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ABSTRACT 

Several methodologies have been developed to assess the nature and form of 
human impact on the environment. Each technique attempts to address the 
uncertainties surrounding the functional relationships that govern environ
mental systems and the form, diffusion, and persistence of human impact. As 
technological advances increase society's ability to cause environmental 
change, the need to understand the long-term implications of human actions 
beyond the planning horizons of present social and political systems becomes 
more urgent. The emerging methodology of environmental performance 
assessment holds promise in this regard. However, environmental perfor
mance assessment is hampered by the lack of a comprehensive environmental 
framework and a failure adequately to integrate aftermath effects into overall 
descriptions of risk. In this article, the concept of environmental performance 
assessment is reviewed, and an approach is introduced that uses an expert 
system to integrate the facts and relations defining a coupled human-
environmental system so as to produce an "intelligent" event tree capable of 
expressing long-term environmental risk. 

INTRODUCTION 

Questions regarding the irreversibility of human impact and the long-term 
viability of environmental systems threatened by human activities have been 
difficult to resolve. Characterizing human impact requires a set of variables as 
diverse and complex as those governing the environmental systems under con
sideration. Complicating matters further is the high level of uncertainty in our 
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understanding of environmental processes, and of the form, diffusion, and persist
ence of human impacts. The speed with which modern technology is developing 
assures that decisions made by society will increasingly risk affecting environ
mental systems well beyond the planning horizons of present-day socio-political 
systems [1]. This fact is evidenced in the controversies surrounding recent con
cerns over global warming and climate change, nuclear waste disposal, hazardous 
waste disposal, tropical deforestation, habitat destruction, and forced species 
extinctions. 

Such issues have tremendous implications for future societies that may have to 
adapt to an environmental system that may have shifted to a new equilibrium (or 
to unstable states). To meet this challenge, new methodologies must be designed 
to evaluate the impact of human activities that may have environmental conse
quences for periods of 100 to 10,000 years or more. 

Environmental impact assessment has been the principal means of under
standing human impacts on the environment within a structured decision-making 
framework. In the past twenty years many approaches to impact assessment have 
been introduced and well over 200,000 environmental assessments have been 
conducted in the United States alone [2, 3]. However, impact assessments have 
traditionally emphasizes short term environmental impacts. In a recent review of 
the broader-scale consequences of human impacts on environmental systems, 
Coates and Coates suggest that the existing concepts and methods that guide 
impact assessment are inadequate when effects over time periods exceeding 50 to 
100 years are considered [4]. 

Although prediction has always been a feature of environmental impact assess
ment, the primary role of environmental impact assessment has been to guide 
decision makers in making an informed trade-off among conflicting aspects of a 
proposed activity [5, 6]. Consequently, environmental impact assessments have 
been deficient in providing decision-makers with defensible and useful forecasts 
when human actions and the environment are viewed in concert over the long-
term [7]. In light of the recent concerns regarding the anthropogenic "forcing" of 
environmental systems, and the increased potential for irreversible changes in 
vital earth-system processes, a model is sought that can forecast the long-term 
aspects of human activity and its effect at some future state of the environmental 
system. The emerging technique of environmental performance assessment holds 
promise in reaching this goal. However, as noted by Malone, a tractable methodol
ogy for conducting environmental performance assessments has not been formally 
described in the literature [1]. The purpose of this article is to delineate the concept 
of performance assessment and extend this methodology through the application 
of expert systems technology. The use of an expert system helps integrate the 
long-term impact of human activity with the components of the environmental 
system. Once linked, the system forms what might be thought of as an "intel
ligent" event tree capable of characterizing uncertain events that are presently 
modeled using expert judgment. 
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FORMALIZING ASSESSMENT METHODOLOGIES 

The concept of performance assessment has been most fully developed for 
issues surrounding high-level nuclear waste repository siting in complex geologic 
environments [8-12]. In this context, a performance assessment provides a quan
tified description of a system's current behavior, its expected future behavior, and 
the acceptability of that behavior when compared to a set of standards that specify 
the degree of safety required in the system over time [13]. Conducting the 
assessment entails a detailed analysis and documentation of the processes, events, 
and uncertainties that could act to destabilize a nuclear waste repository site, 
identifying the potential consequences of one or more destabilizing events and 
their likelihood. With this information, the ability of a site to conform to a set of 
safety standards can, in principle, be evaluated before the site is committed to an 
irreversible use that could have cross-generational consequences. 

