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Abstract

Information in the area of developing transportable decision support systems (DSSs)
(agricultural or otherwise) has been scarce. Therefore, developers of DSSs have had some
difficulties in constructing DSSs which could be widely used. In the first part of this two-part
paper series, a conceptual framework was introduced which proposes methods for making
DSSs transportable. This framework serves as a checklist and includes recommendations
about general implementation, user interaction, data management, and model aspects. To
illustrate the implementation of these recommendations, the development of a DSS within
a project called SYBIL is discussed in detail, Therein, portable and public domain tools
have been used to build the DSS with a graphical user interface (GUI) which satisfies the
general implementation aspects of the framework. Further, the development of a flexible
data management system has been essential in the project so that different types of data
can be easily handled without changing the models. In order to allow models embedded
within the DSS to be successfully transported between regions, a novel artificial intelligence
(AI) adaptation methodology was implemented. The main component of this adaptation
methodology is a genetic algorithm (GA), an Al search technique. By linking a GA to an
agricultural model, the model becomes more robust because the model is able to adapt to
the region in which it is being used. Overall, by using the framework criteria to select/create
these tools/components, the DSS has been made easy to transport and disseminate.

Keywords: Decision support system; Modeling; Adaptation; Portability; Genetic algorithm

1. Introduction

In agriculture, decision support systems (DSSs) often cannot be transported
between regions due to problems associated with diverse hardware platforms, data
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compatibility, and accuracy. These can be classified as problems of DSS/model
technology transfer. One solution to these problems is to build transportable DSSs
which can be moved between regions, thereby allowing wide DSS dissemination and
utilization. Towards this goal, a conceptual framework for developing transportable
DSSs has been proposed (see part one of this two-part paper series), and a DSS has
been produced by following these guidelines.

A DSS (which addresses grape and apple management) developed under a
European Commission (EC) project called SYBIL has utilized the framework’s
guidelines. The models in this DSS are designed to help growers determine when
it is necessary to spray against certain pests. In creating this DSS, many design
decisions have been made in the context of the framework’s recommendations,
and two major components have been designed and implemented to satisfy the
framework’s data management and model aspects:

(1) a flexible meteorological data management systerm (called the Meteo C Library)
— this library provides robust data management allowing many different types of
data sources to be managed;

(2) an agricultural model tuned by a genetic algorithm (GA) (called an AGMOD-
GA) — such a component is created by applying a model adaptation methodology
to permit a model to work in a new location.

Overall, the framework has been very useful in creating a DSS that can be easily
disseminated throughout the European Union (EU).

First, in Section 2, the conceptual framework (presented in detail in the first
part of this two-part paper series) will be outlined. In Section 3, the application of
the framework’s criteria will be described with respect to a DSS within the SYBIL
project. Lastly, conclusions are given.

2. Conceptual framework overview

In a nutshell, the conceptual framework is broken into four aspects:

(1) general implementation aspects — emphasizing low-cost portability;

(2) user interaction aspects — focusing on ease-of-use and flexibility;

(3) data management aspects — highlighting the importance for the DSS to
handle many types of data;

(4) model aspects — stressing that models should be adaptable and that mecha-
nisms should be in place to help the user perform this adaptation.

3. Applying the framework’s recommendations within a DSS

Following the conceptual framework, a DSS has been created within EC Project
SYBIL. This DSS has utilized tools and techniques which conform with the rec-
ommendations of this framework; this is illustrated in Fig. 1. The following is a
discussion of how these framework elements have been applied and implemented
within this particular DSS.

First, to put this discussion in context, an introduction to project SYBIL will
be given. Subsequently, SYBIL will be examined with respect to the general
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UTILIZING THE TRANSPORTABLE DSS FRAMEWORK WITHIN SYBIL
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Fig. 1. Utilizing the transportable DSS framework within SYBIL.

implementation, user interaction, data management, and model aspects of the
framework for transportability.

