imaging, and radio telemetry allow tracking, map-
ping, and resource planning. These precision technologies
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support the work of farmers, ranchers, the U.S. Forest Service,
the U.S. Department of Agriculture (USDA), the Bureau of
Land Management (BLM), the Bureau of Indian AAairs (BIA),
and the Department of the Interior. Use of precision technol-
ogies ensures that our lands will be available for future gen-
erations as well as today’s recreation seekers. Finally, using
precision technologies ful B lls the goals of natural resource
managers to work toward enabling the aforementioned agen-
cies in project and Bnancial planning.

Managers of agricultural processing also utilize technol-
ogies from the precision umbrella (Figure 12-1, in text). Like
farmers, these ASMs must seek reduced costs and higher
profitabilities. They essentially have the same goals of both
the agricultural and natural resource groups and utilize the
full breadth of the precision technologies.

In summary, the goals of agriculturists and processors
are:

Higher yields and/or more proBt
International competitiveness
Reduced risk
Reduced inputs and/or cost
Reduced legal liability
Reduced environmental impact

Figure 12-1 The umbrella of precision technologies.
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The goals of natural resource managers are:

To maintain and enhance species
To minimize environmental impacts
To preserve recreational enjoyment for future generations
To achieve well-planned projects

Through laws, regulations, planning agencies, and en-
forcement, society is pushing toward a total food system that
must subscribe to all of the listed goals. The complex manage-
ment needed must be supported by precision technologies.
Precision technologies provide data gathering, storage, geo-
spatial referencing, and analysis that all three groups will use.
The information can be available to all. Often agricultural
systemsmanagers stand in all camps. This drivesmany groups
to plan together and to coordinate management eAorts.

SOME OTHER USERS OF PRECISION
TECHNOLOGIES

The number of precision technology users has escalated at a
phenomenal rate. At the time of this writing, the military was
emerging as one of the central users of precision technology.
Use of global positioning systems (GPS) has clearly changed
the face of war and minimized civilian casualties. Other major
users include:

Wall Street brokers
Airlines
State agencies
Federal agencies
County/city agencies
Real estate planners
Construction contractors

A GPS unit is becoming standard equipment for Bsher-
men, boaters, hunters, and campers. Automobile manufac-
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turers and car rental agencies are rapidly adopting GPS and
GIS technologies.

THE UMBRELLA OF PRECISION TECHNOLOGIES

There aremany tools of precision today that support the ASM’s
information, analysis and decision making. The ‘‘umbrella’’ of
technologies, Figure 12-1 in the text, is powerful, growingmore
accurate and aAordable each day. Fortunately, these technol-
ogies are also becoming more user friendly with each passing
day. The precision technologies span six basic areas:

Global positioning systems (GPS)
Remote sensing
Geographic information systems (GIS)
Analysis/decision software
Variable-Rate Technologies (VRT)
Electronics and instrumentation (yield monitors, soil

sensors, etc.)

TYPES OF PRECISION MANAGEMENT

Precisionmanagement in agricultural systemsmust be accom-
plished in several ways. First, site-speciGc management (SSM)
is a key to success. In farming operations we want to increase
yields and outputs yet reduce costs. In order to optimize this
system, the ASMmust vary the inputs, such as fertilizer, seed,
herbicides, pesticides, organic matter, water, and seed. While
using the history and composition of the Beld site, precise
amounts of inputs may be delivered without adding too little
or too much in terms of payoAs per costs. Today’s debate is
focused on how small the ‘‘cell’’ should be that the manager
manages. Although the new technologies could manage cell
sizes down to a few millimeters, that scope likely is not
practical or cost e E cient. In most cases the scope is very useful
in sizes considerably larger. Cell sizes in production agricul-
ture today are more likely to be in the range of the 1–5 acres.
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However, there are now operations managing within a few
inches. It is possible, utilizing geographic information systems,
to develop ‘‘layers’’ of information over a cell-sized piece of
land. Each layer is placed over the land map, with data geore-
ferenced to the speciBc location. Accuracy of locationmay vary,
but the goal is within a few centimeters.

Some operations in production agriculture are very time
speciGc. Pest scoutingwould be a good example.Utilizing aGPS
unit and a small personal digital assistant, a Beld scout can do
insect counts on speciBc plant locations over several hours.
Using pest simulation models he or she could determine when
populations would warrant spray and where to spray. It would
not be necessary to spray the whole Beld at a high rate. By
mapping pest populations with a GIS, the Beld person could
return and spray speciBc areas. Or the person could use a
sprayer equipped with GPS and variable-rate technology to
cover the Beld and apply spray only where needed and in the
correct amount. Pesticide costs are reduced, yields are im-
proved, and the environment is protected by using lower
amounts of chemicals. Other good examples of time-speciBc
production agriculture would be irrigation and cultivation of
crops.

Another type of precision management is dedicated to the
coordination of land use. A county planning commission might
be dedicated to e E cient, productive land use. The commission
might use every one of the six precision technologies available.
Wildlife management, wetlands management, land reform or
restoration, utilities placement, and property easements are
just a few ‘‘coordination’’ tasks for which precision technolo-
gies can be applied to management.

There are also many so-called ‘‘dedicated,’’ or specialized,
missions of precision management in agriculture. Weather
data or climatic data layers ofGIS are good examples. Specialty
data layers have been developed for earthquake forecasts by
the U.S. Geological Survey (USGS), digital soil surveys of the
United States by theNRCS, and compliancemodels by EPA for
dust, chemicals, and noise. Any and all of these sources may be
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taken into account in planning by theASM.As information and
layers of information becomemore detailed and available, both
agriculture and natural resource managers will use the data
for policy and decision making.

