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Abstract

We explore a goal-oriented as opposed to a problem-oriented approach to DSS develop-
ment for ecosystem management. Ecosystem management ordinarily is guided by a set of
goals that may conflict in various ways. Problems are perceived obstacles to realizing goals.
Identifying and resolving conflicts between goals, testing current or projected situations for
goal satisfaction, and problem identification all require a robust model of the goal structure
for the intended domain. The lowest level of this goa structure must be represented as
desirable future conditions consisting of proposed values for observable indicators. A model
of the causal, legal, and other institutional relations between these desirable future conditions
is also needed. Two projects based on a goal-oriented approach to DSS development are
described. The first project has produced an initial prototype that incorporates goas for
forest management in rules representing three tiers. management unit goals, stand-level goals,
and desirable future conditions. The second, at an initial knowledge acquisition stage, is an
attempt to develop a participatory decision-making methodology for socially and environ-
mentally sensitive economic development in Central America. © 2000 Elsevier Science B.V.

All rights reserved.

Keywords: Decision support systems; Goals; Ecosystem management; Forest management; Knowledge
representation; Knowledge acquisition

* Corresponding author. Tel.: + 1-706-5422823; fax: + |-706-5422839.
E-muil address: dnute@ai.uga.edu (D. Nute)

0168-1699/00/$ » see front matter © 2000 Elsevier Science B.V. All rights reserved.
PIL: S0168-1699(00)00092-2



356 D. Nute et /. / Computers gpg Electronics in Agriculture 27 (2000) 355-375
1.Introduction

Many decison support systems (DSSs) ask the user to identify a goa and then
proceed directly to the process of finding recommendations for achieving the
selected god. For example, a DSS for managing a single-species even-aged stand of
trees might dicit a timber objective, then base a trestment recommendation on the
objective sdlected and information about the stand. But not al decison making can
be characterized in this way. Where an individua or group is engaged in managing
a complex enterprise (such as forest management or the management of economic
development for a watershed), there will typicaly be severad gods rdevant to any
decisons being made. Where there are multiple gods, DSS development takes on
new dimensons. What kind of knowledge about the god dructure for a doman
does a DSS need to help users select a compatible set of gods, identify problems
that arise in trying to satidy that set of gods, and generate and implement solutions
to those problems?

Three issues that arise in the deveopment of any knowledge-based system are
knowledge acquisition, representation, and utilization. How do we learn the god
sructure for a domain? How do we represent this structure? And how is the goa
sructure used to improve decisions? In this paper, we will not be concerned with
knowledge acquigtion. Knowledge acquistion is certainly important and difficult;
it is often the mogt difficult part of any knowledge-based system development
project. But before we can attempt to construct the goal modd for a particular
domain, we need to ask ourselves whether there are any common features of the
ways goas can be represented for domains where multiple gods are involved. We
will begin by firgt looking & some of the ways we expect to use gods in decison
making. This should help us determine what kind of mode we will need for the
god dructure of a paticular doman. Just as in designing a hammer, form will
follow function. Although we will avoid issues of knowledge acquisition wherever
we can, we will need examples of partid god dSructures to illustrate some of the
points in the paper. Our focus will be on ecosystem management, but our
conclusons should gpply to management of other complex enterprises.

We identify three essentid tasks where a model for the goa dructure of a
domain will be used by a mature DSS providing aid for a decison process involving
multiple gods. Firg the DSS mus test proposed sets of gods for compatibility.
Second, the system must help users resolve any conflicts in a proposed god set.
Third, the DSS mugt estimate how successful a particular recommendation will be
in achieving a st of gods. To perform these tasks, gods must be modeled in a
hierarchica sructure where the lowest level gods are directly measurable. Further-
more, the DSS must have a robust knowledge of causal and other important
relationships among a least the lowest levd gods in the sysem. An additiond
concept integrd to providing meaningful decison support to the ecosysem man-
ager is that of adaptive management (Holling, 1978; Wadters and Holling, 1990;
Bormann et d., 1994). Adaptive management can be described best as an explicit,
Sructured, and systematic process for learning from on€'s experience through a
cyce of planning, acting, monitoring, and evaduating. The process of refining both
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gods and proposed sets of actions to improve the success of management is centra
to both adaptive management and the process we describe here. In the rest of this
paper, we will expand on each of these issues individualy.

Findly, we describe two projects amed a developing god-oriented decision
support systems for ecosystem management. The USDA Forest Service has pro-
duced an initid prototype, NED-I, that incorporates gods for forest management
in rules representing three tiers management unit gods, sand-levd gods and
desirable future conditions. A second project of Centro Internacional por Agricul-
tura Tropicd is a an initid knowledge acquigtion stage. This project represents an
attempt to develop a participatory decison-making methodology for socidly and
environmentally sengtive economic development in Centrd America

2. Problems and goals

In our research, we are exploring both goa-driven and problem-driven ap-
proaches to decison making. What is the difference between goas and problems as
we envison them? A goal isadesirable condition, astuation that someoneiswilling
to alocate resources (time, effort, money, etc) to achieve. The dtuation we
asociate with a goa may be one we want to bring about (as when our god is to
get a particular candidate elected to some public office) or one we want to sustain
(as when our god is to sustain economic growth.) We identify a problem when we
recognize some obstacle to achieving or maintaining a goa. The exigence of an
obstacle implies that either a goal State has not been reached or some intervention
is required to maintain a goa dae that has been reached. Establishing a god may
not imply a need to intervene; if a desrable god State has been reached, then the
most that may be required is that the Stuation be monitored to make sure it does
not change. But identifying a problem invariably implies the need for intervention.
For example, a forest manager might say that a hedthy forest is required and plan
to extract a pecific quantity of timber each year. If the forest is dready hedthy and
there is no immediate threat to its hedth, then no intervention may be required to
sudan that dtuation. All thet is required is to monitor the forest to make sure no
thrests arise to its continued hedth. However, if the manager has not met the
timber god for the current year, the problem is to select the harvest method and the
trees to harvest. Or if a new threat to forest hedth arises, the problem is to make
an gppropriate response. Recognizing the problem amounts to recognizing that
some action needs to be taken to achieve or maintain a goa Sate even though the
manager may not yet understand what actions might be appropriate. Notice
another important difference in the goas used in this example. Having a hedthy
foret and extracting a specific quantity of timber each year are Studions the
manager wishes to bring about (if not dready present) and to sustain once they
exist. Harvedting the desred amount of timber during the current year is a Stuation
the manager wants to bring about, but this is not a susainable Stuaion. To
digtinguish between these two types of gods, we will cal single harvest quantity a
one-time god, and cdl mantaning foret hedth and continued timber harvest
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sustainable gods A sudanable god may or may not require intervention under
current circumstances.