3.1. Description of Project SYBIL

EC Project SYBIL (consisting of five partners from four countries) involves the
implementation of computerized DSSs to assist farmers in intelligently governing
their crops such that environmental impact is reduced and economic returns are
increased. Existing agro-meteorological computer models from multiple sources
are integrated into the portable, user-friendly DSSs designed to assess the risk of
a crop to pest and fungus damage. By evaluating this risk, the farmer has the
option to apply pesticides and fungicides only when needed and avoid using these,
often environmentally damaging, chemicals blindly on a regular basis or when the
risk of pest and fungus damage is small. This evaluation has the potential to save
the farmer both time and money because expensive chemicals will not be applied
without benefit to the crop.

The DSS described here (which has been developed using the framework pre-
viously discussed) is targeted to grape and apple growers. Fig. 2 displays the
first screen of this DSS, and Fig. 3 displays the structure of this DSS. Following
the framework previously outlined, the techniques used and components created
specifically for this DSS will be described in the following sections.

3.2. General implementation

The application of the general implementation (public domain tools, portable
tools, structured programming) and two of the user interaction aspects of this
framework [graphical user interface (GUI) and inclusion of multiple speaking
languages] form the base of this DSS.
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SYBIL METEO-MODEL SYSTEM @
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Fig. 2. The DSS’s main screen.

To satisfy the portability and public domain tools requirements (so all partici-
pants could be involved without additional expense on their part) plus the GUI
requirement, a tool/library called SUIT (Simple User Interface Toolkit) was selected
(Conway and the University of Virginia, 1992). The focus of this library is to allow
the quick development of a GUI as a “front-end” to a computer application, but two
general requirements were also satisfied by the choice of this tool/library as follows:

(a) the library is available for four different platforms (three of which are
commonly found in agricultural computing environments), thereby making the final
system portable between four different platforms (IBM-PCs with DOS, IBM-PCs
with Microsoft Windows Version 3.1, Macintosh machines, and UNIX workstations
with X-Windows);

(b) the library is written in the C programming language, therefore the system is
made further portable;

(c) the library/tool is in the public domain and can be obtained freely by most
groups.

DSS portability had implications for program structure because if different part-
ners are to modify the system, certain conventions should be agreed upon for
program development. The program structure was controlled in a straight-forward
way through the development of a short document establishing guidelines for the
structure of the system (e.g., file names, procedure names, indenting rules, etc.).

3.3. User interaction

As mentioned above, as well as meeting the general recommendations for a
portable public domain tool, SUIT satisfies the GUI requirement specified by the
user interaction aspects of the framework. However, there are two additional user
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Fig. 3. Structure of this DSS.

interaction recommendations; one regarding multiple speaking languages and one
regarding custom-tailoring problem-solving scenarios to user preferences, both of
which are considered below.

3.3.1. A flexible strategy for multiple speaking languages

The inclusion of multiple spoken languages in this DSS has been particularly
important because this DSS is developed within an EC project with partners coming
from four EU countries. Therefore, this DSS needs the ability to present messages in
all four speaking languages of the participating EU countries (i.e., Italian, German,
French, and Danish), plus the English language. This was implemented by creating
separate code files (i.e., language string files) for each screen, and placing all
text that is to be presented to the user in these separate files as a sequence of
assignments to string variables for which the different languages correspond to
different sub-strings. In this way, all the text strings are separated from the rest of
the code, and text can be translated and placed in close proximity to the versions of
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the same text in other languages. When text is to be displayed on the screen, the
string corresponding to the user’s first language preference (e.g., Italian) is queried,
and if it exists, it is used on the screen. If the string is not available (i.e., empty),
the system tries to use the string corresponding to the user’s second language (e.g.,
French), but if it is not available, then the default language (which for this DSS was
set to English) is used, as the default language string is always available.

3.3.2. User specific decision scenarios

To allow users to specify their decision scenarios, user preference files have
been implemented within this DSS. These preference files include: one for global
DSS preferences, one for meteorological data preferences, one main preference file
for each model, and other preference files for sub-components like instantiations
of adaptation components (such as the AGMOD-GA instantiations, which will be
discussed later). These allow the user to specify what types of inputs to use for
certain calculations, model calculation preferences, and how outputs should be
displayed. Individually customized versions of these preference files can be created,
and each user can have her/his own set or multiple sets for different purposes.