In the repository siting problem, the spent nuclear fuel must remain isolated for 
a minimum of 10,000 years, and the site itself must remain geologically stable as 
environmental processes and potential human interference act on that location 
over time. The implications of the siting problem and the complications associated 
with the assessment of environmental performance has been the subject of recent 
investigations [1, 14]. Considering the magnitude and risks associated with the 
siting problem, the question is not only whether a particular site, given its environ
mental characteristics, will perform as desired, but whether the approach taken to 
evaluate its future state is adequate. The performance assessment must therefore 
consider: 

1. The risk associated with the environmental components that describe the 
site; 

2. Their interaction as presently understood through the application of predic
tive models across the selected time horizon; 

3. The nature and scope of uncertainties; and 
4. The impact and ramifications of a failure in performance. 

Beyond the high level waste disposal problem, similar situations can be 
described where prolonged exposure to human activities is threatening to drive 
environmental systems to new states. In these cases the scope of an environmental 
performance assessment can be broadened to include not only a specific human 
action or piece of engineering, but also the usefulness of policy tools intended to 
control or manage human actions. Performance assessment, in this context, can 
focus on the mitigation measures available to reduce adverse consequences, and 
can evaluate whether those measures will keep impacts below environmental 
thresholds over the long-term. Uncertainties associated with human activity can 
be identified, and environmental trends attributable to such activity can be 
projected. 
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The steps in conducting performance assessments have been summarized by 
Brandstetter and Buxton [8]. In general outline, the assessment consists of a series 
of iterated procedures, beginning with the collection of facts and data charac
terizing the planned human action, and culminating in estimates of levels of 
confidence in the system's performance by means of sensitivity and uncertainty 
analysis. Perhaps the most critical stages in performance assessment involve 
developing conceptual and analytic models of man-environment interactions, 
processes and events that could t rigger a failure in the system, and possible human 
actions in response to a triggering event. Progressing through these stages leads to 
the selection and analysis of scenarios that provide decision makers with a set of 
estimates of the probability and consequences of a failure. 

SCENARIO DEVELOPMENT AND ANALYSIS 
A scenario is a description of a possible future [15]. In the context of perfor

mance assessment, a scenario may be thought of as a possible sequence of 
processes and events that can be characterized by equations connecting specified 
physical parameters [16]. 

Developing a scenario requires listing all phenomena potentially relevant to the 
specific problem, including processes and events that might trigger a disruption 
[17, 18]. The level of detail required varies from problem to problem. In any 
event, compiling this list combines expert judgment with technical and physical 
data so as to identify a chain of causal processes that could contribute to a failure 
in the system or compromise the standards established for safe performance. 
Because decision makers cannot assay the possible effects of a man-made project 
on all conceivable environmental components, a limited number of environmental 
elements is selected to ensure that the decision making process is not overloaded 
with information [7]. 

The first step in scenario development is to identify a set of potentially disrup
tive events. Their identification relies on a brief general description of the system 
and a comprehensive list of events or processes that might effect a change in the 
environmental system. Once scenarios have been developed, a set of "credible" 
scenarios must be selected for analysis. In most instances selection is based 
on estimates of their likelihood according to the judgment and imagination of 
informed individuals [19]. Currently, three techniques have been employed to aid 
in the complex task of scenario selection. Ross identifies these as the methods of 
expert judgment, event tree analysis, and simulation [18]. Each method begins 
with a list of potentially relevant physical processes, and proceeds to eliminate 
events and processes that are considered irrelevant, incredible, or unlikely. Since 
such judgments lie very often in the eye of the beholder, it is not surprising that in 
the relatively short history of performance assessment, scenario development and 
selection procedures have undergone extensive review and critique [20]. Scenario 
development and selection remain two of the more problematic aspects of a 
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performance assessment and strongly influence the treatment of uncertainty 
throughout the procedure [21]. 