One important reason for beginning with goals is that some of the problems that
aise in trying to achieve one god may be the result of the way we pursue other
gods we have adopted. Condder again a forest manager who wants to harvest a
certain amount of timber from a hedthy forest. Suppose tha certain trees are
diseased and that the only way to stop the spread of the disease is to remove and
destroy the diseased trees. The manager may have the means to accomplish either
of these gods The problem is that if resources are dlocated to removing the
diseased trees, the manager does not have sufficient resources left to harvest the
desired timber. The problem may be obvious in this smple case, but it may be far
from obvious in more complex cases. Moreover, when several condituencies are
involved in and affected by a decision, they may not be fully aware of each other’'s
gods and the way they affect each other. Worse yet, the different stakeholders in
a decison may misunderstand each other’s gods in ways tha lead them to think
there are conflicts (and problems) where there are none.

Of course, it does not make sense to build a DSS to assigt in achieving just any
possible set of gods The god of a school soccer coach might be to improve the
school’ s soccer fidd while the god of a Minister of Agriculture might be to improve
the country’s maize production. Building a DSS to dlow us to condder these two
godls as pat of a sngle decison process would drike us as slly. But it would be
reasonable to group the soccer coach’s gods with a goa of the school’s chemistry
department to equip a new chemidry lab or to group the Minister of Agriculture's
god with the god of the Minister of Trade to increase production of manufactured
goods in the country. These groupings are more reasonable because the soccer
coach and the chemistry department likely depend on the same resources to meet
their gods and ther decisons involve many of the same stakeholders. The same is
true for the Ministers of Agriculture and Trade. So we will want to group together
into the same decison making process or DSS only goads which concern the same
issues. The notion of issue we are usng here is not well defined and we will not try
to define it better. For present purposes, it is important Smply to note that there
must be some relationship between the gods in a system that combines them into
a dngle issue and makes it gopropriste to condgder them together in making
decisons. As we use the term, ‘issu€ is closdly related to the equaly vague term
‘domain’.

Our work suggedts that whether or not we conscioudy gpproach decision making
in the manner outlined above, it is difficult to identify problems until we know what
our goals are. Indeed, there can be no problems without goals, athough agod does
not necessarily imply a problem. A desrable Stuation may aready exis and may
be sustainable with little or no effort. On the other hand, some problems may be
asociated not with a single god, but with the relaionship among severd gods.
When we employ a single purpose, problem-driven expert or decison support
sysem, we have bypassed the goa setting and problem-identification stages of
decison making and proceeded directly to the problem-solving stage. There is
certainly nothing wrong with sysems that serve this kind of purpose, but our
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atention in this paper is focused on the specid features of decison making that arise
out of the dedire to satisfy a multiplicity of gods. For such stuations, we believe that
a goal-driven rather than a problem-driven agpproach is more appropriate. Our
thinking is consstent with recent work on participatory approaches to sustainable
natural resource management (Allen et d., 1996).

3. Measuring goal satisfaction

Whatever gods we are trying to achieve, there are a least four Situations in which
we will need to measure how close we are to achieving those gods. Firg, we will
want to evauate our initid Stuation to see how far we have to go to redlize dl of
our gods. Thisis a crucid step in problem identification. Second, we will want to
develop and evduate dternative courses of action (i.e. decisions) expected to help
us achieve our gods. Third, a course of action needs to be sdected from the
dternaives evauated (typicaly one that is expected to achieve best the desired gods
within any condraints imposed upon decison méakers). Findly, after we have
selected a course of action and begun to implement it, we will want to monitor our
progress towards the stated goals.

Leaving aside for the moment the question of compatibility of gods, we envison
the decison process as involving the following steps. Firg, the decison makers will
provide information about the current Stuation and propose gods to be achieved.
Next, the decison makers will determine how success in achieving esch of the
proposed gods is to be measured. Third, the decison makers will evauate the
current Stuation to see how well it satisfies the gods. Fourth, the decison makers
will reach decisons intended to achieve al the gods proposed or at least to reduce
the distance between the current Stuation and one in which dl the goas would be
satisfied. We believe there is arole for a software system that will assst the decison
makers in some or al of these steps. Our concern is with how to represent the goa
dructure in such a system.

To measure god satisfaction, we must operationalize our gods. Most gods will
not be measurable in the form they are proposed. The decison makers will have to
determine specific criteria to be used for measuring the goals. These criteria become
more specific goas that we will cal desirable future conditions or DFCs. Of course,
al gods are desrable conditions. We use the term ‘desirable future condition’ and
the acronym ‘DFC’ as technicd terms to signify gods that are not andyzed in terms
of other gods in our god dructure. We have aso noticed that some gods may
involve gtuations that dready exid. If the god is a one-time god, we will drop it
from our god set as soon as we know thet it has been satisfied. A goad will remain
in our god st only if it is ether a one-time god that has not yet been satisfied or
a sudtainable god that we want to achieve or maintain. Even though a sustainable
DFC might represent a Stuation that dready exists, we will ill cadl it a desrable
future condition since it is a condition we want to maintain in the future. DFCs can
aso be thought of as a subset of indicators of any natura resource program, where
a complete st of indicators may include variables for monitoring the system as well.
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4. Determining goal compatibility and resolving conflicts