Farmers and ranchers have been prompted to enter the
Beld of precision management via a number of entry points.
Most have entered through monitoring yields of crops across
their farms. Developing georeferenced yield maps of various
Belds have led many to the next phase. Yield mapping is often
followed by either soil sampling or crop scouting. Variable-rate
technologies are then applied in an attempt to increase yields
and reduce costs.

Natural resource managers have entered precision man-
agement with a slightly diAerent point of view. Their view has
been on a larger land scale, with stronger emphasis on land
uses, water management, air and water quality, Bre control,
land preservation, and maintaining species viability.

FUNDAMENTALS OF GLOBAL POSITIONING
SYSTEMS (GPS)

The heart ofmanaging resources is knowing exactly where and
when data are obtained. When we know where and when data
are obtained, data become information. And thus, the ASM
begins to develop an information system he or she can rely
upon to make good decisions. Positioning is critical. A position-
ing system is a method for identifying and recording the
location of an object, event, or person. An accurate and reliable
position is essential in planting, cultivation, harvesting, spray-
ing, Bre identiBcation, hiking, and group location.

For centuries navigation relied on dead reckoning. Dead
reckoning methods always assume constant velocities (speed
and direction). On the sea, modest changes in current, tide, or
wind can greatly alter outcomes of dead reckoning positioning.
On land, changes in terrain, weather, etc. can also introduce
error. In agricultural systems management we have relied on
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this positioning method for calculating acreage, Beld e E cien-
cies,machine throughputs and Beld capacity. Errors compound
quickly in these calculations.

In an eAort to gain greater reliability, precision, and ac-
curacy, two newer methods are now employed: land-based
triangulation and satellite ranging. Land-based triangulation
systems consist of three or more towers in a given area of
coverage. The towers broadcast a signal in all directions. The
user or machine in the Beld carries a receiver device. The
receiver acquires the signals from each of the towers, deter-
mines the distance to each, and determines its location by the
crossing of the signal intersections. This type of system is often
dubbed ‘‘NGPS’’ (not GPS). Accuracy can be as good as F6
inches at up to 25mph at a range of up to 30miles. A drawback
to achieving accuracy in this system is that there is no vertical
ranging or estimation. This prevents truly intensive manage-
ment requiring 3D positioning.

The triangulation system is not inexpensive. The system,
though very accurate in coordinate positioning, can be very
costly. The cost of towers, receivers, and operation add to the
cost per unit delivered. The area of coverage is very limited as
well.

There are two global satellite positioning systems in
existence today. The U.S. supported navigation system is
operated by the U.S. Department of Defense. The system con-
sists of 24 activeNAVSTAR satellites. Twenty-one are in active
use, with four spare satellites to provide backup reliability.
This system became fully operation in 1995 and operates in
orbit at 20,200 km above the earth’s surface. There are six
orbital paths, with four satellites in each path. Each satellite
makes a single revolution of the earth every 12 hours. This
guarantees that at least four satellites are in view of a GPS
receiver anytime and anywhere. It is possible to obtain up to
eight in view above the horizon in some locations and times.
Access to this system is free of charge. This NAVSTAR (Nav-
igation by Satellite Timing and Ranging) group is often
referred to as the space segment of the system. These satellites
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broadcast radio signals in the range of 1200–1500MHz and are
equipped with four atomic clocks each in order to attain reli-
ability. Another existing satellite system, supported by Russia,
is known as GLONASS. See Figures 12-2 and 12-3 on the CD.

The control segment of the GPS consists of Bvemonitoring
stations around the world that receive and transmit informa-
tion to the satellite vehicles. These stations ensure the accu-
racy of satellite positions and the atomic clocks. They compute
the exact orbits and update the satellite navigational signals. A
master control station is located inColorado Springs, Colorado.

Users utilize a GPS receiver to track satellites. The re-
ceivers use the satellite signal to calculate position, velocity,
and time. The GPS receiver calculates the satellite signal
travel time by comparing signals from the satellite with those
generated by the receiver itself. The receiver calculates the
distance from the GPS receiver to each of any of the satellites
that are in view. The signal speed is very fast (300,000 km/sec).
The receiver identiBes each satellite and PRN code and knows
each satellite position froman electronic almanac. The receiver
uses triangulation to calculate its position in latitude, longi-
tude, and altitude. A prerequisite for calculation is that at least
four satellite reference points be available. This is needed in
order to determine a three-dimensional position. Receivers can
be handheld or located on or in vehicles. Figures 12-4 and 12-5
on the CD show receiver and input device types. Figure 12-6 on
the CD shows a complete DGPS receiver and output system.

The GPS satellites transmit two separate L-band radio
signals (L-1 and L-2). The C/A (course acquisition) code on L-1
contains the standard positioning signal for civilian users. The
P code on L1 and L2 gives the precise code for GPS signals used
by the U.S. Military. This code is encrypted and normally reset
every seven days to prevent unauthorized use.

The standard signal of GPS is subject to physical forces
that introduce errors into the system. There are essentially six
sources of errors. Atmospheric eAects have impacts. The par-
ticles contained in our ionosphere actually slow radio signals.
Slight changes in elevation angle, time of day, season, or solar
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activity can aAect the signals. And water vapor in our tropo-
sphere can increase delays. Satellite orbits are slightly aAected
by natural phenomena such as gravitational forces from the
moon and sun. The Department of Defense monitors and
corrects for these on a regular basis. Satellite clocks are
expensive yet may vary by a single millisecond. Multipath
errors can originate from signals ‘‘bouncing’’ from large objects
such as buildings or even the edge of a forest. Signals can arrive
at the receiver by two or more paths. GPS receiver units can be
small sources of error due to mathematical precision or round-
ing errors or internal noise of the unit. Finally, until May 2,
2000, the Department of Defense (DoD) degraded GPS signals
to introduce errors for location protection. As of this writing,
the DoD was no longer altering signals for this purpose.