In most instances, the likelihood of a particular scenario is construed as a 
scenario probability [17,18, 22]. However, as noted by Hodgkinson and Sumerling, 
to estimate a probability requires that the process be stochastic and that relevant 
statistics be available to model its behavior [20]. Because a scenario is based on 
processes that are often difficult to quantify due to a lack of data or lack of 
theoretical knowledge, estimates of causality frequently depend on the application 
of subjective probabilities or expert judgment [23]. The fact that no single 
methodology for conducting a performance assessment has emerged reflects, in 
part, the large degree of subjectivity that guides scenario analysis [13]. 

Of the techniques introduced so far, the method of event tree analysis offers the 
greatest potential for scenario development, particularly for applications beyond 
the repository siting problem. Event tree analysis is an especially promising 
starting point for the development of expert system applications to performance 
assessment [21]. The event tree describes a network of cause and effect that 
illustrates the pathways a potential triggering event or process may take that will 
culminate in a system failure [24]. In the nuclear waste disposal problem, the 
event tree explains the sequence of phenomena leading to the release of 
radionuclides from the repository site. For environmental applications in general, 
the event tree can detail specific factors central to the assessment of long-term 
risk. The tree's nodes and branching pattern identify specific knowledge about the 
natural and human factors descriptive of the problem (see Figure 1). This pattern 
is similar in concept to that of decision trees used to structure the knowledge-base 
of an expert system. Again, the design of the event tree must capture the causal 
sequences that end with the "triggering event" that changes the environmental 
system. When this point in the tree is reached, the scenario proper is completed. 
However, to complete the assessment of environmental impact the effects of the 
triggering event must also be considered. This should assist decision making by 
introducing aftermath effects directly into the decision making process (see Figure 
2). 

Two general procedures for scenario development and selection have been 
proposed (see Table 1). Cranwell, et al, outline a six stage process for scenario 
development [25]. Roberds, et al, devise a five-step process [26]. Ideally, 
scenarios developed with either approach should [27]: 

1. Be mutually exclusive; 
2. Comprehensively describe all possible future states in the environmental 

system; 
3. Estimate the consequences of each scenario; and 
4. Assign a probability of occurrence to the event. 

In practice, the task of reducing the number of scenarios to manageable levels has 
proved quite difficult. Recent applications of event tree analysis have relied on 
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Table 1. General Approaches to Scenario Development and Selection 

Six Stage Procedure Five Stage Procedure 

1. Initial identification of events, 
features, and processes 

2. Classification of events into natural, 
system-induced, and man-induced 

3. Initial screening based on likelihood 
estimates 

4. Development of scenarios based on 
most probable events 

5. Initial screening based on 
classification of probable events 

6. Final selection using detailed 
description of consequence 

1. Identification of pertinent system 
performance measures 

2. Development of event trees 

3. Identification of pathways defining 
significant events 

4. Combination of event pathways 
into scenarios 

5. Identification of pathways that 
require extensive analysis 

expert judgment to achieve a more parsimonious collection of scenarios to 
analyze. However, the results of the selection process may be overly dependent on 
the opinions of arbitrarily selected individuals [18]. To help overcome the poten
tial problems introduced by human subjectivity, Bertram-Howery, et al., suggest 
the use of certain screening criteria to assist the selection process [27]. Screening 
criteria can include factors such as the "reasonableness" of the scenario, its 
probability as described, and the magnitude of the consequence, to help direct and 
support a judgment. However, assessing these factors is also very subjective. 
Effective approaches to these dilemmas remain elusive. 

EXPERT JUDGMENT AND EXPERT SYSTEMS 
The role of expert judgment is critical in designing an expert system that can 

assist the performance assessment process. Full understanding of environmental 
processes is often frustrated by the complexity of system interactions. The 
relevant phenomena are often imprecise, defined only in qualitative terms, and 
uncertain as to their very nature. Nevertheless, because expert judgment per
meates scientific inquiry and decision making, the question is not whether to use 
expert judgment, but whether to use it in an explicit, disciplined manner in an ad 
hoc fashion [23]. As noted, expert judgment is used to develop and screen 
scenarios, estimate probabilities, simulate environmental systems, and interpret 
data. While expert judgment need not always be formalized, a decision must 
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eventually be made about the "quality" of a given judgment and whether it affects 
the solution to the problem under review. 