Decison makers may propose sets of gods that cannot be smultaneoudy
satisfied. The incompatibility of a set of goas may be very deep so that the goas
could not be smultaneoudy satified under any conditions whatsoever, or the
incompatibility could be contingent upon the context of the decison. To give an
example from forest management, suppose one god is to produce a certain volume
of timber and another god is to manage the forest for certain forest-dwelling
wildlife species. These gods are not logicdly incompeatible. Given a large enough
forest, we should be able to produce any amount of timber and aso provide habitat
for any species that can live in that region of the world. But if the management unit
is small, it may be possble to meet the desired timber goas or to provide habitat
for the desired species, but it may not be possible to satisfy both gods at the same
time. Of course, it may aso turn out that neither goal can be met. So even a set
containing a single god may turn out to be ‘incompatible under actua conditions,
such as providing polar bear habitat in Georgia. But determining that a single god
cannot be met seems in principle easer than determining that some larger set of
gods cannot al be met at the same time in a given context. Our god dructure must
include condgderable information about causd and other relationships among gods
to identify conflicts and incompatibilities.

If any conflicts among gods have been identified, we will want the DSS to
provide methods for developing a compatible god set from the current incompat-
ible st of gods. Of course, this will depend essentidly on the priorities of the users.
But the representation of the goa dructure for the domain can play a criticd role
in how this is accomplished, or even whether it can be accomplished. Negotiation
systems have been developed to help resolve conflicts among multiple parties in
order to arrive a an acceptable decison (Jeass and Foroughi, 1989; Thiessen and
Loucks, 1992; Fang et a., 1993; Kilgour et ., 1995; Hipd et d., 1996; Faber et d.,
1997). Multi-criterial optimization and multi-objective systems (Cohon, 1978; Yeh,
1985; Janssen, 1992; van Keulen, 1992; Y akowitz et d., 1993; van Huylenbroeck,
1996; Y akowitz, 1998) provide support for users to specify gods, congtraints and
priorities. Essentidly, such tools search for solutions that best match (i.e. optimize)
user specified criteria We are looking for something different. We want to explore
the possibility of a DSS that incorporates enough knowledge about the domain to
propose specific inteligent dternatives to chdlenged gods as part of the conflict
resolution process. We will need a representation of the god sructure for a domain
tha dlows the sysem to navigate easly from a chalenged goad to a posshle
dterndive. Potentidly such systems can supplement exigting tools such as negotia-
tion and multi-criteria optimization tools,

5. Desirable future conditions

There is little point in setting a god if we have no way of knowing when thet
goa has been achieved. Being able to tell whether a god has been achieved is not
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the same thing as knowing how to achieve it. If we do not know how to achieve a
god, we have a problem. But if we do not know what would count as having
achieved a god, we have nothing.

We have dready introduced a specid kind of god that we cdl a desirable future
condition or DFC. To daborate, a DFC will be associated with a sngle variable
corresponding to some observable Stuation in the world. This varigble might take
vaious kinds of vaues induding both quantitative and quditative vadues. The
amplest kind of DFC smply specifies that the associated varidble has a vdue
within a certain range or set of vaues. For example, one DFC might be that
canopy closure in a dand be a least 80% (canopy closure is defined as the
proportion of the sky blocked by leaves or branches when viewed from the ground),
or that a particular reservoir contain a least 10 000 m?® of water. These DFCs
concern varidbles that have numericd vaues A quditative DFC might be that
there is a pond on a particular piece of land.

Some DFCs, including our example of canopy closure for a stand of trees,
involve thresholds or boundary vaues. When establishing a DFC, we may not
know the exact boundary we wish to set. In that case, we may edtablish a fu:z:
DFC with fuzzy thresholds. Depending on our purposes, we can interpret these
thresholds in various ways. We could decide that when the vaue of the associated
variable is equd to or greater than a threshold, then the DFC is satisfied, and when
the variable has a vaue thet is a lesst 5% less than the threshold, then the DFC
Is not met. Then we can use a linear function to represent the degree to which the
DFC is met for the range between 5% below the threshold and the actua threshold.
In our example, the extent to which a stand of trees with 77% canopy closure meets
our DFC would be represented as 0.4. Where it is difficult or impossble to
completdy satisfy dl of a set of non-fuzzy DFCs, we might use fuzzy DFCs to try
to maximize patid fulfilment of the st

Our firg proposd for the god dructure for a domain is that every god should
be reducible to a set of DFCs. This reduction might be complex, involving various
dterndtive groupings of DFCs. But unless some such mechanism is available for
unpacking gods into sets of vaues for observable variables, determining when a
god is satisfied will remain a mystery. Once our model of the gods for a doman
provides a reduction of each god to some (possibly dternative) sets of DFCs, we
can evauae god satisfaction. Given any Studtion, actua or projected, from which
we can infer vaues for al the variables associated with the DFCs that define the set
of sdected gods, we can determine which of the gods in the set are satidfied. This
IS a necessay step in problem satisfaction and in testing proposed solutions to
problems. Andyss of DFCs aso provides a means for identifying information gaps
even before decison aternatives have been developed and evauated.

The notion of a DFC is relative to our purposes and resources. For example, one
of our primary gods for a watershed might be drinkable water that does not need
to be filtered. An intermediate-level god might be that the turbidity of the water be
low & certain locatiions where human activity affects the turbidity. Mantaining this
god will require monitoring. If we have the resources to measure stling times and
amounts of sediment, then we could establish DFCs in these terms. But if we do not
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have the resources for these measurements, we could smply set -the god that the
water is ‘cdlear’. As another example, it might be ided in managing a large
ecosystem such as a nationd forest to st DFCs that can only be monitored
properly if we have extensive information about each of a vast number of stands.
But these data may not be available. In this case, we might be forced to st our
DFCs in terms of properties eesily observable from aerid surveys.

