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ABSTRACT
Simulation of whole agricultural systems is now widely used in agronomy. Construction and maintenance of the large simulation models required for agricultural systems may benefit from the application of modern programming methods. In particular, object-oriented programming
(OOP) methods claim several advantages over conventional procedural
methods. We sought a programming approach that would allow (i) interchanging of component models within and between whole-system models, (ii) incremental model building without rewriting existing code, (iii)
maintenance of more than one model of a component, and (iv) construction of a user-friendly interface from which all parameters can be assigned and component models run. Here we report results of an experiment in which we used OOP to construct a cropping system model called
CropSyst. An OOP analysis of cropping systems led to the abstraction
of component systems (objects) with minimal and well-defined interfaces.
Examples of components, or objects, used in CropSyst are Time, Weather,
Crop, Soil, Crop residue, Tillage, Erosion, Aphid population, Aphid
immigration, Pesticide application, Planting, Crop rotation, and Output. Different versions of CropSyst were implemented and used to simulate
production and erosion for cropping systems in eastern Washington,
and to simulate yield loss and pesticide dynamics associated with Russian Wheat Aphid infestation. These were constructed from existing
objects. Different versions of the Crop object simulated the different
crops in a rotation cycle. Parameters were assigned and models were
run from a commercially supplied user interface, which was also programmed using OOP. We were able to meet our objectives using OOP,
and found it useful for construction and maintenance of agricultural
systems models.
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eling tools are available, however, to help manage model
complexity and minimize expense. The objective of this
work was to investigate the use of object-oriented programming (OOP) as a tool for creation and management of
whole-system models for agricultural applications. Specifically, we sought a programming approach that would
allow (i) interchanging of component models within and

between whole-system models, (ii) incremental model
building without rewriting existing code, (iii) maintenance
of more than one model of a component, and (iv) construction of a user-friendly interface from which all parameters can be assigned and component models run. These
goals are not new to modelers, and are met to some extent
in existing models using conventional programming languages (Hodges et al., 1992; Buttler and Riha, 1989). However, an object-oriented approach (Booch, 1991; Wegner,
1990; Cox, 1986; Rossiter, 1991) seemed to provide the
tools to meet all of these objectives, and to provide a model
structure that in some ways was similar to the system being modeled. We report here some of the results of experiments with OOP in construction of a cropping systems
model called CropSyst. While the components of this version of CropSyst are available and easy to use, they are
intended primarily for use by modelers. A closely related
effort is directed at nonmodelers (Stockle et al., 1991).
OBJECT-ORIENTED ANALYSIS AND DESIGN
The goal of object-oriented analysis and design is to
model a real-world system using objects that are abstracted
from the problem domain. As such, it is different from
structured analysis and design, which focuses on data flows
and algorithms (Yourdon, 1989; DeMarco, 1979). An object is an identifiable item, either real or abstract, with
a well-defined role and boundary or interface (Smith and
Abbreviations: 1C, integrated circuit; EMS, expanded memory; K, kilobyte; MB, megabyte; OOP, object-oriented programming.
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Tockey, 1988; Cox, 1986). A useful analog is an integrated
circuit (IC) used in electronic design. The IC has a specific
function and interface. The circuit designer knows, from
published information, how to connect the IC and what
its output is for any specified input. This same IC can
be used in manydifferent circuit designs without the designer ever needing to knowhow the IC was designed.
Likewise, an object contains data and code that allow it
to function in a specified manner. The interface is provided by the object’s methods(called procedures, functions,
or subroutines in procedural languages). Since the interIhce and the function of an object are defined, the object
can be used in numerous applications without rewriting
the code, and the user need not be capable of producing
the object in order to use it.
While some features of OOPcan be emulated in procedural languages, those languages which are designed
lbr OOPimplementthree unique features that are particularly useful in the construction and maintenanceof agricultural systems models. These are encapsulation, inheritance, and polymorphism (Borland, 1990).
Encapsulation combines data and the computer code
that generates or manipulates that data into a single unit
called an object. Access to both the code and the data is
through the object’s methods. The user therefore never
needs to knowwhether a requested piece of information
was computed within the object or obtained from stored
records. As an exampleof the usefulness of this feature,
two weather objects might be maintained, one that supplies daily temperature and precipitation data from a historical file, and one that generates data using statistical
routines. For other objects using this information,the source
of the data is unimportant. As long as the interface is the
same for both weather objects, either object can be used
interchangeably with other objects. Changesand improvementsin the weather algorithms within the object can also
be made, but other objects will not be affected, so long
as the interface remains unchanged.
Inheritance allows the extension of object capabilities
without rewriting code. Descendent objects can inherit
methods and data from ancestor objects simply by specifying the nameof the ancestor in the descendent object’s
code. In the descendent object, new methodscan be added,
but, more importantly, methodsin the ancestor object can
be redefined. As an example, we might have a weather
object with a methodfor computingpotential evaporation
using a simple temperature-based method. A descendent
object might alter this methodto computeevaporation using
solar radiation. The other methodsin the weather object
that computed temperature or vapor pressure would not
have to be included in the new code, because these would
be inherited from the ancestor object.
Polymorphismallows two or more objects to share the
same interface definition, makingit possible for the user
to replace one with another when the program runs, thus
achieving different results. To illustrate this feature, assume that a model was developed with a single weather
object that reads daily weather data from a file and provides CropSyst with the temperature, evaporation, and vapor pressure information required to run the model. Later,
another weather object is developed, perhaps by a different person, that simulates weather variables. Polymorphism
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Table 1. Examples of CropSyst objects with brief descriptions of
their function. The one-to-one correspondence of CropSyst’s
objects to components in the real world is emphasized.
Object