To address the need to transform the output of the models into advice which the
DSS operator can use to make a decision, a feature for obtaining expanded expla-
nations has been included if the user desires these explanations. These explanations
give information about what the models have discovered, and how this could be
related to the real world. For instance, in one of the models, possible interpretations
are given to the risk factors produced by the model (risk factors indicating certain
stages of a fungus infection). These were not furnished in the original model, but
by providing this information, the user is better equipped to usefully interpret the
model output and use it to make decisions.

3.4. Data management

To satisfy the framework’s requirement to provide robust data management
within the DSS, a flexible and modular data management component was imple-
mented. Because this DSS deals almost exclusively with meteorological data, this
data management component focuses on meteorological data and is called the
Meteo C Library. This library allows seamless access to meteorological data in any
type of ASCII file or from SQL databases, thereby providing “generic” access (i.e.,
multiple access methods) to meteorological data by all models within a DSS.

Fig. 4 illustrates the structure of this Meteo C Library, and how models interact
with the library.

Interaction between a model and the Meteo C Library begins when the user
inserts a user preference file into a model (i.e., stipulates which user preference
file the model should use). This file specifies the data source (an ASCII file or an
SQL database), the year for model calculation, which meteorological station data
should be used (star#), and other user preferences regarding the model calculation.
After this file is inserted, and loading of data or model calculation is initiated, the
Meteo C Library is called to initialize the meteorological data connection. Towards
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Fig. 4. Structure of the Meteo C Library.

the goal of modular, extensible access to data, seven “generic” library procedures
have been made accessible to models. No matter which model or what type of
data is being used, the model first calls the meteo—start procedure, passing to this
procedure the data source file name, year, and station number. Upon the first call
of this start procedure, no active data connections exist (i.e., in Fig. 4 all dashed
links below the seven accessible “generic” procedures are not formally connected).
The start procedure then calls other procedures in the library that handle access to
more specific types of data. These more deeply embedded procedures determine
if the data source is a flat file (ASCII) or a database (SQL), and furthermore,
the format type (e.g., German Minutely Format or San Michele Daily Format
for ASCII sources, or Oracle- or DB2-type databases for SQL). This library
does this by directly examining the “header” of the data source where keywords
specifying type and format are placed. Each type of data has its own keyword
which must be “registered” into the Meteo C Library. Using the keywords read
from the data source, connections to the appropriate internal library procedures
are made (and remembered) so that subsequent calls to the library (e.g., a call to
meteo—avg—max—min) will use the source of data specified in the last meteo—start
call. When the model is finished with the data source, it calls meteo—stop, and all
connections are broken.

Fig. 4 also gives an example of the data connection made when a user inserts a
user preference file (shown in the figure as the file at the top, second from the left)
which: (a) points to the G90.dat file, (b) specifies 1991 as the year for calculation,
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and (c) stipulates that data from station number 1 (stat#=1) be used. When model
calculation is initiated with these parameters, links labeled G in the figure are
«“connected” and all subsequent requests for data use these links to supply data to
the model.

In addition to providing “generic data access” to the library and dynamic sensing
of the physical structure of data being used, the Meteo C Library creates a
standardized internal representation for the values of all possible variables, which
is needed for a seamless access to data stored in granularities or units differing
according to source. This representation is maintained as a list of variables (e.g.,
date, meteo station number, temperature, humidity, etc.) and characteristics of
their values (units, print format, etc.). This list can be expanded by “registering”
new variables into the library as necessary if new data sources are added which
contain data not yet present in the variables list. Thus, each variable’s internal units
are standardized to some agreed units (e.g., temperature in degrees Celsius), and
whenever data is read into the library, the data will be converted (if necessary)
from the units stored in the data source, to the units used by the library. This
ensures that data sent from the library to the models is of one particular type, and
conversions do not have to be made in the model based on different data types.
Moreover, because meteorological data is often found in many different frequencies
(e.g., hourly, daily, etc.), the Meteo C Library handles frequency conversion from
higher frequency to lower frequency (e-g., minutely to hourly) as needed, based on
what data is requested from a model. This conversion is simply handled through
averaging (as in the case of temperature) or summing (as in the case of rain) the
more frequent values into the frequency or time period requested by the model.
Overall, these features allow all data (no matter where they are from) to be
stored in the same way inside the Meteo C Library, and only when reading the
data from the data source into the library will it be necessary to perform conver-
sions.