6. Relationships among goals

To check the compatibility of a set of gods, we need to see whether there is some
sat of DFCs corresponding to the goa set that can dl be satisfied at the same time.
Since there may be aternative ways to satisfy a god, there may be different sets of
DFCs corresponding to the entire goad set that must be checked to determine
compatibility. Let's use a forestry example again. Suppose one of our goas is that
a least haf of the stands in a forest have a closed canopy and another is that at
least one-third of the stands in the same forest have an open canopy. Assuming that
open and closed canopy are defined in terms of the percentage of canopy closure,
we will dipulate that a stand has a closed canopy if its canopy closure is at least
80% while it has an open canopy if its canopy closure is no greater than 20%.
Notice that we are concerned with two distinct DFCs even though the two DFCs
involve the same variable. Our two DFCs, that canopy closure be at least 80% and
that canopy closure be no more than 20%, cannot both be satisfied by the same
dand at the same time. But our gods do not require this. With two stands or more,
we can satisfy both gods. There are two ways digtinct sets of DFCs correspond to
our god with only two stands A and B: canopy closure is et least 80% in A and no
more than 20% in B, or canopy closure is at least 80% in B and no more than 20%
in A. There are many more possibilities with more stands,

In this example, the relationship between the two DFCs is logical. Other DFCs
might be rdated causdly. Continuing our forestry example, suppose one of our
gods is to manage for a certain wildlife gpecies and that one of the requirements for
the speciesis sufficient hard mast (acorns, nuts, etc.) to serve as food for the species.
We might measure hard mast production in bushels per acre. One of our DFCs
might be that we have a stand that produces 50 bushels of hard mast per acre per
year. This might be biologicaly impossble if canopy dosure is less than 20% since
hard mast is produced by mature trees and there could not be enough mature trees
to produce the required hard mast in a stand where canopy closure is less than 20%.
Here the reationship between the two DFCs, again one of incompaibility, is a
causa one, or more specificdly a biologicd one, rather than a logica one.

Besides logicd and causal rdationships, DFCs might sand in legd, culturd or
other relationships to each other. In addition to the modd of the goa sructure of
a domain that includes a reduction of each god in the Structure to dternative sets
of DFCs, we will dso need appropriate causd, legd, or other modds of the
relations between the variables for which DFCs are specified. In many cases this
will dlow evaudtion of the compatibility of sets of DFCs and, thus, of any sets of
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gods. In some cases, we will be able to determine that two DFCs cannot be
saidied & the same time without additiona information about the particular
dtuation in which decisons are being made. But in other cases, the incompatibility
will depend upon actud circumstances. It is possble to have a closed canopy on
haf the stands in a forest and an open canopy on one-third of the stands in the
same forest provided the forest includes more than one stand. This is not possble
if we are taking about a forest congsting of a sngle stand.

While it may be enough in many cases to have gppropriate knowledge of the
relaionships among DFCs, it will often be more efficient if we have some direct
knowledge of relationships among at least some higher-level gods independent of
any disaggregation of those gods into sets of DFCs. For example, we may know
that certain agriculturd practices cause water pollution. If one of our gods is to
encourage these agricultura practices and another is to reduce water pollution, we
do not have to analyze our gods to the level of DFCs to recognize a conflict even
though the conflict should certainly show up a the DFC leve. In other cases, we
may find that certain relationships among higher-level gods become obscured at the
DFC levd. For example, one god might be to increase agricultural production and
another might be to increase the amount of forested land in the region. A DFC for
the first goa might be to convert 100 ha of forested land to maize production per
year for the next 10 years, and a DFC for the second might be to plant 100 ha of
agricultura land with trees each year for the next 10 years. There is no incompat-
ibility in converting 100 ha of forested land to agriculturd use & the same time we
convert 100 ha of agricultura land to forest; so the DFCs are compatible. But the
first DFC conflicts with the second god and the second DFC conflicts with the first
god. This conflict will go undiscovered if we only look for conflicts a the DFC
level.

At this point, we will say afew words about constraints. Our decisions are guided
both by our gods and by externd condraints. The difference is that we might not
choose the congraints under which we must decide and act, but we must neverthe-
less conform to them. On our modd, condraints are represented in part by the
causd, legd, and other reationships among gods. Condraints will dso goply to
the dternative solutions we condder to the problems we identify later in the
decison process. We do not currently have a separate method for representing
condraints in our god-driven decison modd, but we may find this is necessary
|later.

The amount of knowledge about relationships among gods that is needed to
thoroughly evduate a st of gods for compatibility is daunting. Automating this
andyss for complex domans may require more knowledge than we can ever
obtain. In implementing god-driven decison making for complex domains, it will
probably aways be necessary to depend on the users for some of this knowledge.
But the more knowledge of causd and other reationships between gods incorpo-
rated into a DSS, the more help the DSS can provide in god conflict anayss and
the better it will be able to recommend acceptable methods for achieving the goas
that are <.
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7. Hierarchical structure of goals

We have concluded that our goas must be reducible to dternative sets of DFCs
if we are to determine whether a set of gods is satisfied in an actud or projected
gtuation. We have aso concluded that we must have a modd of essentid causd,
legdl, or other relationships amnong the DFCs in the domain if we are to determine
whether a st of gods can be smultaneoudy sdtisfied in a given dtuation. This
suggests a smple, two-tiered god structure with DFCs in the bottom leved and all
other gods in the top levd. This is in fact the kind of structure used in NED-|, the
DSS recently released by the USDA Forest (see below.)