Function

Time

Keeptrack of time; supply other component
modelswith information about the current time.
Weather
Provide other componentmodels with values for
meteorologicalvariables.
Crop planting
If the current crop has not yet been planted:
monitorthe environment and signal that the
crop should be planted whenthe time has come.
Crop
Simulate the crop growth and development
processes appropriate for the current stage of
development.
Croprotation
Whenthe current crop has finished Rs life cycle:
replace current crop, crop planting and tillage
system objects with their successors in the crop
rotation.
Crop residue
Simulate decompositionof crop residue;
redistribution of surface and shallowly buried
residue whena tillage operation is performed;
interception of precipitation, as well as
evaporation of water held.
Soil
Soft water balance processes (surface runoff,
infiltration, surface evaporation, deep
percolation); adjust the value of the variable
describing the roughnessof the soil surface
whena tillage operation is performed; pesticide
dynamics(degradation, transport, uptake).
Field operation.
Tillage system
If a tillage operation is scheduledfor the current
day: makeinformation about this operation
available to the other component
models.
Soil erosion
Calculate daily values of the C-factorof the
Universal Soil Loss Equation and sum these to
give an annual C-factor.
Aphid population
Simulate growth and development of aphids.
Aphid immigration Provide the aphid population model with the
numberof aphids immigrating per day.
Pesticide
Applypesticide whenthe conditions for application
application
are met.
Output
Collate state information from the various
componentmodels; do disk and/or screen
output.

allows the user to replace the old weather object with the
new one, without having access to the code for the old
object.
Inheritance and polymorphismare particularly useful
for a cropping systems model. The commonfeatures of
crops can be placed in an ancestor crop object, and then
inherited by specific descendent crop objects that simulate the individual characteristics of the species and varieties in the cropping system. The appropriate crop object
is then used at the appropriate time in a rotation or sequence as the managementsequence unfolds in the simulation. Following is a descriptibn of CropSyst’s objects
and specifications, along with some discussion of how
the features of OOPhelped to implementa cropping systems model.
PROGRAM DESCRIPTION
Simulation