DIFFERENTIAL CORRECTION

The purpose of adding diAerential correction is to improve the
accuracy of GPS. DiAerential correction involves adding an ad-
ditional stationary signal so we can increase precision. There
are several sources of diAerential signals:

U.S. Coast Guard
Local FM signals
Satellite-based diAerential corrections
Field stationary base stations
Wide-area augmentation systems (WAAS)

In cooperation with the Army Corps of Engineers and the
National Geodetic Survey, the Coast Guard provides signal
sources for correction. The GPS base stations are located along
coastal and inland waterways. Most of the United States has
single coverage via the signals, and much of the country has
double coverage. Figures 12-7 through 12-9 on theCD show the
American coverage areas. Access to these beacons is free and
provides positional errors of less than three meters.
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Local FM stations can provide contracts via a subscription
service. There are charges for this service. Reception distance
is typically limited to 60 miles.

Satellite-based diAerential correction is transmitted from
geostationary satellites. Geostationary satellites remain over
the same point on the earth at all times. GPS base stations on
the ground calculate correction data and uplink these data to
the geostationary satellite. The correction data are then down-
linked for use in correction of the receivers. To have access
to these signals, the user must purchase a DGPS receiver and
pay for the linking service. This service is very reliable since
ground entities do not interfere with the signal and the cover-
age area is very wide. Once again, the user must pay a fee.
Figures 12-10 through 12-16 on the CD provide information
regarding the OmniSTARTM service at the time of this
writing.

Field base stations are another alternative. The stations
can be purchased or leased, and they have very limited cover-
age area. They do provide very accurate signal location, and
some are accurate enough to support vehicle guidance. Laser
land planting operations often use Beld base stations and can
assist in providing land contours to within hundredths of an
inch.

GPS, GEODESY, AND CARTOGRAPHY

A basic knowledge of maps and cartography is essential to a
better understanding of precision management. Not all map
coordinate systems are the same. They diAer depending on the
‘‘view’’ of the earth, the type of projection viewpoint, and its
spatial display. Geodesy is the geologic science of the size and
shape of the earth. And though the size and shape of the earth
may be debatable, most can agree that the earth is not really
round. It is, rather, considered to be an oblate ellipsoid. A
geodetic datum is an origin and orientation of the coordinate
systems used to map the earth. These datums and coordinate
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systems were used to describe geographic positions. Many
diAerent datums have been used over the centuries and even
in recent years. The challenge is that referencing geodetic
coordinates to the wrong datum can result in positional errors
of hundreds of meters, rendering any GPS or GIS futile. Sev-
eral datums have been used in the past century, including:

NAD27 (North American datum of 1927)
NAD83 (1983)
WGS84 (World geodetic system 1984)
Geoid99

Today,mostGPS receivers useWGS84datumandNAD83
or oAer the user several datums to select from.

Precision applications utilize one of four diAerent global
coordinate systems. Everyone has some familiarity with the
latitude/longitude system. In this system the earth is divided
from �90j to 90j from south to north. Longitudes run from
�180j to 180j from east to west. GISmaps do not overlay with-
out some transformation. The most commonly used system for
GISmapping is the universal transverseMercator (UTM). The
UTMdivides theworld into 60 zones, each 6jwide in longitude.
Latitude is fromS 80j toN 84j. The polar regions are excluded.
The Brst zone starts at the international date line (Lon 180j)
proceeding eastward. UTMhas been used onUSGSmaps since
the 1950s. The blue tick marks on these maps are the UTM
markers. UTM projection produces very little distortion. The
UTM system is the basis for the military system and many
state plane systems. Three elements compose a location: the
zone, a northing, and an easting. Most GPS receivers now can
utilize UTM.

The military grid system, started in 1947, is based on
UTM. A lettering system is used to reduce the number of digits
to isolate a zone. The following rules apply:

Within zones, 8j strips of latitude lettered from C to X
Letters A, B, Y, and Z reserved for universal polar ste-

rographic designations
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State plane systems evolve from either NAD27 or NAD83,
and their conversion can be accomplished with available soft-
ware often contained within a GPS receiver or GIS.

United States Geological Survey maps serve as the basis
for most precision work within America. The maps can be
obtained in 71/2-minute intervals, with both lat/long markings
and UTMmarkings. These maps contain scales, contours, out-
standing features, and events of note. When working within
farm Belds, it may not be necessary to use these maps. How-
ever, broader-based projects will certainly require use of these
databases ormaps. It is possible to obtainmanymaps in digital
format or from the Internet. When utilizing a GPS and a topo-
graphic USGS map, you may want to purchase a small plastic
overlay device called a GPS TOPO to assist with translations.

GEOGRAPHIC INFORMATION SYSTEMS (GIS)

Georeferenceddataaregeographicdatathat containaprecisely
identiBed location on the earth’s surface. A geographic informa-
tion system is a computer database that contains georeferenced
data but is capable of acquiring, assembling, storing, manipu-
lating, and displaying the georeferenced data. A somewhat
cleaner deBnition of aGISwould be: a set of computer- and elec-
tronic-aided tools for analyzing spatial data and devloping
georeferenced Bles and records of speciBed attributes.