Although a two-tiered god dructure together with some representation of the
reldionships among a least the DFCs in the structure may be adequate for both
god satidfaction and god compdibility, a more complex sructure will serve us
better when we discover incompetibilities in a goa set. If we find that we cannot
satisfy dl of the sdected gods, we must re-evaduate and try to find an acceptable
revison of our god set that might be smultaneoudy stisfied. The re-evauation
and revison of agod st is an example of adaptive management and illudtrates the
necessity of such a flexible gpproach to the complex task of ecosystem management.
The only way to revise a god st in a two-tiered god Sructure is to diminate one
or more of the gods in the top leve. Deciding which gods to diminate will depend
on the priorities attached to the different goas. But another revison drategy is
possible when we have a richer god dructure (i.e. one that has multiple tiers)
because this lets us replace some gods with other goals that on examination may be
equally acceptable.

To illudrate this drategy, suppose an initid goa set for a family includes sending
the oldest daughter to Old Ivy Coallege. It becomes evident upon anayss that the
family resources will not permit the daughter to atend Old Ivy and dHill satidy
other gods which have a high priority for the family. From the avalable informa
tion, we can infer that a god of the family is for the oldest daughter to acquire a
college education. This is a more generd goa and sending the daughter to OId Ivy
is just one way the family can achieve it. It may be the preferred way to achieve the
god, but there are certainly others such as sending the daughter to State University
where costs are lower. Whether the family makes other sacrifices to send the
daughter to OId Ivy or revisss its initid god st by modifying the college the
daughter plans to atend depends on the priorities the family attaches to the
different gods involved. But whatever the priorities may dictate in the actua case,
this example points to a two-step process for revisng a god sat. The fird sep isto
ascend from a more specific to a more general god and then deseend from this
generd god to a different specific way to achieve the general god.

God ascent and descent require a rich god dructure. When trying to revise an
incompatible god set to produce an acceptable, compatible god set, we will want
to find as many places as possble where an ascent/descent dternative is available.
Whatever priorities we may be able to goply to the god sructure will dictate which
of the possible revisons are more attractive. We can then test the resulting revised
god sats for compatibility. Assuming a set of priorities that partidly orders the
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dternative god sets, we have a drategy for discovering the mogt attractive set of
godls that has a reasonable chance to be satisfied smultaneoudy.

These condderations suggest that we should drive to find more abstract goals
under which other gods in our developing god structure fal. We should decom-
pose gods into other gods at the highest level of abdtraction or generdity possble,
findly reducing the lowest level of abdract gods into DFCs only when further
decomposition into goas more abdract than DFCs appears unlikely to provide
useful means for god st revison.

8. Goals and problem identification

Earlier we characterized a problem as some obstacle that stands in the way of
achieving a god, an obgacdle that requires intervention. The two mogt likey
problems that come to mind are that we either don’'t know how to achieve the god
or we don’'t have some resource we need to achieve the goa. A needed resource
might be time, labor, money, or dmost anything else, but one important resource
is information. And it may be impossible to figure out how to solve a particular
problem until we have more information. In some cases, we may not be able to
figure out how to solve one problem until we have formed a plan for solving
another problem.

When we identify a problem, we often identify an additional god. This is obvious
in the case where the solution to a problem is to find additiona resources. The new
god, then, is exactly that: to find the additional resources needed to achieve our
origind god. Thus, our god set grows and new problems may be recognized as a
result. When we add a new god to our st, new posshbilities for incompatibility
arise. If we do not keep al of our gods in sight as we do this, congtantly reviewing
the st of goals as it develops, we can defeat our own purposes. Consider the
example of the O’Henry Story, ‘The Gift of the Magi’. In the story, a husband sdlls
his cherished watch to buy combs for his wife's hair while the wife cuts and sdls her
beautiful hair to buy a chain for her husband's watch. Each person had a god, the
obstacle to achieving the god in each case was a lack of resources, and each came
up with a solution to that problem that thwarted the god. Here the decison makers
deliberately prevent communication about and coordination of their decisons
because they want their gifts to be a surprise for the other person, but this kind of
dtuation can happen whenever decison makers do not take the broad view for
whatever reason.

Besdes enlarging our goa st by identifying problems, we may aso enlarge our
god st by refining our gods. In O’Henry’s story, the initid god for eech of the
characters was to buy a suitable Christmas gift for the other. This became refined
to the more specific god of buying fancy combs in one case and to the more specific
god of buying a watch chan in the other. Both the initid gods and the refined
gods are in principle compatible. Each identifies money as a problem; so each
adopts as a new god raisng sufficient money to buy the chosen present. There is
dill no incompetibility in the total set of gods for husband and wife. Now each
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refines the god st further, the man deciding to sl his watch- and the woman
deciding to sl her har. At this point, the gods become incompatible and the irony
arises in the story because the method used to obtain each gift makes the other gift

unsuitable. We belabor the example to point out how problem identification can
lead to new gods and how new goas may require further iterations of problem
identification. Whenever new gods are added to the god set, incompatibilities may
arise. If this happens, we must retreat to a previous stage and revise the goal st.

God sdection, god conflict andyss, and problem identification are components in
an iterative process that proceeds until we reach a point where we can begin to
implement some of our decisons.

9. Goals and problem solution

The interdependence of goals discussed in the last section dso has consequences
for how we generate and choose solutions to the problems we identify. Suppose
that we have saverd gods, some of which can be achieved by sustaining an existing
gtudion and others that can only be achieved by bringing about new gStuations.
We will cdl the firg kind of god a currently satisfied god and the second an
unsatisfied god dthough these terms are somewha mideading. Even though a
currently satisfied god is met by some exiding Stuation, it might be possble to
meet the goa by interrupting the Stuation that now satisfies the god and bringing
about a new stuation that will dso stisfy the god. If this change in the way a god
is satisfied requires resources, our naturd tendency is to leave matters as they are;
s0 we tend to concentrate on the gods that are not currently being met.

The lesson we learn from O’Henry’s dtory is that we need to guard aganst
achieving one god in a way tha makes it impossble to achieve another god. In
particularly, we do not want to inadvertently interrupt a Stuation thet is satisfying
one of our gods while producing a new Stuation that will meet another god. And
even though we would normaly expect the most economica decisions to be one
that finds ways to meet unsatisfied gods without affecting currently satisfied gods,
this will not dways be the case. Assuming that one criterion we use in evaduating
possible decisons is consarvation of resources, a thorough analyss may show that
the best way to do this is to take an action that will result in some of our currently
satidfied gods being stisfied in new ways. Resource limitations may even force us
to find such a solution in some cases.