Models

Table I lists CropSyst’s componentsor objects and their
function. Four simulation models are currently implementedin CropSystusing these objects. The first one simulates, crop growth during one life cycle and has the com-
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ponentsweather,crop, cropplanting, and soil. It is primarily
useful for testing modified crop or soil objects without
the interaction of other components. The second model
is an expansion of the first one and has a crop rotation
component. The third simulation model has the components weather, crop, crop planting, crop rotation, soil,
soil erosion, soil tillage, and crop residue. Wehave used
this modelto calculate crop yield and soil erosion in eastern Washingtonas a function of climate, tillage system,
and crop rotation (Van Evert, 1992). The last model has
componentsweather, crop, crop planting, soil, aphid population dynamics, aphid immigration, and insecticide application. It has been used to simulate the time course of
Russian wheat aphid infestation of small grains and the
resulting reduction in grain yield (Van Evert, 1992).
Time

Time is the driving variable of simulation models. In
CropSyst, time is represented as the numberof days since
a fixed date. The integer variable that stores this number
is not visible to the user, but the time object providesmethods to obtain information about the current time, either
as calendar day or month, day, year. It also contains a
methodto advance the time. Weatherobjects (see below)
directly use the integer representation of time to index
the appropriate record of weather data. Withtime expressed
in this unique way, a daily time-step simulation model
can be written as a REPEAT... UNTIL TIME >= LASTDAY
loop, regardless of whether one growing season is to be
simulated (200 loop passes), or more than 100 yr (40
loop passes) for stochastic simulation.
Weather
It is the task of weather objects to provide information
about the current day’s weather. Weatherdata are stored
by year in ASCIIfiles or generated stochastically. The
data for one year are held in memoryat a time. At the
beginningof each simulatedday, that day’s numberis passed
to the weather object. It checks to see whether the data
for that day are in memoryand, if not, loads the appropriate file or generates the data for the new year. Then
the values of derived weather parameters are calculated
for that day and temporarily stored.
Weimplementedthree weather objects. The first requires
daily inputs of precipitation (mm)and maximum
and minimumtemperature (°C). The average daytime vapor density deficit (g -3) i s c alculated f rom the difference b etween maximumand minimumdaily temperature and the
slope of the saturated vapor density curve at the average
temperature (Campbell and Diaz, 1988). Solar radiation
(MJ -2 d-l) i s c alculated f rom the difference i n daily
maximumand minimumtemperature (Bristow and Campbell, 1984). Potential evapotranspiration (kg -2 d-1) i s
calculated with the Priestley-Taylor equation (Priestley
and Taylor, 1972). The second weather object differs from
the first only in that it requires inputs in Imperial units:
i.e., precipitation in inches and temperatures in Fahrenheit. This object is included because someof our weather
data are recorded in metric, others in Imperial units. The
third weather object implements a weather generator that
generates precipitation and daily minimumand maximum

BasisCrop
i

I

Fallow

SWB

I

InterCrop

LeafClasses
DMPartition
CropWithAphids
Fig. 1. Diagramof crop objects in CropSystillustrating inheritance in
object-oriented programming.Ancestors and descendants of each
crop object are shown.