An expert system is a computer program in which the facts, relationships, and 
heuristics of a specialized problem area have been coded in the form of rules and 
assembled into a decision tree that enables the computer to apply this knowledge 
toward a solution [28,29]. 

Expert systems are under development for a range of environmental application 
areas [30]. Advocates hope that such systems can help document uncertainties and 
promote scientific consensus concerning various environmental processes. 

An expert system that can assist in the analysis (for example) of the consequen
ces of a breaching event at a geologic repository will have to incorporate informa
tion regarding: 

• The nature of the breaching event; 
• The transport medium involved; 
• Characteristics of land useAand cover at the surface; 
• Assumptions regarding the level of human activity in and around the site; 
• The seasonal conditions descriptive of the surface; and 
• Characteristics of the radionuclides. 

With this information analysis can focus on characterizing the breaching event, 
tracing the radionuclide pathway to and through the biosphere, describing 
the characteristics of biosphere (including climate, vegetation, human activity, 
and topographic conditions), and estimating health consequences to human 
populations many thousands of years from now, when some component of the 
engineered barriers should have failed, leaving natural geologic barriers as the 
principal shields to the biosphere. 

Attempting to simulate the future environment over a 10,000- to 1-million-year 
time horizon clearly introduces a range of conceptual bottlenecks, particularly 
when the goal is to couple human and natural system processes in a numerical 
model. A consequence analysis model would require a description of the geologic 
regime and hydrologie regime, as well as detailed descriptions of climate, and 
ecosystem process at the site and in the region. This last would have to include 
guesses about the evolution of the region's human landscape, and how 
radionuclide exposure pathways might be affected (see Table 2). Any simulations 
of remove future human population change, land use activity, and regional spatial 
patterns would be conjecture, if not outright science fiction. Coupling the human 
system with the natural system would only compound the uncertainty. However, 
it is possible that characteristics of the natural environment, as described by the 
model, could imply boundary conditions for possible exposure pathways resulting 
from radionuclide release [31-33]. 

Since any qualitative model reflects current levels of knowledge about the 
relevant processes and causal chains, using that knowledge heuristically rather 



176 / LEIN 

Table 2. Primary Radionuclide Pathways to Humans 

• Direct contamination of individuals in general proximity to waste source. 

• Inhalation of emissions dispersed into atmosphere. 

• Direct ingestion of contaminated surface or ground water. 

• Ingestion of contaminated vegetation. 

• Ingestion of fauna in the food chain concentrating radionuclides from 
lower trophic levels. 

than algorithmically might simplify the modeling task and more realistically 
incorporate the effects of uncertainty and subjectivity on the descriptions of 
consequences. This approach to knowledge-based modeling attempts to capture 
the logical sequence of event using variables known or hypothesized to control the 
process under investigation, and employs subjective judgment to provide heuristic 
quantifiers for processes that cannot be measured using conventional statistical 
techniques. While the application of heuristics might suggest a lack of mathemat
ical rigor, a developing body of literature suggests that qualitative estimates of 
environmental process can yield insightful results in the absence of measured 
values [34]. 

In this context, simulation unfolds using the facts and relations embedded in the 
knowledge-base of an expert system to form an event tree guided by "intel
ligence." Because the expert system describes a knowledge-intensive program, it 
can search and apply larger bodies of knowledge than the algorithmic approach of 
conventional computer program, which represents the same knowledge in each 
iteration. This type of flexibility enables the expert system to consider a wider 
range of facts that can be applied once, several times, or not at all, given the inputs 
supplied by the user of the system. 

Developing a knowledge-based modeling approach to consequence analysis 
requires expressing the causal mechanisms and their effects in terms of assump
tions about future climate, geology, land use and land cover, radionuclide path
ways, plant uptake rates, human and animal ingestion or inhalation, and 
health consequence. Each rule comprising the knowledge-base expresses a 
specific environmental condition that ends with a conclusion explaining the health 
effects that can be attributed to that release scenario. Given the present debate 
surrounding the treatment of uncertainty in performance assessment [8, 18, 35, 
36], a consensus opinion is forming in the literature that the data used in numerical 
models are statistically meaningless, and that the models themselves are largely 
unprovable because the natural phenomena involved are so poorly understood. In 
light of the limitations that presently confront environmental performance 
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assessment, the expert system introduces a mechanism to collect, formalize, and 
clarify knowledge in this complex, multi-disciplinary domain. It also offers a 
means to test the logic of the overall modeling problem. To explore the potential 
of this approach, a simple demonstration expert system for the Yucca Mountain 
High Level Waste Repository project is described. 