As an example, suppose a young man who is atending State University has two
primary gods. to obtain a college education and to provide care for a recently
dissbled parent. By attending State University, the young man is dready satisfying
the firsd god. He smply needs to find a way to satisfy the second god without
making it impossble to continue to saidy the fird. But assume tha State
Univerdty is far from the home of the parent who requires care, rdocating the
parent is not an option, and there is not enough money to pay someone to care for
the parent. By transferring to Community College near his parent's home, the
young man will be able to provide the necessary care persondly. This may be the
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optimal decison in the circumstances, but it requires that he terminate the dtuation
which is currently satisfying one of his gods.

If the first lesson is that we must be sure to keep al gods in mind to avoid
disrupting efforts to satisfy one god by the way we pursue another, the second
lesson must be that we should not become too attached to one particular way of
stisfying a god. What is certainly true is that better decisons are possible when we
have a rich modd of the god sructure for our domain and of the causd, legd, and
other important relationships among the gods in this Sructure.

10. Goals and implementing decisions

As we mentioned before, we envison an iterative process involving goa sdection,
conflict andyss, problem identification, solution generation, and solution selection.
The process is illugtrated in Fig. 1. On this modd, decison making begins with
neither gods nor problems but with an issue or set of issues. A DSS would be
desgned around an issue such as forest management or management of economic
development in a watershed. What condtitutes an issue is a complex question that
we will not discuss in detail here, but issues often arise through recognition of a st
of problems and of their interrelatedness. Eventualy, an issue becomes represented
as a st of gods, condraints, and problems. Within our modd, the issue is resolved
into a god dructure together with the knowledge of the causd, legd, and other
relationships among these godls.

Conflict analyss returns us immediately to god sdection if an incompetibility is
detected. Otherwise, we proceed to problem identification. When we have identified
one or more problems, consdered dternative methods for resolving the problems,
and sdected one of these methods, we may in this process have established new,
more specific goas that we must again analyze for conflicts. Thus, a single iteration
of our cycle will likely produce a refinement of our origind goas. This process is
repeated until we have reached a sufficiently specific set of gods that we can
proceed to implementation. At any stage in this process, we might detect a conflict
in our current goa set. Whenever this happens, we must retrace our steps. This
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Fig. |. Process diagram for goal-driven decision making.
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might mean sdlecting a different method for solving a problem, or it might mean
retreating al the way back to an earlier god st to resolve conflicts not detected
edlier.

Once we have a st of decisons sufficiently detailed that we can implement
them, we will continue to determine god satidfaction and evduate for god
conflicts during the implementation phase. Most domans involve a changing
Stuation with factors contributing to change that we cannot control. Since god
conflicts may depend upon actud circumstances, a change in circumstances may
bring about conflicts that did not exig a the time of the origind decisons. If
this happens, we mugt revisit our decisons. We might do this by beginning the
process afresh or by backiracking as far as necessary into our origina decison
process.

There is another source of conflict in the implementation phase that might
force us to reconsder our decisons. A change in circumstances might not pre-
vent us from achieving dl of our origind gods but they might put us in a
Stuaion where we can only achieve our origind gods in certan ways that are
unacceptable. When we recognize that we can only proceed with our implemen-
tation plan through unacceptable means, we are in effect adding a condraint
that we did not origindly have to condgder. Saisfying this new condraint be-
comes a new god, one tha is not compatible in the circumstances with our
origind goal set. For example, suppose a forest manager has decided to meet a
long-term timber objective by clearcutting certain stands. Before this plan can be
implemented, a resdentia area is developed from which the area to be clearcut
is quite vidgble The forex manager may now be unwilling to pursue timber
objectives in a manner that will offend the aesthetic senghilities of the new
neighbors. The manager has recognized a new god, one that could not have
been consdered in the origind decison because resdentid development of the
adioining land was not foreseen. This new god is incompdible with the man-
age’'s god of dearcutting the areas origindly planned to clearcut dthough it
may not be incompatible with long-term timber objectives when consdered more
abgractly. The manager will need to abandon specific gods and, through god
axcent and descent, arive a new gspecific gods to meet higher-level timber
objectives. Indeed, this gpproach is very compatible with the growing recognition
among natura resource personnd that ecosystem management is essentidly an
adaptive process requiring continual  refinement and monitoring — in  other
words, we learn by doing through what is termed adaptive management (Waters
and Hilborn, 1989). Putting such a process into place requires a long-term com-
mitment to collecting and andyzing information from an ecosysem under man-
agement, plus the resolve to follow through on changes identified as necessary by
evadudion of monitoring efforts. Efforts to implement adgptive management on
a practicd scale are in place on Nationa Forests throughout the United States
and will yidd a rich base of information on how well the process has been
accepted. Further andyss of whether a clear definition of a god set early in the
planning process leads to successful management may darify the utility of em-

phaszing god definition.
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Fig. 2. NED-I screen for selecting goals.
11. Knowledge acquisition and implementation experience

The conclusons and many of the examples in this paper derive from two projects
to develop god-driven decison support systems for ecosysem management, one
sponsored by the USDA Forest Service and the other sponsored by Centro
Internacional por Agricultura Tropical (CIAT).