Computer software allows the ASM to develop and super-
impose layers of data over the land area being managed. The
layers are essentially ‘‘themes.’’ A theme is a single spatial
distribution of an attribute of interest. Let’s say a farmer is
analyzing a particular Beld. One data layer may be a ‘‘yield
map,’’ or yields expressed as bu/a. The map would re Cect
variable yields across the Beld. Figure 12-17 on the CD illus-
trates a typical yield map layer. Across the single Beld could be
the following additional thematic data layers:

Soil pH
Elevation contours
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N levels
P levels
K levels
Ca levels
Drainage tile locations
Crop moisture levels
Weed maps

Literally scores of thematic maps could be developed.
Again, let’s consider a natural resource management use.
Suppose a state park manager uses a GIS to assist overall
natural resource management. The following thematic layers
could be developed:

Park boundaries
Location of buildings
Location of electrical services, water, sewer, and ease-

ments
Campsites
Wildlife population counts
Surface waterways, wells, and impoundments
Roads and trails

Again, many themes could be developed. There are also
numerous software products that support GIS. Some of the
most popular are ESRI ArcView and SSToolbox. Several of the
agricultural machinery corporations support versions to incor-
porate data from their combnes and harvest equipment. Sev-
eral companies support excellent software for spray and fertil-
izer applications. Some of themostwidely known and usedGIS
software packages today are:

Arc/Info
ArcView
Atlas*GIS
GRASS
IDRISI
Maptitude
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MGE
Vision MapInfo
System
AGLEADER

Figures 12-18 and 12-19 on the CD illustrate the thematic
data layer and yield map layer concept.

A natural question is: Where do we get data to create
layers? First, data can be obtained from GPS receivers. These
receivers might be simple handheld units. In the simplest case
a person might actually write the data locations and observa-
tions on a paper notepad. At the next level, most GPS units
have the ability to record data locations and observation via
keypad entry. These data can be downloaded to computers
later. In the case of Beld harvesting, the harvest unit can have a
receiver that downloads theGPS location data attached to data
from a yield monitor on the machine. The yield values, asso-
ciated with the coordinate locations, are stored on a disk or
similar storage device for transfer to a computer for analysis.
In another case, a Bxed-wing aircraft may similarly store spray
information associated with both coordinate positions and the
time clock. The data can be downloaded and actually played
back in graphic form on the computer monitor screen.

Data can also be attained by utilizing a digital scanner to
scan data attributes and their geographic locations from maps
or images. See Figure 12-20 on the CD. USGS maps can be
‘‘digitized’’ as well as maps supplied by the Farm Services
Agency, USDA, U.S. Forest Service, U.S. Geological Survey,
etc. Some sources of maps and data are:

Department of Defense
DARPA
USDA/ARS
BLM
Bureau of Mines
U.S. Forest Service
USGS

Precision Technologies Precision Management 261



NOAA
Bureau of the Census

In some cases the datamay be free, but inmost cases there
are charges for maps or Ble transfers.

Data can be attained from images aswell. Satellite photos,
photogrammetry from aircraft, or sensor data from thermal
images can supply data. Many times those data may originate
from digital sources.

Obtaining data sources is only the Brst step. Data must be
‘‘registered.’’ In other words, one must line up data with other
existing data layers geographically. Data from source to source
will not have exact data locations to overlay. This means that
interpolation and ‘‘smoothing’’ of data must be performed.
Accuracy of maps and images is absolutely essential.

Data Formats

Data arrive in two diAerent formats: raster and vector. In
raster format, the space is divided into cells. These cells, or
squares, are addressed by row and column. Raster data often
contain thousands of cells. There might be variation of values
among cells, but a single cell has only a single value. A group of
cells with the same value identify a type of feature. Suppose we
scan amap of a lake area.Water would be one type of value and
land would be another. See Figure 21 on the CD.

In vector format, a coordinate-based approach is used. The
basic unit, instead of cell, is a point. Points may transBgure to
lines or polygons (areas). Objects on the map become shapes.
The identi Bed shapes can be stored as a single set of (x,y)
coordinates. See Figures 12-22 through 12-24 on the CD.

Attributes of Data

Sometimes it is of interest to know some of the characteristics
or attributes of data or speciBc details. This aspect is called
topology, that is, the study of the details of the connections

Chapter 12262



between spatial objects or areas that bound the objects, such as
lines, polygons, or various shapes. This type of study often leads
one to postulate regarding yields of Belds, spread of diseases,
etc. We often assume continuity of data. Contour maps of Beld
elevations are a good example of continuity. It is assumed that
data Cows from point to point in a known linear fashion.

Geographic data have eight basic features:

1. Size
2. Distribution
3. Pattern
4. Shape
5. Neighborhood
6. Scale
7. Contiguity
8. Orientation

Figures 12-25 through 12-32 on the CD depict the rela-
tionship these features have in interpretation of maps.

A LOOK AT HOW A FARMER ENTERS AND
UTILIZES PRECISION TOOLS: CASE STUDY 1

Farmmanagers can enter the world of precision agriculture in
a number of ways, as mentioned earlier in this chapter. A
farmer can choose a tool or certain tools or attempt to utilize all
precision technologies available. Most managers Bnd that a
selected group of tools makes aAordable sense. Trying to utilize
all the technologies under the umbrella can be overwhelming
and quite expensive, both in time and in dollars. In this case
study we will explore a potential scenario regarding a farmer’s
entry into precision management.