AN EXPERT SYSTEM APPLICATION 

A program is currently underway to develop a deep geologic repository for high 
level nuclear waste in the vicinity of Yucca Mountain, Nevada [37]. To produce 
an expert system for radiological consequence analysis for the Yucca Mountain 
site, present knowledge of the site and its regional setting, and knowledge pertain
ing to future environments that might describe the area, is required. Characterizing 
present site conditions is relatively straightforward, but future environment of 
Yucca Mountain over the 10,000- to 1-million-year analytic time horizon is 
unknown. One method of addressing this initial source of uncertainty is to study 
"natural analogue" environments as a means of understanding and quantifying 
natural and human landscape processes [19, 37]. Thus, rather than attempting to 
simulate environmental processes over the site for the period of analysis, 
knowledge-base development can focus instead on capturing the characteristics of 
the world's major terrestrial ecosystems, utilizing them as the foundation over 
which consequence scenarios can be played out. These descriptions, coupled with 
varying assumptions about human activity, climate, and geologic processes, per
mit a more comprehensive assessment of environmental impacts for possible 
futures [38]. Within this framework it is also possible to include a judgment 
expressing the degree of belief that any of these conditions may in fact be a feature 
of the Yucca Mountain landscape at some time in the future. 

A simple example helps clarify the knowledge-based approach. In this example 
an event scenario culminates in the release of radionuclides into the hydrogeologic 
environment. The consequence of this event can be evaluated by constructing a 
series of rules that establish the environmental setting, contamination pathways, 
and the biological and ecological effects. One line of reasoning could be struc
tured as follows (using the IF-THEN convention common in expert system 
design): 

Rule 1A 
IF breach is hydrologie, 

AND human activity is cropping, 
AND irrigation is "yes," 
AND source is aquifer, 
AND crop type is a, 
AND uptake rate is χ, 

THEN concentration is β. 
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Rule IB 
IF concentration is ß, 
THEN contamination probability is Z. 

Rule IC 
IF crop type is a, 

AND human food source is yes, 
AND contamination probability is Z, 
AND diet intake is φ, 
AND pathway is ingestion, 

THEN consequence is γ health effects per year. 

In this example, the release scenario that ended with the breaching event is 
continued, following the assumption that the radionuclides migrate to an aquifer. 
The consequence unfolds beginning with rule 1A that establishes land use, and 
radionuclide entry to the biosphere. With this information rule IB provides a 
qualitative estimate of the likelihood or severity of contamination. This informa
tion is then available to rule IC which evaluates the consequence given human 
ingestion of the contaminated food source. 

Rules governing more complex relations can also be constructed. Such rules 
could evaluate detailed interactions between biosphere components, variations in 
spatial scale, contrasting geographic environments, or contrasting temporal scales. 
Rules of this variety might take the form: 

Rule 2A 
IF breach is seal fracture 

AND climate is cold midlatitude steppe 
AND season is winter 

THEN transport is cyclonic system. 

Rule 2B 
IF transport is cyclonic 

AND landscape is urban settlement, 
AND pathway is inhalation, 
AND settlement density is Ω, 
AND building density is low, 

THEN consequence is K health effects per year. 

The condition described by Rule 2A presented above explains the role played by 
season in establishing a possible transport mechanism for a given release event. 
That transport mechanism is then carried to the next rule (2B) and the conse
quence, assuming certain land use, density, and pathway characteristics, is 
evaluated. 

While the examples are hypothetical, they illustrate how a rule-based expert 
system might capture the detail and processes of interrelated environmental 
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factors. The success of this method, however, rests heavily on the quality of 
knowledge used to construct the rules. In the examples given above, each rule can 
be refined to include other pertinent f acts that would affect the consequence, such 
as decay rates, deposition parameters, dispersion characteristics, orographie con
ditions, and interception and shielding effects. Ideally, the knowledge-base should 
contain rules covering all possible or reasonable combinations of factors that stand 
to influence the analysis of consequence. 