In general, with these types of data management flexibility, when the DSS is to be
transported to different regions where data is maintained in different ways, neither
models within the DSS nor data will need to be changed so that the data can be
used within the DSS (e.g., it will not be necessary to change model code nor to
re-format data within an ASCII file nor to move data from an SQL database to
an ASCII file or vice versa). From the user’s point of view, data is automatically
converted within this library between the units and granularity used to the units and
granularity required. Therefore, computer models (agricultural or other) can access
meteorological data in a standardized way (i.e., using the same calls and methods),
no matter what type of data is being used (minutely, hourly, daily, weekly, monthly,
or yearly — SQL database or ASCII file).

Under this scenario, the only action required when transporting the DSS is to
register the meteorological data source within the Meteo C Library. Since the library
is an independent service provider, it can be expanded to include additional data
sources, and this will not have any effect on the model code. That is, new data
sources (ASCII file formats or SQL database types) can be added without disrupting
the model code which requests meteorological data.
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Overall, this library is a step towards establishing a common/standard meteoro-
logical data platform for the management of meteorological data within DSSs.

3.5. Model aspects

The framework prescribes two recommendations with respect to the model
aspects. One recommendation is to include as many user relevant options and
parameters as feasible so that the model is flexible to begin with. The other
recommendation is to provide a mechanism for adapting model parameters to give
accurate results when used with data from regions other than the one in which the
model was developed and calibrated. The use of each of these recommendations in
SYBIL is described below.

3.5.1. Flexible models

With regard to flexible models, model options were included in the main
grape model within this DSS which is called the Plasmopara Risk Oppenheim
(PR.O.) model. The P.R.O. model is a life-cycle simulation model which addresses
Plasmopara viticola, a fungus which attacks grape vines. The model helps a grape
grower decide when to perform the first spraying against the fungus by predicting
when the fungus has spread to a stage where it will begin to damage the crop.
The model has been used in Germany to help grape growers reduce the amount
of fungicide needed to control this fungus (Hill, 1989, 1990a, b, ¢, 1993; Hill et al.,
1993).

The P.R.O. model was modified to allow only part of the calculations to be done,
to have leaf wetness estimated if it was not available, and to have darkness hours
determined in many different ways (from solar radiation, from constants set by the
user, or from latitude).

For example, with respect to leaf wetness in the P.R.O. model, the following leaf
wetness options (which are presented to the user via the screen shown in Fig. 5) are
included:

(2) do not consider leaf wetness (i.e., leave out the calculations which require leaf
wetness; this is possible in the PR.O. model);

(b) consider leaf wetness using leaf wetness measurement present in the meteo-
rological data;

(c) consider leaf wetness using rain measurements present in the meteorological
data (i.e., estimate leaf wetness — e.g., if rain is greater than a user specified value,
such as 0.1 mm, then assume the leaf wetness to be 100%; otherwise assume leaf
wetness to be 0%);

(d) consider leaf wetness by prompting the user to enter whether there was no
dew/light dew/heavy dew.

3.5.2. Model adaptation component

For satisfying the need for a component which will adapt models to particular
locations, in the DSS discussed here, an artificial inteiligence (AI) methodology has
been developed and put into use. This methodology conforms to the requirement of
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Fig. 5. Leaf wetness model option screen.

minimal user intervention (partially due to the Al technique utilized); therefore it
has been found to be easy to use and does not require special expertise on the part

of the user.