temperatures. The weather generator generally follows
Richardson and Wright (1984), but some improvements
have been made (Van Evert, 1992). Derived weather parameters are calculated as described for the other two
weather classes.
Crop
The crop object hierarchy currently is the most extensive one in CropSyst (Fig. 1). Wewill describe this hierarchy in somedetail as an illustration of the use of inheritance to derive detailed models from simpler ones
without having to rewrite code that does not change from
one model to another (Reynolds et al., 1989). At the top
of the hierarchy stands an object, CROP,whoseonly function it is to provide an interface to crop objects without
making any assumptions about how descendants might
be implemented. Its descendant BASISCROP
implements the
interception of precipitation by the canopy. To this end it
needs to knowthe leaf area index, but an implementation
to calculate leaf area index is not provided. The BASISCROP
object has three descendants. The FALLOW
object always
reports a leaf area index of zero and implements a life
cycle (as it were)that ends after a certain numberof days.
The SWBobject is a fully functional modelof crop growth
based on that of Campbell and Diaz (1988) and extended
by VanEvert (1992). It is particularly suitable for the simulation of spring grain crops. SWB
reports the current leaf
area index of the simulated crop. The INTERCROP
object
is a model of two or more crops growing simultaneously.
These might be a commercialcrop and one or more weeds;
two or more commercial crops; or several commercial
crops and one or more weeds. INTERCROP
contains two
or more descendants of CROP
and implements its behavior
by calling on these objects. To report its leaf area index,
for example, INTERCROP
will query its crop objects about
their leaf area index and return the sum of these numbers.
To grow, it will calculate the amountof light intercepted
by each of the crop objects (Spitters, 1989) and call the
Growmethod of each object with the light interception
as one of the parameters.
More detailed crop growth models were derived from
SWBby redefining some of its behavior. The LEAFCLASSES
object improves on the simulation of leaf area dynamics
by including leaf age classes (Van Keulen and Seligman,
1987). The DMPARTITION
object introduces a dynamic
schemeof dry matter partitioning as a function of devel-
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opmentstage, growth rate and level of water stress (Van
Evert, 1992). As a descendant of the LEA~CLASSES
object,
OM~’ARXIT~ON
retains the leafage classes. Finally, the CRO~’WIa’rIA~’I-IIDSobject models crop damageresulting from
aphid feeding by reducing the green leaf area index and
by increasing the resistance to water flow in the plant when
aphids are present (Van Evert, 1992).
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factor is defined as the ratio of soil erosion from a particular field to erosion from a clean-tilled, continuously
fallow field. The C-factor is calculated with an algorithm
developed by D.K. McCool(Washington State University,
personal commtmication,1992) and described by Yan(1989)
for Pacific Northwest conditions.
Crop Residue

Crop Planting
Twocrop-planting models are provided. The first one
plants the crop on a fixed date and can be used to simulate
an experiment where the planting date is known.The second planting modelis intended to simulate a planting decision in the spring, when the soil must be sufficiently
dry to allow planting equipmentto enter the field, while
temperatures must be high enough to ensure rapid germination. This model calculates the 5-d moving averages
of precipitation and average air temperature, beginning
on 1 April. The crop is planted as soon as the moving
average precipitation is zero and the movingaverage temperature is >_5.6°C (Yan, 1989).
Soil
Twosoil modelsare provided in CropSyst. In both, the
soil is arbitrarily divided into a numberof horizontal layers with volumetric water content as the state variable.
Both models assume constant physical properties in the
entire profile, though layer-specific properties could easily be accommodated
if field data were available to describe
them. Infiltration of water is modeled with a cascading
layer concept (Campbell and Diaz, 1988), where the top
soil layer is wet to field capacity, the surplus of infiltration
water wets the next layer, and so on, until all water is used
or all layers havebeen wet to field capacity. In the latter
case, the remaining water becomes unavailable for use
by crops through deep drainage.
Surface runoff is calculated with the curve number
method (SCS, 1972) as implemented by Campbell and Diaz
(1988). Soil water evaporation is assumed to occur only
from the top layer, and depends on the fraction of radiation that is not intercepted by crop or crop residue (Ritchie,
1972) and the wetness of the soil surface (Campbell and
Diaz, 1988). Crop water uptake from each soil layer is
calculated by the crop object. This information is passed
to the soil object, whichupdates the water contents of each
layer. The soil object also keeps track of the roughness
of the surface (a factor in the calculation of soil erosion)
as affected by tillage and wintering (D.K. McCool,Washington State University, personal communication,1992).
The second soil model accounts for pesticide dynamics
using algorithms adapted from the PRZMmodel (Carsel
et al., 1985). Degradationis modeledas a first-order rate
process; transport is modeledas a convective process with
numerical dispersion, and uptake by plant roots is assumed
to be passive.
Soil Erosion
The soil erosion model calculates the C-factor of the
Universal Soil Loss Equation. The C- or cover-management