Another important feature of the expert system is its capacity for handling 
uncertainty in the knowledge it manipulates and the conclusions it derives. 
Several methods of handling uncertainty have been introduced [39]. One that is 
easily applied to the examples given above involves the use of certainty factors 
(CF). A certainty factor is a numerical estimate of the validity or applicability of 
the expertise used by the system - in effect, an indication of degree of confidence 
in the rules in question. Typically, certainty factors are rated on a scale of 0 to 100, 
with 0 as the lowest and 100 as the highest possible certainty. Because certainty 
factors are not probabilities, but rather likelihoods or beliefs, they facilitate the use 
of expert judgment and subjective probabilities, as currently used in performance 
assessment. 

Employing certainty factors to control for uncertainty in consequence analysis 
can be accomplished in two ways. In one example certainty factors can be input by 
the user in response to the questions presented by the system. A line of questioning 
to elicit certainty factors might run: 

Is cropping the dominant human activity occurring at the site (yes/no)? 

A reply of yes would trigger the next question; 

How certain are you of this assumption? 

to which the user responds with the appropriate value in the range 0 to 100. 
Certainty factors can also be built directly into each rule. Including certainty 
factors in Rule 1A, for example, would produce: 

Rule 1A 
IF breach is hydrologie, 70, 

AND human activity is cropping, 90, 
AND irrigation is yes, 100, 
AND source is aquifer, 80 
AND crop type is a, 90, 
AND uptake rate is χ, 30, 

THEN concentration is β, 60. 

permitting the certainty factor expressed in the conclusion of the rule (60), defin
ing the overall confidence in the rule, to be amended with a value derived from the 
values associated with each premise according to the relation: 
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CF (premise 1 and premise 2 and. . . premise n) = Minimum [CF (premise 1), 
CF (premise 2), . . . , CF (premise n))] = [CF (conclusion) * CF 
(min(premise))] /100. 

Thus, in the example given above the certainty of the conclusion would be: 

(30 * 60yi00 = 18, 

assuming that a chain of reasoning using conjunctions is only as strong as its 
weakest link. With uncertainty expressed in this way, the system can communi
cate the degree of expert belief that the consequence will be produced by the 
associated premises. That degree of belief can then be used by the analyst to rank 
or evaluate consequence estimates derived from a series of release scenarios. 

CONCLUSION 

As the demands of modern society introduce new potential risks to environmen
tal stability, the need to evaluate the impact of human activity over the long term 
has become more apparent. Recent concerns surrounding anthropogenic climate 
change, deforestation and species extinction, as well as perhaps more immediate 
issues concerning hazardous waste and high level nuclear waste disposal, suggest 
that some of the present methods employed to assess environmental impact may 
not be able to adequately address environmental risks. To overcome some of the 
conceptual and practical limitations of environmental impact assessment, an inter
mediate step in the analysis procedure has been proposed. This developing 
methodology, referred to as environmental performance assessment, permits a 
more focused and critical evaluation of human activities, engineerings, and 
policies that stand to influence the environmental system at time scales beyond the 
planning horizons used in resource management. 

In this article a general procedure for conducting an environmental performance 
assessment was outlined and extended to include an analysis of consequence. A 
central feature of this approach was its use of an expert system to structure the 
knowledge and facts of the assessment problem into an "intelligent" event tree. 
Some features of an expert system design for a consequence analysis were 
described for the case of high-level nuclear waste disposal. With the expert 
system, environmental processes can be integrated with the critical features of an 
event scenario so as to characterize consequences. While moving from this 
theoretical sketch to a working, fully developed practical models presents many 
challenges, the present analysis suggests that knowledge modeling can play an 
important role in evaluating complex environmental relationships under condi
tions of uncertainty, and suggests that expert systems can usefully address com
plex environmental problems. As this methodology is refined, and as environmen
tal knowledge improves, the development of a demonstration expert system for 
consequence analysis will be greatly enhanced. 
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