Farmer Bill Young has heard about potential beneBts
other farmers could be accruing from precision farming on
both the radio and television. The subject has come up from
time to time as Bill has worked with his local fertilizer and
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chemical representative regarding applying varying rates of
fertilizer over his Belds instead of his old practice of uniform
application. He has also seen bits and pieces of information in
the weekly and monthly farm periodicals he receives and has
heard that the local cooperative extension o E ce will be oAerig
some introductory sessions at his county extension o E ce. Bill’s
Bnal cue comes when he stops by his local farm equipment
dealership to purchase some parts for his old combine. The
salesperson approaches Bill regarding trading in the old com-
bine for a new one. As the discussion continues, the salesperson
asks Bill if he would like to include a yield-monitoring system
on this new $200,000 purchase. Bill decides he should learn
more about the new technologies prior to a purchase. Can he
aAord this new technology? Or is it the case that he cannot
aAord to be without it? How do these new technologies work?
How do they translate into more proBts?

Bill’s entrance into the world of precision management
begins with a view of a yield map of a Beld as presented by the
salesperson. She explains that the yield map (See Figure 33 on
the CD) shows variations in yields of the crop across the Beld.
Thismap, alongwith some ‘‘ground truthing’’ and study, could
lead Bill towardmicromanaging areas as small as a few square
feet in an attempt to either increase yields or reduce input
costs. The salesperson demonstrates how proBt multiplies ei-
ther by saving a few dollars per acre in application costs or by
increasing yields per acre.

Bill is intrigued and wants to know how the map is
developed. The salesperson gives Bill a brief overview of GPS
andhow itworks. She explains that each yield point on themap
was developed by the combine’s on-board software assigning a
GPS location to each yield weight calculated at that location.
She follows this with a brief discussion about GIS software and
how the data from the datalogger on the combine are down-
loaded into the GIS software program on a computer. She
explains that he has the option of purchasing either simple
yield map software that displays a color yield map or advanced
software that can ‘‘import’’ many ‘‘layers or themes’’ of data
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from many sources. The salesperson demonstrates on her
computer that the GIS allows one to ‘‘query’’ data displayed
on the map. She focuses in on small sections of the Beld at a
time, looking at areas of higher and lower yields.

When Bill asks the salesperson how the combine gets
these data, she promptly gives Bill a color booklet showing
and describing the locations of GPS components and special
sensors that measure the grain Cow as the combine moves
through the Beld.

The combine’s DGPS receiver (Figure 34 on the CD), used
in global positioning, looks like a small grapefruit located on
top of the combine cab. Inside the cab is a small computer
monitor screen containing menu-driven commands. The dis-
play screen (Figure 35 on the CD) allows the operator to view
operational and Beld data on the go. In the cab is also a ‘‘light
bar’’ and audible tones that guide the driver where to drive. A
small on-board computer logs crop and positioning data onto a
PCMCIA data storage card. The card can be downloaded to a
computer or a storage disk for transfer to a computer in the
farm o E ce. The salesperson points out that these devices can be
transferred to another combine, harvestmachine, or sprayer or
to any Beld machine equipped for precision management.

Inside the workings of the combine are three key sensing
devices. First, there is amass Cow sensor, a curved impact plate
located at the top of the clean grain elevator thatmeasures true
mass Cow (See Figure 36 on the CD). As the grain impacts the
plate, the sensor measures the force and transmits the data to
the on-board computer. At the same time a speed sensor in the
clean grain elevator measures the speed. This also is trans-
mitted to the on-board computer. A moisture sensor mounted
on the side of the clean grain elevator (See Figure 37–38 on the
CD) continuously measures and sends crop moisture data to
allow the systems to establish correct dry weights. The on-
board computer’s software is designed to make operational
data adjustments and calculations.

Bill has seen enough at this point to be convinced that he
should begin by developing yield maps of his farm. He pur-
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chases the precision technologies for harvest when he pur-
chases his new combine. However, Bill realizes that he must
now seek more information regarding these Belds so he can
draw some inferences regarding yield variability.

ASSESSING YIELD MAPS AND ATTAINING MORE
LAYERS OF DATA: CASE STUDY 2

Farmer Young studies his GIS yield maps and wonders what
causes the variability of yields across his Belds. Some varia-
tions are fairly obvious. He can actually walk the Belds and see
some of the reasons (ground-truthing). Bill can see the loca-
tions of his grass waterways and easily see those locations re-
Cected on the yield maps as zero yields. He can also associate
fence locations, bordering trees, standingwater, andnumerous
other physical inhibitors to yields. Some of these attributes or
events he can elect to alter to improve his future yields. Bill also
may vow not to place any seed or fertilizer in those locations
next year because the input placementwould bewasted invest-
ment. In some more subtle ways Bill begins to suspect that
some areas of lower yields could be due to poor drainage, exces-
sive drainage, poorer soil types, etc. Bill just isn’t sure what
some of those causes might be, but he vows to explore further.

Bill pays a visit to his local cooperative (coop), where he
buys his fertilizers, seed, and chemicals. They have a young
woman there who is trained as a certiBed crop consultant and
has beenwinning the praises of some farmers for saving thema
lot of money. Ms Julianne encourages Bill to consider evaluat-
ing his soil and fertility management programs. She compli-
ments Bill on his yield-mapping endeavors. Viewing the maps
she suggests that soil sampling could reveal some reasons for
his Beld variations. And shemight be able to prescribe diAerent
fertilization formulations for selected Beld locations. Ms Ju-
lianne also volunteers that the coop has special variable-rate
application (VRA) equipment to deliver the formulations ac-
ross the Belds. She shows him the equipment (Figures 39–40 on
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the CD). Bill notes that the GPS equipment is very similar to
his.