3.5.2.1. Overview of the adaptation methodology. By using historical data for the
target location (geographical region), a model’s parameters can be tuned so that the
model is better adapted to the region in which the model is to be used than would
be the case in taking the default parameters usually available for the region in which
the model was developed. This tuning is facilitated by the creation of a component
which can search for good parameter settings, which means finding settings for
which the model produces results relatively consistent with the historical outcomes.
Moreover, one hopes this tuning of parameters to historical data is an effective
estimator for future events as well, thus producing relatively accurate predictive
outputs for outcomes that have not yet been seen.

Additionally, it should be emphasized that this methodology is particularly
appealing because it is not strictly empirical or analytical, but both. That is, this
methodology does not perform a search to fit the historical data from a particular
Jocation into an empirical algorithm; rather it performs the search in a larger
context, fitting the model parameter settings to a particular location. Therefore,
the resulting instantiation of the adapted/localized agricultural model (with the
new parameter settings inside) is as good (or as bad) as the original model.
Consequently, if the model is biologically significant (e.g-, if it simulates biological
events), then this feature is not lost by this adaptation methodology since the model
is used in the same form (i.e., the structure of the model is left intact), only the model
parameter settings are changed.

DR
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3.5.2.2. Elements of the adaptation methodology. Generally stated, this methodology
prescribes the utilization of:

(i) historical situation data;

(if) historical outcome data;

(iii) the model; and

(iv) an intelligent search method (in this case, a GA, which is an Al search
technique).

Historical situation data is the basic data required by the model in question. In
the domain of agricultural models, this often includes meteorological data since
this is frequently an important input to the model. In this methodology, the more
historical situation data that is available, the better.

The presence of historical outcome data plays a large part in how accurately a
mode] will be adapted using this methodology. This is due to the basic fact that
models accept situations and computes outcomes. The historical outcome data will
be used to fit the model parameter settings to the new region in question. Therefore,
when constructing a component using the methodology described here, it must be
possible to match model outputs to some combination of outcomes and/or events in
the real world (and there must be one-to-one correspondence). For risk assessment
models, historical outcome data regards the occurrence of fungus or pest problems
in past years (epidemiological data); or for crop growth models, historical outcome
data regards crop yield in past years.

In this methodology, the agricultural model is fundamental because it will be used
to evaluate how well particular model parameter settings work in the given region
(i.e., with the given historical data). In particular, the intelligent search method will
repeatedly call upon the model as it proposes new model parameter settings that
need to be evaluated. This methodology has the capability to address many types
of agricultural models: risk assessment models, damage prediction models, and crop
growth simulation models, to name a few.

The intelligent search method is an important part of this methodology because
knowledge of the domain is often hard to codify, i.e., ‘rules of thumb’ are vague and
difficult to construct, and this holds true for the domain of agricultural models. The
selection of an intelligent search method can help to alleviate this difficulty. This is
due to the fact that intelligent search methods do not rely on ‘rules of thumb’.

The selection of the particular intelligent search method to be employed was
made among several possible methods: hill-climbing, simulated annealing, and GAs.
As with previous work in this area (Sequeira et al., 1994), GAs were selected as the
most desirable method because:

(a) they can perform unbiased search;

(b) they make no assumptions about the search space (i.e., the search space does
not have to be smooth or regular);

(c) they carry out a more effective search of an irregular, multi-dimensional space
because they search from a population of points rather than a single point;

(d) their search is not random, but systematic (they utilize operators which are
patterned after natural genetics); and

(e) they have been shown effective at finding optimal or near-optimal solutions to



312 G. Jacucci et al. | Computers and Electronics in Agriculture 14 (1996) 301-315

a wide variety of dynamic real-world probiems (Grefenstette, 1985, 1987; Goldberg,
1989; Schaffer, 1989).

For a complete description of GAs and how they function, refer to Holland
(1975) and Goldberg (1989).

3.5.2.3. Utilizing the adaptation methodology — the Agricultural Model-GA (AGMOD-
GA). To allow a GA to search the space of an agricultural model’s parameters, the
GA uses the model as the evaluation function. Furthermore, the model uses the his-
torical situation data (discussed earlier), and the GA additionally uses the historical
outcome data (also discussed earlier) in combination with the output of the model.
Whenever the GA wants to evaluate one instance of model parameter settings, the
agricultural model is called, and the final outcome is returned through an objective
function to the GA so that a “fitness” can be computed. This resulting general
component is called an Agricultural Model-GA or an AGMOD-GA.