Twopools of crop residue that are effective in protecting the soil are recognized: surface residue and shallowly
(0 to 10 cm) buried residue. The rate of decomposition
of residue depends on its water content, temperature, and
a time constant (Bristow et al., 1986; Stroo et al., 1989).
Residue maybe movedfrom the surface pool to the shallow pool, and out of the shallow pool, whena tillage operation is carried out. The fraction of surface residue buried and the fraction of shallow residue lost dependon the
tillage operation and are obtained from the soil tillage
model.
The crop residue on the surface intercepts a fraction
of the solar radiation incident on it and thus reduces evaporation from the soil surface. It also intercepts a fraction
of the precipitation and loses this water again via evaporation. If the residue becomessaturated with water, any
subsequent intercepted precipitation leaches onto the soil
surface.
Field Operation
Field operations include any mechanized operations.
Field operations mayredistribute crop residue (see Crop
residue). They also mayaffect the roughness of the soil
surface. A field operation object’s behavior consists of reporting, to the soil tillage object, the change in surface
roughness and the fractions of residue to be moved.
Soil Tillage System
The tillage model compares the day and month of the
current date to the list of dates and field operations it has,
and, if it is found that an operation must be performed
today, it makesthe following information available to the
other componentmodels: the fraction of crop residue on
the soil surface to be buried in the top 10 cmof soil, and
the fraction of residue in the top 10 cmof soil to be buried
deeper (C-factor software, Soil ConservationService, Spokane, WA,personal communication, 1989; Yan, 1989).
Crop Rotation
Whenthe current crop has finished its life cycle, a crop
rotation object replaces the current crop object with an
object representing the next crop in the rotation. At the
sametime, other objects such as the tillage system or the
planting object mayneed to be replaced. There are three
crop rotation models. The first one replaces just the crop
and crop planting objects and is used in a weather-crop-soil
simulation. The second one replaces the tillage object in
addition to the crop and crop planting objects. The third
rotation modelimplements a flexible rotation (Youngand
Van Kooten, 1989). It replaces a spring crop at the end
of its life cycle with a fallow object and then mayreplace
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the fallow object with another spring crop on a fixed date
in the spring. This second replacement takes place only
if the amountof plant-available water in the soil profile
is larger than a predetermined amount (Young and Van
Kooten, 1989).
Aphid Population
The model of aphid population dynamics is based on
that of Carter et al. (1982) for the English grain aphid [Sitobion avenae (Fabricius)]. Weretained most of the structure of that model, but excluded predation and diseases.
Processes included are immigration, development, reproduction and survival. The time step for developmentand
survival is 1 h, the sameas in the original model;for immigration and reproduction, we used 1 d. Wederived
specific relationships for the Russian wheat aphid [Diuraphis noxia (Mordvilko)] from recent literature and simulated yield reduction of small grains resulting from infestation by this aphid (Van Evert, 1992).
Aphid Immigration
The aphid population of the model described above is
initialized when aphids immigrate. Our immigration model
calculates immigration from observed flight data.
Pesticide Application
Weimplemented only one pesticide application model.
It applies a predetermined amountof pesticide whenaphid
infestation reaches a predetermined threshold.
Output
Although not a componentof agricultural systems, we
have included an output object in our simulation models.
This object collects and collates state information from
all the other objects. Several output classes are available
to provide different run-time graphical screens, as well
as file output for later study. One output object provides
no graphical output and is used if simulations are run in
batch mode. The state variables to be stored or plotted
are selected whena simulation is set up using the CropSyst shell (see below).
Inter-Object

Communication in CropSyst

While the bulk of information flow goes on inside the
objects, someexchangetakes place between objects. Output from an object is obtained through calls to its methods. Inputs are passed once every time step via a record
variable. All of CropSyst’sclasses have a methodthat makes
the calculations for 1 d. While all descendants of, for
example, CROP,will have this method, their input needs
maybe different. Weuse records to meet these different
needs. Each object accesses only those fields of the input
record that are needed. For each component system an
input record type is defined. For example, some of the
fields of the input record for the crop componentare average air temperature, precipitation, soil water content,
and aphid population density. All crop modelsuse the first