The next events certainly take Bill a little by surprise: Ms
Julianne enters base coordinates from Bill’s yield map into her
computer. She accesses the USDA state NRCS (Natural
Resource Conservation Service) digital soil maps and super-
imposes them over Bill’s Beld map. In just a few minutes Bill
has a new data ‘‘layer’’ of information regarding this Beld. Ms
Julianne has now given Bill a complete layer of information
containing the soil types and their locations within this Beld.
Bill and Ms Julianne begin to see if they can associate the soil
type locations with the yields. Ms Julianne cautions that there
are dozens of other soil factors that could be contributors to
yield diAerences. She recommends that Bill develop some base
fertility maps of his Belds. Bill’s Belds have soils varying from
lowpotential beneBt to high yield potential, but she simply does
not have an inventory of the available nutrient supplies across
the Beld. He could be overfertilizing some areas and under-
fertilizing other areas. She also notes that some of his soil types
are very susceptible to deBciencies in key micronutrients. She
also does not know the variation in soil pH.Ms Julianne enters
the computer record of Mr. Young and can review the fertilizer
that has been applied by the coop to his Beld over the past four
years. Ms Julianne notes that she knows little regarding the
soil structure, texture, or past tillage practices. She suggests
that she can begin to assess and construct some new data
layers of information. She needs these data layers in order to
formulate her fertility ‘‘prescriptions.’’Both she and Bill agree
that an intensive soil-sampling process will commence imme-
diately. At this point Bill learns that he can pay for these
‘‘variable-rate’’ services by either paying the coop hourly fees
for Ms Julianne’s consulting or paying ‘‘up charges’’ for pre-
cision farming services and variable-rate applications on a per-
acre basis as inputs are applied. Bill has a good relationship
with his coop and elects to pay an additional per-acre fee for
precision service and variable-rate application. Bill reasons
that the high investment for VRT equipment prohibits his
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ownership.He calculates the variable cost ‘‘upcharge’’ per acre
to be less than the Bxed costs he would outlay.

Ms Julianne suggests that the coop develop data layers for
the following nutrient maps:

N (nitrogen)
P (phosphorous)
K (potassium)
Ca (calcium)
Mg (magnesium)
S (sulfur)
Micronutrients (B, Ci, Cu, Fe, Mo)
Soil pH

Adiscussion ensues regardinghow the soil sampleswill be
collected from the Beld site. Bill Bnds out that there are
basically three plausible choices. Two of them involve grid
sampling. In grid sampling the Beld ismapped into rectangular
or square sections of several acres or less. This would be layed
out on theGISmap of the Beld. Samples are gathered from each
section, georeferenced for location, and sent to a laboratory for
analysis. Thus, nutrient needs are determined on a smaller
scale rather than averaging needs for a whole Beld. If the grid
center method is used, measurements would be taken at the
center of the grid cell (Figure 41 on theCD). TheDGPS receiver
would be used to pinpoint the center of each grid cell. If the grid
cell method is used, the Beld would be divided into more and
smaller cells. A number of random samples would be drawn
from each cell and averaged. The alternative to grid sampling
would be soil type sampling. In this method soil survey maps
would be used to select site locations based on the soil types.
Bill andMs Julianne decide on utilizing the grid centermethod
on cell sizes of 1 acre. She explains that farmers commonly
utilize 2.5-acre cell sizes, partially to reduce sampling costs.
Bill’s costs will be $6 per acre for sampling and developing the
thematic map layers. In the future, samples will be collected
close to the same date each year in the early spring. Bill andMs

Chapter 12268



Julianne view the digital soil survey map and layout 1-acre
grids on the screen. They lay out sampling sites, avoiding:

Field boundaries
Gravel roads where limestone might sway pH reading

The position coordinates of the cell centers are identiBed.
Ms Julianne explains that these coordinates will be entered
into the DGPS Beld unit for data collection prior to her arrival
with the Beld unit.

A few days later Ms Julianne arrives with pickup and
trailer. On the trailer is a GPS-equipped ATV (all-terrain
vehicle). See Figure 42 on the CD. Bill and Julianne drive the
ATV to each predetermined georeferenced coordinate and take
samples with a hand probe. The samples are placed in bags.
She collects and identiBes the samples. The samples are sent to
a soil analysis laboratory. About twoweeks later the results are
returned to Ms Julianne. She enters the data and develops the
12 map layers agreed to. She also reBnes a soil-type map layer
from the NRCS state digital surveys. Further analysis ensues
and speciBc fertility formulations for each cell are devised.
Examples of soil theme layers are included on the disk in
Figures 43–45 on the CD. Note also that at the time of this
writing, nutrient sensors were being developed as well as on-
the-go electrical conductivity Beld-sensing devices. Develop-
ment of these tools can greatly decrease sampling costs. Cur-
rently, extensive sampling is done about every two years.

A CLOSER LOOK AT VARIABLE-RATE
TECHNOLOGIES AND APPLICATIONS

Equipment used to deliver variable-rate applications is often
called variable-rate technology (VRT). There are two basic
methods for VRT: map based and sensor based. Map-based
VRT adjusts the rate of a product based on the need as cited by
an electronic GISmap. Electronics aid in determiningmachine
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position and Bnding the desired rate. Statistical algorithms
adjust Cow rate based on the speed of travel. Use of DGPS is
essential as well as data developed from a GIS plan. Sensor-
based variable-rate application utilizes data from real-time
sensors and does not require application-rate maps. Soil and
plant sensors have been developed for some nutrient levels,
light reCectance to identify weeds and crops, soil moisture, and
soil organic matter content. There are even a few sound-based
sensors that can ‘‘hear’’ and identify various chewing insects.
Clearly, the frontier of precision technologies lies in sensor
devices.

Regardless of the type of sensor or map-based technology,
certain key components are necessary in all VRT systems.
Each system requires sensors that aid in positioning, pressure
Cow, and ground speed determination. Each system also
requires a computer controller with software and actuators to
produce the response movements necessary to vary rates.