Fig. 6 illustrates an agricultural model and a GA linked to form an AGMOD-GA.

The function of the AGMOD-GA is to find near-optimal model parameter
settings for the given desired behavior (i.e., matching the given historical outcome
data). There are three main steps involved in the execution of a typical AGMOD-
GA. First, the agricultural model and the GA are initialized. With the simple
GA implemented in this case, an entirely random initial set (i.e., population) of
parameter settings is generated. This has the effect of starting the search in a number
of different random points in the space. A collection of random starting points does
not have a negative effect on GA performance because a GA searches from many
different points at the same time, not just from one point. The second step in a

[ HISTORICAL OUTCOME DATA | VARIABLE MODEL
FIXED MODEL PARAMETERS
| HISTORICAL SITUATION DAM PARAMETERS (TO BE SEARCHED)
AGMOD-GA ‘——;
MODEL
PARAMETERS

MODEL] MODEL BEING
INPUT| INPUT | SEARCHED
AGRICULTURAL MERGER GENETIC

MODEL ALGORITHM

OBJECTIVE (GA)

MODEL | FUNCTION FITNESS
OUTPUT! VALUE

MODEL PARAMETER SETTINGS
WHICH MOST CLOSELY
MATCHES THE
HISTORICAL OUTCOME DATA

Fig. 6. Structure of an AGMOD-GA.
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typical AGMOD-GA is the fitness computation (i.e., evaluation of each population
member’s worth). This involves taking each GA population member and executing
one or more model executions using the model parameter settings represented by this
member. These model executions utilize the user-provided historical situation data,
with one execution initiated for each one of these sets of data. The outcomes from
these model executions are compared against the user-provided historical outcome
data (which is the target). The further the model outputs are from the historical
outcome data, the lower the fitness, and inversely, the closer the model outputs are,
the higher the fitness. This fitness evaluation step is executed many times because new
population members are continually being generated by the GA. Fitness evaluation is
usually continued until the GA has converged on a suitable optimal or quasi-optimal
solution. The third and last step is the evolution of the GA population. This involves
applying operations to the population members. The three operators used in a typical
GA are reproduction, crossover, and mutation. They act by treating the GA bit
strings (which represent model parameters) in a way analogous to the evolution of
chromosomes in genetics (Goldberg, 1989).

The preliminary testing of an AGMOD-GA component constructed in this DSS
framework (a module called the PRO-GA which uses the PR.O. model mentioned
previously) is promising and is explained in more detail in Jacucci et al. (1994, 1995).

4. Conclusions

To describe the usage of a previously described conceptual framework for
developing transportable DSSs (presented in detail in part one of this two-part
paper series), the creation of a DSS (within EC Project SYBIL) is described.
In particular, the application of the framework’s recommendations are illustrated
through a detailed description of the DSS components and structure. All aspects
of the framework are discussed in this context. Due to the desire and need for
wide distribution of the final system, portability and adaptability were of particular
interest.

The first step in applying the framework’s general criteria was to consider the
computer tools in the context of the models which were to be included and the
targeted users. Second, human-computer interaction was considered so that the
resulting system would be easily used. Third, data management techniques were
designed such that different types of data could easily be used within the DSS.
This involved the implementation of one of the two major components of the
DSS: a robust data management system called the Meteo C Library. After these
base ideas were in place within the DSS, the models could be included. This
involved considerations about model options and how models can be adapted to
run in different regions. From these considerations was included the second of
the two major components: a model adaptation methodology/component called the
AGMOD-GA.

Upon close examination of the final DSS, the system seems to be very trans-
portable due to the above described actions. In particular, it appears as if many
different groups could use the DSS because the system (and therefore the included
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models) can handle many different types of data (formatted in different ways)
without having to change the models. Because of this feature in particular, as well
as the fact that the system can be run on two common computer platforms, the
collaborating agricultural agencies have expressed interest in the DSS, but at this
time no extensive testing has yet been performed with these agencies.
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