........ ..............; ........................../.
Fig. 2. Schematicrepresentation of CropSyst. Edit, Run, and Plot are
the mainfunctions of the shell. The Edit function accesses any of
the componentmodels(denoted by rectangular, thin-line boxes); the
componentmodels access and modify the information in the Parameters database (databases are denotedby thin-line, round-edgedboxes).
The Runfunction accesses the simulation models; the dashed-line
box encloses the simulation object hierarchy. Arrowsdenote that an
object is part of anotherobject: simulationmodelsmaycontain crop,
soil, weather and several unnamedmodels. The Weatherobject accesses a database with weather data. Whena simulation model is
executed, its output is stored in an output database. ThePlot option
accesses this databaseto generate reports.

three inputs, but only the crop modelthat implementscrop
response to the presence of aphids uses the last input.
A special case is the exchangeof information about soil
water content, soil water potential, and water uptake from
the soil. This information is in vector form, with one elementfor each soil layer. In order to increase efficiency,
we declare a global type SOILVECrOR
and transfer pointers
to arrays rather than the arrays themselves.
CropSyst’s Shell
The mainfunctions of the CropSystshell are (i) to edit
an object (i.e., a componentor simulation model), (ii)
to run a simulation model, and (iii) to store or plot the
results of a simulation on the computerscreen. Thesefunctions are invoked from a shell (Fig. 2).
Editing an object involves retrieving, viewing, and possibly modifying and storing the values of its parameters
and the initial values of its state variables (a parameter
set). Simulation models and componentmodels can both
be edited. The edit process for a crop modelis illustrated
in Fig. 3. The parameters for a simulation modelare the
first and last day of the simulation, plus for each component an identification of the modelto be used and the parameter set to be used with that model.
In order to run a simulation model, the user must select
the simulation model and the parameter set to be used.
Both choices are madeby picking from a list with names.
State variables to be stored during the simulation are also
specified. Once a model has been executed, output that
has been stored on disk can be retrieved and plotted on
the screen with the Plot option. This option has currently
only been implemented in a primitive manner.
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Select a component
system

Selecta modelfor: Crop

Weather
Crop
Soil
Cropresidue
Croprotation
Soil
Soiltillage
Soil erosion
Field operation
Aphidpopulation
Aphidimmigration
Pesticide
application
Output
Simulation

Fallow
SWB
Cropmodelwith leaf age classes
Cropmodelwith dynamic
dry matterpartitioning
Intercrop

Select a parameter
set for: SWS

Model: SWBParameter
set: Springwheat

Springpea
Spring wheat
Springbarley

Seeding
rate
80 kg ha- 1
Degree-days
at emergence
73 °C d
Degree-days
at anthesis
960 °C d
Degree-days
at maturity
1790 °C d
Maximum
rooting depth
1.5 m
Maximum
leaf area index
3.5 m2 -2
m

gorithms used in CropSyst are described in Campbelland
Diaz (1988), Yan (1989) and Van Evert (1992). Some
formal technical documentationon CropSyst’s objects and
the implementation of the systems models described is
available directly from the corresponding author.
Software Availability
Contact the corresponding author for a free copy of the
source code, a compiled version of CropSyst, and a file
with technical documentation.

Fig. 3. The steps in editing a component model. Top left: A view of the
computer screen after the Edit option from the main menu has been
selected; now the type of component model to be edited can be entered (Crop is currently highlighted). Top right: The crop model type
has been selected and a list of available crop models is shown. Bottom
left: The user has chosen the SWBmodel; a list of parameter sets
available for this model is displayed. Bottom right: One of several
screens on which parameter values for the Spring Wheat parameter
set of the SWBmodel are shown. These values can now be altered.