Pressure sensors produce an electronic signal propor-
tional to Cuid pressure in sprayers. They essentially measure
the deCection of a diaphragm and regulate a spray pattern. See
Figure 46 on the CD. Flow sensors measure the quantity of a
Cuid moving through a hose or pipe. By measuring the volu-
metric or mass Cow rate, total Cow can be calculated by multi-
plying the Cow rate by the duration.

Speed can be measured by shaft speed sensors, radar/
ultrasonic sensors, or the GPS itself. It is common now to use
the speed calculations of DGPS.

The variable-rate controllers can now be purchased oA the
shelf. These controllers change the application rate of products
being applied on the go. Most controllers contain algorithms
that are ‘‘burned’’ into the E-proms. Some actually contain a
microprocessor, storage devices, communication ports, and dis-
plays. Figures 47 and 48 on the CD depict some VRA control-
lers now available.

The actuators are devices that regulate the amount of
material applied to Belds by the controllers. Often these are
hydraulic. They respond to electrical, pneumatic, or hydraulic
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signals from the controllers. Servo valves, solenoid valves, and
hydraulic cylinders are common examples. Figures 49 and 50
on the CD depict examples.

Variable-rate systems are often used today to distribute
seeds, dry chemicals such as lime, granular fertilizer, or pes-
ticides, and liquid fertilizers, herbicides, or pesticides. Variable
seeding of planters is relatively simple. Variable-rate seeding
is accomplished by coupling or uncoupling the drive wheel and
metering system from the ground drivewheel. Figure 51 on the
CD depicts such a system. Seeding depth is accomplished by
using a soil-moisture sensor.

Most dry applicators utilize spinner spreaders, as shown
in Figure 52 on the CD. The application rate is adjusted by
changing either the speed of the conveyor belt or the opening of
the Cow door. Some of the newer machines use pneumatics to
draw from several bins. In this case, deCector plates control the
Cow rate. See Figure 53 on theCD.An Internet searchwill yield
many new devices and manufacturers.

REMOTE SENSING

Remote sensing (RS) is the process of viewing objects and ana-
lyzing characteristics about them from a distance. In the case
of agriculture and natural resources management, the object
could be farmland, crops, weeds, pests, diseases, or even ani-
mals. Distance might be as small as a few inches, such as view-
ing pests through binoculars or a microscope. The distance
could be as large as viewing an image from a satellite in space.
An especially intriguing concept is that remote sensing allows
one to see things that the human eye can’t detect. One may
‘‘see’’ things via remote sensing sooner than the eye can detect.
In either case, an ASMmight gain signiBcant advantage either
operationally or economically if either is accomplished. Thus,
the real impetus for expanding into the remote-sensing arena
is Bnancial potential. The greatest progress might actually be
in managing around the weather. Thanks to satellite images
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and simulation forecast models, we can see things we could not
before. Andwe know trends verymuch in advancewith greater
accuracy. Protecting crops from cold, drought, Cood, or disaster
is vital. One good management move to avoid weather impact
can pay for years of investment with one event. Aerial photog-
raphy and satellite imaging now serve as two key remote-
sensing instruments for agricultural systems management.

Generally, remote sensing involves measuring electro-
magnetic wave energy that is emitted or reCected from an
object. The waves diAer in length depending on the character-
istics of the object. The diAerences in the emitted or reCected
wavelengths allow one to diAerentiate one object from another
or certain characteristics from others. The electromagnetic
energy spectrum is continuous, but we often subdivide it into
some familiar types, ranging from very long waves (low fre-
quency) to very short waves (x-rays or ultraviolet). See Figure
54 on the CD detailing the electromagnetic spectrum. Only a
small band of this spectrum (ultraviolet and infrared) is usu-
ally of consequence in agricultural and natural resource appli-
cations. One can note that the visible spectrum available to the
human eye is only a small portion of the RS spectrum. Thus,
utilizing the larger spectrum allows RS to ‘‘see’’ and diAeren-
tiate items that the human eye cannot. And in some cases
impacts can be seen before being detected by the human eye.

EARLY DETECTION BY SATELLITE IMAGING:
CASE STUDY 3

Bill Young is growing a high-value crop of broccoli. He irrigates
the broccoli and Beld scouts the crop by walking the rows and
doing pest counts. The worth of the crop is in the millions of
dollars. Bill’s costs per acre are also extremely high. He wants
the security of knowing that a pest or disease does not intrude
rapidly on his crop. Bill subscribes for images from the SPOT
(Systeme Pour l’Observation de la Terre) Image Corporation
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and another source of images from the LANDSAT satellite
source.

There are four basic measures of performance related to
remote sensing systems. First, there is spatial resolution.
Spatial resolution refers to the size of the smallest object that
can be distinguished in an image. Spectral resolution refers to
the ability of a sensing system to distinguish between electro-
magnetic radiation of diAerent wavelengths. This is important
because Bill hopes to be able to distinguish diseased plants
from healthy plants. Spectral response refers to the ability of
the sensing system to respond and collect measurements, in
other words, the sensitivity of the sensor. And Bnally there is
the frequency of coverage, or how often the system can be
available to collect data. Satellite repeat cycles vary from 16
to 26 days. This cycle may or may not be acceptable, depending
on the need. Satellite systems have one or bothmultispectral or
panchromatic (grayscale) sensors.