The objective of the USDA Forest Service NED project is to develop a decision
mode for managing forests for a combination of timber, water, ecologicd, wildlife,
and aesthetic gods (Rauscher et d., 1997; Twery et d., 1997, 1998). The firs
verson of this sysem, NED-I, dlows the user to sdect from among dterndive
gods in different categories (Fig. 2). NED-I then generates a set of DFCs from the
user's god st and evaluates how well current forest conditions satisfy these DFCs.
The god dructure for NED-l is rdatively smple. Most management unit gods are
defined in terms of combinations of stand level gods, while stand level gods are
defined in terms of DFCs for the stand. For example, a management unit god to
focus on cubic foot production as a timber objective requires that at leest 65% of
the acreage in the management unit is in sands that have a dructure suitable for
focusng on cubic foot production as a timber objective. A stand has a Structure
suitable for focusing on cubic foot production if the sand balanced sze classes and
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the totd basal area and minimum acceptable growing stock for the stand fdl in a
certain range. A stand has baanced size classes if aout 5-10% of the plots in the
dand are in regeneration, 35-45% are in sgplings and poles, 25-35% are in smdl
saw timber, and 10-15% are in large saw timber. An aspen/birch stand stisfies the
additiond criteria if the totd basd area is between 60 and 140 sg. ft/acre and
minimum acceptable growing stock is less than or equd to 30 sq. ft/acre. The total
basa area and minimum acceptable growing stock requirements vary for different
dand types. NED-l determines whether the gods for both the management unit
and individuad stands are satisfied and reports the results in a chart showing how
well different gods are met (Fig. 3). This gives us a threetiered god dructure.
Management unit goas are a the highest levd, dand level gods are a the middle
level, and DFCs are a the lowest leve.

NED-I does not perform god conflict analysis, provide any facilities for resolv-
ing goa conflicts, or prescribe ether slviculturad methods or specific treatments. A
beta verdon of NED-l was evaduated a a workshop for government and private
forest managers held in November 1998 at the Bent Creek Experimental Forest in
Asheville, NC.

The CIAT-sponsored project focuses on socidly and environmentaly sengtive
economic development in Central America In the CIAT project we are conducting

B al Comgdetion
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Fig. 3. NED-I screen showing level of goal satisfaction by current forest conditions.
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Fig. 4. CIAT project screen for identifying stakeholders.

diagnostic workshops using printed templates to help decison makers sdlect godls,
generate DFCs from god sets, andyze god sets for conflicts, resolve conflicts in
god sats, identify problems, and generate and evauate dternative solutions to
problems. The purpose of these workshops is to test our god-oriented decision
method and to acquire knowledge about the god structures for important issues
affecting economic development in Centrd America. The pencil-and-paper method
was evauated at a workshop for high-level decison makers from different levels of
government, during two workshops conducted in Tegucigdpa, Honduras in Sep-
tember, 1998 and in Managua, Nicaragua in May, 1999. In the second workshop,
we used a rudimentary software system that converted the origina pencil-and-paper
templates to user didogs. This system was designed to perform ssimple anayses of
the information entered by a facilitator and to carry the information over from one
template to the next automaticaly.
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Figs. 4-6 are examples of some of the didog screens that have been designed for
this prototype sysem. The first of these screens is used to identify the different
gakeholders affected by decisons made regarding the issue under consideration.
The second screen lists gods that conflict with some other god that the decison
makers have a least tentatively set. This screen dso permits the user to begin
prioritizing goas. Smilar but smpler screens are provided for goas shared by more
than’ one member of the decison-making group or gods of individud decison
makers that do not conflict with the goas of other decison makers. The third
screen is an example of a screen of this type. Of course, dl of these screens were
trandated into Spanish for use in our workshops.

This automated template system by no means represents the god-oriented DSS
we hope eventudly to develop for CIAT. Here we are only testing various didogs
to see how easily decison makers or facilitators can use them. The system will dso

%229 1. improve Instivtionat Suppon
RE%1 1.1. improve Extension Sendce
54374 2. improve Envitonmemal Bacurty | 0.3
€24 2.1. Raduce Soi Erosion

30 3 Improve Food Securly % e

intrease support 1ot the community
improve agricuttural exension network: .
Landwsier resource management in the walershad

"I Reduce degradationin the upper watarshed
“FTarget resource-limited fsrmers

caissionimid

R R
sk

3
A
%

Fig. 5. CIAT project screen for identifying goals shared by all stakeholders.
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Fig. 6. CIAT project screen for identifying conflicting goals of stakeholders.

dore dl inputs for later andyss. In this way, they will play an important role in
knowledge acquigtion. From this informeation, we hope to glean vauable knowl-
edge about the god dructure for issues we explore in the workshops, knowledge
that will be used in later systems that can dso identify conflicts in god sets and
recommend methods for resolving these conflicts.

12. Discussion

Our focus has been on knowledge representation and utilization rather than on
knowledge acquistion. Any effective DSS requires a modd of the causd, legd, and
other relationships between the entities in its domain, a modd that is adequate for
the purposes of the DSS. The gods in a god dtructure, and particularly the DFCs,
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help identify the entities in a doman and asss the developer in deveoping a
domain model for the DSS. Nevertheless, the requirement that we develop a god
dructure sufficiently rich to assig in resolution of god conflicts sgnificantly
increases the difficulty of an dready formidable knowledge acquistion task. In
early god-driven DSSs, and perhaps even in mature systems, we will have to
provide ways for users to modify the goa structure for the domain. A problem with
dlowing users to modify the goa dructure is that the DSS may not possess a
causd, legd, or other modd of the relationships between the new goas and gods
dready represented in the DSS. This particular problem could be avoided if users
are required to andyze any new gods they enter in terms of other gods dready in
the DSS. Another potential problem is that dlowing users to modify the existing
god hierarchy could compromise the DSS since part of the expertise incorporated
into the DSS is the understanding of the reationships between higher-level goas
and DFCs. In NED, for example, our domain experts best scientific understanding
of the habitat requirements for forest-dwelling wildlife species are incorporated into
the relationships between the gods to manage for these species and the DFCs
represented in the system. These are some of the challenges we face as we attempt
to implement god-driven DSSs.