SPECIFICATIONS
Software,
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Hardware, and Performance

The version of CropSyst described here was written in
Turbo Pascal, version 6.0 (Borland International, Scotts
Valley, CA), run under DOS5.0. The Turbo Vision application framework, which is included with Version 6
of Turbo Pascal, was used extensively to implement the
shell. TurboVision provides facilities for editing, reading
from and writing to files, displaying windows,and responding to mouse commands. A database management system
was therefore readily available for managingparametersets.
The source code for CropSyst occupies 500K.Additional
code from the Turbo Vision system is also used. The size
of the executable code is 250K,of which 150Kis overlaid.
An IBM-compatible computer with 1 MBof memory, DOS
3.3 or above, a hard-disk, and any monitor is required
to run the program. Muchbetter performance is obtained
if a numerical coprocessor is available, DOS5.0 is used
to free up low memory,and 0.5 MBor more of expanded
memory(EMS)is available to store the overlays. Component model parameters and weather data (several hundred kilobytes, depending on use) are stored on disk.
mouse may be used to make menu selections. A 1-yr simulation of a system with componentsweather, crop, crop
planting, crop rotation, crop residue, soil, soil tillage, soil
erosion, and graphical screen output takes <10 s on a
486-33MHz with DOS5.0, 1 MBconventional memory
and I MB EMS.
Documentation
Details on implementation and use of OOPand Turbo
Vision are provided by Borland (1990). Details on the al-

DISCUSSION

AND CONCLUSIONS

Ouranalysis of an agricultural systemled to the abstraction of object classes that correspond to simple subsystems
in the real-world system. Using object-oriented programming, we were able to create componentsor objects that
simulated the behavior of these subsystems. These were
used in three different systems models. Several versions
were created for someobjects, and these were interchanged,
depending on the requirements of a specific model.
Object-orientation facilitated the stepwise development
of CropSyst. Component systems could be modeled and
programmed
separately in classes, which were later joined
via clear and limited interfaces. This meansthat, instead
of having to deal with the whole system at once, we could
start by implementinga small part of the system. For example, at one time we had an aphid population modelwithout any other modelsaround it. Inputs needed by the aphid
model were provided by supplying constant values to the
aphid modelinterface. Only after we had gained confidence
in the aphid model performance did we include other models to calculate the input values required by the aphid model.
Similar results can be obtained through a carefully designed procedural analysis of an agricultural system(Hodges
et al., 1992; Buttler and Riha, 1989). However, procedures do not allow the state of componentsto be specified
together with the code that acts on them. In order to transfer or replace a component one would not only have to
replace the procedures, but also to identify all of the variables defining the state of the componentand replace them
as well. This can be very difficult in large models.
Inheritance allowed us to meet our second objective,
the development of new (componen0models without rewriting existing code. Because a descendant model can
appear in place of oge of its ancestors, it was possible
to specify that a simulation model contains, for example,
a crop componentmodel and to decide at run-time (after
compilation) which descendant crop model to use for
particular run.
Webenefited extensively from inheritance in writing
the shell program. Having all models descend from a commonancestor madeit possible to write code for parameter
inspection, editing, storage, and retrieval only once and
to pass this functionality on to all descendants.In the process of developing a model, code is written and rewritten
many times. During that time, the number and type of
parameters used by the model may change. Because the
base object takes care of parameter input, checking, storage, and retrieval, the shell was used to create and maintain parameter sets for the new modelat all stages of de-
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velopment. This turned out to be an excellent tool for
maintaining an orderly organization of parameter values
during the sometimes very disorderly process of model
development.
An interesting result of our object-oriented analysis of
agricultural systems was the narrowing of the definition
of a crop model to comprise only crop processes such as
growth and development. This excluded some processes
that are often implicitly assumed to be part of crop models, namely weather, soil, and the crop planting decision
(e.g., Spitters et al., 1989). As a result, CropSyst's component models should be more portable and more easily
used in whole-system models that use different soil,
weather, or crop planting models.
The degree of modularity made possible by objectorientation may well make it possible to share models between developers more effectively than has previously been
possible. In our experience, it has been easier to reacquaint
ourselves with our own object-oriented code than with
our own procedure-oriented code. From this observation,
we deduce that it will be easier to share component models between individuals in object-oriented form than in
procedure-oriented form. However, in order to efficiently
exchange object-oriented models it will be necessary to
develop interface standards.
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