Several images are taken of Bill’s Belds. Spectral bands
are identiBed for the normal reCectance of healthy broccoli at
diAerent growing stages. An April image suggests that the Beld
is now reCecting diAerent spectra throughout the Beld. Bill
decides to ‘‘groundtruth.’’ As Bill walks through his Belds, he
cannot see the diAerences. However, using a GPS unit to
identify the aAected areas, he takes some leaf samples. Back
at his small laboratory he Bnds the onset of the disease downey
mildew. Bill realizes that in a matter of hours the whole crop
may be infected. Bill decides to spray a fungicide on the aAected
areas indicated from the image. However, the image is several
days old. He uses a simulation model to forecast on his GIS
picture the approximate locations of the disease. He sprays
with a VRT sprayer. Bill saves on the cost of spray and saves
the crop. By reducing the amount of fungicide applied, he also
reduces environmental impact. But Bill also realizes the draw-
back of using the satellite images. Frequency of coveragemight
not be timely enough in the case of a disease or pest such as
downey mildew. He may wish to consider gathering data by
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aircraft-basedphotogrammetry.Thismight bemoreexpensive,
but some crops could justify the cost.

A CLOSER LOOK AT OBTAINING IMAGES

Electro-optical sensors containing photodiodes are used to
produce digital images that can easily be transmitted. But
the images createdmust be geometrically corrected, or rectiGed.
By establishing the exact georeferenced location of key ground
control points, the image can be aligned to correct for satellite
scan skew, yaw variation, variation in satellite altitude, earth
rotation, and satellite velocity. Images must also be radio-
metrically corrected. This distortion is a result of atmospheric
variations such as fog or haze, variations in illumination, and
viewing angles.

Resolution varies and depends on what the user is willing
to pay. Recently, 2.5-meter-resolution scenes have become
available. An archived scene of 60 m � 60 m typically will cost
about $6,500, whereas a current multispectral scene of the
same resolution of 20 m is $1,900. Services such as geocoding,
orthocorrection, and colorizing add considerably to the cost.
Three-dimensional and/or vegetative discrimination views are
obtainable. Figure 55 on the CD is an illustration of a 3D image
generated via satellite.

Today there are several mathematical methods for devel-
oping digital images. Most methods rely on spectral change
identiBcation methods.

Raw image diAerencing
Change vector analysis
Inner product analysis
Spectral signature similarity
Image ratioing
Vegetative index diAerencing (VID)
Normalized image diAerencing (NID)
Radiometically normalized image diAerencing (RNID)
Albedo diAerencing
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Principal component analysis (PCA)
Principal component comparison (PCC)
Normalized diAerence vegetative index (NDVI)

The NDVI method is currently the most widely used for agri-
cultural and natural resource purposes.

Remote sensing products must provide farmers help in
decisionmaking,must be accurate and properly processed, and
must provide economic beneBt. Remote sensing can provide
crop status (i.e., nutrient, water, weeds, stress, disease), yield
estimation, land use, or animal location and population. The
advent of hyperspectral sensors (generating and identifying
hundreds of wavelengths) now enable the identiBcation of
many smaller crop and Beld ‘‘irregularities.’’ More accurate
crop diagnosis is just around the corner.

While many farmers and ASMs may decide that private
use of remote sensing is prohibitive, there still may be some
interactionwith remotely sensed data. TheUSDAAgricultural
Statistics Service and the Foreign Agricultural Service utilize
and attain many multispectral satellite images and data
related to crop production. It is also truly amazing that much
of these data can be obtained for free or at a very low cost. The
innovative ASM can Bnd many images for free on various
Internet Web sites. Aerial photos can be obtained from the
Farm Services Agency. Data can often be transferred to an
ASM via the Internet within 24 hours. It is very clear that the
ASMwould Bnd remotely sensed data a very good source data-
base for simulation and planning models.

SUMMARY

Precision technologies hold great promise for the ASM. Estab-
lishing the cost/beneBt of their use is still a major issue and is
variable due to diAering managerial conditions. Essentially
each chapter of this text discusses managerial tools that can
interact with any of the six major categories of precision tech-
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nologies. As technologies progress, costs typically decrease.
Each day the feasibility of utilization of precision technologies
increases.
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[Precision technologies]
image corrections, 274
layers of data, 266
remote sensing, 271
spatial resolution, 273
variable rate application,

267, 269–271
yield maps, 266

Probabilities, discrete and con-
tinuous, 184

Probability, of Beld work, 83
Project scheduling

critical path, 198
example problem, 200
Gantt chart, 197
program evaluation and

review technique
(PERT), 199

scheduling of tasks, 195

Queueing theory and waiting
lines, 183

application, 189

Regulations, 11
Reliability

acceptability, 22
costs, 35
de Bnition, 20
equipment repair vs. main-

tenance, 36
estimating for humans, 32
estimating, parallel, 26
estimating, series, 25
example calculations, 29
heterogeneous units, 28
human interactions, 23

Schedules, Beld work, 92
Scheduling, project, 195
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Seasonality, 8
Security, biological, 9
Selection

machinery capacity, 72
of optimum machinery set,

74
Simulation

cotton, 148
crop example, 139
crop growth and Beld

operations, example,
116–118, 126

crop growth, 148, 105,
131

crop, phenology, 136
Beld operations, 105
non-linear, biological, 143
soybean, 148
spreadsheet, use of, 106

Societal trends, consumer
needs, 16

Soybean, Beld operations,
71

Spreadsheet
addresses, 41
as database, 53–54
cells, 41

[Spreadsheet]
electronic, 40
examples, 46, 49
formulas, 41
labels, 41
types of cell entries, 43

Systems
agricultural, 1
agricultural, managers, 2
evaluation of, 6

Technology, changes in, 9
Timeliness, 76, 77

e Aects of Bxed costs, 97
penalties, 85

Variable costs
fuel, 66–67, 82
labor, 68
lubrication, utilities, sup-

plies, 68, 82
repairs and maintenance, 67,

82

Waiting lines, steady-state
equations, 187

Weather, 8
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