References

Allen, W.J., Bosch, 0.J.H., Gibson, R.G., Jopp, A.J., 1996. Co-learning our way to sustainability: an
integrated and community-based research approach to support natural resource management deci-
sion making. In: El-Swaify, S.A., Yakowitz, D. (Eds.), Multiple objective decision making for land,
water, and environmental management: Proceedings of the First International Conference on
Multiple Objective Decision Support System (MODSS) for Land, Water, and Environmental
Management, Honolulu, HI, pp. 51-59.

Bormann, B.T., Brookes, M.H., Ford, E.D., Kiester, A.R, Oliver, CD., Weigand, J.F., 1994. A
framework for sustainable ecosystem management. Gen. Tech. Rep. PNW-GTR-331. U.S. Depart-
ment of Agriculture, Forest Service, Pacific Northwest Research Station, Portland, OR.

Cohon, J.L., 1978. Multiobjective Programming and Planning. Academic Press, New York.

Faber, B.G., Wallace, W., Croteau, K., Thomas, V., Small, L., 1997. Active response GIS: An
architecture for interactive resource modeling. In: Proceedings of the GIS'97 Annual Symposium on
Geographic Information Systems. Vancouver, BC, GIS world, Inc., pp. 296-301.

Fang, L., Hipel, K.W., Kilgour, D.M., 1993. Interactive Decision Making: The Graph Model for
Conflict Resolution. Wiley, New York.

Hipel, K.W., Kilgour, D.M., Fang, L., Peng, X., 1996. Using the decision support system GMCR for
resolving conflict in resource management, In: El-Swaify, S.A., Yakowitz, D. (Eds.), Multiple
objective decision making for land, water, and environmental management: Proceedings of the First
International Conference on Multiple Objective Decision Support System (MODSS) for Land,
Water, and Environmental Management, Honolulu, HI, pp. 23-47.

Holling, C.S. (Ed.), 1978. Adaptive Environmental Assessment and Management. Wiley, New York.

van Huylenbroeck, G., 1996. A multicriteria approach for trade-off analysis between economic and
environmental objectives in rural planning. In: EI-Swaify, S.A., Yakowitz, D. (Eds.), Multiple
objective decision making for land, water, and environmental management: Proceedings of the First
International Conference on Multiple Objective Decision Support System (MODSS) for Land,
Water, and Environmental Management, Honolulu, HI, pp. 419-435.



D. Nute et al. IComputers gpd Electronics in Agriculture 27 (2000) 355-375 375

Janssen, R., 1992. Multiobjective Decision Support for Environmental Management. Kluwer,
Dordrecht.

Jelass, M.T., Foroughi, A., 1989. Negotigtion support systems. an overview of design issues and existing
software. Decision Support Syst. 5, 167~ 181.

van Keulen, H., 1992. Options for agricultural development: a new quantitative approach. In: Systems
Approaches for Agricultural Development, Vol. 2, Proceedings of the International Symposium for
Agricultural Development, Bangkok, Thailand, pp. 355-365.

Kilgour, D.M., Fang, L., Hipel, K.W., 1995. GMCR in negatiations. Negotiations J. 11, 5] ~ 156.

Rauscher, H.M., Kollasch, R.P., Thomasma, S.A., Nute, D.E., Chen, N., Twery, M.J,, Bennett, D.J.,
Cleveland, H., 1997. NED-I: a goal-driven ecosystem management decision support system: techni-
cal description. Integrating Spatial Information Technologies for Tomorrow: GIS 97 Conference
Proceedings, Vancouver, BC, February [7-20, GIS World Inc., pp. 324-332.

Thiessen, E.M.. Loucks, D.P., 1992. Computer-assisted negotiation of multiobjective water resources
conflicts. Water Resour. Bull. 28, 163-177.

Twery, M.J,, Bennett, D., Kollasch, R.P., Thomasma, SA., Stout, S.L., deCalesta, D., Hornbeck. J.,
Steinman, J., Miller, G., Grove, M., Rauscher, H.M., Gustafson, Cleveland, H., Pamer, J..
Hoffman, R., McGuinness, B., Chen, N., Nute, D.E., 1997. NED-I: an integrated decision support
system for ecosystem management. In: 1997 ACSM/ASPRS: Annual Convention and Exposition
Technical Papers, Vol. IV, American Society for Photogrammetry and Remote Sensing and
American Congress on Surveying and Mapping, Bethesda, MD, pp. 331-342.

Twery, M.J., Stout, S.L., Loftis, D.L., 1998. Using desired future conditions to integrate multiple
resource prescriptions: the Northeast decision model. In: El-Swaify, S.A., Yakowitz, D. (Eds.),
Multiple objective decision making for land, water, and environmental management, Proceedings of
the First International Conference on Multiple Objective Decision Support Systems for Land, Water,
and Environmental Management: Concepts, Approaches, and Applications, 23-27 July, 1995,
Honolulu, HI. CRC Press, Boca Raton, FL, pp. 197-203.

Walters, C.J., Hilborn. R., 1989. Ecological optimization and adaptive management. Annu. Rev. Ecol.
Syst. 9,157-188.

Walters, C.J., Holling, C.S., 1990. Large-scale management experiments and learning by doing. Ecology
71, 2060-2068.

Yakowitz. D.S, 1998. A multiattribute tool for decison support: ranking a finite number of aternatives.
In: EI-Swaify, S.A., Yakowitz, D.S. (Eds.), Multiple objective decision making for land, water, and
environmental management, Proceedings of the First International Conference on Multiple Objective
Decision Support Systems for Land, Water, and Environmental Management: Concepts,
Approaches, and Applications, 23-27 July, 1995, Honolulu, HI. CRC Press, Boca Raton, FL,
pp. 205-215.

Yakowitz, D.S., Stone, JJ., Lane, L.J.,, Heilman, P., Masterson, J., Abolt, J, Imam, B.A., 1993.
Decision Support System for evaluating the effects of atenative fam management systems on  water
quality and economics. Water Sci. Technol. 28, 47-54.

Yeh, W.W.-G., 1985. Reservoir management and operations models: a state-of-the-art review. Water
Resour. Res. 21,1797-1818.



